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(57) Abstract: SMA actuator wires in an SMA actuation ap-
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ment in opposed directions. Measures of the resistances of
the SMA actuator wires are detected. A feedback difference
measure is derived being the sum of the measures of resist-
ance of the SMA actuator wires, relatively scaled by factors,
in respect of the SMA actuator wires, the magnitude of
which represents a component along the predetermined axis
of a force applied by the SMA actuator wire and the sign of
which represents a direction along the predetermined axis.
The ratio has opposite signs for respective ones of said op-
posed directions. The powers of drive signals supplied to the
SMA actuator wires are controlled in response to the feed-
back difference measure to reduce the difference between the
feedback difference measure and a target difference measure.
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Control of an SMA Actuation Apparatus

The present invention relates to the control of SMA (shape memory alloy) actuator
wires in an SMA actuation apparatus wherein the SMA actuator wires provide positional
control of a movable element relative to a support structure.

There are a variety of types of SMA actuation apparatus in which it is desired to
provide positional control of a movable element. In such an apparatus, the SMA actuator
wires are connected in tension between a movable element and a support structure. SMA
actuator wire is advantageous as an actuator in such an apparatus, in particular due to its
high energy density which means that the SMA actuator required to apply a given force is
of relatively small size.

One type of apparatus in which SMA actuator wire is known for use as an actuator
is a camera, particularly a miniature camera. Some examples are as follows.

WO-2007/113478 discloses an SMA actuation apparatus in which SMA actuator
wire is used to drive movement of a camera lens element along the optical axis, for
example for the purpose of focussing an image formed by the camera lens element on an
image sensor.

WO0-2010/029316 and WO-2010/089529 each disclose an SMA actuation apparatus
in which SMA actuator wire is used to provide optical image stabilisation (OIS) in a
camera by driving tilting of a camera unit including a camera lens element and an image
sensor. The tilting is controlled to stabilise the image formed by the camera lens element on
an image sensor against vibration, typically caused by user hand movement, that degrades
the quality of the image captured by the image sensor.

WO-2011/104518 discloses an SMA actuation apparatus in which SMA actuator
wire is used to provide OIS in a camera by driving tilting of a camera unit, but with
additional degrees of freedom.

It has previously been disclosed that an SMA actuator wire can be controlled based
on a measure of its resistance. Typically, a measure of the resistance of the SMA actuator
wire is detected and used as a feedback parameter by controlling the power of the drive
signal supplied to the SMA actuator wire to reduce the difference between the measure of
resistance and a target resistance. This works well for an apparatus where the SMA actuator
wire is operating against a biasing element, such as a spring, and so long as the SMA
actuator wire is operated in a region away from the maximum and minimum resistance of
the SMA actuator wire, along its resistance versus temperature curve.

Feedback control using a measure of resistance may also be applied to an SMA
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actuation apparatus wherein the SMA actuator wires are in an arrangement in which the
SMA actuator wires apply forces to the movable element in opposed directions. In that
case, each SMA actuator wire has a target resistance selected to drive the wire to the
desired position. A measure of the resistance of each SMA actuator wire is detected and
used as a feedback parameter by controlling the power of the drive signal supplied to the
SMA actuator wire to reduce the difference between the measure of resistance and a target
resistance.

However, if both SMA actuator wires are controlled independently based on their
respective resistances in this way, then there is a risk that power supplied to an individual
SMA actuator wire and the resultant temperature of the SMA actuator wire can reach
values that may damage the SMA actuator wire.

In addition, the control requires the resistance to decrease as the power delivered to
an SMA actuator wire is increased. Accordingly, the control will not work at resistances of
the SMA actuator wire near to the maximum and minimum resistance along its resistance
versus temperature curve, that are observed as an SMA actuator wire is heated against a
constant tension.

According to an aspect of the present invention, there is provided a method of
controlling SMA actuator wires in an SMA actuation apparatus wherein the SMA actuator
wires are connected in tension between a movable element and a support structure in an
arrangement in which the SMA actuator wires apply forces to the movable element in
opposed directions, being a method of controlling the SMA actuator wires to drive
movement of the movable element relative to the support structure along a predetermined
axis, the method comprising:

detecting measures of the resistances of the SMA actuator wires;

deriving a feedback difference measure in respect of the predetermined axis being
the sum of the measures of resistance of the SMA actuator wires, scaled relative to each
other by factors, in respect of the SMA actuator wires, the magnitude of which represents a
component along the predetermined axis of a force applied by the SMA actuator wire to the
movable element and the sign of which represents a direction along the predetermined axis
in which the SMA actuator wire applies said component of force;

controlling the powers of drive signals supplied to the SMA actuator wires that
apply a component of force to the movable element along the predetermined axis in
response to the feedback difference measure in a manner that reduces the difference

between the feedback difference measure in respect of the predetermined axis and a target
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difference measure in respect of the predetermined axis.

In the present invention, rather than using a measure of resistance as a feedback
parameter, control of movement along a predetermined axis is performed using a feedback
difference measure. This is a sum of the measures of resistance of the SMA actuator wires,
scaled relative to each other by factors. The factors depend on the direction in which the
SMA actuator wires apply force to the movable element relative to the movable element.

The sign of the factors represent a direction along the predetermined axis in which
the SMA actuator wire applies a component of force. Thus, the feedback difference
measure is effectively a difference measure as between any SMA actuator wires that apply
force in one direction along the predetermined axis and any SMA actuator wires that apply
force in the opposite direction along the predetermined axis.

The magnitude of the factors represents a component along the predetermined axis
of a force applied by the SMA actuator wire to the movable element. This is to take
account of the angles in which the SMA actuator wires apply force to the movable element.

In some arrangements, the SMA actuator wires include aligned SMA actuator wires
that apply forces to the movable element in opposed directions along the predetermined
axis. In that case, the feedback difference measure in respect of the predetermined axis may
be the difference between the total resistance of any aligned SMA actuator wire that applies
a force in a first one of said opposed directions and the total resistance of any aligned SMA
actuator wire that applies a force in a second one of said opposed directions.

In some arrangements, the SMA actuator wires include non-aligned SMA actuator
wires that apply force to the movable element at an acute angle to the predetermined axis.
In that case, the factors in respect of such non-aligned SMA actuator wire may have a
magnitude less than one relative to the factor for an aligned SMA actuator wire.

The feedback difference measure is used to control the powers of drive signals
supplied to the SMA actuator wires that apply a component of force to the movable
element along the predetermined axis. The control is performed in response to the feedback
difference measure having regard to a target difference measure in respect of the
predetermined axis. The control is performed in a manner that reduces the difference
between the feedback difference measure in respect of the predetermined axis and a target
difference measure in respect of the predetermined axis.

