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Adaptive Measurement for Automated Field
Reconstruction and Calibration of Magnetic Systems

Liang Hu, Kok-Meng Lee, Fellow, IEEE, Jun Zou, Xin Fu, and Hua-Yong Yang

Abstract—This paper presents an efficient method to adaptively
determine the locations for taking measurements for automated
calibration of electromagnetic systems using reconstructed mag-
netic fields. This coupled measurement- computation method
solves the Laplace’s equation with measured boundary conditions.
Along with the formulation of two selection criteria (chord-height
and data-spacing), an adaptive scanning algorithm has been devel-
oped, which bases four local measurements to determine the next
measurement point. This adaptive method, which relaxes the as-
sumption of approximately known structure, has been illustrated
(with experimental verification) with three practical applications;
electromagnetic velocity probe, electromagnetic flow-meter (EMF)
and spherical motor. Comparisons against published data demon-
strate that the adaptive measurement algorithm greatly reduces
the number of measurements and shortens the scanning route
length of all three applications without sacrificing the accuracy of
the computed results. Dry calibration results of an EMF were also
experimentally verified against test data obtained from a standard
flow-rig confirming that a relative error of 0.2% can be achieved.
This finding makes the cost-effective dry calibration a practical al-
ternative to the conventional flow rig calibration. As demonstrated
on a spherical motor, the flexibility to include a least-square curve
fit offers a practical means to filter measurement noise.

Note to Practitioners—Motivated by the need for a cost-effec-
tive method to replace conventional flow rig calibration of large
electromagnetic flowmeters (EMFs), which adds considerably to
the product cost, this paper presents an efficient method for im-
proving dry calibration (requiring no actual liquid). This method
adaptively determines the points for taking measurements on the
boundary surfaces to reconstruct the magnetic field distribution
(MFD), and has been experimentally verified on two widely used
fluid-to-electrical transducers. As demonstrated experimentally
and compared against published data based on gradient method,
the adaptive method greatly reduces the number of measurements
and length of the scanning route. In addition, the effect of mea-
surement noise on the accuracy of the adaptive method has been
investigated on a spherical motor, which illustrates the flexibility
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to include a least-square fit for filtering measurement noise. While
the reconstruction method illustrated here is in the context of
electromagnetic fields, the procedure introduced in this paper can
be extended to other physical field (such as thermal and electrical)
based mechatronic systems, as long as the field obeys similar
governing equations (such as Laplace and Poisson equations) with
measurable boundary conditions.

Index Terms—Adaptive measurements, automated calibration,
flow meter, magnetic field reconstruction, spherical motor, velocity
probe.

I. INTRODUCTION

P ROFILE reconstruction can be found in many applications
which include free-form surface measurement in reverse

engineering [1]–[5], vision-based surfaces/volumes reconstruc-
tion [6], [7], and more recently magnetic field reconstruction for
sensor and actuator calibration [8]–[10]. Reconstruction typi-
cally involves two sequential stages; data acquisition and data
processing (or computational modeling). Recent advances in
computer technology and algorithms have significantly reduced
the cost of computational processing once the data are avail-
able. Physically accurate reconstructions that rely on a dense
set of equally spaced measurements to characterize the profile,
however, remain to be time consuming and costly. As will be il-
lustrated in the context of electromagnetic flow-meter (EMF)
calibration, adaptive measurements play an important role in
improving the time efficiency of automated magnetic field re-
construction.

Increasing competition (among power, irrigation, municipal,
industrial, recreation, aesthetic, and fish and wildlife uses) for
the finite supplies of water, which is also linked to climate
change, energy and food supplies/prices, and troubled financial
markets as noted recently in a landmark UN report [11], has
motivated better water management. Flowmeters not only help
utilities collect the revenue, they also help pinpoint leaks,
locate pressure problems along their waterways, and identify
and study periods of peak and non-peak use among both
residential and business consumers [12]. To assure product
reliability and accurately account for water, flow-meters must
be accurately calibrated [13]. The electromagnetic methods of
measuring flow rates [14] have become more widespread as
they are based on one of the accurate laws of physics (the law
of electromagnetic induction); their calibration characteristics
can be calculated. Conventional flow-rig calibration of large
EMFs (with diameter in the order of 1 m), however, is costly
and time consuming. It was estimated in [15] that calibrating
a 1.2 m-diameter EMF using a conventional flow rig, which
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requires a 250 kW pump to supply water flow of 1.5 tonnes/s,
would cost about £3 M, and require between 2 and 4 h to cali-
brate. The “dry calibration” technique (that requires no actual
liquid flow) has been accepted as a cost-effective alternative in
the past decade, the key for which is the determination of the
magnetic field in the measuring volume. Although magnetic
measuring apparatus (such as gauss meter) can measure the
magnetic flux density at a point accurately, directly measuring
the MFD is cumbersome, because all the three orthogonal
components at numerous points need to be measured in a 3D
measuring volume. As the absolute calibration factor needs to
be established accurately typically to 0.5%, an efficient method
to improve dry calibration where error must be within 0.2% or
in the same accuracy class with the flow rig calibration [15],
remains to be explored.

