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CALIBRATING POSITION SENSOR READINGS

BACKGROUND

In applications involving articulated structures, it is often desirable to determine the position
of the distal end of the most distal link of the articulated structure. This can be achieved by
sensing the position of each link relative to the last along the articulated structure, from its
base to the most distal link. This series of measurements can be used in combination with
the known layout of the articulated structure to determine the position of the distal end of
the most distal link relative to the base. Rotary position sensors are used to sense relative
rotation between links. Linear position sensors are used to sense relative longitudinal motion

between links.

Hall effect magnetic sensors are commonly used to sense relative motion between links. In a
typical rotary position sensor, a ring has a set of alternating magnetic poles arranged around
it. A sensor interacts with the ring, and is located so that the magnetic poles move past the
sensor as the rotation that is desired to be sensed takes place. For example, the ring could
be attached about a shaft and the sensor could be attached to a housing within which the
shaft rotates. The sensor detects changes in magnetic polarity as the poles move past the
sensor. By counting the number of changes in polarity the amount of rotation from a
reference position can be sensed. To sense the direction of rotation two such pairs of rings
and sensors can be provided, and arranged so that one sensor detects magnetic transitions
of its ring at rotation positions that are offset from the positions where the other sensor
detects magnetic transitions of its ring. By considering the relative timing of transitions

detected by each sensor the direction of rotation can be sensed.

The field of robotics utilises articulated structures as robot arms. Accurate position sensing
is important for robot arms in order to ensure their end effectors are manipulated precisely
as intended. The larger the magnetic rings of the position sensor, the more accurately the

relative rotation of two links of the robot arm is sensed. However, in some robotics
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applications, for example in the field of surgical robotics, it is desirable for the position sensors
to be very compact to fit within the available space and to minimise the weight that they add

to the arm.

Thus, there is a need for an improved position sensor which balances the competing

requirements of accuracy and compactness.

SUMMARY OF THE INVENTION

According to an aspect of the invention, there is provided a method of correcting a position
reading from a position sensing arrangement, the position sensing arrangement being
suitable for sensing the position of a revolute joint of an articulated structure, the position
sensing arrangement comprising a disc having a magnetic ring with magnetic pole pairs and a
magnetic sensor assembly comprising a magnetic sensor array for detecting the magnetic
pole pairs of the magnetic ring, the method comprising: for each pole pair of the magnetic
ring, taking a calibration pole pair position reading with the magnetic sensor array, and
generating a pole pair correcting function by comparing the calibration pole pair position
reading with a model pole pair position reading; averaging the pole pair correcting functions
of the pole pairs of the magnetic ring to generate an average pole pair correcting function for
the magnetic ring; taking a position reading with the magnetic sensor array, the position
reading comprising a plurality of pole pair position readings; and generating a corrected
position reading by deducting the average pole pair correcting function from each pole pair

position reading.

The calibration pole pair position reading may be multi-bit.

The pole pair correcting function may comprise a periodically oscillating function. This

periodically oscillating function may comprise a sinusoidal function.

For each pole pair, the pole pair correcting function may be generated by fitting a curve to

the calibration pole pair position reading, and deducting a line representing the model pole
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pair position reading from the fitted curve. The curve may be fitted to the calibration pole

pair position reading using a method of least squares.

Suitably, the disc comprises a further magnetic ring with magnetic pole pairs, and the
magnetic sensor assembly comprises a further magnetic sensor array for detecting the
magnetic pole pairs of the further magnetic ring, and the method comprises: for each pole
pair of the further magnetic ring, taking a further calibration pole pair position reading with
the further magnetic sensor array, and generating a further pole pair correcting function by
comparing the further calibration pole pair position reading with the model pole pair position
reading; averaging the further pole pair correcting functions of the pole pairs of the further
magnetic ring to generate an average further pole pair correcting function for the further
magnetic ring; taking a further position reading with the further magnetic sensor array, the
further position reading comprising a plurality of pole pair position readings; and deducting
the average further pole pair correcting function from each pole pair position reading to

generate a corrected further position reading.

The further pole pair correcting function may comprise a periodically oscillating function. This

periodically oscillating function may comprise a sinusoidal function.

The further pole pair correcting function may be generated by fitting a curve to the further
calibration pole pair position reading, and deducting a line representing the model pole pair
position reading from the fitted curve. The curve may be fitted to the further calibration pole

pair position reading using a method of least squares.

The method may further comprise: for each pole pair of the magnetic ring, generating a
corrected calibration pole pair position reading by deducting the pole pair correcting function
from the calibration pole pair position reading; generating a revolution correcting function by
comparing the corrected calibration pole pair position readings for the magnetic ring with
model revolution position readings; and generating the corrected position reading by:
deducting the average pole pair correcting function from each pole pair position reading; and

deducting the revolution correcting function from the position reading.
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The revolution correcting function may comprise a periodically oscillating function. This

periodically oscillating function may comprise a sinusoidal function.

The method may comprise generating the revolution correcting function by fitting a curve to
the corrected calibration pole pair position readings, and deducting a line representing the
model revolution position readings from the fitted curve. The curve may be fitted to the

corrected calibration pole pair position readings using a method of least squares.

The method may comprise, for each pole pair of the further magnetic ring, generating a
further corrected calibration pole pair position reading by deducting the further pole pair
correcting function from the further calibration pole pair position reading; generating a
further revolution correcting function by comparing the further corrected calibration pole
pair position readings for the magnetic ring with further model revolution position readings;
and generating the corrected position reading by: deducting the average further pole pair
correcting function from each pole pair position reading; and deducting the further revolution

correcting function from the position reading.

The further revolution correcting function may comprise a periodically oscillating function.

This periodically oscillating function may comprise a sinusoidal function.

The method may comprise generating the further revolution correcting function by fitting a
curve to the corrected calibration pole pair position readings, and deducting a line
representing the model revolution position readings from the fitted curve. The curve may be

fitted to the corrected calibration pole pair position readings using a method of least squares.

BRIEF DESCRIPTION OF THE FIGURES

The present invention will now be described by way of example with reference to the
accompanying drawings. In the drawings:

figure 1 illustrates a general representation of a shaft equipped with a position sensing
arrangement;

figure 2 illustrates the dimensions of a disc 3 of figure 1;

figure 3 illustrates a portion of a magnetic ring of figure 1;
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figure 4 illustrates a magnetic sensor array of figure 1;

figure 5 is a graph illustrating theoretical and actual position sensor readings;

figure 6 is a flowchart illustrating a method of determining pole pair numbers for two
magnetic rings when the inner radial boundary is limiting;

figure 7 is a flowchart illustrating a method of determining pole pair numbers for two
magnetic rings when the outer radial boundary is limiting;

figure 8 is a graph illustrating theoretical and actual combined position sensor
readings; and

figure 9 illustrates arrangements for mounting the disc;

figure 10 illustrates the magnetic field detected by a magnetic sensor array;

figure 11 illustrates theoretical and actual sensor readings taken whilst a single
magnetic pole pair passes a magnetic sensor assembly;

figure 12 illustrates a correcting function for a pole pair; and

figure 13 illustrates theoretical and actual sensor readings taken whilst a whole

magnetic ring passes a magnetic sensor assembly.

DETAILED DESCRIPTION

The following relates to a position sensing arrangement for an articulated structure, and a
method of assembling the position sensing arrangement. By sensing the position of each joint
of an articulated structure, the position of the distal end of the articulated structure can be
determined from a combination of the sensed joint positions and known layout of the
articulated structure. In the example of a robot arm, a base of the robot arm is coupled to
the end effector at the distal end of the robot arm via a series of links joined together by
joints. These may be revolute joints or prismatic joints. In the case of a revolute joint, the
rotation of the joint is sensed. In other words, the relative rotation of the two shafts which
the revolute joint attaches is sensed. The angle of rotation and the direction of rotation are
sensed. Inthe case of a prismatic joint, the longitudinal motion of the joint is sensed. In other
words, the relative motion of the two shafts which the prismatic joint attaches is sensed. The

movement distance and the direction of movement are sensed.
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Figure 1 illustrates an example of a position sensing arrangement for detecting rotation of
shaft 1 about axis 2. The position sensing arrangement detects the angle and direction of
rotation of shaft 1 about axis 2. The position sensing arrangement comprises a magnetic
sensor assembly and a disc 3. Disc 3 is shown in more detail on figure 2. Disc 3 is an annulus
having an outer radial boundary 4 and an inner radial boundary 5. Both the boundaries of the
annulus are centred on the centre point of the disc 3. The radius of the outer radial boundary
is ro. The radius of the inner radial boundary is ri. Disc 3 is fast with the element whose
position is being sensed. In this case, disc 3 is rigidly mounted to shaft 1. There is no relative
motion permitted between shaft 1 and disc 3. Disc 3 rotates about axis 2. In other words,

disc 3 and shaft 1 rotate about a common axis.