Such feedback control allows the position of the movable element to be controlled
without excessive application of power and resultant high temperatures in the SMA

actuator wires. This is because the control of position using the feedback difference
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parameter may be controlled independently of the average power applied. As such, the risk
of excessive powers and temperatures that may damage the SMA actuator wire is reduced.
Such feedback control similarly allows closed loop control close to the maximum and
minimum resistance of the SMA actuator wire, along its resistance versus temperature
curve. This increases the stroke of the actuator.

The average power may be kept constant during an actuation operation but may be
varied between actuations, for example in response to measure of the ambient temperature.
The average power may be controlled to decrease as the ambient temperature increases.
Optionally, at relatively high ambient temperatures, the average power may be controlled
to decrease by a smaller amount or to remain constant with further ambient temperature
increases. These settings provide good operating efficiency and protection against wire
damage.

The method of control may be extended to control the SMA actuator wires to drive
movement of the movable element relative to the support structure along a further axis
orthogonal to the predetermined axis, in addition to said predetermined axis. In this case,
the method derives and uses an equivalent feedback difference measure in respect of the
further axis that is equivalent to the feedback difference measure in respect of the
predetermined axis, being the sum of the measures of resistance of the SMA actuator wires,
scaled relative to each other by ratios, in respect of the corresponding SMA actuator wires,
of (a) the component of the force applied by the SMA actuator wire to the movable element
along the further axis to (b) the total force applied by the SMA actuator wire to the
movable element, wherein the ratio has opposite signs for respective ones of said opposed
directions.

The present invention may be applied to a range of types of SMA actuation
apparatus. In one advantageous application, the SMA actuation apparatus is a camera
apparatus further comprising an image sensor fixed to the support structure, and the
movable element comprises a camera lens element comprising one or more lenses arranged
to focus an image on the image sensor. In that case, the predetermined axis and the further
axis both may be orthogonal to the optical axis of the camera lens element, in which case
the movement may provide optical image stabilisation (OIS).

According to a further aspect of the present invention, there is provided a control
system for an SMA actuation apparatus that implements a similar method.

To allow better understanding, an embodiment of the present invention will now be

described by way of non-limitative example with reference to the accompanying drawings,
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in which:

Fig. 1 is a schematic side view of a first camera apparatus;

Fig. 2 is a diagram of a control system for the SMA actuator wires of the first
camera apparatus;

Fig. 3 is a schematic cross-sectional view of a second SMA actuation apparatus that
is a camera apparatus;

Fig. 4 is a perspective view of the suspension system of the second camera
apparatus;

Fig. 5 is a perspective view of the arrangement of SMA actuator wires in the
camera apparatus;

Fig. 6 is a perspective view of the arrangement of the suspension system of Fig. 4
and SMA actuator wires of Fig. 5 together;

Fig. 7 is a diagram of a control system for the SMA actuator wires of the second
camera apparatus;

Fig. 8 is a perspective view of a third camera apparatus; and

Fig. 9 is a plan view of a fourth camera apparatus.

Each of the hereinafter described embodiments is a camera apparatus that is an
example of an SMA actuation apparatus in which the movable element is a lens elements.
Each camera apparatus is to be incorporated in a portable electronic device such as a
mobile telephone, media player or portable digital assistant. Thus miniaturisation is an
important design criterion. Nonetheless, the same type of SMA actuation apparatus may in
general be applied to any type of movable element including ones other than a lens
element.

A first camera apparatus 1 is shown in Fig. 1 in cross-section taken along the
optical axis O. The first camera apparatus 1 comprises a lens element 2 supported on a
support structure 3 by a suspension system 4 that takes the form of a flexure extending
between the lens element 2 and the support structure 3. The suspension system 4 allows
movement of the lens element 2 relative to the support structure 3 along the optical axis O.
Thus, the lens element 2 is a movable element.

The support structure 3 is a camera support that supports an image sensor 5
arranged along the optical axis O behind the lens element 2. On the rear side of the support
structure 3, there is mounted an IC (integrated circuit) chip 10 in which the control system
11 is implemented.

The lens element 2 supports a lens 8 arranged along the optical axis O, although in
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general any number of lenses may be provided. The first camera apparatus 1 is a miniature
camera in which the lens 8 (or the lenses if more than one is provided) has a diameter of at
most 10 mm. The lens element 2 is arranged to focus an image onto the image sensor 5.
The image sensor 5 captures the image and may be of any suitable type, for example a
CCD (charge-coupled device) or a CMOS (complimentary metal-oxide-semiconductor)
device. In operation, the lens element 2 is moved along the optical axis O to change the
focus and/or magnification.

The first camera apparatus 1 further comprises two SMA actuator wires 9a and 9b
each connected in tension between the lens element 2 and the support structure 3. The
SMA actuator wires 9a and 9b have an arrangement in which they are each aligned with the
optical axis O but opposed to one another so that they apply forces to the lens element 2 in
opposed directions (up and down in Fig. 1).

SMA material has the property that on heating it undergoes a solid-state phase
change which causes the SMA material to contract. At low temperatures the SMA material
enters the Martensite phase. At high temperatures the SMA enters the Austenite phase
which induces a deformation causing the SMA material to contract. The phase change
occurs over a range of temperature due to the statistical spread of transition temperature in
the SMA crystal structure. Thus heating of the SMA actuator wires 9a and 9b causes them
to decrease in length. The SMA actuator wires 9a and 9b may be made of any suitable
SMA material, for example Nitinol or another Titanium-alloy SMA material.
Advantageously, the material composition and pre-treatment of the SMA actuator wires 9a
and 9b is chosen to provide phase change over a range of temperature that is above the
expected ambient temperature during normal operation and as wide as possible to
maximise the degree of positional control.

The two SMA actuator wires 9a and 9b apply forces to the lens element 2 in
opposed directions along the optical axis O and therefore apply a stress to each other.

On heating of one of the SMA actuator wires 9a and 9b, the stress therein increases and it
contracts. This causes movement of the lens element 2. A range of movement occurs as the
temperature of the SMA increases over the range of temperature in which there occurs the
transition of the SMA material from the Martensite phase to the Austenite phase.
Conversely, on cooling of one of the SMA actuator wires 9a and 9b so that the stress
therein decreases, it expands under the force from the opposed one of the SMA actuator
wires 9a and 9b. This allows the lens element 2 to move in the opposite direction.

As the SMA actuator wires 9a and 9b are each aligned with the optical axis O,
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movement occurs along the optical axis O which is the predetermined axis in this example.
The control of the SMA actuator wires 9a and 9b is effected by the control system 11
shown in Fig. 2 (excluding the components in dotted outline) which generates drive signals
for each of the SMA actuator wires 9a and 9b.

The position of the lens element 2 relative to the support structure 3 is controlled by
selectively varying the temperature of the SMA actuator wires 9a and 9b using selective
drive signals. Heating is provided directly by the drive signals. Cooling is provided by
reducing or ceasing the power of the drive signals to allow the SMA actuator wires 9a and
9b to cool by conduction, convection and radiation to its surroundings. The control system
11 has the following arrangement and operation.