Recently, a coupled measurement-computation method has
been introduced in [10] to obtain the magnetic field distribu-
tion (MFD) for dry calibration of electromagnetic EMF and for
force/torque calculation and model-based motion control of a
spherical motor [16]–[20]. The MFD reconstruction involves
solving the Laplace’s equation of a magnetic scalar potential
with measured boundary conditions (BCs) [10]. This method,
which takes advantages of the rapidly advancing computational
tools such as finite-element method (FEM), offers two benefits:
first, the MFD calibration can be performed without the assump-
tion of known magnetic structures; and measurements are only
required on the surface outside the physical regions. Second,
it reduces the direct vector measurements of the MFD in 3D
space to 2D scalar measurements based on the normal compo-
nent of the magnetic flux density on the boundary surfaces. In
[8]–[10], a dense set of equally spaced measurements was ob-
tained for specifying the necessary BCs. It has been shown that
the time required computing the MFD using FEM for calibrating
the sensitivity of an EVP or an EMF is in the order of about
5 min. In contrast, measurements for specifying the BCs with an
automated scanning mechanism requires several hours. While
these high-resolution data provide precise BCs for solving the
MFD numerically with FEM and offer benchmark model ver-
ification, the measurements are time consuming for practical
implementation.

In practice, it is desired to minimize the number of measure-
ments needed to specify the BCs without sacrificing the MFD
accuracy computed using FEM. The simplest way is to uni-
formly decrease the measurements on the whole boundary sur-
face. However, if the BC values are relatively constant in cer-
tain local regions, this method is inefficient since extra data in
regions of constant values do not help improve the overall cal-
ibration but simply prolong measurement time. A better alter-
native is to base decisions on the BC surface distribution of the
magnetic field to select points for measurements. The effect of
reduced BC points using the gradient of the reconstructed MFD
was explored in [10], showing that a nearly identical MFD (with
a relative error of less than 0.15%) can be obtained. This finding,
along with the interest to develop a method capable of selecting
measured points without any knowledge of the BC morphology,
provides the motivation for this paper.

Gradient features have been commonly used to reduce data
processing computation; for examples, image compression

[21], [22], point interpolation for image improvement [23],
FEM mesh refinement [24], and numerical mesh-free com-
putation of magnetic fields [24], [25]. Unlike a typical data
processing application which begins with a coarsely resolved
base-levels (or regular grids) and follows by refining them
based on some specified criterions such as local cell mass and
gradient [26], the BC morphology for reconstructing the MFD
is usually unavailable during data acquisition. Apart from time
required to take measurements, the route length travelled by the
scanning probe, which contributes to the nonproductive motion
time, must be minimized. Thus, it is desired that the dense BC
nodes required for subsequent numerical computation can be
interpolated from a small set of appropriately selected data
(measured in a single pass) along a shortest scanning route.
Similar studies can be found in free-form surface measurements
in reverse engineering, where the surfaces are inspected (using
tough triggering or laser sensors) with measuring points adap-
tively determined based on a specified criterion, which may
be the change of surface curvature [1], [2], equal arc-length
[3], chord height [4], [5], or parameterization based sampling
[4] criteria. Among these methods, the chord-height criterion
(originally developed for locating feature points in images [27]
and extended to free-form surface measurements [4], [5] in
reverse engineering) offers several advantages including ease of
calculation and sensitive in characterizing curvature changes.
The paper extends the chord-height method to determine
boundary condition (BC) for magnetic field reconstruction.
However, unlike free-form surfaces of a solid geometry, mag-
netic distributions are vector fields and invisible.

