wo 2010/049689 A2 [ I ANFO 0 OO 00O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

o TN
1 rld Intellectual Property Organization 2 ey
(19) World Intellectual Property Organization  /Zsusy ||} 0 000D 0T 0 0
International Bureau S,/ 0
3\ ) 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
6 May 2010 (06.05.2010) PCT WO 2010/049689 A2
(51) International Patent Classification: (74) Agent: MERRYWEATHER, Colin, Henry; J.A. Kemp
F03G 7/06 (2006.01) & Co., Gray's Inn, London WCIR 5JJ (GB).
(21) International Application Number: (81) Designated States (unless otherwise indicated, for every
PCT/GB2009/002570 kind of national protection available). AE, AG, AL, AM,
. . AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(22) International Filing Date: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
29 October 2009 (29.10.2009) DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(25) Filing Language: English HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
. KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(26) Publication Language: Enghsh ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
(30) Priority Data: NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
0819774.1 29 October 2008 (29.10.2008) GB SE, 5G, SK, SL, SM, ST, 8V, 8Y, TJ, TM, TN, 1R, TT,
0821209.4 20 November 2008 (20.11.2008) GB TZ,UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
08222333 5 December 2008 (05.12.2008) GB  (84) Designated States (unless otherwise indicated, for every
(71) Applicant (for all designated States except US): CAM- kind of regional protection available): ARIPO (BW, GH,
BRIDGE MECHATRONICS LIMITED [GB/GB]; St GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
John's Innovation Centre, Cowley Road, Cambridge CB4 ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
OWS (GB). TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
(72) Inventors; and MC, MK, MT, NL, NO, PL, PT, RO, SE, SL SK, SM,
(75) Inventors/Applicants (for US orly): GREGORY, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
Thomas, Matthew [GB/GB]; 28 Strympole Caldecote, ML, MR, NE, SN, TD, TG).

Cambridge CB23 7ZJ (GB). LEEDHAM, Robert, John .

[GB/GB]; 3 Topeliffe Way, Cambridge CB1 8SJ (GB). Fublished:

RICHARDS, David, Charles, William [GB/GB]; 61 —  without international search report and to be republished
Coles Road, Milton, Cambridgeshire CB46BL (GB). upon receipt of that report (Rule 48.2(g))

TOPLISS, Richard [GB/GB]; 43 Bishops Road, Trump-

ington, Cambridge CB2 2NQ (GB).

(54) Title: CONTROL OF A SHAPE MEMORY ALLOY ACTUATION ARRANGEMENT

ig.1. 6 9
e
N ' {7 13

30— 1 o0
31 8 ¢ o
1
10 =B
e \-{13
N |\l7\ = =
4

(57) Abstract: An SMA actuation apparatus comprises: an SMA actuator arranged to drive movement of a movable element; a
current supply supplying a drive current; a detection circuit detecting a measure of the resistance of the SMA actuator; and a con-
trol unit operative to generate a closed-loop control signal supplied to current supply for controlling the power of the drive current
to drive the resistance of the SMA actuator to a target value. The control unit derives: an estimate of a characteristic temperature
of the SMA actuation apparatus on the basis of the supplied power, using a thermal model; and a resistance offset on the basis
thereof. The closed-loop control signal is generated on the basis of the error between the measure of the resistance of the SMA ac-
tuator and the target value of the resistance of the SMA actuator, adjusted by the resistance offset to compensate for variations in
resistance.



10

15

20

25

30

35

WO 2010/049689 ’ PCT/GB2009/002570
Control of a Shape Memory Alloy Actuation Arrangement

The present invention relates generally to control of an SMA (shape memory alloy) actuation
arrangement that comprises an SMA actuator arranged on contraction caused by heating to drive
movement of a movable element relative to a support structure. |

The present invention has particular application to precision actuation of a relatively small
movable element, for example a camera lens element, particularly a camera lens element of the type
used in a miniature camera which may be employed in a portable electronic device such as a mobile
telephone or a mobile digital data processing and/or transmitting device.

In recent years, with the explosive spread of portable information terminals sometimes known
as PDAs (portable digital assistants) and portable telephones, an increasing number of devices
incorporate a compact digital camera apparatus employing an image sensor. When such a digital
camera apparatus is miniaturized using an image sensor with a relatively small image-sensing area, its
optical system, including one or more lenses, also needs to be miniaturized accordingly.