Two magnetic rings 6,7 are disposed on disc 3. The magnetic rings are not movable relative
to each other. The two magnetic rings are concentric. Both magnetic rings are centred on
the centre of the disc. In other words, the magnetic rings are arranged in a circle having the
rotation axis 2 of shaft 1 as its axis. The radial distance between the centre of the disc and
the centreline 9 of the inner magnetic ring 6 is rm. The radial distance between the centre of
the disc and the centreline 10 of the outer magnetic ring 7 is rn. The centrelines 9, 10 of the
magnetic rings 6,7 are separated by a radial distance s. The minimum value of the radial
distance s is predetermined. Suitably, radial distance s is at least the length of a pole pair. In

other words, s 2 2y.

Each magnetic ring carries a number of permanent magnets defining magnetic poles 8. On
the sensing surface of each magnetic ring, the magnets alternate polarity between north and
south poles around the ring. Inner magnetic ring 6 has m magnetic pole pairs. Outer magnetic
ring 7 has n magnetic pole pairs. Each magnetic pole 8 on the inner magnetic ring 6 is the
same shape and size, within manufacturing tolerance. Each magnetic pole 8 on the outer
magnetic ring 7 is the same shape and size, within manufacturing tolerance. Suitably, each
magnetic pole 8 on the inner magnetic ring 6 is the same shape and size as each magnetic
pole 8 on the outer magnetic ring 7, within manufacturing tolerance and the fact that the arc
radius of the inner magnetic ring is different to the arc radius of the outer magneticring. A

portion of a magnetic ring is shown in more detail in figure 3. Each magnetic pole 8 has a
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radial length x and a circumferential length y. In one example, y is 2mm. In this example, a

pole pair (i.e. a north pole and adjacent south pole pair) has a circumferential length of 4mm.

The magnetic sensor assembly is mounted to the articulated structure so as to detect relative
rotation between two elements. The magnetic sensor assembly is rigidly attached to one of
those elements, such that the magnetic sensor assembly is not permitted to move relative to
that element. The disc 3 is rigidly attached to the other of those elements, such that the
magnetic rings 6, 7 are not permitted to move relative to that other element. In the case of
the example of figure 1, the disc 3 is rigidly attached to the shaft 1. The magnetic sensor
assembly is rigidly attached to the part of the articulated structure that the shaft 1 rotates

relative to.

The magnetic sensor assembly detects relative rotation of the first and second magnetic rings
and the magnetic sensor assembly. Magnetic sensor assembly comprises two magnetic
sensor arrays 11,12. Inner magnetic sensor array 11 is disposed adjacent to and aligned with
the inner magnetic ring 6. Outer magnetic sensor array 12 is disposed adjacent to and aligned
with the outer magnetic ring 7. Since the magnetic sensor assembly is mounted to the
articulated structure relative to which shaft 1 rotates, as shaft 1 rotates, the magnetic rings 6
and 7 revolve past the magnetic sensor arrays 11, 12. Each sensor array is capable of
detecting transitions between north and south poles of the magnetic ring it is disposed over
as those transitions move past the sensor array. In an exemplary implementation, the first
and second magnetic rings 6, 7 are separated radially by at least the length of a pole pair.
Increasing the separation of the rings reduces the interference each ring causes to the sensor
of the other ring. Thus, separating the rings by at least the length of a pole pair aids the inner
magnetic sensor array 11 only detecting the transitions of the inner magnetic ring 6, and the

outer magnetic sensor array 12 only detecting the transitions of the outer magnetic ring 7.

Each magnetic sensor array 11, 12 comprises a set of sensors. Figure 4 illustrates an example
in which a magnetic sensor array comprises four individual sensors 13a,b,c,d. Each magnetic
sensor array is rectilinear. As can be seen from figure 4, the individual sensors are arranged
ina straight line. The sensors of the set are all the same size and shape and have equal spacing

between them. Each sensor 13 has a width t and a length u and is separated from the next
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sensor by a distance v. The centres of adjacent sensors are separated by a distance z. In the
example shown in figure 4 in which the magnetic sensor array has four individual sensors, z is
the same as a quarter the length of a pole pair. In other words, z = y/2. Thus, whilst the
centres of the sensors marked 1 and 3 are over the boundary between adjacent poles, the
centres of sensors marked 2 and 4 are over the centres of adjacent poles. The centres of the
outer sensors (marked 1 and 4) are separated by three quarters the length of a pole pair. In
an exemplary implementation, t is less than the radial extent of the magnetic ring x. In other

words, t < X.

Since the individual sensors are in a straight line whereas the magnetic ring is circular, the
centre of each sensor is not consistently aligned with the centre of a magnetic pole as the
shaft rotates. The offset between the centre of the sensor and the centre of the magnetic
pole varies as the shaft rotates. This variable offset causes a systematic error in the sensor
output. In an alternative implementation, the magnetic sensor arrays 11, 12 are each in a
circular configuration centred on the centre of the disc 3. In this case, the radius of the
centreline of each magnetic sensor array is the same as the radius of the centreline of the
magnetic ring it is reading. Thus, the centreline of the magnetic sensor array is consistently

aligned with the centreline of the magnetic ring it is reading as the shaft rotates.

The sensors could, for example, be Hall effect sensors, reed sensors, magnetoresistive sensors

or inductive sensors.

Each magnetic sensor array 11, 12 is arranged to provide a multi-bit output representing the
relative position of the neighbouring poles to it. The number and relative placement of the
poles on the magnetic rings are arranged such that each position of the shaft within the range
of rotation angles to be measured is associated with a unique set of outputs from the two
magnetic sensor arrays 11, 12. The number of poles m on the inner ring and the number of
poles n on the outer ring are different and co-prime. Their selection is described further

below. The outputs from the sensors pass to a processing unit 14.

The circumferential positions of the magnetic sensor arrays 11, 12 and the rotational position

of the disc 3 about axis 2 may be chosen so that the transitions between the poles on the
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inner magnetic ring 6 as sensed by magnetic sensor array 11 occur for different rotational
positions of the shaft from the transitions between the poles on the outer magnetic ring 7 as
sensed by magnetic sensor array 12. This allows the direction of rotation of the shaft to be

inferred from the relative order of the transitions sensed by each magnetic sensor array.

The outputs of magnetic sensor arrays 11, 12 pass to the processing unit 14. The processing
unit comprises a processor device 15, which could be hard coded to interpret the signals from
the magnetic sensor arrays 11, 12 or could be a general purpose processor configured to
execute software code stored in a non-transient way in memory 16. The processor device

combines the signals from the sensors to form an integrated output signal at 17.

A method of selecting the number of magnetic pole pairs m on the inner magnetic ring 6 and

the number of magnetic pole pairs n on the outer magnetic ring 7 will now be described.

The selection of m and n may be subject to any one, any combination, or all of the following
constraints.

1. The inner and outer magnetic rings 6, 7 both need to fit on the disc 3. Suitably, the
inner and outer magnetic sensor arrays 11, 12 are each disposed within the footprint
of the disc 3 as well. The inner radial boundary 5 is at a radius ri. In order to fit the
inner magnetic sensor array 11 over the disc 3 without exceeding the inner radial
boundary 5, the centreline 9 of the inner magnetic ring is separated from the inner
radial boundary 5 by at least the portion of the radial width of the magnetic sensor
assembly 11 which is disposed between the centreline 9 of the inner magnetic ring
and the inner radial boundary 5. This portion may be half the radial width of the
magnetic sensor assembly, i.e. wm/2. In other words, rm > ri + wm/2. If the sensor array
is offset radially within the sensor assembly, then the portion may be greater. In one
example, rm > ri + (Wm + t)/2. The outer radial boundary 4 is at a radius r.. In order to
fit the outer magnetic sensor array 12 over the disc 3 without exceeding the outer
radial boundary 4, the centreline 10 of the outer magnetic ring is separated from the
outer radial boundary 4 by at least the portion of the radial width of the magnetic
sensor assembly 12 which is disposed between the centreline 10 of the outer magnetic

ring and the outer radial boundary 4. This portion may be the radial width of the



10

15

20

25

30

10

magnetic sensor assembly, i.e. wn/2. In other words, r, < ro —wn/2. If the sensor array
is offset radially within the sensor assembly, then the portion may be greater. In one

example, rn < ro - (wn +1)/2.