For the above reasons, this paper focuses on developing a
set of well defined selection criteria, an adaptive scanning al-
gorithm, and interpolation methods for adaptive measurements
requiring no prior information on the BC morphology to avoid
round-trips. The remainder of this paper offers the followings.

1) An adaptive scanning algorithm, which determines the lo-
cations to take BC measurements for solving the MFD nu-
merically with FEM, is presented. The algorithm uses a
small set of nearest calibrated data, along with two well-de-
fined selection criteria, to determine the next measuring
point. As will be shown, the flexibility to choose a curve-fit
method offers a practical means to handle tradeoff between
measurement noise and time.

2) The adaptive method has been applied to two widely used
fluid-to-electrical transducers (electromagnetic velocity
probe and flow-meter), where high-resolution measure-
ments and published data based on gradient method are
available for verification. Comparisons show that the adap-
tive method greatly reduces both the number of measuring
points and the length of the scanning route. Additionally,
experimental results comparing the calculated sensitivity
of an EMF against direct calibration using a standard
flow-rig are also presented, which confirm the cost-effec-
tiveness of the dry calibration with reconstructed magnetic
fields.

3) The effect of measurement noise on the accuracy of the
adaptive method has been investigated using published
data of a spherical motor [17]. Two different curve-fit
methods (cubic-spline and least-square) are chosen for
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Fig. 1. Schematics illustrating chord-length criterion.

this study. Unlike a cubic-spline fit, least-square fits do not
require the curves to pass through the noisy measurements,
and thus noise is effectively “filtered.”

Once the MFD is reconstructed, the flow velocity of EMF
and EVP can be determined from the Faraday’s law of electro-
magnetic induction [14]. Similarly, with the known MFD the
torque model of the spherical motor can be computed from the
Lorentz force law [16]–[18]. Thus, this paper focuses on devel-
oping a method to efficiently obtain measured BCs for solving
the MFD.

II. ADAPTIVE ALGORITHM

In physics, any potential field obeying Laplace’s equation
is free and can be uniquely determined by the field conditions
on the boundary surface. Mathematically, the magnetic flux den-
sity in a source-free space can be solved from the Laplace’s
equation

(1a)

(1b)

where is the magnetic permeability of the material in the
working space. As reported in [10], the source-free MFD can
be reconstructed from measured flux density on its boundary
surface using FEM. High fidelity reconstruction often requires
a sufficiently large number of nodes. The tradeoff, however, is
measurement cost since fewer points imply less time needed.
In order to reduce cost, it is desired that the required dense BC
nodes can be interpolated from a small set of measurements. Ap-
propriate selection of characteristic data along a shortest scan-
ning route requires a set of well defined selection criteria, an
adaptive scanning algorithm, and interpolation methods.

A. Selection Criteria

The scalar component of the flux density on a point in 2D
region can be expressed as or in discrete form .
As will be illustrated, the scanning route considered here is a
path parallel to the or axis. As illustrated in Fig. 1, the four

Fig. 2. Effect of changing curvature on chord-height.

nearest calibrated data ( , , , and ) provide a
basis to determine the next measuring point along a path (in the

or direction). With the data curve-fitted using method such
as cubic spline or least-square, the next measurement can
be taken at a point extrapolated from along its tangent. An
appropriate point for the next measurement can be determined
as follows.

To begin with, a search line (originated from the previous
measurement ) is introduced, which intercepts the -tan-
gent line. Next, a selection criterion can be defined quantita-
tively in terms of a chord-height and normalized data-spacing

(Fig. 1), where and are the straight-line distances
between and , and between and the searched point
on the -tangent line. As illustrated in Fig. 1 and given math-
ematically by (2), the chord-height is the perpendicular dis-
tance from to the search line from

(2)

where is the angle between the -tangent line and the straight
line connecting and . For , the
sign of depends on since cosine is an even function
and hence the denominator of (2) is always positive. Addition-
ally, when is much larger than unity. Equation
(2) is graphed in Fig. 2 to illustrate the effect of the normalized
data-spacing and changing curvature of (with
respect to or ) on the chord-height. As shown in Fig. 2,
provides a simple criterion to compare the “degree” of the local
(or surface) curvature but is insensitive to (when ). A
single selection criterion based solely on chord-heights would
tend to miss local maxima or minima (as illustrated in Fig. 1),
and result in undesirably low density samples. Thus, the selec-
tion of measuring points involves two independent thresholds:

• chord-height threshold, ;
• data spacing threshold, .
A common technique to locate the point for taking the next

measurement along the -tangential line is to rotate the search
line about incrementally until where the
chord-height at different extrapolated points can be calculated
from the calibrated nodes, and using (3)

(3)
where ; ; and is the
slope of the -tangent line. In (2), could be or , as shown
in Fig. 1.
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Alternatively, (and hence the point for taking the next mea-
surement) can be inversely solved for a specified in terms of

from (2) which can be written as

(4)

where ; ; and
. When , there is no practical solution

for since the -tangent and search lines could be in
parallel, overlap or intersect but with

lines overlap, Fig. 1(b)
lines parallel, Fig. 1(c)
lines intersects with Fig. 1(d)

When as illustrated in Fig. 1, the lines intersect at
a potential search point that a practical solution ( ) to (4)
can be solved from (5)

(5)

In either (3) or (5), if , is equal to . Equation (5)
illustrates intuitively the relationship among the chord height ,
the angle characterizing the curvature change, and the straight-
line distance . When scanning automatically, the sensor is me-
chanically positioning in terms of step size along . Thus,
the data spacing threshold during real-time scanning is specified
in terms of step size , or .

The adaptive scanning algorithm aims at minimizing the
number of steps without sacrificing fidelity; in other words,
characterizing key features, particularly around curvatures, for
high-fidelity reconstruction of the magnetic field. Thus, when

(data on a straight line) or (immediately
after a local maxima or minima), the next location for taking
measurement is selected with the largest data spacing . Once
the actual is measured, the derivatives of the curve-fit
function are then checked for any sign change from and

. If a sign change is detected implying that a local maxima
or minima could be missed as illustrated in Fig. 1(b) and (c),
additional measurements (at regular intervals between and

) should be made to improve fidelity around the local
maxima or minima. When indicating a change
in curvature, is measured at the next nearest interval to
avoid skipping a local maxima or minima as illustrated shown
in Fig. 1(d) . These cases ( ) are illustrated in Fig. 1.

B. Adaptive Scanning Algorithm

Fig. 3 provides an overview of the scanning algorithm, which
scans along increasing then decreasing in specified incre-
ments of . The measurement steps are as follows.
Step 1) Scan along with constant incremental [Fig. 3(a)].

a) The scan begins (at ) with four initial
(equally spaced ) measurements to provide
a curve-fit (using method such as cubic spline
or least-square).

b) Determine the next measuring point based on
the selection criteria . Using (5), is
calculated. If , is equal to . The
corresponding is calculated.

c) The actual value is measured at .

Fig. 3. Illustration of the adaptive measuring process.

d) Values of the unmeasured (equally spaced)
nodes are then interpolated from the measured
points.

e) Using the four latest nodes, steps 1a–1c are re-
peated until all nodes in regions ( , )
are measured or interpolated.

Step 2) Scan along with incremental [Fig. 3(b)].
a) For each constant- row, the next measuring

point along is determined from the measured
or interpolated nodes using the same criterion
(as in Step 1b but with replaced by ).

b) Since Step 2a could result in different values
for different , the minimum value (or )
is selected to begin the new scanning route.

c) Steps 1a–1c are repeated and unmeasured
nodes before column are interpolated.

Steps 1 and 2 are repeated until all the nodes on the BC surface
are specified.

C. Practical Implementation Considerations

To investigate the effectiveness of the adaptive selection
method, an adaptive algorithm has been written in Matlab to
provide a basis for comparing the effect of measurement noise
and time on the choice of a curve-fit method. Two methods are
chosen for illustration; cubic-spline and least-square fits.

Tested on a PC (with 2.8 GHz CPU and 512 MB RAM), the
cubic-spline-fit takes about 6 ms, while the least-square-fit re-
quires 10 ms; both use a cubic polynomial as a base shape func-
tion. The time for these curve-fits, however, is negligible when
compared against the measurement time in the order of 0.5 to 1 s
per point.