The control system 11 comprises an SMA circuit 12 connected to each SMA
actuator wire 9. Each SMA circuit 12 has the same construction as follows, although for
clarity Fig. 2 shows the internal arrangement of only a single one of the SMA circuits.

The SMA circuit 12 comprises a drive circuit 13 and a detection circuit 14 each
connected across the SMA actuator wire 9. Thus, each SMA circuit 12 is separately
connected to its respective SMA actuator wire 9.

The drive circuit 13 is connected to the SMA actuator wire 9 and supplies a drive
signal through the SMA actuator wire 9. The drive circuit 13 may be a constant-voltage
current source or a constant-current current source. For example, in the latter case the
constant current might be of the order of 120mA. The drive circuit 13 receives power from
a power source 15 that is common to each SMA circuit 12.

The drive signal generated by the drive circuit 13 is a pulse-width modulation
(PWM) signal. The PWM duty cycle of the drive signal is varied by the drive circuit 13 to
vary the power in accordance with a control signal supplied thereto, as discussed further
below.

The detection circuit 14 is connected across the SMA actuator wire 9 and is
arranged to detect a measure of the resistance of the SMA actuator wire 9. In the case that
the drive circuit 13 is a constant-current current source, the detection circuit 14 may be a
voltage detection circuit operable to detect the voltage across the SMA actuator wire 9
which is a measure of the resistance of the SMA actuator wire 9. In the case that the drive
circuit 13 is a constant-voltage current source, the detection circuit 13 may be a current
detection circuit. For a higher degree of accuracy, the detection circuit 13 may comprise a
voltage detection circuit and a current detection circuit operable to detect both the voltage

and current across the SMA actuator and to derive a measure of resistance as the ratio
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thereof.

The measures of resistance of each SMA actuator wire 9a and 9b derived by the
detection circuits 14 of each SMA circuit 12 are supplied to a difference measure circuit 16
which derives a feedback difference measure ARact. The feedback difference measure
ARact is the sum of the measures of resistance of each SMA actuator wire 9a and 9b scaled
relative to each other by factors. The magnitude of the factors represents the component
along the optical axis O of the force applied to the lens element 2. In this example, the
SMA actuator wires 9a and 9b are each aligned with the optical axis O so the factors are of
equal magnitude. The sign of the factors represents the direction along the optical axis O in
which the respective SMA actuator wire 9a or 9b applies said component of force. In this
example, the SMA actuator wires 9a and 9b each apply a force to the lens element 2 in
opposed directions along the optical axis O and so the factors are of opposite sign. Thus, as
a result of the simple arrangement of the first camera 1, in this example the
feedback difference measure ARact is simply the difference of the resistance of the two
SMA actuator wires 9a and 9b.

The feedback difference measure ARact is used as a feedback signal in closed-loop
control of the SMA actuator wires 9a and 9b as follows.

A position signal S represents the desired position of the lens element 2 and is
supplied to an offset subtractor 19 that subtracts an offset ARoff to derive a target
difference measure ARtarg. The offset ARoff has a fixed value and represents a difference
between characteristic resistances for the SMA actuator wires 9a and 9b. These
characteristic resistances could be measured, calculated or stored on the controller 18. For
example, the characteristic resistance of each SMA actuator wire 9a and 9b could be (a) the
resistance of the respective SMA actuator wire 9a or 9b when an equal power is applied to
all the SMA actuator wires 9a and 9b, (b) a resistance associated with a position at the
centre of the range of movement of the lens element 2, or (¢) related to the maximum
resistance of the SMA actuator wire 9a or 9b when changing length under a fixed tension.

The offset ARoff may arise due to differences in the environment of the first camera
apparatus 1 or properties of the SMA actuator wires 9a and 9b. The offset ARoff is optional
but when used gives improved control where the change in resistance with power applied
to a wire approaches zero (i.e. at the maximum resistance or minimum resistance as the
power is changed at a fixed tension), because even if the resistance of one of the SMA
actuator wires 9a and 9b is invariant with changing power, so long as the resistance of the

other of the SMA actuator wires 9a and 9b still varies with applied power, then the
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difference in the resistances will still vary.

The feedback difference measure ARact and the target difference measure ARtarg
are supplied to an error detector 17 which derives an error signal E representing the
difference therebetween.

The error signal E is supplied to a controller 18. The controller 18 may be
implemented in a processor. Although the difference measure circuit 16, error detector 17
and controller 18 are illustrated as separate components for ease of understanding, they
together constitute a control circuit and may be implemented in a common processor.

The controller 18 generates a control signal for each of the SMA actuator wires 9a
and 9b on the basis of the error signal E using a closed-loop control algorithm that reduces
the error signal E, 1.e. reduces the difference between the feedback difference measure
ARact and the target difference measure ARtarg. The closed-loop control may be
proportional, or may include differential and/or integral terms. The controller 18 supplies
the control signals to the drive circuits 13 of each SMA circuit 12 where they are used to
control the generated drive signals, as discussed above.

Since the feedback control is performed on the basis of the feedback difference
measure ARact, effectively the tension and temperature of the SMA actuator wires 9a and
9b may be performed independently of the positional control by varying the average power
supplied to the SMA actuator wires 9a and 9b. Thus, the control signals for each of the
SMA actuator wires 9a and 9b may represent the relative power of the respective drive
signal and are selected so as to reduce the error signal E. The drive circuits 13 then supply a
drive signal that has a power equal to the average power supplied to each of the SMA
actuator wires 9a and 9b multiplied by the relative power represented by the control signal.
This has the effect of adjusting the relative amounts by which the powers of the drive
signals vary from an average power in accordance with the control signals.

The controller 18 may control the average power by controlling the power
source 15 to vary the power supplied to each drive circuit 13. In this way, the controller 18
controls the average power of the drive signals to achieve predetermined tensions in the
SMA actuator wires 9a and 9b. The average power may be kept constant during an
actuation operation but may be varied between actuations, for example in response to a
measure of the ambient temperature. The measure of ambient temperature may be
determined by a temperature sensor 19. Alternatively, if the temperature sensor is omitted,

the measure of ambient temperature may be a measure of an electrical characteristic of the
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SMA actuators 9a and 9b that is representative of ambient temperature, for example
determined as disclosed in WO 2009/071898.