To achieve focusing or zooming, an actuation arrangement of some type must be included in
the confined volume of such a miniature camera to drive movement of the camera lens element along
the optical axis. As the camera lens element is small, the actuation arrangement must be capable of
providing precise actuation over a correspondingly small range of movement.

Similar considerations apply to actuation arrangements for a wide range of other small objects.

Whilst most of the existing cameras rely on variations of the well-known electric-coil motor, a
number of other actuation arrangements have been proposed as small drive units for the lens system.
Such other actuation arrangements may include transducers based on piezoelectric, electrostrictive or
magnetostrictive material, commonly referred to as electro-active devices.

Another type of actuation arrangement which has been proposed uses SMA material as an
actuator. The SMA actuator is arranged on heating to drive movement of the camera lens element.
Actuation may be achieved by control of the temperature of the SMA actuator over an active
temperature range in which the SMA actuator changes between martensite and austenite phases in
which the stress and strain of the SMA actuator changes. At low temperatures the SMA actuator is in
the martensite phase, whereas at high temperatures the SMA actuator transforms into the austenite
phase which induces a deformation causing the SMA actuator to contract. The temperature of the
SMA actuator may be changed by selectively passing a drive current through the SMA actuator to heat
it causing the phase change. The phase change occurs over a range of temperature due to the statistical
spread of transition temperature in the SMA crystal structure. The SMA actuator is arranged so that
the contraction drives movement of the movable element.

The use of SMA material as an actuator for a small element such as the camera lens element
of a miniature camera provides the advantages of being intrinsically linear, providing a high power per
unit mass, being a low cost commodity item and being a relatively small component.

The present invention is concerned with the control of such an SMA actuation arrangement,

and in particular with the need to provide for precision control of position. In general terms this is not
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straightforward due to the inherent physical properties of SMA material. Position is controlled by
varying the temperature of the SMA material and the temperature may be controlled by supplying
drive current through the SMA actuator. However, there is not a simple reiationship between position
and drive current. For example, the relationship between temperature and position is non-linear and
also hysteretic, following different curves during heating and cooling. Furthermore, the relationship
between the drive current and the temperature of the SMA actuator is complicated, this depending on
the history of the heating and an the amount of cooling which is itself strongly dependent on the
ambient temperature. As a result, in practice the control of the SMA actuator is complicated.
Closed-loop control of an SMA actuation arrangement may be applied using a measure of the
resistance of the SMA actuator is used as the feedback signal. In this case, a closed-loop control signal
for controlling the power of the drive current is generated on the basis of an error between the measure
of the resistance of the SMA actuator detected by the detection circuit and a target value for the
resistance of the SMA actuator. Such closed-loop control allows accurate control of position because
the resistance of the SMA actuator varies with the length of the SMA actuator in a predictable manner.
Furthermore, use of resistance measurement has significant advantages over use of a sensor to detect
the actual physical position of the movable element, including accuracy and being stfaightforward and
compact to implement, simply by providing additional electronic components supplementing the
elements needed to provide the drive current which heats the SMA actuator.

Although closed-loop control based on resistance of the SMA actuator provides for reasonably
accurate control, it has been appreciated that some degree of inaccuracy arises from creep (or drift)
that occurs over time. That is to say, it is observed that over time the degree of contraction of the SMA
actuator at a given resistance changes, or conversely the resistance of the SMA actuator at a given
degree of resistance changes. Such creep reduces the degree to which the control of the SMA actuator
is predictable when the SMA actuator is operated for a long period of time or on different occasions.

This problem of creep ié discussed in WO-2008/129291 which hypothesizes that the creep is
caused by adjacent components of significant thermal mass causing thermal dead-spots in the SMA
actuator that heat less rapidly than the remainder of the SMA actuator. W0-2008/129291 also
proposes a solution to this problem involving the provision of electrically conductive material along a
portion of the SMA actuator to short-circuit that portion. This is effective, but requires additional
manufacturing steps and therefore cost, as well as reducing the effective length of the SMA actuator.

The first aspect of the present invention is concerned with reducing this problem of creep.