Cubic-spline fits are susceptible to measurement noise
as the curves must pass through measured points. If the
noise-to-threshold is significant, the next measuring position
based on the cubic-spline-fit will be erroneous. Through a
properly selected base-shape function, a least-square fit can
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Fig. 4. EVP Schematics, principles, and applications. (a) Tri.-EVPs measuring
system. (b) Illustration.

effectively “filter” noise. The tradeoffs are that the least-square
fitting is more computational demanding (than the cubic spline
fitting), and that the selection of a suitable base shape function
may not be easy.

III. VALIDATION AND VERIFICATION

Two widely used fluid-to-electrical transducers (based on
Faraday’s induction law), the electromagnetic velocity probe
(EVP) and the EMF, are chosen here as illustrative examples,
where published data are available as a basis for verification.
The rule-of-thumbs for selecting the thresholds are as follows.
The chord-height (CH) threshold is specified in terms of the
maximum value on the BC surfaces. To determine this value,
a quick scan using a Gauss-meter is made before taking adaptive
measurements in real time. In the two studies discussed here,
the Max Hold function in the Gauss-meter (Lakeshore Model
421) is used, which continuously searches for and registers
the largest value during the quick scan without stopping.
The time needed to complete the quick scan is short; for the
EMF, the process takes less than 3 min. The data-spacing
(DS) threshold is defined as a number of (where is
node-spacing or step-size along the or direction) according
to Shannon’s sampling theorem in equal-spaced methods
[8]–[10].

In both these examples, the CH threshold equals to 1% of the
maximum values (about 10 G and 100 G on the side and end
BC surfaces of EVP, and 20 G on the BC surface of EMF, re-
spectively). The DS threshold is ; the step-sizes are 1 mm,
3 , and 2 mm in , , and directions, respectively.

For verifying the reconstruction based on the adaptive selec-
tion (AS) method, we define the reconstruction error rela-
tive to a set of high-resolution (HR) data

(6)

where the subscripts, and , refer to the adaptive selection
method and the high-resolution data, respectively.

A. Adaptive BC Measurement for Solving MFD of EVP

Fig. 4 shows the EVP for measuring the flow-rate of the fluid
through a large pipe, where a voltage signal is induced be-
tween the electrodes (in the probe consisting of an EM coil with
ferrous core and yoke) when conductive liquid (with velocity

) flows through the magnetic field of the EM coil. In [9],
the MFD around the EVP was reconstructed for dry calibration

Fig. 5. Experimental setup. (a) Experimental setup. (b) Side surface. (c) End
surface.

TABLE I
PARAMETERS USED IN ADAPTIVE SELECTION

using the experimental setup in Fig. 5, where the normal com-
ponent of the flux density passing through the electrode-end and
side surfaces was measured. The reference coordinate system is
defined on the plane at 210 mm from the end surface (with its
axis parallel to the line connecting the two electrodes, and the
axis along the coil centerline). Correspondingly, the MFDs for
the end and side surfaces in cylindrical coordinates are denoted
as and . A dense set of equally spaced measure-
ments (in steps of 1 mm, 3 , and 2 mm in , , and directions,
respectively) on the side and end surfaces of the probe were ob-
tained in [8]. For the purpose of comparison, the same step sizes
are used here. The selection criteria for the adaptive algorithm
are summarized in Table I.

As shown in Fig. 5, the computer-controlled scanning servo
mechanism (designed to automate data collection and ensure a
high measuring accuracy) positions the Hall probe (mounted on
the aluminum holder). Fig. 6 and Table II summarize the dis-
tribution of the measurement points (MP), where the color of
the points corresponds to that of the measured magnetic flux
density in Fig. 7. Since the structure is symmetric and the cor-
responding fields are similar (though generally not identical in
practice), only half of the regions are plotted in Fig. 7.

For each of the BC surfaces, the probe scans along the di-
rection for each increment of or . As an illustration, Fig. 7(a)
shows the first scan-route from ( , ) to (360 , 1),
the second from (360 , 2) to (0 , 2), then the third from (0 ,
3) to (360 , 3), etc.; each path begins with four initial measure-
ments. Because the end-surface measurements form a relatively
smooth profile [Fig. 7(a)], most of the MPs in Fig. 6(a) are uni-
formly spaced with an interval equal to the DS thresholds of 9
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Fig. 6. Measurement point distribution. (a) End surface MP. (b) Side surface
MP.