Typically, the average power is controlled to decrease as the ambient temperature
increases, although at relatively high ambient temperatures, the average power is controlled
to decrease by a smaller amount or to remain constant with further ambient temperature
increases. For example, the average power may be controlled to remain constant above a
threshold of say 50°C. These settings provide good operating efficiency and protection
against wire damage. In the above example, there are only two SMA actuator wires 9a
and 9b, but in general there may be any number n of SMA actuator wires 9a to 9n. In that
case, the control system 11 may be modified in straightforward manner as follows. Extra
SMA circuits 12 are included for each SMA actuator wire 9n as shown in dotted outline in
Fig. 2. The difference measure circuit 16 derives a feedback difference measure ARact that
is the sum of the measures of resistance of each SMA actuator wire 9a to 9n scaled relative
to each other by factors. The magnitude of the factors represents the component along the
optical axis O of the force applied to the lens element 2. If all the SMA actuator wires 9a to
9n are aligned with the optical axis O, then the factors are of equal magnitude. The sign of
the factors represents the direction along the optical axis O in which the respective SMA
actuator wire 9a to 9n applies said component of force. If all the SMA actuator wires 9a to
9n are aligned with the optical axis O, the feedback difference measure ARact is the
difference between the total resistance of any aligned SMA actuator wire that applies a
force in a first one of the directions along the optical axis O and the total resistance of any
aligned SMA actuator wire that applies a force in the opposite, second one of the directions
along the optical axis.

There will now be described some further camera apparatuses that share many
components with the first camera apparatus. Accordingly, common elements are described
by common reference numerals, and for brevity a description thereof is not repeated.

The second camera apparatus 20 is shown in Figs. 3 to 6. Fig. 3 is a cross-sectional
view taken along the optical axis O which is a notional, primary axis. In order to clearly
describe the main parts of the first camera apparatus 1, the SMA actuator wires 9 are not
shown in Fig. 3, but subsequently described with reference to Figs. 5 and 6

The second camera apparatus 20 comprises a lens element 2 supported on a support
structure 3 by a suspension system 4, described in detail below. The suspension system
allows movement of the lens element 2 relative to the support structure 4 in two orthogonal

directions each orthogonal to the optical axis O. Thus, the lens element 2 is a movable
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element.

The support structure 3 is a camera support supporting an image sensor 5 arranged
along the optical axis O behind the lens element 2. On the rear side of the support structure
3, there is mounted an IC (integrated circuit) chip 10 in which the control system 11 is
implemented, and also a gyroscope sensor 21

The lens element 2 comprises a lens carrier 22 having supported thereon a lens 8
arranged along the optical axis O, although in general any number of lenses may be
provided. The second camera apparatus 20 is a miniature camera in which the lens 8 (or the
lenses if more than one is provided) has a diameter of at most 10 mm. The lens element 2 is
arranged to focus an image onto the image sensor 5.

The lens 8 (or the lenses if more than one is provided) may be fixed relative to the
lens carrier 22, or alternatively may be supported to be movable along the optical axis O,
for example to provide focussing. Where the lens 8 is movable along the optical axis O, a
suitable actuation system (not shown) may be provided, for example using a voice coil
motor or SMA actuator wires, such as is described in WO-2007/113478.

In operation, the lens element 2 is moved orthogonally to the optical axis O in two
orthogonal directions, shown as X and Y relative to the image sensor 5, both orthogonal to
the optical axis O. This has the effect that the image on the image sensor 5 is moved. This
movement is used to provide OIS, compensating for image movement of the camera
apparatus 1, caused by for example hand shake. This type of OIS may be termed “shift” or
“OIS-shift”. The resulting image compensation does not entirely reverse the effects of user
handshake, but the performance is deemed sufficiently good, given the constraints
described above, and in particular allows the size of the camera apparatus 1 to be reduced
as compared to an apparatus using tilt.

The suspension system 4 is shown in isolation in Fig. 2 and arranged as follows.

The suspension system 4 comprises four beams 41 connected between a support
plate 42 that forms part of the support structure 4 and a lens plate 43 that forms part of the
lens element 2 and is connected to the rear end of the lens carrier 22 as shown in Fig. 3.
The beams 41 are equally spaced around the optical axis O, one at each corner of the
camera apparatus 1. The four beams 41 extend parallel to each other and to the optical axis
O, and therefore extend orthogonal to the orthogonal directions in which the lens element 2
moves, although they could extend at a non-perpendicular angle, provided that they are
transverse to the orthogonal directions. The beams 41 are fixed to each of the support plate

42 and the lens plate 43 in a manner that the four beams 41 cannot rotate, for example by
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being soldered.

The beams 41 are positioned inside the support structure 4 and outside the lens
carrier 22, the support plate 42 and the lens plate 43 having the same construction including
respective apertures 44 and 45 aligned with the optical axis O to accommodate the lens
element 2 and allow the passage of light to the image sensor 5.

The beams 41 thereby support the lens element 2 on the support structure 4 in a
manner allowing movement of the lens element 2 relative to the support structure 4 in two
orthogonal directions orthogonal to the optical axis O simply by means of the beams 41
bending, in particular in an S-shape. Conversely, the beams 41 resist movement along the
optical axis O. The beams 41 may have any construction that provides the desired
compliance orthogonal to the optical axis O, typically being formed by wires, for example
metal wires.

In general, the suspension system 4 could have any alternative construction that
allows movement of the lens element 2 relative to the support structure 4 in two orthogonal
directions orthogonal to the optical axis O. For example, the suspension system 4 could
employ ball bearings or flexures.

The second camera apparatus 20 further comprises a total of four SMA actuator
wires 9a to 9d each connected between the lens element 2 and the support structure 3, in
particular connected between (i) a support block 23 that forms part of the support structure
4 and (i) a movable platform 24 that forms part of the lens element 2 and is mounted to the
rear of the lens plate 43 as shown in Figs. 5 and 6. The SMA actuator wires 9a to 9d are
connected at one end to the support block 23 by respective crimping members 25 and at the
other end to the movable platform 24 by crimping members 26. The crimping members 25
and 26 crimp the wire to hold it mechanically, optionally strengthened by the use of
adhesive. The crimping members 25 and 26 also provide an electrical connection to the
SMA actuator wires 9a to 9d.

Each of the SMA actuator wires 9a to 9d is connected in tension, thereby applying a
force to the lens element 2 and the support structure 3 in a direction orthogonal to the
optical axis O. The SMA actuator wires 9a to 9d each extend perpendicular to the optical
axis O in a common plane, although this is not essential.

The SMA actuator wires 9a to 9d have an arrangement in which they apply forces
to the lens element 2 in opposed directions orthogonal to the optical axis O. As shown in
Fig. 5, each of the SMA actuator wires 9a to 9d is arranged along one side of the lens

element 2. Thus, a first pair of SMA actuator wires 9a and 9b arranged on opposite sides of
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the optical axis O apply force on the lens element 2 in opposed directions along a first axis
X orthogonal to the optical axis O. A second pair of SMA actuator wires 9¢ and 9d
arranged on opposite sides of the optical axis O apply force on the lens element 2 in
opposed directions along a second axis Y orthogonal to the first axis and to the optical axis
O. Thus, the first pair of SMA actuator wires 9a and 9b are capable on selective driving of
moving the lens element 2 relative to the support structure 4 along the first axis and the
second pair of SMA actuator wires 9¢ and 9d are capable on selective driving of moving
the lens element 2 relative to the support structure 4 along the second axis. Movement in
other directions may be driven by a combination of actuation of these pairs of the SMA
actuator wires 9a to 9d to provide a linear combination of movements along the first and
second axes X and Y.