According to the first aspect of the present invention, there is provided a method of
controlling an SMA actuation apparatus comprising an SMA actuator arranged on contraction caused
by heating to drive movement of a movable element relative to a support structure on which the
movable element is supported,

the method comprising supplying a drive current through the SMA actuator to heat the SMA
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actuator, the power of the drive current being controlled on the basis of a closed-loop control signal
for driving the resistance of the SMA actuator to a target value by performing the steps of:

detecting a measure of the resistance of the SMA actuator;

deriving an estimate of at least one characteristic temperature of the SMA actuation apparatus
on the basis of the power of the drive current, using a thermal model that relates the at least one
characteristic temperature of the SMA actuation apparatus to the power of the drive current;

deriving a resistance offset on the basis of the estimate of at least one characteristic
temperature of the SMA actuation apparatus, using a resistance model that relates a resistance offset
that compensates for the variation of the resistance of the movable element with the at least one
characteristic temperature of the SMA actuation apparatus to the at least one characteristic
temperature of the SMA actuation apparatus; and

generating the closed-loop control signal for controlling the power of the drive current on the
basis of the error between the measure of the resistance of the SMA actuator and the target value of
the resistance of the SMA actuator, adjusted by the resistance offset.

Further according to the first aspect of the present invention, there is provided a control
system for an SMA actuation arrangement implementing a corresponding method.

The first aspect of the present invention reduces the degree of creep using a modification to
the nature of the closed-loop control, rather than the physical construction of the SMA actuation
apparatus. In particular, it is based on an appreciation that the creep (or drift) can be compensated by
deriving a resistance offset from estimates of at least one characteristic temperature of the SMA
actuation apparatus derived on the basis of the power of the drive current supplied to the SMA
actuator using a thermal model of the SMA actuation apparatus. This is because the creep is caused
by the contraction and resistance of the SMA actuator being affected by temperature of the
surrounding components of the SMA actuator apparatus which are themselves heated by the power
supplied to the SMA actuator, but which have different thermal time constants.

The SMA actuator is driven by applying a drive current, which heats the SMA material
through a reversible phase change. As power is increased and the temperature of the SMA actuator
rises, there are competing phenomena that affect resistance. For example, as with any metal, resistivity
of a specific phase increases with temperature. As the SMA actuator contracts on heating, this tends to
reduce resistance. In addition, the Martensite and Austenite phases also have different resistivities.
Therefore, since there are competing factor tending to increase and decrease resistance as temperature
is increased, what is observed is that the resistance initially increases, before reaching a maximum,
then the resistance falls as the SMA actuator contraction dominates, followed by reaching a minimum
resistance as the phase change nears completion, followed by the resistance rising again. Closed loop
resistance feedback control of position is effective in a region between the maximum and minimum

resistances, where the change in resistance is dominated by the change in SMA actuator length.
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However there are various non-linearities that alter the time dependence of actuator position,
when maintaining a particular target resistance. One example is associated with the ends of the SMA
actuator that are typically mounted at one end to a fixed body, and at the other end to a moving body.
These bodies may typically be metal or plastic depending on whether the end point also forms an
electrical connection to the SMA actuator. These end mounting bodies have a thermal mass, and will
typically heat up over time, but with a different time constant to the central portion of the SMA
actuator. In this way, the SMA actuator near the ends loses heat to the end bodies, but does so at a
lower rate over time, as these bodies heat up. For the SMA actuator regions very close to the end
bodies, they may never reach a temperature which corresponds to the phase change, in which case, as
the end bodies heat up over time, and these end regions of the SMA actuator also heat up, their
resistance will increase. Regions slightly further away, may begin to enter the phase change region
after an extended time and begin to contract. It can be appreciated that as the resistance of the end
regions increases over time, since these regions are inside the closed loop resistance feedback loop,
the control algorithm will attempt to reduce the resistance of the SMA actuator as a whole by applying
more power, which further drives the phase change. On this basis, over time, as a resistance is
maintained, the position tends to creep in the direction of higher temperature as more power is applied
in response to the thermal time constants of the end bodies. It is highly desirable to compensate for
this and other effects.