TABLE II
MEASURING POINTS (MP), DISTANCE TRAVELED AND TIME

Fig. 7. Adaptive BC measurements of the EPV. (a) Measured BC on end sur-
face. (b) Measured BC on side surface.

and 3 mm. For the side surface, the point distribution in Fig. 6(b)
is relatively sparse except the four initial MPs in each row and
in regions ( ), where the coil, yoke, and core are
located; the findings are consistent with Fig. 7(b) as expected.

The reconstructed normal component of the flux density and
their relative errors are summarized in Figs. 8 and 9, where

Fig. 8. Relative errors of adaptive method for EVP. (a) Relative error of the
normal flux density on the end BC surface. (b) Relative error of the normal flux
density on the side BC surface.

Fig. 9. Relative error of reconstructed along AA and BB.

is defined in (5) with HR referring to the high-resolution data
published in [1].

In Fig. 9, measurements are along the AA and BB lines [par-
allel to and axes on a plane 10 mm from the end surface in
Fig. 5(b), respectively]. The relative errors of the reconstructed

are less than 0.1%. Maximum errors occur primarily at local
maxima and minima. As compared in Table II, the adaptive
selection algorithm requires only 1/7 of the original HR mea-
surements [8] (or 15%~20% of the measuring time) for recon-
structing the MFD with the same resolution. Note that mea-
suring time is approximately linearly proportional to MP.

B. Dry Calibration of EMF With Flow

Fig. 10 shows an EMF for determining the flow rate by mea-
suring the magnitude of the voltage (induced across the
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Fig. 10. Schematics illustrating the measurement of EMF BC (adapted from
[10]). (a) EMF with inner�-shaped electromagnets. (b) Experimental measure-
ment of BC.

TABLE III
STRUCTURE CHARACTERISTICS OF THE EMF (DIMENSIONS IN MM)

two electrodes) as conductive liquid in the pipe flows through
the magnetic field of the U-shaped electromagnets. The induced
voltage is a function of the average flow velocity and the
magnetic flux density . Through measuring the magnitude of
the induced voltage, the flow velocity can be determined from
the Faraday’s law of electromagnetic induction [14].

EMFs must be calibrated to establish a sensitivity factor for
each unit, and are conventionally calibrated in flow rig. To re-
duce cost for calibrating large EMFs, dry calibration has been
widely explored as a potential alternative. For practical imple-
mentation, dry calibration must be efficient with precision in the
same accuracy class of flow rig calibration [15]. As a basis for
evaluation, results of dry calibration on the EMF (Fig. 10) based
on the reconstructed magnetic field are verified against data ob-
tained using a standard flow-rig setup. The characteristic dimen-
sions of this EMF are listed in Table III.

1) Principle of Dry Calibration: The sensitivity of the
EMF to be calibrated is defined in (7)

(7)

where is the induced voltage between two electrodes; and
is the average flow velocity passing through the measuring

pipe (with radius ). As introduced in [8] and [14], the induced
voltage can be calculated according to

(8)

where is the measuring volume; and the weight function
(that characterizes the contribution of the induced voltage to
the output signal via the electrodes at different positions in the
volume) can be determined in term of the Green’s function
defined in (8)

(9a)

(9b)

electrode (9c)

TABLE IV
COMPARISON BETWEEN ADAPTIVE AND GRADIENT-BASED METHODS. (STEP

SIZE: 3 FOR �; AND 2 mm IN �; RANGE: � � � � ��� , � � � � �����)

where is the delta function.
For specified geometry (and hence measuring volume ) and

electrode positions given in Table IV, the weight function
can be determined from (9). With this information along with
assumed uniform unit flow velocity ( ) for fully de-
veloped turbulent flow, the sensitivity can be numerically cal-
culated from (7) once the magnetic field in the measuring
volume of the EMF is reconstructed from the solution to (1)
with measured BCs.

2) Comparing Adaptive Against Gradient-Based BCs on
MFD: For dry calibrating the EMF sensitivity, the MFD in the
pipe is reconstructed with the aid of FEM where the measured
flux density on the cylindrical surface is specified as BCs.
Based upon the assumption that commercial EMFs have similar
structures (and thus similar MFD) obeying common design cri-
teria developed over the past decades, a gradient-based method
for reducing measurement points was investigated in [10],
where a (high-resolution) set of equally spaced measurements
is also available for a benchmark comparison. The interest
here is to evaluate the adaptive selection method (that does
not require prior knowledge of the inner magnetic structure)
against the gradient based method. For comparison, published
high-resolution measurements [10] are used to compute
defined in (6).