The centres of adjacent sensors are separated by a quarter the length of a pole pair.
In other words, adjacent sensors are separated by y/2. This ensures that the magnetic

sensor array can detect each pole transition as the disc rotates.

The radial distance s between the centreline of the inner magnetic ring 6 and the
centreline of the outer magneticring 7 is greater than a predetermined distance. That
predetermined distance is set by a desired insensitivity to stray magnetic fields.
Suitably, s > 2y. In this case, the nearest magnetic pole on the inner magnetic ring 6
that the inner magnetic sensor array 11 is detecting is always closer than a magnetic
pole on the outer magnetic ring 7. Similarly, the nearest magnetic pole on the outer
magnetic ring 7 that the outer magnetic sensor array 12 is detecting is always closer
than a magnetic pole on the inner magnetic ring 6. Thus, this prevents interference
arising from the magnetic sensor array over one magnetic ring detecting a magnetic

field from the other magnetic ring.

The minimum number of sensors b in each magnetic sensor array is greater than a
threshold. This threshold is such that there is sufficient spatial sampling for an
unambiguous position reading. Suitably, b > 4. Four sensors is sufficient where there

are no magnetic harmonics detected.

The width, t, of each magnetic sensor is less than the radial extent of the magnetic
ring x. In other words, t < x. The signal to noise ratio of the detected transitions is

reduced if the magnetic sensor array is narrower than the magnetic ring.

The inner radial boundary of the disc may be constrained by the articulated structure.
For example, in figure 1, the inner radial boundary of the disc is limited by the shaft 1.
In this case, the radius of the inner radial boundary r; has to be at least as big as the

radius of the shaft 1.
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7.

8.

11

The outer radial boundary of the disc may be constrained by the articulated structure.
For example, the position sensor may fit inside a housing of the articulated structure.
In this case, the radius of the outer radial boundary r, has to be at least as small as the

radius of the housing.

The position sensor is arranged to detect a maximum angle of rotation. This maximum
angle of rotation depends on the element whose rotation is being detected. For a
revolute joint, the maximum angle of rotation to be detected depends on the location
of that joint in the kinematic chain. The maximum angle of rotation to be detected
may be less than 360°. The maximum angle of rotation to be detected may be greater
than 360°. The accuracy of the position measurement is proportional to the angle of
rotation to be detected. The greater the angle of rotation to be detected, the higher
the accuracy of the position measurement needed. The sensor reading accuracy is
given by:

Accuracy = 2y X 1/2 X (equation 1)

1
/Z pole pairs

Y. pole pairs is the sum of the number of pole pairs of all of the magnetic rings on the
disc. When there are two magnetic rings on the disc, ), pole pairs = m+n. The more
pole pairs on the magnetic rings, the larger the magnetic rings. Thus, larger magnetic
rings lead to more accurate position measurements. The greater the angle of rotation
to be detected, the bigger m and/or n are to achieve the required accuracy. Thus, the
number of pole pairs on the magnetic rings for detecting rotation of one element
relative to another is constrained by the relative angle of rotation to be detected
between the two elements. In the case of a revolute joint, the selection of m and n

are specific to the maximum angle of rotation of that revolute joint to be detected.

Figure 5 is a graph which illustrates theoretical and actual position sensor
measurements taken from a position sensing arrangement of the form shown in figure
1. The x-axis is the position sensor measurement of the outer magnetic sensor array
12, and the y-axis is the position sensor measurement of the inner magnetic sensor
array 11. The starred line plot illustrates theoretical measurements with 100%

accuracy. The solid line plot illustrates example actual readings. These example actual
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readings differ from the theoretical readings due to manufacturing variation in the
magnetisation of the magnetic rings on the disc, manufacturing variation in the
magnetic sensor arrays, and/or misalignment between the magnetic rings and the
magnetic sensor arrays. In figure 5 the actual readings have a consistent offset from
the theoretical readings which demonstrates a systematic error in the actual readings.
This offset may be due to an error when magnetising the disc. For example, the centre
of the magnetic rings may be offset slightly from the centre of rotation of the disc.
Figure 5 also demonstrates additional error in the readings beyond the systematic
error. In order to accurately detect which sensor reading was intended, the solid line
of the actual readings in the plot of figure 5 needs to be closer to the correct line of

theoretical readings than another line of theoretical readings.

A method of determining the values of m and n will now be described for an example in which
the inner radial boundary of the disc 3 is limiting. For example, the disc may be mounted on
a shaft, and hence the radius of the inner radial boundary r; of the disc 3 has to be greater

than the radius of the shaft. Figure 6 illustrates the steps of this method.

At step 20, the minimum rm,min is determined. This is the minimum radius of the centreline 9
of the inner magnetic ring permitted by the limiting inner radius ri. As described in constraint
1 above, at its minimum, the centreline 9 of the inner magnetic ring is separated from the
inner radial boundary 5 by the portion of the radial width of the magnetic sensor assembly 11
which is disposed between the centreline 9 of the inner magnetic ring and the inner radial
boundary 5. This is to ensure that the magnetic sensor assembly 11 is confined within the
inner radial boundary. In one example, the minimum rm-min is given by:

Fm,min = Ii + (Wm + t)/2 (equation 2)

At step 21, the minimum number of pole pairs m for the inner magnetic ring is determined.
The magnetic ring has a whole number of pole pairs. Thus, mis an integer. rmminis increased
to the lowest value of rm, where

20Ty, = m2y (equation 3)

Where m is an integer.
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At step 22, the minimum rn min is determined. This is the minimum radius of the centreline 10
of the outer magnetic ring permitted by the limiting inner radius ri. As described in constraint
3 above, at its minimum, the centreline 10 of the outer magnetic ring is separated radially
from the centreline 9 of the inner magnetic ring by a predetermined distance. This
predetermined distance is suitably large enough to reduce or minimise interference in the
sensor reading of one magnetic ring as a result of the other magnetic ring.

nmin = m + S (equation 4)

where rm, is that from equation 3, and s is the predetermined distance.

At step 23, the minimum number of pole pairs n for the outer magnetic ring is determined.
The magnetic ring has a whole number of pole pairs. Thus, nis an integer. rnminis increased
to the lowest value of r,, where

2nr, = n2y (equation 5)

Where n is an integer.

At step 24, it is determined whether the values of m and n determined at steps 21 and 23 are
co-prime. If m and n are co-prime, then these are the m,n pair which provide the most
compact disc. In this case, mis chosen to be the number of pole pairs on the inner magnetic
ring, and n is chosen to be the number of pole pairs on the outer magnetic ring. The method
proceeds to step 25 where the position sensing arrangement is constructed by mounting a
disc having an inner magnetic ring with m pole pairs and an outer magnetic ring with n pole
pairs to the articulated structure. The discis rigidly attached to the element of the articulated
structure whose position it is configured to sense. The disc is mounted such that it rotates

about the same axis as the element whose position it is configured to sense.

If, at step 24, it is determined that the values of m and n determined at steps 21 and 23 are
not co-prime, then the method proceeds to step 26. At step 26, the value of n determined at
step 23 is incremented by 1. At step 27, it is determined whether the new value of n
determined at step 26 and the value of m determined at step 21 are co-prime. If they are not
co-prime, then the method returns to step 26, where the value of n is incremented by 1. Then
the method returns to step 27 where it is determined whether the new value of n is co-prime

with m. Steps 26 and 27 continue iteratively, each iteration incrementing the value of n by 1,



10

15

20

25

30

14

until a value of nis reached which is co-prime with m. Each iteration thereby increments the

difference between m and n by 1.