The control of the SMA actuator wires 9a to 9d is effected by the control system 11
which generates drive signals for each of the SMA actuator wires 9a to 9d. Movement is
driven along the first axis and the second axis which therefore are the predetermined axis
and the further axis in this example.

The control system 11 of the second camera apparatus 20 is the same as the control
system 11 of the first camera apparatus 1 as shown in Fig. 2 except for the following
modifications that are shown in Fig. 7.

Each one of the SMA actuator wires 9a to 9d is provided with an SMA circuit 12
that 1s arranged as described above, so that the difference measure circuit 16 is supplied
with the measures of resistance of each SMA actuator wire 9a to 9d.

In one alternative, each SMA circuit 12 may be separately connected to its
respective SMA actuator wire 9. In another alternative, the SMA actuator wires 9a to 9d
have an interconnection at the movable element that electrically connects the group of
SMA actuator wires together. In this alternative, the drive circuits 13 and detection circuits
13 of the SMA circuits 12 may be arranged to supply drive signals and to detect measures
of resistance in the manner disclosed in WO-2012/066285, for example using the time-
division multiplexing techniques disclosed therein.

The remainder of the control system 11 is duplicated for each of the two axes as
follows.

The difference measure circuit 16 derives a feedback difference measures ARactx
and ARacty in respect of the two axes X and Y, each being the sum of the measures of
resistance of each SMA actuator wire 9a to 9d scaled relative to each other by factors. The

magnitude of the factors represents the component along the axis in question of the force
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applied to the lens element 2, and the sign of the factors represents the direction along that
axis in which the respective SMA actuator wire 9a to 9d applies that component of force.
As the first pair of SMA actuator wires 9a and 9b are aligned along the first axis X, the
feedback difference measure ARactx in respect of the first axis X is the difference between
the resistances of first pair of SMA actuator wires 9a and 9b. Similarly, as the second pair
of SMA actuator wires 9c and 9d are aligned along the second axis Y the feedback
difference measure ARacty in respect of the second axis Y is the difference between the
resistances of second pair of SMA actuator wires 9¢ and 9d.

The feedback difference measures ARactx and ARacty in respect of the two axes X
and Y are used as feedback signals in closed-loop control of the SMA actuator wires 9a to
9d as follows.

Two position signals Sx and Sy represent the desired position of the lens element 2
in respect of the two axes X and Y. The position signals Sx and Sy are supplied to
respective offset subtractors 19a and 19b that subtracts respective offsets ARoffx and
ARofty to derive target difference measures ARtargx and ARtargy in respect of the two
axes X and Y. The offsets ARoffx and ARoffy have fixed values in accordance with the
same criteria as the offset ARoff in Fig. 2.

Two error detectors 17a and 17b are provided. One error detector 17a is supplied
with the feedback difference measure ARactx and the target difference measure ARtargx in
respect of the first axis and derives an error signal Ex in respect of the first axis X
representing the difference therebetween. The other error detector 17b is supplied with the
feedback difference measure ARacty and the target difference measure ARtargy in respect
of the second axis Y and derives an error signal Ey in respect of the second axis Y
representing the difference therebetween.

The error signals Ex and Ey are supplied to the controller 18 which generates a
control signal for each of the SMA actuator wires 9a to 9d on the basis of the error signals
Ex and Ey. The closed-loop control may be proportional, or may include difterential and/or
integral terms. The controller 18 supplies the control signals to the drive circuits 13 of each
SMA circuit 12 where they are used to control the generated drive signals, as discussed
above.

The controller 18 generates the control signals using a closed-loop control
algorithm that reduces the error signals Ex and Ey. As the first pair of SMA actuator wires
9a and 9b are aligned along the first axis X and the second pair of SMA actuator wires 9¢

and 9d are aligned along the second axis Y, in this example the control signals applied to
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the first pair of SMA actuator wires 9a and 9b reduce the error signal Ex in respect of the
first axis X and the control signals applied to the second pair of SMA actuator wires 9¢ and
9d reduce the error signal Ey in respect of the second axis Y.

More generally in other arrangements of SMA actuator wires the control signals in
respect of a given SMA actuator wire at an acute angle to each axis may be dependent on
both error signals Ex and Ey, in particular including a component derived from each error
signal Ex and Ey relatively scaled by factors whose magnitude represents the component of
the force applied by the given SMA actuator wire 9 along the respective one of the axes X
and Y.

As in the control system of Fig. 2, since the feedback control is performed on the
basis of the feedback difference measures ARactx and ARacty, effectively the tension and
temperature of the SMA actuator wires 9a to 9d may be performed independently of the
positional control by varying the average power supplied to the SMA actuator wires 9a to
9d. Thus, the control signals for each of the SMA actuator wires 9a to 9d may represent the
relative power of the respective drive signal and are selected so as to reduce the error signal
E. The drive circuits 13 then supply a drive signal that has a power equal to the average
power supplied to each of the SMA actuator wires 9a to 9d multiplied by the relative power
represented by the control signal. This has the effect of adjusting the relative amounts by
which the powers of the drive signals vary from an average power in accordance with the
control signals.

The controller 18 may control the average power by controlling the power source
15 to vary the power supplied to each drive circuit 13. In this way, the controller 18
controls the average power of the drive signals to achieve predetermined tensions in the
SMA actuator wires 9a to 9d.

In the arrangement of Figure 5, the rotation of the module can be controlled by
controlling the average power of the first pair of wires 9a and 9b as compared to the
average power of the second pair of wires 9¢c and 9d. The first and second average powers
may be different if for example the suspension system has a tendency to rotate the module
in one sense or the other. In general, in the absence of external factors the same average
power applied to both pairs of wires allows rotations to cancel out.

In this example, the movement of the lens element 2 is arranged to provide OIS
using the following components that also form part of the control system 11.

The gyroscope sensor 21 outputs signals representative of the angular velocity of

the lens element 2, thereby acting as a vibration sensor that detects the vibrations that the
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camera apparatus 1 is experiencing. The gyroscope sensor 21 is typically a pair of
miniature gyroscopes, for detecting vibration around two axes perpendicular to each other
and the optical axis O, although in general larger numbers of gyroscopes or other types of
vibration sensor could be used.