As for the EPV, the probe (Fig. 10) scans along (or cir-
cumferentially) for each increment based on selection criteria
summarized in Table IV. The MP distribution and reconstructed

using the adaptive selection method are graphed in Fig. 11.
The comparisons against the gradient-based method are given in
Fig. 12 and Table III. As compared in Fig. 12, the errors (relative
to the high-resolution data) of both adaptive and gradient-based
methods are similar. The maximum error is about 0.2 G (or 1%
of the maximum BC value). However, the adaptive selection
method not only requires only 3/5 of the MPs and time used
in the gradient-based method, but also relaxes the assumption
of approximately known structure.

3) Experimental Flow-Rig Setup: Fig. 13 shows the large
flow-rig setup for experimentally verifying the dry calibration
of the EFM using the reconstructed MFD. The EMF being cal-
ibrated is installed between two long straight pipes (to ensure
the flow passing through the EMF is fully developed during cal-
ibration). Water flow at steady state is supplied by a high-power
pump along with an underground water reservoir and a tall water
tower that serves as a constant water-level (and hence pressure
head) buffer tank. This setup provides a basis to determine the
precision of the EMF by comparing the total water volume mea-
sured by the EMF for a specified period of time against the ac-
tual volume accumulated in the standard metal tanks.
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Fig. 11. Measurement point distribution and reconstructed MFD. (a) MP dis-
tribution as adaptively measuring BC. (b) Adaptively measured BC.

Fig. 12. Comparison of relative errors (EMF). (a) Adaptive selection method.
(b) Gradient-based method.

With this flow-rig setup, the values of the EMF sensitivity at
three different flow rates ( , 250 and 500 which
correspond to Reynolds numbers of 8.84 , 4.42 and

Fig. 13. Flow-rig setup. (a) Flow-rig experimental setup. (b) Illustration of the
setup.

TABLE V
COMPARISON OF DRY CALIBRATION AND FLOW-RIG CALIBRATION

8.84 ) are measured. For the turbulent water flow, the fully
developed velocity profile is expected to be relatively uniform.
Two readings for each flow-rate were taken. The average value
of the measured is used as a standard value to evaluate the
precision of the dry calibration.

4) Results and Discussion: Table V compares the sensitivity
of the dry calibrated EFM using three different sets of measured
BC data for reconstructing the MFD; namely, adaptive, gradient
based and high-resolution measurement [10]. The % errors of
dry calibration are computed relative to the direct experimental
flow-rig calibration, all of which are about . This close
agreement validates the method of using adaptive BC measure-
ments to reconstruct the magnetic field for dry calibration.

It is worth noting that the adaptive method achieves the same
precision as that using high-resolution data but requires less than
25% of its calibration time. The reduced measurements greatly
enhance the efficiency of dry calibration with a negligibly small
error (0.017%) in reconstructed MFD. This finding makes the
dry calibration a practical, cost-effective alternative to the con-
ventional flow rig calibration.

The small relative error in the dry calibration could be due
to the uniform velocity assumption, which neglects the fluid
boundary layers covering the surfaces of the measuring pipe and
electrodes. Introducing hydrodynamics (taking into account of
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Fig. 14. Spherical motor and measurement setup [17]. (a) Spherical motor.
(b) Measuring device.

Fig. 15. Adaptively selected measurement points. (a) Cubic-spline fit.
(b) Least-square fit.

unmodeled flow effects into calculation) may further improve
the precision of dry calibration, which could be an interesting
topic for future study.

IV. EFFECT OF MEASUREMENT NOISE (SPHERICAL MOTOR)

When the noise-to-threshold is high, the cubic-spline fitting
could reduce the effectiveness of the adaptive selection method.
Alternative curve-fit methods (such as least-square fitting)
capable of filtering noise should be used. As an illustration,
we investigate the effect of two different curve-fit methods,
cubic-spline (CS) and least-square (LS), on the adaptive
selection algorithm using published measurements [17] for
reconstructing the MFD of a spherical motor. Reconstructing
the rotor MFD (essential for determining the orientation and
predicting the torque of the spherical motor) provides an ef-
fective means to compensate for manufacturing uncertainties.
More details using the MFD for design, measurement, and
control of a spherical motor can be found in [16] and [18] .