It has been appreciated that a thermal model may be used to derive estimates of one or more
characteristic temperatures of the SMA actuator apparatus based on the history of the power that has
been supplied over time, which one or more characteristic temperatures may in turn be used to derive a
resistance offset that compensates for the creep. The thermal model relates the at least one
characteristic temperature of the SMA actuation apparatus to the power of the drive current. This is
effectively an open-loop model to estimate the temperature of the SMA actuator and the surrounding
components of the SMA actuation apparatus, for example by assuming one or more thermal time
constants in series, combined with a cumulative assessment of the power applied to the SMA actuator,
together with knowledge of the ambient temperature of the system, which estimates the heat
dissipation from the system. One example of such a thermal model is to assume a two-stage model,
where the SMA actuator loses heat to an environment of finite size immediately around the SMA
actuator. This environment in turn dissipates heat to an ambient environment, whose temperature is
assumed invariant over time. However, in general the thermal model may be of any order.

The parameters of the thermal model and the resistance model are related to the specific
mechanical arrangement of the SMA apparatus and so may be determined by experiment. The thermal
model may also be based on ambient temperature, so the method may be improved by determining the
ambient temperature and taking this into account.

With closed-loop control based on resistance, the resistance is driven to a target value within a
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range from an upper limit to a lower limit. Closed-loop control becomes impractical close to local
maximum and local minimum because the position-resistance gain approaches infinity. In practice,
therefore the upper limit and the lower limit of the closed-loop region are set to be offset from the
local maximum and minimum resistances.

The second aspect of the present invention is concerned with maximising the range of
movement available with closed-loop control based on resistance.

According to the second aspect of the present invention, there is provided a method of
controlling an SMA actuation apparatus comprising an SMA actuator arranged on contraction caused
by heating to drive movement of a movable element relative to a support structure on which the
movable element is supported,

the method comprising supplying a drive current through the SMA actuator to heat the SMA
actuator; fhe power of the drive current being controlled on the basis of a closed-loop control signal
for driving the resistance of the SMA actuator to a target value selected in a range between an upper
limit and a lower limit, wherein the upper limit is derived by the steps of:

whilst monitoring a measure of the resistance of the SMA actuator, heating the SMA actuator

from an unheated state and detecting the maximum value of the measure of resistance; and

determining whether the ambient temperature is above a reference temperature;

deﬁving the upper limit as the detected maximum value less a decrement that is dependent on
the detected ambient temperature, the decrement having a predetermined value when the detected
ambient temperature is not above the reference temperature and having a value less than the
predetermined value when the detected ambient temperature is above the reference temperature.

Further according to the second aspect of the present invention, there is provided a control
system for an SMA actuation arrangement implementing a corresponding method.

The second aspect of the invention deals with an issue that has been appreciated as follows. At
relatively high ambient temperature, the true local maximum may occur at a temperature below
ambient temperature. In this case, the SMA actuator is already in the closed-loop region in its
unheated state before thé drive current is applied. Therefore, the initial resistance is detected as the
maximum, but this is below the local maximum that would occur at lower ambient temperatures.
Setting the upper limit a predetermined decrement below this detected maximum reduces the range of
movement available using closed-loop control even though in this situation, closed-loop control could
be performed right up to the detected maximum. In the case of a camera where the infinity focus is
provided at the end of the range of travel corresponding to the resistance maximum, the loss of
movement discussed above may lead to the movable element no longer being able to reach infinity
focus.

However, the second aspect of the present invention involves the decrement having a

predetermined value when the detected ambient temperature is not above a reference temperature and
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having a value less than the predetermined value when the detected ambient temperature is above that
reference temperature. Whether or not the ambient temperature is above a reference level may be
determined by determining a measure of ambient temperature or simply by determining whether there
is a local maximum during the heating of the SMA actuator. The reference temperature is selected to
be a temperature at which the SMA actuator is already in the closed-loop region. Thus, at this
temperature or above, selecting a decrement having a lower decrement reduces the loss of range just
discussed.