Once a value of n is found which is co-prime with m, the method proceeds to step 28. At step
28, the value of m determined at step 21 is set as the lower bound of a range of number of
pole pairs of the inner magnetic ring 6. Also at step 28, the value of n which was determined
to be co-prime with m at step 27 is set as the upper bound of a range of number of pole pairs

of the outer magnetic ring 7.

At step 29, further co-prime m,n pairs are identified which lie within the ranges set by step
28. In other words, further values of m and n are identified which are co-prime and for which
m is greater than the lower bound set in step 28 and n is smaller than the upper bound set in
step 28. These co-prime m,n pairs also satisfy any other constraints, such as being such that
the outer magnetic ring is separated from the inner magnetic ring by at least the

predetermined minimum value of the distance s.

Inanillustrative example, the m and n values initially determined at steps 21 and 23 are m=30
and n=35. These are not co-prime. Iterating n at step 26 results in an m,n pair of m=30 and
n=37. At step 29 the following further co-prime pairs are identified: m=31, n=36; m=31, n=37;
m=32, n=37.

At step 30, one of the co-prime m,n pairs is selected. This m,n pair may be either the value
of m determined in step 21 and the value of n determined to be co-prime with that value of
m in step 27, or alternatively, the m,n pair may have been determined at step 29. The m,n

pair selected depends on the implementation.

In one example, the co-prime m,n pair having the largest value of m is selected at step 30. In
the example provided above, m=32, n=37 would be selected. Selecting the m,n pair with the
largest value of m maximises the accuracy of the resulting sensor, as can be seen from

equation 1.
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In another example, the co-prime m,n pair having the smallest value of n is selected at step
30. In the example provided above, m=31, n=36 would be selected. Selecting the m,n pair
with the smallest value of n minimises the outer radius of the disc ro, thus minimises the

overall space taken up by the sensor.

In another example, the co-prime m,n pair having the smallest value of n-m is selected at step
30. Selecting the m,n pair with the smallest value of n-m minimises the radial width of the
disc, thus provides the most compact sensor. In the example provided above, two m,n pairs

have the smallest value of n-m: m=31, n=36; and m=32, n=37.

The m,n pair selected at step 30 may be chosen in dependence on the maximum angle of
rotation to be sensed. As described above, the maximum angle of rotation specifies a
required minimum accuracy, which in turn specifies a required minimum sum of the number
of pole pairs on the magnetic rings. This is a competing constraint to providing a compact
sensor. To balance these competing requirements, the smallest co-prime m,n pair whose sum
exceeds the required minimum sum of the number of pole pairs on the magnetic rings may

be selected at step 30.

Any one or combination of these criteria may be applied in a specific implementation. For
example, the co-prime m,n pair having the smallest value of n-m may be selected. In the
event that there is more than one co-prime m,n pair having the smallest value of n-m, the
one of those which has the largest m may be selected. Thus, in the example above, m=32,

n=37 would be chosen.

Once the co-prime m,n pair are selected at step 30, m of the selected m,n pair is chosen to
be the number of pole pairs on the inner magnetic ring, and n of the selected m,n pair is
chosen to be the number of pole pairs on the outer magnetic ring. The method then proceeds
to step 25, where the position sensing arrangement is assembled by mounting a disc having
an inner magnetic ring with m pole pairs and an outer magnetic ring with n pole pairs to the

articulated structure as previously described.



10

15

20

25

30

16

A method of determining the values of m and n will now be described for an example in which
the outer radial boundary of the disc 3 is limiting. For example, the disc may be mounted
within a housing, and hence the radius of the outer radial boundary r, of the disc 3 has to be
less than the closest distance of the housing to the centre point of the disc. Figure 7 illustrates

the steps of this method.

At step 40, the maximum rnmax is determined. This is the maximum radius of the centreline
10 of the outer magnetic ring permitted by the limiting outer radius ro. As described in
constraint 1 above, at its maximum, the centreline 10 of the outer magnetic ring is separated
from the outer radial boundary 4 by the portion of the radial width of the magnetic sensor
assembly 12 which is disposed between the centreline 10 of the outer magnetic ring and the
outer radial boundary 4. This is to ensure that the magnetic sensor assembly 12 is confined
within the outer radial boundary. In one example, the maximum ro.max is given by:

M,max = lNo - (Wn + t)/z (equation 6)

At step 41, the maximum number of pole pairs n for the outer magnetic ring is determined.
The magnetic ring has a whole number of pole pairs. Thus, nis an integer. rnmaxis decreased
to the highest value of rn, where

2nr, = n2y (equation 7)

Where n is an integer.

At step 42, the maximum rm maxis determined. This is the maximum radius of the centreline
9 of the inner magnetic ring permitted by the limiting outer radius ro. As described in
constraint 3 above, at its minimum, the centreline 9 of the inner magnetic ring is separated
radially from the centreline 10 of the outer magnetic ring by a predetermined distance. This
predetermined distance is suitably large enough to reduce or minimise interference in the
sensor reading of one magnetic ring as a result of the other magnetic ring.

Fmmax = n - S (equation 8)

where ry, is that from equation 7, and s is the predetermined distance.
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At step 43, the maximum number of pole pairs m for the inner magnetic ring is determined.
The magnetic ring has a whole number of pole pairs. Thus, misan integer. rmmaxis decreased
to the largest value of rm, where

20Ty, = m2y (equation 9)

Where m is an integer.

At step 44, it is determined whether the values of m and n determined at steps 41 and 43 are
co-prime. If m and n are co-prime, then these are the m,n pair which provide the most
compact disc. In this case, mis chosen to be the number of pole pairs on the inner magnetic
ring, and n is chosen to be the number of pole pairs on the outer magnetic ring. The method
proceeds to step 45 where the position sensing arrangement is constructed by mounting a
disc having an inner magnetic ring with m pole pairs and an outer magnetic ring with n pole
pairs to the articulated structure. The discis rigidly attached to the element of the articulated
structure whose position it is configured to sense. The disc is mounted such that it rotates

about the same axis as the element whose position it is configured to sense.

If, at step 44, it is determined that the values of m and n determined at steps 41 and 43 are
not co-prime, then the method proceeds to step 46. At step 46, the value of m determined
at step 43 is decremented by 1. At step 47, it is determined whether the new value of m
determined at step 46 and the value of n determined at step 41 are co-prime. If they are not
co-prime, then the method returns to step 46, where the value of m is decremented by 1.
Then the method returns to step 47 where it is determined whether the new value of m is co-
prime with n. Steps 46 and 47 continue iteratively, each iteration decrementing the value of
m by 1, until a value of m is reached which is co-prime with n. Each iteration thereby

increments the difference between m and n by 1.

Once a value of mis found which is co-prime with n, the method proceeds to step 48. At step
48, the value of n determined at step 41 is set as the upper bound of a range of number of
pole pairs of the outer magnetic ring 7. Also at step 48, the value of m which was determined
to be co-prime with n at step 47 is set as the lower bound of a range of number of pole pairs

of the inner magnetic ring 6.
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At step 49, further co-prime m,n pairs are identified which lie within the ranges set by step
48. In other words, further values of m and n are identified which are co-prime and for which
m is greater than the lower bound set in step 48 and n is smaller than the upper bound set in
step 48. These co-prime m,n pairs also satisfy any other constraints, such as being such that
the outer magnetic ring is separated from the inner magnetic ring by at least the

predetermined distance.

At step 50, one of the co-prime m,n pairs is selected. This m,n pair may be either the value
of n determined in step 41 and the value of m determined to be co-prime with that value of
m in step 47, or alternatively, the m,n pair may have been determined at step 49. The m,n

pair selected depends on the implementation.

In one example, the co-prime m,n pair having the largest value of m is selected at step 40.
Selecting the m,n pair with the largest value of m maximises the accuracy of the resulting

sensor, which can be seen from equation 1.

In another example, the co-prime m,n pair having the smallest value of n-m is selected at step
50. Selecting the m,n pair with the smallest value of n-m minimises the radial width of the

disc, thus provides the most compact sensor.

The m,n pair selected at step 50 may be chosen in dependence on the maximum angle of
rotation to be sensed. The smallest co-prime m,n pair whose sum exceeds the required

minimum sum of the number of pole pairs on the magnetic rings may be selected at step 50.