As shown in Fig. 14(a), the spherical motor consists of an as-
sembly of permanent magnets (PMs) embedded in the spherical
rotor, which rotates as appropriately controlled currents flow
through the stator coils in the MFD of the PMs. Fig. 14(b) shows
the experimental setup [17] for measuring the magnetic flux
density at the rotor surface, where the Hall-probe circumferen-
tially scans (in the direction) for each increment as the mo-
torized fixture spins the spherical rotor about its own axis. The
selection criteria and MP distribution obtained using two fitting

Fig. 16. Relative error of LS-based adaptive selection (spherical motor).
(a) Cubic-spline fit. (b) Least-square fit. (a) Reconstructed BC using LS-based
adaptive selection. (b) Relative error between LS-based selection and measured
data. (c) Relative error of reconstructed � at � � ��� ��.

TABLE VI
SELECTION CRITERIA AND COMPARISON (MFD OF A SPHERICAL ROTOR)

(STEP SIZE: �� � �� � � ; RANGE: � � � � �� , � � � � �	� )

methods are compared in Table VI and Fig. 15; only one-half of
the scanning area is shown for the symmetrical rotor structure.
The reconstructed MFD (using the LS-based selected points) for
specifying as BCs and its relative error are given in Fig. 16.

Figs. 15 and 16 offer some insights to the effects of the mea-
surement noise on the adaptive measurements.

• Fig. 16(b) plots the difference between the reconstructed
MFD (using the LS-based selection) and the original mea-
sured data. The error map suggests that the measurement
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noise-to-threshold ratio is on the order of approximately
10. As a result, noisy measurements cause the CS-based al-
gorithm to scan every -row with points uniformly spacing
equal to the DS threshold, as shown in Fig. 15(a).

• Unlike a CS fit, the LS fit (based on quadratic polynomials
here) does not require the curves to pass through the noisy
measurements; noise is effectively “filtered.” Fig. 15(b)
shows that the LS-based selection requires only 9 of the
25 -rows and thus shortens the scanning route by 40%.
As compared in Table VI, only 40% of the measurement
points for the CS-based adaptive method (or 8% of the orig-
inal high-resolution data) are needed in the LS-based selec-
tion. These savings are a direct result of skipping the 16 of
the 25 -rows where changes in along are negligibly
small.

• To further investigate the effect of the LS-based adap-
tive selection method on the reconstruction accuracy,
the Laplace’s (1) along with the far-field BCs and the
BC specified in Fig. 16(a) is numerically solved using
Comsol, a commercial FEA package. Fig. 16(c) compares
the reconstructed against published experimental
data at 2.5 mm from the surface of the spherical rotor; the
relative error is within 0.005%.

V. CONCLUSION

An adaptive method to reconstruct the magnetic field using
a small set of scalar measurements for specifying the BCs has
been presented for automated calibration of electromagnetic
devices. This method (based on four latest measured data to
determine the location to take next measurement) has been
applied (with experimental verification) to three applications;
EVP, EMF, and spherical motor. The agreement between dry
calibration and flow-rig experiment is within 0.2% error.

Comparisons against published data on EMF [10] demon-
strate that the adaptive measurement algorithm greatly reduces
the number of measurements to 1/7 and shortens the scanning
route length to 1/5 from the original high-resolution data
without sacrificing the accuracy of the computed results. The
adaptive selection (based on chord-height and data-spacing
thresholds) not only requires 3/5 of the measuring points and
time as compared to the gradient-based method in [10], but
also relaxes the assumption of approximately known structure.
Similar time savings were experimentally confirmed in the EVP
and spherical motor applications. In addition, the flexibility
to include a least-square fit offers a practical means to filter
measurement noise as demonstrated in the MFD reconstruction
of the spherical motor.

While the adaptive method is illustrated here in the context
of automated MFD reconstruction, it can be extended to auto-
mated calibration of other physical quantities such as electrical,
thermal and mechatronic fields. Furthermore, as chord-height
criteria have been demonstrated in image processing [27] as
well as free-form surface measurements [4], [5] this method can
be extended to characterize BC of devices where surface ge-
ometry is not available by integrating techniques developed for
free-form surface measurements and/or image processing.
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