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, in which:

Fig. 1 is a schematic cross-sectional view of a camera incorporating an SMA actuation
arrangement; '

Fig. 2 is a schematic diagram of the overall control ‘arrangement of the camera;

Fig. 3 is a graph of the resistance-length property of SMA during contraction;

Fig. 4 is a diagram of the control circuit;

Fig. 5 is a schematic diagram of the closed-loop control implemented by the control unit of the
control circuit; '

Fig. 6 is a graph of temperature response of the SMA actuator to a step change in power;

Fig. 7 is a graph of position against resistance for heating and cooling of the SMA actuator,
showing the hysteresis therein; and

Fig. 8 is a flowchart of an operation for setting the limits of the closed-loop control.

There will first be described the structure of a camera 1 incorporating an SMA actuation
apparatus. The camera 1 is to be incorporated in a portable electronic device such as a mobile
telephone, media player or portable digital assistant.

The camera 1 is shown schematically in Fig. 1. The camera 1 comprises a support structure 2
which has a base portion 3 on which there is mounted an image sensor 4 which may be CCD
(charge-coupled device) or a CMOS (complimentary metal-oxide-semiconductor) device. The support
structure 2 further comprises an annular wall 5 protruding from the front side of the base 3 on which
the image sensor 4 is mounted. The support structure 2 may be made of plastic.

The camera 1 further comprises a lens element 6 which holds a lens system 7 consisting of one
or more lenses 8. By way of example, the lens system 7 is shown in Fig. 1 as consisting-of two lenses -
8 but in general there may be a single lens 8 or plural lenses 8 as needed to provide the desired balance
of optical performance and low cost. The lens element 6 has a two-part construction comprising a lens
carrier 20 and a lens holder 21 mounted inside the lens carrier 20 on an internal screw thread 22
formed inside the lens carrier 20. The camera 1 is a miniature camera with the lenses 8 of the lens
system 7 typically having a diameter of at most 10mm.

The lens element 6 is arranged with the optical axis O of the lens system 7 perpendicular to
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the image sensor 4. In this manner, the lens system 7 focuses light onto the image sensor 4.

The lens element 6 is suspended on the support structure 2 by a suspension system 9
consisting of two suspension elements 10 connected between the annular wall 5 of the support
structure 2 and the lens element 6. Each suspension element 10 comprises flexures 13 which each are
coupled at opposite ends to the lens element 6 and the annular wall 5 of the support structure 2. The
suspension system 9 guides movement of the lens element 6 along the optical axis O. Such movement
of the lens element 6 changes the focus of the image formed on the image sensor 4.

The camera 1 comprises an SMA actuator 30 which comprises plural lengths of SMA wire 31.
The SMA actuator 30 may be made of any suitable SMA material, for example Nitinol or another
Titanium-alloy SMA material. 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 Martensité 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 lengths of SMA wire 31 causes them to decrease in length. The lengths of SMA wire
31are connected in tension between the annular wall 5 of the support structure 2 and the lens element
6 at an angle to the optical axis O so that on contraction they apply a tensional force having a
component along the optical axis O, in particular in a direction biassing the lens element 6 away from
the image sensor 4. This is used to drive movement of the lens element 6 along the optical axis O as
will now be described.

The force applied by the SMA actuator 30 deflects the flexures 13 of the suspension system
10 which thereby generate a biassing force in the opposite direction along the optical axis O. Thus, the
suspension system 9 provides the function of acting as a passive biassing arrangement for the SMA
actuator 30, as well as the function of suspending and guiding movement of the camera lens element 6.

In the unheated state of the SMA actuator 30, the lens element 6 is in its closest position to the
image sensor 4 within its range of movement. The camera 1 is designed so that this position
corresponds to far-field or hyperfocal focus, which is the most common setting for the camera 1,
particularly if an auto-focus function is provided. On heating, the SMA actuator 30 drives movement
of the lens element 6 away from the image sensor 4. The lens element 6 moves over a range of
movement as the temperature of the SMA actuator 30 increases over the range of temperature in which
the transition of the SMA material from the Martensite phase to the Austenite. The position of the lens
element 6 relative to the support structure 2 along the optical axis O may be controlled by control of
the temperature of the SMA actuator 30. In operation, heating of the SMA actuator 30 is provided by
passing a current therethrough which provides resistive heating. Cooling is provided by ceasing the
current and allowing the SMA actuator 30 to cool by conduction to its surroundings. The current is

supplied by a control circuit 50 which is described further below.
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The camera 1 may have the detailed construction of any of the cameras described and shown
in WO-2007/113478; W0-2008/099156; or WO-2008/099155 which are incorporated herein by
reference. As another alternative, the camera 1 may include a separate biassing element in addition to
the suspension system, for example having the construction described and shown in WO-2009/056822
which is incorporated herein by reference. However, none of these detailed constructions are essential
and in general the present invention may be applied to an SMA actuation apparatus for any kind of
movable object requiring precision control, without limitation to cameras.