The output signals from the gyroscope sensor 21 are supplied to an OIS controller
30 that may be implemented in a processor, being the same or different processor from the
controller 18. The OIS controller 21 derives the position signals Sx and Sy that represent
the position of the lens element 2 needed to compensate for the movement of the second
camera apparatus 20 as a whole, and therefore stabilise the image sensed by the image
sensor 5. As the gyroscope sensor 21 is mounted on the support structure 3, the output
signals are representative of the vibration of the support structure 3. OIS is effected by
moving the lens element 2 laterally in opposition. Accordingly, the OIS controller 21
generates the position signals Sx and Sy providing a desired movement which is opposite
to the actual tilt as measured by the gyroscope sensor 21. The OIS controller 30 may
process the output signals from the gyroscope sensor 21, for example by filtering them,
prior to generating the position signals Sx and Sy.

A third camera apparatus 50 is shown in Fig. 8 in which a total of eight SMA
actuator wires 9a to Sh are connected between the lens element 2 and the support structure
3 in an arrangement as disclosed in more detail in WO-2011/104518 to which reference is
made for a detailed description thereof. Accordingly, WO-2011/104518 is incorporated
herein by reference. In particular, the SMA actuator wires 9a to Sh are inclined with respect
to the optical axis O with a pair of the SMA actuator wires on each of four sides around the
optical axis O arranged so that on contraction two groups of four SMA actuator wires 9a to
9d and 9e to 9h provide a force on the lens element 2 with a component in opposed
directions along the optical axis O. The SMA actuator wires of each group are arranged
with 2-fold rotational symmetry about the primary axis so that other groups of four SMA
wires provide a force on the lens element 2 with a component in opposed directions along
two axes X and Y orthogonal to the optical axis O. In this manner, the eight SMA actuator
wires 9a to 9g can provide positional control of the movable element with multiple degrees
of freedom.

The control system 11 of the third camera apparatus 50 is the same as the control
system 11 of the second camera apparatus 30 as shown in Fig. 5 except that it is modified
to provide positional control additionally along the optical axis O. Again, each one of the

SMA actuator wires 9a to 9h is provided with an SMA circuit 12 that is arranged as
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described above. In one alternative, each SMA circuit 12 may be separately connected to
its respective SMA actuator wire 9. In another alternative, the SMA actuator wires 9a to Sh
have an interconnection at the movable element that electrically connects the group of
SMA actuator wires together. In this alternative, the drive circuits 13 and detection circuits
13 of the SMA circuits 12 may be arranged to supply drive signals and to detect measures
of resistance in the manner disclosed in WO-2012/066285, for example using the time-
division multiplexing techniques disclosed therein.

The provision of positional control along the optical axis O involves similar
modifications as made to the control system 11 of the second camera apparatus 20 shown
in Fig. 7 as compared to the control system 11 of the first camera apparatus 1 shown in Fig.
2 to provide and use feedback difference measure ARacto and the target difference measure
ARtargo additionally in respect of the optical axis. In this case, each one of the SMA
actuator wires 9a to Sh is inclined at an acute angle to each of the axes O, X and Y.
Accordingly, the control signals in respect of each one of the SMA actuator wires 9a to Sh
is dependent on the two of the error signals Eo, Ex and Ey in respect of the two of the axes
O, X and Y along which the SMA actuator wire in question applies a component of force.
For example, the SMA actuator wire 9a applies components of force along the optical axis
O and the axis Y, and so the control signal in respect of the SMA actuator wire 9a is
dependent the error signal Eo in respect of the optical axis O and the error signal Ey in
respect of the axis Y. In particular, each control signal includes components derived from
the error signals Eo, Ex and Ey relatively scaled by factors whose magnitude represents the
component of the force applied by the given SMA actuator wire 9 along the respective axes
O, Xand Y.

A fourth camera apparatus 60 is shown in Fig. 9 in which a total of three SMA
actuator wires 9a to 9¢ are connected between the lens element 2 and the support structure
3 in an arrangement in which the SMA actuator wires 9a to 9c lie in a common plane
orthogonal to the optical axis O and with three-fold rotational symmetry. Thus, the SMA
actuator wires 9a to 9c apply forces to the lens element 2 in opposed directions orthogonal
to the optical axis O. Although none of the SMA actuator wires 9a to 9c are aligned, they
still apply a stress to each other. One SMA actuator 9a is aligned with a first axis X
perpendicular to the optical axis O. The other SMA actuators 9b and 9c are at acute angles
to the first axis X and a second axis Y orthogonal to the first axis X, in particular acute
angles of 60° and 30° respectively. Thus, the SMA actuators 9b and 9c are non-aligned

actuators with respect to both axes X and Y.
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As aresult, all three SMA actuator wires 9a to 9c¢ are capable on selective driving of
moving the lens element 2 relative to the support structure 4 along the first axis X and the
SMA actuator wires 9b and 9c are capable on selective driving of moving the lens element
2 relative to the support structure 4 along the second axis Y. Movement in other directions
may be driven by a combination of actuation of these pairs of the SMA actuator wires 9a to
9c¢ to provide a linear combination of movements along the first and second axes X and Y.

The control of the SMA actuator wires 9a to 9c¢ is effected by the control system 11
which generates drive signals for each of the SMA actuator wires 9a to 9c. Movement is
driven along the first axis X and the second axis Y which therefore are the predetermined
axis and the further axis in this example.

The control system 11 of the fourth camera apparatus 60 is the same as the control
system 11 of the second camera apparatus 20 as shown in Fig. 7 except for the following
modifications.

As there are only three SMA actuator wires 9a to 9¢, the fourth SMA circuit 12 is
omitted. The remaining SMA circuits 12 supply the measures of resistance of each SMA
actuator wire 9a to 9c¢ to the difference measure circuit 16.

The difference measure circuit 16 derives a feedback difference measures ARactx
and ARacty in respect of the two axes X and Y, each being the sum of the measures of
resistance of each SMA actuator wire 9a to 9c¢ scaled relative to each other by factors. As
before, the magnitude of the factors represents the component along the axis in question of
the force applied to the lens element 2, and the sign of the factors represents the direction
along the axis in which the respective SMA actuator wire 9a, 9b or 9¢ applies that
component of force. However, the factors have different values from the second camera
apparatus 20 due to the different arrangement, as follows.