Any one or combination of these criteria may be applied in a specific implementation. For
example, the co-prime m,n pair having the smallest value of n-m may be selected. In the
event that there is more than one co-prime m,n pair having the smallest value of n-m, the

one of those which has the largest m may be selected.

Once the co-prime m,n pair are selected at step 50, m of the selected m,n pair is chosen to
be the number of pole pairs on the inner magnetic ring, and n of the selected m,n pair is

chosen to be the number of pole pairs on the outer magnetic ring. The method then proceeds
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to step 45, where the position sensing arrangement is assembled by mounting a disc having
an inner magnetic ring with m pole pairs and an outer magnetic ring with n pole pairs to the

articulated structure as previously described.

It will be understood that the flowcharts of figures 6 and 7 represent exemplary methods of
determining the number of poles on the inner and outer magnetic rings in cases for which the
inner radial boundary or the outer radial boundary of the disc is limiting. Not all of the steps
described are necessarily required to determine the number of poles. For example, the
minimum number of poles m and n determined at steps 21 and 23 of figure 6 could be
determined without actually determining the minimum radii rmminand romin. Similarly, the
maximum number of poles m and n determined at steps 41 and 43 of figure 7 could be

determined without actually determining the maximum radii rm maxand rn max.

The angle of rotation detected by the sensor can be determined from the sensor readings
from the inner magnetic ring and the outer magnetic ring as follows. The angle of rotation
detected is equal to the number of whole revolutions of the outer magnetic ring plus the
current sensor reading for the outer magnetic ring. Figure 8 is a graph which illustrates
theoretical and actual sensor measurements taken from a position sensing arrangement of
the form shown in figure 1. The x-axis is the position sensor measurement of the outer
magnetic sensor array 12. The y-axis is a combined sensor reading which is ((outer sensor
array reading x n) — (inner sensor array reading x m)). The starred line plot illustrates
theoretical measurement with 100% accuracy. The solid line plot illustrates example actual
readings. The starred line plot is a series of straight lines. Each straight line represents a
specific number of revolutions of the outer magnetic ring and a specific number of revolutions
of the inner magnetic ring. Thus, one method of determining the angle of rotation detected
by the sensor is to determine:

X = (outer sensor array reading x n) — (inner sensor array reading x m) (equation 10)
And compare X to a look up table which maps X to a number of revolutions of the outer ring.
The angle of rotation is then:

Angle of rotation = no. of revolutions of outer ring + current outer sensor array reading

(equation 11)
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The angle of rotation could alternatively be determined in a similar manner with respect to

the inner sensor array readings.

In the example shown in figures 1 and 2, both magnetic rings 6 and 7 are disposed on the
same surface of disc 3. However, magnetic rings 6 and 7 may be disposed on opposing
surfaces of disc 3. In this case, the magnetic sensor arrays are mounted over opposing
surfaces of the disc 3. The inner magnetic sensor array is mounted over the inner magnetic
ring so as to detect transitions of poles on that inner magnetic ring. The outer magnetic
sensor array is mounted over the outer magnetic sensor array so as to detect transitions of
poles on that outer magnetic ring. In this case, the minimum radial spacing s between the
centrelines 9 and 10 of the inner and outer magnetic rings is less than if the magnetic rings
are on the same surface of the disc. This is because the interference caused to a magnetic
sensor array by a magnetic ring whose poles are exposed on the opposing surface of the disc
to the magnetic sensor array is less than the interference caused by a magnetic ring the same
distance away on the same side of the disc as the magnetic sensor array. Thus the radial
distance between the centrelines of the inner and outer magnetic rings may be less than the

length of a pole pair 2y.

In the example shown in figure 1 and 2, the inner and outer magnetic rings 6,7 are on the
same disc 3. Alternatively, the inner magnetic ring and the outer magnetic ring may be
disposed on different discs. Those different discs have the same axis of rotation, which is the
same as the element whose rotation is to be detected. However, those different discs are
separated along the axis of rotation. For example, when measuring the rotation of a revolute
joint, the discs may be mounted on opposing sides of the joint. This may be desirable for
packing/compactness reasons. In this example, the number of pole pairs m and n on the inner
and outer magnetic rings would be determined as described herein. However, since the inner
and outer magnetic rings are axially separated, the interference caused by one magnetic ring
to the sensing of the other magnetic ring is negligible, and hence there is no constraint for

the magnetic rings to be separated radially.



10

15

20

25

30

21

The apparatus and methods described herein can be used to detect less than a full revolution
of one element relative to another. The apparatus and methods described herein can also be

used to detect greater than one full revolution of one element with respect to another.

In an example implementation, a motor drives a gearbox which drives an element of the
articulated structure. One magnetic ring is rigidly attached to the motorshaft output from
the motor. The other magnetic ring is rigidly attached to the driveshaft output from the
gearbox. Thus, the two magnetic rings are axially separated. The axis of rotation of the
motorshaft and the driveshaft are the same. Both magnetic rings are centred on this axis of
rotation. Suitably, the inner magnetic ring having m poles is attached to the motorshaft, and
the outer magnetic ring having n poles is attached to the driveshaft. n > m. If a fractional
gear ratio is used, then more than one revolution of the driveshaft can be distinguished. For
example, with a gear ratio of 13:4, up to four revolutions of the driveshaft can be
distinguished. This is useful in a robot implementation because it enables the position of the
driveshaft to be determined during setup without having to fully rotate the driveshaft one

direction and then the other.

In an arrangement in which m is less than a threshold, the magnetic sensor array 11 for the
inner magnetic ring is implemented as an on-axis circular array rather than a linear array. The
threshold is the maximum number of poles m for which the linear magnetic sensor array does
not intersect the arc of the centreline of the inner magnetic ring sufficiently to provide a

useable reading.

In one implementation, m=1. In this case, there is just one pole pair on the inner magnetic
ring. This pole pair is centred on the centre of the disc 3. This pole pair is on the rotation axis
of the disc. This pole pair is not aligned with any of the pole pairs on the outer magnetic ring.
This enables the direction of rotation to be detected. Using m=1 enables a very compact

sensor to be used, however it does have low accuracy (see equation 1).

As described above, the m,n pair selected are co-prime. In all cases n-m > 1. In the case that
the inner and outer magnetic rings 6,7 are on the same surface of disc3,n—-m 2> 7. Thisis

because the radial distance s between the centrelines of the inner and outer magnetic rings
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is greater than or the same as the length of a pole pair to avoid interference. The number of
pole pairs on each magnetic ring is an integer. Thus, the minimum difference between the
number of pole pairs on the two magnetic rings is the first integer greater than 2m, which is
7. Inone example, n—m 2 8. For example, n =41, m = 33. In another example, n—m > 10.

For example, n =47, m = 37.

The apparatus and methods described above relate to sensing the rotation of two magnetic
rings 6, 7. The same methods can be adapted to sensing the rotation of three or more
magnetic rings. All the magnetic rings are co-axial. They may all be disposed on the same
disc or several discs separated axially along their rotation axis. Equation 1 shows that the
accuracy of the position sensed increases as the sum of the pole pairs on the magnetic rings
increases. Thus by utilising further magnetic rings, a more accurate position is measured. The
number of pole pairs on each magnetic ring is co-prime with the number of pole pairs on all
the other magnetic rings. Thus, in the case that there are three magnetic rings, having m, n
and h pole pairs, m, n and h are all co-prime. Each magnetic ring is suitably radially separated
from adjacent magnetic rings by at least the predetermined distance. Where the magnetic
rings are all on the same surface of a disc, each magnetic ring is preferably separated from

adjacent magnetic rings by at least the length of a pole pair 2y.