The nature of the control circuit 50 and the control effected thereby will now be described.

A schematic view of the overall control arrangement is shown in Fig. 2. The control circuit 50
is connected to the SMA actuator 30 and applies a current thereto to control the temperature of the
SMA actuator 30 which moves the lens element 6 and changes the focus of the image formed on the
image sensor 4. The output of the image sensor 4 is supplied to the control circuit 50 to be processed
for determination of a measure of the quality of focus.

The control circuit 50 controls the degree of heating of the SMA actuator 30 by varying the
power of the current flowing therethrough in response to the resistance of the SMA actuator 30 which
is used as a measure of the position of the lens element 6. Other measures of position such as the
temperature measured by a temperature sensor or a direct measure of the position of the lens element 6
output by a position sensor could be used, but a resistance sensor is advantageous because it does not
increase the package size of the camera due to being implemented merely by additional components in
the control circuit 50. The physical phenomena behind the use of resistance are as follows.

On heating of the SMA, there is an increase of resistivity with temperature as for most
materials. This occurs inside and outside the range of temperature over which the phase-change occurs
(the phase transition range) and hence over which the SMA contracts. However inside the phase
transition range two further effects occur. Firstly, the Austenite phase has a higher resistivity than the
Martensite phase which tends to increase resistance with temperature. However, an opposing effect is
that the change of geometry, involving a reduced length and increased cross-sectional area, tends to
reduce resistance with temperature. This opposing effect is significantly greater than the other effects.
Thus, during heating from low temperature, when the phase transition range is reached and the SMA
starts to contract, after an initial rise of resistance the geometrical effect rapidly dominates with the
result that during the major part of the contraction the resistance of the SMA actuator decreases. This
occurs until the phase change has occurred in nearly all of the SMA so that the degree of contraction
falls allowing the resistance to rise.

Thus, SMA material has a property that resistance varies with length during heating and
contraction along a curve of the form shown in Fig. 3 which is a graph of resistance of an SMA
actuator against its length, corresponding to the position x of the lens element 6, the length increasing

as the SMA material contracts corresponding to increasing temperature. Thus across the phase
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transition range, the lens element 6 moves across a positional range Ax due to the contraction of the
SMA. The resistance rises across a small initial part of the positional range Ax to a local maximum 60
having a resistance value Rmax. The resistance falls across the major part of the positional range Ax to
a local minimum 61 having a resistance value Rmin, whereafter the resistance rises across a final part
of the positional range Ax. Although the other factors affecting and increasing resistance make the
overall relationship between temperature and resistance highly non-linear, the process of contraction
and the associated reduction in resistance produce an almost linear dependence between resistance and
position based on measurement over the greater part of the positional range Ax between the local
maximum 60 and the local minimum 61. Although the underlying physics is not entirely understood,
the phenomenon is empirically observed and helps when applying closed-loop control as discussed
below.

The control circuit 50 uses pulse-width modulation (PWM). In particular, the control circuit
50 applies a pulse-width modulated current pulses (which may be under constant current or constant
voltage control) and varies the duty cycle in order to vary the power of the current applied and hence
the heating. Use of PWM provides the advantage that the amount of power supplied may be accurately
controlled with a fine resolution. This method provides a high signal-to-noise ratio, even at low drive
power. The PWM may be implemented using known PWM techniques. Typically, the control circuit
50 will continually supply a pulse of current, for example with a duty cycle varying in the range from
5% to 95%. When the duty cycle is at a low value within this range, the average power in the SMA
actuator 30 is low and so the SMA actuator 30 cools even though some current is being supplied.
Conversely, when the duty cycle is at a high value in the range, the SMA actuator 30 heats. The
resistance is measured during the current pulse, for example after a short, predetermined delay from
the start of the pulse.