The first axis X is considered as follows. As the SMA actuator wire 9a is aligned
along the first axis X and the other SMA actuators 9b and 9c are at acute angles to the first
axis X, the magnitude of the factor for the SMA actuator wire 9a is one, whereas the
magnitude of the factors for the other SMA actuators 9b and 9c are less than one, in fact
being cos(60) since they represent the component of force applied along the first axis X.
Similarly, the sign of the factor for the SMA actuator wire 9a is opposite to the sign of the
factor for the other SMA actuators 9b and 9c¢. Therefore, the feedback difference measure
ARactx in respect of the first axis X is a difference between the SMA actuator wire 9a and
the sum of the resistances of the other SMA actuators 9b and 9c relatively scaled by

cos(60).
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The second axis Y is considered as follows. As the SMA actuator wire 9a is
orthogonal to the second axis Y and the other SMA actuators 9b and 9c are at acute angles
to the second axis Y, the magnitude of the factor for the SMA actuator wire 9a is zero,
whereas the magnitude of the factors for the other SMA actuators 9b and 9c are less than
one, in fact being cos(30) since they represent the component of force applied along the
second axis Y. Similarly, the sign of the factor for the SMA actuator wire 9b is opposite to
the sign of the factor for the other SMA actuators 9¢c. Therefore, the feedback difference
measure ARacty in respect of the second axis Y is a difference between the SMA actuator
wire 9b and the resistance of the other SMA actuator 9¢ each relatively scaled by cos(30).

The error signals Ex and Ey are supplied to the controller 18 which again generates
a control signal for each of the SMA actuator wires 9a to 9¢ on the basis of the error signals
Ex and Ey. The closed-loop control may be proportional, or may include differential and/or
integral terms. The controller 18 supplies the control signals to the drive circuits 13 of each
SMA circuit 12 where they are used to control the generated drive signals, as discussed
above.

The controller 18 generates the control signals using a closed-loop control
algorithm that reduces the error signals Ex and Ey. However, the manner in which the
control signals are dependent on the error signals Ex and Ey is different from the second
camera apparatus 20 due to the different physical arrangement, as follows. The control
signals in respect of a given one of the SMA actuator wires 9a to 9¢ includes a component
derived from each error signal Ex and Ey relatively scaled by factors whose magnitude
represents the component of the force applied by the given one of the SMA actuator wires
9a to 9c along the respective one of the axes X and Y. Thus, the control signal applied to
the SMA actuator wire 9a is dependent solely on the error signal Ex since it applies no
component of force along the second axis Y. On the other hand, the control signals applied
to each of the SMA actuators 9b and 9c includes a component dependent on the error signal
Ex scaled by a first factor and a component dependent on the error signal Ex scaled by a
second factor. The first factor represents the component of force applied along the first axis
X and so is cos(60) and the second factor represents the component of force applied along
the second axis Y and so is cos(30).

As in the control systems described above, control of the tension and temperature of
the SMA actuator wires 9a to 9¢ may be performed independently of the positional control
by varying the average power supplied to the SMA actuator wires 9a to 9c, for example by

controlling the power source 15 to vary the power supplied to each drive circuit 13 to
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achieve predetermined tensions in the SMA actuator wires 9a to 9c.
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Claims

1. A method of controlling SMA actuator wires in an SMA actuation apparatus
wherein the SMA actuator wires are connected in tension between a movable element and a
support structure in an arrangement in which the SMA actuator wires apply forces to the
movable element in opposed directions, being a method of controlling the SMA actuator
wires to drive movement of the movable element relative to the support structure along a
predetermined axis, the method comprising:

detecting measures of the resistances of the SMA actuator wires;

deriving a feedback difference measure in respect of the predetermined axis being
the sum of the measures of resistance of the SMA actuator wires, scaled relative to each
other by factors, in respect of the SMA actuator wires, the magnitude of which represents a
component along the predetermined axis of a force applied by the SMA actuator wire to the
movable element and the sign of which represents a direction along the predetermined axis
in which the SMA actuator wire applies said component of force;

controlling the powers of drive signals supplied to the SMA actuator wires that
apply a component of force to the movable element along the predetermined axis in
response to the feedback difference measure in a manner that reduces the difference
between the feedback difference measure in respect of the predetermined axis and a target

difference measure in respect of the predetermined axis.

2. A method according to claim 1, wherein said step of controlling the powers of drive
signals supplied to the SMA actuator wires that apply a component of force to the movable
element along the predetermined axis is performed in a manner that controls the average

power of those drive signals to achieve predetermined tensions in the SMA actuator wires.

3. A method according to claim 1 or 2, further comprising obtaining a measure of
ambient temperature, said step of controlling the powers of drive signals supplied to the
SMA actuator wires that apply a component of force to the movable element along the
predetermined axis being performed in a manner that controls the average power in

response to the measure of ambient temperature.

4. A method according to any of the preceding claims, wherein said step of controlling

the powers of drive signals supplied to the SMA actuator wires that apply a component of
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force to the movable element along the predetermined axis comprises adjusting the relative
amounts by which the powers of the drive signals vary from an average power in response
to the feedback difference measure in a manner that reduces the difference between the
feedback difference measure in respect of the predetermined axis and a target difference

measure in respect of the predetermined axis.

5. A method according to any one of the preceding claims, wherein the SMA actuator
wires consist of aligned SMA actuator wires that apply forces to the movable element in
opposed directions along the predetermined axis, and optionally orthogonal SMA actuator
wires that apply forces to the movable element orthogonal to the predetermined axis, so
that said feedback difference measure in respect of the predetermined axis is the difference
between the total resistance of any aligned SMA actuator wire that applies a force in a first
one of said opposed directions and the total resistance of any aligned SMA actuator wire

that applies a force in a second one of said opposed directions.

6. A method according to any one of claims 1 to 4, wherein the SMA actuator wires
comprise at least one non-aligned SMA actuator wire that applies forces to the movable
element at an acute angle to the predetermined axis, so that said factor in respect of said at

least one non-aligned SMA actuator wire has a magnitude less than one.

7. A method according to any one of the preceding claims, being a method of
controlling the SMA actuator wires to drive movement of the movable element relative to
the support structure along a further axis orthogonal to the predetermined axis, in addition
to said predetermined axis, the method further comprising:

deriving a feedback difference measure in respect of the further axis being the sum
of the measures of resistance of the SMA actuator wires, scaled relative to each other by
factors, in respect of the SMA actuator wires, the magnitude of which represents a
component along the further axis of a force applied by the SMA actuator wire to the
movable element and the sign of which represents a direction along the further axis in
which the SMA actuator wire applies said component of force;

controlling the power of drive signals supplied to the SMA actuator wires that apply
a component of force to the movable element along the further axis in response to the
feedback difference measure in a manner that reduces the difference between the feedback

difference measure in respect of the further axis and a target difference measure in respect
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of the further axis.

8. A method according to claim 7, wherein the SMA actuator wires consist of aligned
SMA actuator wires that apply forces to the movable element in opposed directions along
the predetermined axis, and orthogonal SMA actuator wires that apply forces to the
movable element in opposed directions along the further axis, so that said feedback
difference measure in respect of the predetermined axis is the difference between the total
resistance of any aligned SMA actuator wire that applies a force in a first one of said
opposed directions along the predetermined axis and the total resistance of any aligned
SMA actuator wire that applies a force in a second one of said opposed directions along the
predetermined axis, and so that said feedback difference measure in respect of the further
axis is the difference between the total resistance of any orthogonal SMA actuator wire that
applies a force in a first one of said opposed directions along the further axis and the total
resistance of any aligned SMA actuator wire that applies a force in a second one of said

opposed directions along the further axis.