In the case of figure 6, for a position sensor having more than two magnetic rings, a minimum
m and a minimum n would be determined as laid out in steps 21 and 23. If there is a third
magnetic ring, then a minimum h would be determined in the same manner as n was
determined through steps 22 and 23 but this time the minimum radial separation is between
the ring with n pole pairs and the ring with h pole pairs. Similarly, if there are further magnetic
rings, steps 22 and 23 are repeated for each further magnetic ring in a corresponding manner.
Only if all the pole pair numbers are co-prime at step 24, does the method proceed to step
25. Otherwise, method steps 26 and 27 are performed for each further ring until a set of co-
prime pole pair numbers for each ring is determined. The pole pair number of the smallest
magnetic ring is set as the low bound for that magnetic ring at step 28. The pole pair number
for the largest magnetic ring is set as the high bound for that magnetic ring at step 28. Further
co-prime pole pair numbers are determined for all the magnetic rings at step 29, ensuring

that the separation between the adjacent rings is at least the minimum radial separation. A
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pole pair combination is selected at step 30 in accordance with the above-described methods.
The position sensing arrangement is constructed by mounting a disc to the articulated
structure which has a group of magnetic rings with the numbers of pole pairs on each ring

selected at step 30.

In the case of figure 7, for a position sensor having more than two magnetic rings, a maximum
n and a maximum m would be determined as laid out in steps 41 and 43. If there is a third
magnetic ring, then a maximum h would be determined in the same manner as m was
determined through steps 42 and 43 but this time the minimum radial separation is between
the ring with m pole pairs and the ring with h pole pairs. Similarly, if there are further
magnetic rings, steps 42 and 43 are repeated for each further magnetic ring in a
corresponding manner. Only if all the pole pair numbers are co-prime at step 44, does the
method proceed to step 45. Otherwise, method steps 46 and 47 are performed for each
further ring until a set of co-prime pole pair numbers for each ring is determined. The pole
pair number of the smallest magnetic ring is set as the low bound for that magnetic ring at
step 48. The pole pair number for the largest magnetic ring is set as the high bound for that
magnetic ring at step 48. Further co-prime pole pair numbers are determined for all the
magnetic rings at step 49, ensuring that the separation between the adjacent rings is at least
the minimum radial separation s. A pole pair combination is selected at step 50 in accordance
with the above-described methods. The position sensing arrangement is assembled by
mounting a disc to the articulated structure which has a group of magnetic rings with the

numbers of pole pairs on each ring selected at step 50.

The position sensor described herein is capable of absolute determination of the relative
rotational position of two objects. In other words, the position can be determined directly
from the output of the sensors without, for example, the need to count up the motion since

the relative rotational position was in a reference configuration.

The apparatus and methods described with reference to figures 1 and 2 relate to measuring
the relative rotation of two elements. However, the same principles apply to measuring
relative linear motion of two elements. In this case, rather than the magnetic array being

arranged as rings of magnetic pole pairs, they are arranged as linear tracks of magnetic pole
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pairs. Two or more linear tracks are used. The tracks have co-prime numbers of magnetic
pole pairs. Each track lies parallel to the linear motion of the element whose position is being
sensed. A respective linear magnetic sensor array is mounted over each magnetic track, such
that as the element moves, the linear magnetic sensor array detects the pole transitions of
that linear magnetic sensor array. For example, for an element which moves linearly within
a housing, the magnetic sensor arrays may be mounted to the element, and the magnetic

tracks fixed to the housing.

At manufacture, disc 3 is magnetised to cause the magnetic rings 6, 7 to have the layout
described above. Magnetisation heads are mounted over the disc in the same manner as the
magnetic sensor arrays 11, 12 of figure 1 to magnetise the disc. A magnetic back plate is
positioned on the opposing surface of the disc to the surface that the magnetisation heads
are mounted over. The disc is rotated, thereby magnetising each pole pair of the magnetic

rings.

The accuracy with which the poles are positioned on the disc is limited by manufacturing
errors. Those errors include radial positioning errors and angular spacing errors. Radial
positioning errors occur when there is an offset between the centre of the magnetic rings and
the rotation axis of the disc when it is mounted to the articulated structure. When mounted,
the centreline of each magnetic ring will not be at a constant radius from the rotation axis.
When used in a position sensor, the radius of the centreline of each magnetic ring from the
rotation axis is variable around its circumference, and hence different for different pole pairs
of the magnetic ring. Radial positioning errors also occur if there is an offset between the
intended and actual radial positions of the magnetisation head. In such a case, the magnetic
ring induced by the magnetisation head has a constant radius from the centre of the disc, but
not the intended radius. Thus, a whole number of pole pairs does not fit around the
circumference of the magnetic ring, which leads to uneven lengths of one or more pole pairs

of the magnetic ring.

The pole pairs of each magnetic ring are intended to have a constant circumferential length
of 2y. Angular spacing errors occur when the circumferential length of the poles are not even

around the magnetic ring. This may occur if the disc was not rotated evenly under the
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magnetisation heads during magnetisation. If the poles are not of uniform length, then the

sensed position will be inaccurate.

Radial positioning errors and angular spacing errors result in a pole pattern that is irregular
and not concentric to the rotation axis. The accuracy of the position measurement required
depends on what it is being used for. In the field of robotics, particularly surgical robotics,
the position measurements need to be highly accurate. The position measurements of all the
joints of the robot arm are used in combination with the known layout of the robot arm to
determine the position of the end effector. The position of the end effector needs to be
known with high precision in order to control it to perform procedures where fine control is
required, such as suturing tissue in a patient. The position measurement may be required to
have an accuracy of £25um, where the accuracy is determined by equation 1. As previously
discussed, the accuracy required varies with the angle of rotation which needs to be
detectable. The greater the angle of rotation which needs to be detectable, the greater the

accuracy required.

All of the magnetic rings of the disc 3 are magnetised at the same time on the same
magnetisation jig. The magnetisation jig has as many magnetisation heads as there are
magnetic rings to be magnetised on the disc. Each magnetisation head induces the magnetic
pole pair pattern of one magnetic ring. In an exemplary implementation, the difference

between the placement of the poles on the two magnetic rings is accurate to within +2y X

1 1 . i .
/2 X /Z pole pairs By magnetising all the magnetic rings using the same set up at the

same time, any radial positioning error is consistently applied across all the magnetic rings.
Similarly, any angular spacing error due to the disc not being rotated at a uniform rate, will
be consistently applied across all the magnetic rings. These systematic errors affect the pole
pairs of all the magnetic rings equally, and therefore the error introduced to the difference
between the placement of the poles on the two magnetic rings will be smaller than the sum
of the errors introduced into the two rings individually. Thus, the tolerance required in the
magnetisation when both rings are magnetised together to achieve the desired accuracy is
significantly (almost half) the tolerance required if the rings are magnetised individually. The

systematic errors may be detectable in the position measurements and compensated for. For
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example, referring to figure 5, a portion of the error in the actual data of the solid line plot is
systematic, which can be seen from the fact that the solid line is consistently offset from the
theoretical data line. This offset is likely due to a magnetisation error of the type described
above. This constant offset can be determined and removed, to produce a more accurate

result.

The magnetisation heads of the magnetisation jig may be positioned on the same radial line
from the centre of rotation of the disc when it is mounted to the magnetisation jig. This
ensures that any error introduced by uneven rotation of the disc during magnetisation is
applied along the same radial line to all the magnetic rings. The magnetic sensor arrays of
the position sensing arrangement are positioned on the same radial line from the centre of
rotation of the disc when it is mounted to the articulated structure. The magnetic sensor
arrays are located in the same position and orientation relative to the disc that the

magnetisation heads are located in during magnetisation.

The sensors in the magnetic sensor arrays may be monolythic. By forming the sensors in the
same process, any error is consistent amongst the sensors, and hence more easily identified
as a systematic error when the sensor readings are being evaluated to generate a position

measurement.

The values m, n, h etc for the number of pole pairs on the magnetic rings of the disc may be
chosen to be as large as possible within the other constraints. This increases the accuracy of
the subsequent measurements and hence reduces the concentricity and positional errors

introduced by the manufacturing process.