During heating of the SMA actuator 30 from a cool state below the phase transition range, the
resistance varies with position in the mannef shown in Fig. 3 in a manner which is consistent from
sample to sample and in successive heating cycles. During cooling the resistance changes along a
curve which is different but of similar form.

The control circuit 50 is shown in Fig. 4 and includes the following components.

The control circuit 50 includes a drive circuit 53 which is connected to supply current to the
SMA actuator 30. The drive circuit 53 may be a constant-voltage current supply or a constant-current
current supply. For example, in the latter case the constant current might be of the order of 120mA.

The control circuit 50 further includes a detection circuit 54 arranged to detect the resistance
of the SMA actuator 30. If the drive circuit 53 is a constant-current current supply, the detection
circuit 54 may be a voltage detection circuit operable to detect the voltage across the SMA actuator 30
which is a measure of the resistance of the SMA actuator 30. If the drive circuit 53 is a

constant-voltage current supply, the detection circuit 54 may be a current detection circuit. For a
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higher degree of accuracy the detection circuit 54 may comprise a volfage detection circuit and a
current detection circuit operable to detect the voltage and current across the SMA actuator and to
derive a measure of resistance as the ratio thereof.

Two detailed circuit implementations for the control circuit 50 are shown and described in
WO0-2009/071898 which is incorporated herein by reference, in particular in Figs. 5 and 6 of WO-
2009/071898 and the associated description.

The control circuit 50 further includes a control unit 52 which is operative to generate a
control signal which is supplied to the drive circuit 53 to cause the drive circuit to supply a PWM
drive current. The control unit 52 varies the power of the drive current by varying the duty cycle of the
PWM drive current. The control unit 52 may be implemented in digital logic, preferably by a
microprocessor running an appropriate program. The control unit 52 is operati\}e to provide closed-
loop control for driving the resistance of the SMA actuator to a target value.

Optionally, the control unit 52 may additionally implement open-loop control in combination
with closed-loop control to provide movement outside the limited range of movement achievable by

closed-loop control, as disclosed in detail in WO-2009/071898 which is incorporated herein by

~ reference, and which refers to this as a “mixed mode”.
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In providing closed-loop control, the control unit 52 receives the resistance measured by the
detection circuit 54 and varies the power of the drive current in response thereto, using the measured
resistance of the SMA actuator 30 as a feedback signal to drive the measured resistance to a target
value for the resistance of the SMA actuator 30. In particular, the control unit 52 varies the power of
the drive current on the basis of an error between the measured resistance and the target value.

The control unit 52 may implement a number of control algorithms to vary the power of the
drive current. One possibility is proportional control in which the power is varied by an amount
proportional to the difference between fhe detected resistance and the target resistance. Other
possibilities include proportional-integral (PT) and proportional-integral-derivative (PID) control; aléd
taking into account the integral and/or derivative of the error E. If integral control is applied, the
integrator must be very carefully tuned to the system. If the integration is too quick, it will increase the
tendency of the system to overshoot, and may indeed cause self-sustaining oscillation away from the
mechanical resonance of the system. If the integration is too slow, then it will take a very long time to
settle resulting in drift during operation. In practice, this may make it desirable to avoid integral
control or to apply integral control over a relatively narrow bandwidth which does not extend to DC.

Optionally, the control unit 52 may adjust the closed-loop control signal by adding an offset
which reduces the steady-state value of the error between the measure of the resistance of the SMA
actuator detected by the detection circuit 54 and the target value, in the manner disclosed in detail in
WO0-2009/071898 which is incorporated herein by reference.

Within the feedback loop, the control unit 52 applies a resistance offset to the error between
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the resistance measured by the detection circuit 50 and the target resistance. The resistance offset is
based on open-loop estimates of at least one characteristic temperature of the camera 1 over time as
power is applied and heat is lost to the environment so as the compensate for the non-uniform thermal
properties of the camera 1 that change according to different thermal time constants. The purpose of
this and the specific implementation will now be described.