9. A method according to claim 7 or 8, wherein the SMA actuation apparatus is a
camera apparatus further comprising an image sensor fixed to the support structure, and the
movable element comprises a camera lens element comprising one or more lenses arranged
to focus an image on the image sensor, the predetermined axis and the further axis both

being orthogonal to the optical axis of the camera lens element.

10. A method according to claim 9, wherein the at least one lens has a diameter of at
most 10mm.
11. A method according to claim 9 or 10, further comprising:

generating vibration signals representative of the vibration of the apparatus; and
generating said target difference measures in response to the vibration signals in a
manner that drives the movement of the camera lens element to stabilise the image sensed

by the image sensor.

12. A control system for an SMA actuation apparatus comprising a support structure, a
movable element that is movable relative to the support structure and SMA actuator wires

connected in tension between the movable element and the support structure in an
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arrangement in which the SMA actuator wires apply forces to the movable element in
opposed directions, the control system comprising:

a drive circuit operative to supply a drive signal through the SMA actuators;

a detection circuit arrange to detect measures of the resistances of the SMA actuator
wires; and

a control circuit configured to control the powers of the drive signals supplied by
the drive circuit to drive movement of the movable element relative to the support structure
along a predetermined axis,

the control circuit being configured to derive a feedback difference measure in
respect of the predetermined axis being the sum of the measures of resistance of the SMA
actuator wires, scaled relative to each other by factors, in respect of the SMA actuator
wires, the magnitude of which represents a component along the predetermined axis of a
force applied by the SMA actuator wire to the movable element and the sign of which
represents a direction along the predetermined axis in which the SMA actuator wire applies
said component of force; and

the control circuit being configured to control the powers of drive signals supplied
to the SMA actuator wires that apply a component of force to the movable element along
the predetermined axis in response to the feedback difference measure in a manner that the
difference between the feedback difference measure in respect of the predetermined axis

and a target difference measure in respect of the predetermined axis is reduced.

13. A control system according to claim 12, wherein the control circuit is configured to
control the powers of drive signals supplied to the SMA actuator wires that apply a
component of force to the movable element along the predetermined axis in a manner the
average power of those drive signals is controlled to achieve predetermined tensions in the

SMA actuator wires.

14. A control system according to claim 12 or 13, wherein the control system is
arranged to obtain a measure of ambient temperature, and said step of controlling the
powers of drive signals supplied to the SMA actuator wires that apply a component of force
to the movable element along the predetermined axis is performed in a manner that controls

the average power in response to the measure of ambient temperature.

15. A control system according to any one of claims 12 to 14, wherein the control
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circuit is configured to control the powers of drive signals supplied to the SMA actuator
wires that apply a component of force to the movable element along the predetermined axis
by adjusting the relative amounts by which the powers of the drive signals vary from an
average power in response to the feedback difference measure in a manner that the
difference between the feedback difference measure in respect of the predetermined axis

and a target difference measure in respect of the predetermined axis is reduced.

16. A control system according to any one of claims 12 to 15, wherein the SMA
actuator wires consist of aligned SMA actuator wires that apply forces to the movable
element in opposed directions along the predetermined axis, and optionally orthogonal
SMA actuator wires that apply forces to the movable element orthogonal to the
predetermined axis, so that said feedback difference measure in respect of the
predetermined axis is the difference between the total resistance of any aligned SMA
actuator wire that applies a force in a first one of said opposed directions and the total
resistance of any aligned SMA actuator wire that applies a force in a second one of said

opposed directions.

17. A control system according to any one of claims 12 to 1315, the SMA actuator
wires comprise at least one non-aligned SMA actuator wire that applies forces to the
movable element at an acute angle to the predetermined axis, so that said factor in respect

of said at least one non-aligned SMA actuator wire has a magnitude less than one.

18. A control system according to any one of claims 12 to 16, wherein the control
circuit is configured to control the powers of the drive signals supplied by the drive circuit
to drive movement of the movable element relative to the support structure along a further
axis orthogonal to the predetermined axis, in addition to said predetermined axis,

the control circuit being configured to derive a feedback difference measure in
respect of the further axis being the sum of the measures of resistance of the SMA actuator
wires, scaled relative to each other by factors, in respect of the SMA actuator wires, the
magnitude of which represents a component along the further axis of a force applied by the
SMA actuator wire to the movable element and the sign of which represents a direction
along the further axis in which the SMA actuator wire applies said component of force, and

the control circuit being configured control to the power of drive signals supplied to

the SMA actuator wires that apply a component of force to the movable element along the
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further axis in response to the feedback difference measure in a manner that the difference
between the feedback difference measure in respect of the further axis and a target

difference measure in respect of the further axis is reduced.

19. A control system according to claim 17, wherein the SMA actuator wires consist of
aligned SMA actuator wires that apply forces to the movable element in opposed directions
along the predetermined axis, and orthogonal SMA actuator wires that apply forces to the
movable element in opposed directions along the further axis, so that said feedback
difference measure in respect of the predetermined axis is the difference between the total
resistance of any aligned SMA actuator wire that applies a force in a first one of said
opposed directions along the predetermined axis and the total resistance of any aligned
SMA actuator wire that applies a force in a second one of said opposed directions along the
predetermined axis, and so that said feedback difference measure in respect of the further
axis is the difference between the total resistance of any orthogonal SMA actuator wire that
applies a force in a first one of said opposed directions along the further axis and the total
resistance of any aligned SMA actuator wire that applies a force in a second one of said

opposed directions along the further axis.

20. An SMA actuation apparatus comprising:

a support structure;

a movable element that is movable relative to the support structure and SMA
actuator wires connected in tension between the movable element and the support structure
in an arrangement in which the SMA actuator wires apply forces to the movable element in
opposed directions; and

a control system according to any one of claims 12 to 19.

21.  An SMA actuation apparatus according to claim 20, wherein the SMA actuation
apparatus is a camera apparatus further comprising an image sensor fixed to the support
structure, and the movable element comprises a camera lens element comprising one or
more lenses arranged to focus an image on the image sensor, the predetermined axis and

the further axis both being orthogonal to the optical axis of the camera lens element.

22, An SMA actuation apparatus according to claim 21, wherein the at least one lens

has a diameter of at most 10mm.
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23. An SMA actuation apparatus according to claim 21 or 22, further comprising:

a vibration sensor arranged to generate vibration signals representative of the
vibration of the apparatus; and

the control circuit is configured to derive target difference measures in response to
the vibration signals in a manner that drives the movement of the camera lens element to

stabilise the image sensed by the image sensor.
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