The disc is mounted to the articulated structure in the same configuration that it is mounted
to the magnetisation jig. In other words, the disc is mounted to the articulated structure in
the same position and orientation that it is mounted to the magnetisation jig. Suitably, there
is only one single orientation in which the disc is mountable to the magnetisation jig and
articulated structure. The disc comprises a mounting arrangement which aids the user to
mount the disc to the articulated structure in the same configuration that it was mounted to

the magnetisation jig.
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Figure 9 illustrates an exemplary mounting arrangement. The mounting arrangement
comprises a set of through-holes 60a, 60b, 60c, 60d. These through-holes form an
asymmetrical pattern on the disc. The through-holes enable the disc to be mounted to
complimentary features on the magnetisation jig and the articulated structure. Those
complimentary features are arranged in the same asymmetrical pattern as the asymmetrical
pattern of the through-holes on the disc. For example, the disc may mount to pins which
protrude from the magnetisation jig/articulated structure in the same arrangement as the
pattern of through-holes on the disc. Inthis example, the disc is secured to the magnetisation
jig/articulated structure by a retaining mechanism which retains the disc against the
magnetisation jig/articulated structure. For example, the pins may be threaded pins, and a
threaded nut may be threaded onto the threaded pin to retain the disc to the magnetisation
jig/articulated structure. In another example, the magnetisation jig/articulated structure may
have threaded recesses in the same asymmetrical pattern as the pattern of through-holes on
the disc. The disc may be retained to the magnetisation jig/articulated structure by screwing
the disc to the magnetisation jig/articulated structure through the through-holes into the

threaded recesses.

Figure 9 illustrates through-holes as the mounting features of the mounting arrangement.
However, other types of mounting features would be appropriate, as long as complimentary
features are provided on the magnetisation jig/articulated structure in the same
asymmetrical pattern, and as long as the disc can be secured to the magnetisation
jig/articulated structure by the mounting features and complimentary features. For example,
the mounting features on the disc may be pins, and the magnetisation jig/articulated

structure have complimentary features.

Thus, the use of the offset mounting feature pattern shown in figure 9 enables the disc to be
mounted to a complimentary magnetisation jig/articulated structure in a single orientation

only.

Figure 9 also illustrates a further exemplary mounting arrangement. The mounting

arrangement comprises one or more alignment notches 61. When mounted on the
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magnetisation jig or articulated structure, the alignment notch 61 is aligned with a
complimentary feature on the magnetisation jig/articulated structure. This ensures that the
disc is in the same orientation when mounted to both the magnetisation jig and the
articulated structure. Figure 9 illustrates an alignment notch, but any type of marking on the
disc feature would be suitable, so long as a corresponding marking is provided on the

magnetisation jig/articulated structure to align the marking of the disc with.

Once the disc has been magnetised during manufacture, the pole positions may be accurately
measured and recorded. The length of each pole, or the error of each pole length from the
intended length, may be recorded. The radial distance between the axis of rotation of the
disc and the poles may be recorded. These measurements may be recorded in processing
unit 14. This characterisation of the pole positions can be subsequently used when the
position sensor is in use in order to compensate for errors introduced during manufacture.
By using a mounting arrangement which ensures the disc is mounted to the articulated
structure in the same orientation that it was mounted to the magnetisation jig, the processing
unit is able to map the sensed data from the sensors of the sensor arrays to the recorded
characterisation data of the magnetic ring, and correct for the known manufacturing errors,

thereby resulting in a more accurate position measurement.

Alternatively, or additionally, the position sensing arrangement may be calibrated. The
calibration process involves generating a correcting function which is subsequently applied to

position readings in order to produce corrected position readings which are more accurate.

Figure 10 illustrates the magnetic field detected by a magnetic sensor array as a magnetic ring
revolves relative to it. 70 denotes the portion of the graph showing the magnetic field
detected from a first magnetic pole pair, and 71 denotes the portion of the graph showing
the magnetic field detected from a second magnetic pole pair. The individual sensors may be
located in positions marked 1, 2, 3 and 4 relative to the magnetic pole pairs. In other words,
as previously described, the centres of the sensors are separated by a quarter of the length
of a pole pair. The centres of the outer sensors (marked 1 and 4) are separated by three
guarters the length of a pole pair. Theoretically, the magnetic field varies sinusoidally as a

magnetic ring moves past the magnetic sensor array, with one period of the sine wave
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representing one pole pair. However, imperfections in the manufacturing of the magnetic
ring and the alignment of the magnetic sensor assembly with the magnetic ring causes the

magnetic field to deviate from a perfect sine wave.

Figure 11 illustrates a theoretical sensor reading taken whilst a single magnetic pole pair
passes the magnetic sensor assembly. This theoretical sensor reading is multi-bit and
represented by line 72 in figure 11. Figure 11 also illustrates an actual sensor reading taken
whilst a single magnetic pole pair passes the magnetic sensor assembly. The actual sensor

reading is multi-bit and represented by curve 73 in figure 11.

A calibration process will now be described which aims to correct measured sensor position
readings for the error shown in figure 11. This process is applied to each magnetic ring of the

disc individually.

Firstly, a position reading 73 is taken by the magnetic sensor array for each pole pair of the
magnetic ring. This position reading is referred to below as the calibration pole pair position
reading for that pole pair. For each pole pair, the calibration pole pair position reading 73 is
compared to a model pole pair position reading 72 in order to generate a pole pair correcting
function for that pole pair. As can be seen from figure 11, the curve of the calibration pole
pair position reading 73 oscillates about the straight line of the model pole pair position
reading 72. The curve of the calibration pole pair position reading 73 may oscillate
periodically about the straight line of the model pole pair position reading 72. For each pole
pair, the pole pair correcting function may be generated by fitting a curve to the calibration
pole pair position reading 73, and then deducting the straight line of the model pole pair
position reading from the fitted curve. This curve may be fitted using a least squares method.
Alternatively, the curve may be fitted using any other method known in the art. The fitted
curve may be described by a periodically oscillating function. For example, the fitted curve
may be a sinusoidal function. Figure 12 illustrates a correcting function for a pole pair, which
is a sine wave of amplitude A. In other words, Asin®, where 6 is the angle within the pole
pair sine wave. Although figure 12 only shows the first harmonic, Asin®, higher harmonics

may be included in the correcting function for the pole pair.
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The pole pair correcting functions of the pole pairs of the magnetic ring are then averaged to
generate an average pole pair correcting function for the magnetic ring. If the correcting
function of each pole pair is represented by a sine wave, then the average pole pair correcting

function is given by:
iZT A,, sinm0 (equation 12)

Where m is the number of pole pairs on the magnetic ring.

Suitably, this correcting function is stored in processing unit 14. Subsequently, when the
position sensor takes a position measurement, the position measurement is corrected using
the average pole pair correcting function. The position measurement comprises a plurality of
pole pair position readings. The average pole pair correcting function is deducted from each
pole pair position reading of the position measurement, thereby generating a corrected

position measurement.

Deducting the average pole pair correcting function from each pole pair position reading of a
magnetic ring is less accurate than utilising the errors of each individual pole pair. However,
storing only one average pole pair correcting function per magnetic ring reduces the memory
usage required for the correction. Also, deducting the average pole pair correcting function
is less algorithmically complex than using individual pole pair errors, and hence reduces the

processing power required for the correction.

Figure 13 illustrates theoretical sensor readings taken whilst a whole magnetic ring passes the
magnetic sensor assembly. These theoretical sensor readings are multi-bit and represented
by line 74 of figure 13. Figure 13 also illustrates actual sensor readings taken whilst the whole
magnetic ring passes the magnetic sensor assembly. These actual sensor readings are multi-
bit and represented by curve 75 in figure 13. The curve 76 represents the actual sensor
readings which have been corrected for the pole pair error as described in relation to figures
10 to 12. Figure 13 illustrates a further error in the actual sensor readings. This error is
approximately a sinewave error compared to the theoretical sensor readings represented by

straight line 74.
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A calibration process will now be described which aims to correct measured sensor position
readings for the further error shown in figure 13. This process is applied to each magnetic

ring of the disc individually.

Firstly, a position reading 73 is taken by the magnetic sensor array for each pole pair of the
magnetic ring. As above, this position reading is referred to as the calibration pole pair
position reading for that pole pair. For each pole pair, the calibration pole pair position
reading 73 is compared to a model pole pair position reading 72 in order to generate a pole
pair correcting function for that pole pair as discussed above. For each pole pair, a corrected
calibration pole pair position reading is then generated by deducting the pole pair correcting
function from the calibration pole pair position reading for that pole pair. In the example of
figure 13, curve 76 represents the corrected calibration pole pair position readings of all the

pole pairs of the magnetic ring.

A revolution correcting function is then generated by comparing the corrected calibration
pole pair position readings for all the pole pairs on the magnetic ring with model revolution
position readings. As can be seen from figure 13, the curve of the corrected calibration pole
pair position readings 76 oscillates about the straight line of the model revolution position
readings 74. The curve of the corrected calibration pole pair position readings 76 may
oscillate periodically about the straight line of the model revolution position readings 74. The
revolution correcting function may be generated by fitting a curve to the corrected calibration
pole pair position readings 76, and then deducting the straight line of the model revolution
position readings 74 from the fitted curve. This curve may be fitted using a least squares
method. Alternatively, the curve may be fitted using any other method known in the art. The
fitted curve may be described by a periodically oscillating function. For example, the fitted
curve may be a sinusoidal function. The sinusoidal function may be a sine wave of amplitude
B, i.e. Bsing, where ¢ is the angle within the revolution sine wave. Although in this example,

the fitted curve is only a first harmonic, Bsind, higher harmonics may also be included.

The revolution correcting function may be stored in processing unit 14. Subsequently, when

the position sensor takes a position measurement, the position measurement is corrected
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using the revolution correcting function by deducting the revolution correcting function from

the position reading.

Both the described calibration mechanisms may be carried out on the position
measurements, so that the position measurements are corrected using both the average pole
pair correcting function and the revolution correcting function. Alternatively, only one of the
calibration mechanisms may be carried out. This single calibration mechanism may be either

the average pole pair correcting mechanism or the revolution correcting mechanism.

The calibration mechanisms can be carried out once the magnetic disc is mounted to the
revolute joint or other elements whose relative rotation are being sensed in the articulated
structure. By carrying out the calibration at this stage, errors introduced during assembly of
the position sensor in place (for example when aligning the magnetic sensor assembly over
the magnetic disc) as well as those introduced during manufacture may be detected and
compensated for. The sensor may be re-calibrated in use, using the calibration mechanisms
described above. The calibration mechanisms may be carried out during manufacture, and
the position sensor supplied with the described correcting functions, which are stored in
processing unit 14 and subsequently applied to measured position readings during use.

In the field of robotics, and particularly surgical robotics, it is desirable for the robot arm to
be as small and light as possible. The position sensors used on each joint of the robot arm are
also preferably small and light. For example, disc 3 may be made of aluminium. In this field,
magnetising the disc in-situ on the robot arm is impractical. Due to the compact nature of
the robot arm, there is insufficient space to apply a standard magnetisation jig around the
robot arm in order to magnetise the disc. Additionally, a magnetic back plate to the disc is
used during magnetisation in order to magnetise the disc. For example, steel is used as this
back plate. In order to magnetise the disc in-situ, the disc would need to be made of steel or
another magnetic material. This would preclude making the disc of a lightweight material
such as aluminium. Thus, the disc is not magnetised in-situ, but instead the measures
described herein are taken to replicate the magnetisation jig environment at the articulated

structure in order to compensate for errors introduced during manufacture.
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The applicant hereby discloses in isolation each individual feature described herein and any
combination of two or more such features, to the extent that such features or combinations
are capable of being carried out based on the present specification as a whole in the light of
the common general knowledge of a person skilled in the art, irrespective of whether such
features or combinations of features solve any problems disclosed herein, and without
limitation to the scope of the claims. The applicant indicates that aspects of the present
invention may consist of any such individual feature or combination of features. In view of
the foregoing description it will be evident to a person skilled in the art that various

modifications may be made within the scope of the invention.
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CLAIMS

1. A method of correcting a position reading from a position sensing arrangement, the
position sensing arrangement being suitable for sensing the position of a revolute joint
of an articulated structure, the position sensing arrangement comprising a disc having
a magnetic ring with magnetic pole pairs and a magnetic sensor assembly comprising
a magnetic sensor array for detecting the magnetic pole pairs of the magnetic ring,
the method comprising:

for each pole pair of the magnetic ring, taking a calibration pole pair position
reading with the magnetic sensor array, and generating a pole pair correcting function
by comparing the calibration pole pair position reading with a model pole pair position
reading;

averaging the pole pair correcting functions of the pole pairs of the magnetic
ring to generate an average pole pair correcting function for the magnetic ring;

taking a position reading with the magnetic sensor array, the position reading
comprising a plurality of pole pair position readings; and

generating a corrected position reading by deducting the average pole pair

correcting function from each pole pair position reading.

2. A method as claimed in claim 1, wherein the calibration pole pair position reading is

multi-bit.

3. A method as claimed in claim 1 or 2, wherein the pole pair correcting function

comprises a periodically oscillating function.

4. A method as claimed in claim 3, wherein the pole pair correcting function comprises

a sinusoidal function.

5. Amethod as claimed in any preceding claim, comprising, for each pole pair, generating
the pole pair correcting function by fitting a curve to the calibration pole pair position
reading, and deducting a line representing the model pole pair position reading from

the fitted curve.
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A method as claimed in claim 5, comprising fitting the curve to the calibration pole

pair position reading using a method of least squares.

A method as claimed in any preceding claim, wherein the disc comprises a further
magnetic ring with magnetic pole pairs, and the magnetic sensor assembly comprises
a further magnetic sensor array for detecting the magnetic pole pairs of the further
magnetic ring, the method comprising:

for each pole pair of the further magnetic ring, taking a further calibration pole
pair position reading with the further magnetic sensor array, and generating a further
pole pair correcting function by comparing the further calibration pole pair position
reading with the model pole pair position reading;

averaging the further pole pair correcting functions of the pole pairs of the
further magnetic ring to generate an average further pole pair correcting function for
the further magnetic ring;

taking a further position reading with the further magnetic sensor array, the
further position reading comprising a plurality of pole pair position readings; and

deducting the average further pole pair correcting function from each pole pair

position reading to generate a corrected further position reading.

A method as claimed in claim 7, wherein the further pole pair correcting function

comprises a periodically oscillating function.

A method as claimed in claim 8, wherein the further pole pair correcting function

comprises a sinusoidal function.

A method as claimed in any of claims 7 to 9, comprising generating the further pole
pair correcting function by fitting a curve to the further calibration pole pair position
reading, and deducting a line representing the model pole pair position reading from

the fitted curve.

A method as claimed in claim 10, comprising fitting the curve to the further calibration

pole pair position reading using a method of least squares.
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A method as claimed in any preceding claim, comprising:

for each pole pair of the magnetic ring, generating a corrected calibration pole
pair position reading by deducting the pole pair correcting function from the
calibration pole pair position reading;

generating a revolution correcting function by comparing the corrected
calibration pole pair position readings for the magnetic ring with model revolution
position readings; and

generating the corrected position reading by:

deducting the average pole pair correcting function from each pole pair
position reading; and

deducting the revolution correcting function from the position reading.

A method as claimed in claim 12, wherein the revolution correcting function comprises

a periodically oscillating function.

A method as claimed in claim 13, wherein the revolution correcting function comprises

a sinusoidal function.

A method as claimed in any of claims 12 to 14, comprising generating the revolution
correcting function by fitting a curve to the corrected calibration pole pair position
readings, and deducting a line representing the model revolution position readings

from the fitted curve.

A method as claimed in claim 15, comprising fitting the curve to the corrected

calibration pole pair position readings using a method of least squares.

A method as claimed in any of claims 12 to 16 when dependent on claim 7, the method
comprising:

for each pole pair of the further magnetic ring, generating a further corrected
calibration pole pair position reading by deducting the further pole pair correcting

function from the further calibration pole pair position reading;
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generating a further revolution correcting function by comparing the further
corrected calibration pole pair position readings for the magnetic ring with further
model revolution position readings; and
generating the corrected position reading by:
deducting the average further pole pair correcting function from each
pole pair position reading; and
deducting the further revolution correcting function from the position

reading.

18. A method as claimed in claim 17, wherein the further revolution correcting function

comprises a periodically oscillating function.

19. A method as claimed in claim 18, wherein the further revolution correcting function

comprises a sinusoidal function.

20. A method as claimed in any of claims 17 to 19, comprising generating the further
revolution correcting function by fitting a curve to the corrected calibration pole pair
position readings, and deducting a line representing the model revolution position

readings from the fitted curve.

21. A method as claimed in claim 20, comprising fitting the curve to the corrected

calibration pole pair position readings using a method of least squares.
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