It has been appreciated that, in general terms, the temperature of the environment around the
SMA actuator 30 has a large effect on its performance, and applying power to the SMA actuator 30
will cause the temperature of that environment to change. This can therefore manifest itself as a drift
over time in the position of the SMA actuator 30 when driven to have a given resistance. Herein, this
behaviour is informally referred to as “creep” (because this is a well-understood engineering term, and
the symptom is similar). However, technically speaking the behaviour truly is a drift, and the true
creep of the materials involved is genuinely negligible on the relevant timescale of seconds.

It has been appreciated that this creep (or drift) can be compensated by deriving a resistance
offset from estimates of at least one characteristic temperature of the camera 1 themselves derived on
the basis of the power of the drive current supplied to the SMA actuator 30 using a thermal model of
the camera 1. Use of a resistance offset is feasible because position and resistance have some
equivalence, provided the resistance offset is derived from the thermal model. This thermal model
models the heating of the environment around the SMA actuator 30, which is essentially the elements
of the camera 1 and the ambient temperature in which the camera 1 is situated. As the environment
around the SMA actuator 30 is heated by the drive current passing through the SMA actuator, the
thermal model relates the at least one characteristic temperature to the power of the drive current, in
particular based on the history of the power that has been supplied over time, as follows.

Heating relationships are generally exponential in nature. For example, an appropriate formula
describing the instantaneous temperature T of an object at time t in an environment of ambient
temperature Tamb at initial temperature (Tamb + Texcess) would be:

T = Tamb + (Texcess - exp(-t/t))
where T is a time constant of the heat transfer from the object to the environment. Due to the time
quantisation inherent in digital control, it is convenient for the control unit 52 to employ a thermal
model represented by differential forms of this equation.

At simplest, the thermal model represents just a single characteristic temperature Tandina
differential notation is of the form:

AT=(P/W)-((T -Tamb) / 7)
where T is the instantaneous value of the characteristic temperature, Tamb is the ambient temperature,
AT is the change of the characteristic temperature in a given period, P is the power applied in that
period, W is heat transfer constant, ie a heat capacity, and T is a thermal time constant. In this case, the

characteristic temperature may be notionally thought of as the overall temperature of the components
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of the camera 1 surrounding the SMA actuator 30.

Additional accuracy can be achieved by employing a multi-stage thermal model of plural
characteristic temperatures T1, T2, ..., Tn. in which each successive characteristic temperatures after
the first is derived from a previous characteristic temperature. Mathematically the model can be
expanded to any arbitrary order. Physically speaking, there can be many parts of the thermal
environment of the SMA actuator 30, for example different physical components of the camera 1, each
with their own magnitude and time constant. Thus a multi-stage thermal model can provide greater
accuracy, albeit at the cost of greater complexity and calculation. The thermal model can be of
arbitrary order (compensating for individual elements each with different thermal connection to the
system, different time constants etc.). There is diminishing marginal return on increasing the model
order. A cost-benefit type of calculation can be done to select an appropriate model order for the
particular driver system. Effective compensation for drift may be achieved with a second order model.
There appears to be appreciable benefit in increasing it to 3rd order, but as the order becomes higher,
it becomes more difficult to separate the effect of the different orders. In this case, a numerical
optimisation technique can be useful. This involves choosing a first guess set of coefficients for the
thermal model, running a test signal through the actuator, and then adjusting parameters (using a
random walk method of coefficient selectionj.

A multi-stage thermal model in differential notation may take the form of the following

equations:
AT1=((P/W1)-((T1 - Tamb)/ t1))

AT2 = ((T1 - Tamb) / W2) - ((T2 - Tamb) / 12)

ATn = ((Tn-1 - Tamb)/ W) - ((Tn - Tamb) / tn)
where:
. T1, T2, ..., Tn are the instantaneous values of the characteristic temperatures;
. Tamb is the ambient temperature;
. AT1, AT2, ..., ATn are the changes in each characteristic temperature in each period;
. W1, W2, ..., Wn are the heat transfer constants for the camera 1, W1 being a heat capacity (in

units of [energy][time]/[temperature]) per period (ie units of [energy}/[temperature] overall)
and W2, ..., Wn being thermal transfer time constant (in units of [time]) per period ( ie unit-
less overall);

. P is the energy supplied to the SMA actuator 30 per period; and

. 11, 12, ..., Tn are thermal time constants (in units of [time]) per period (ie unit-less overall).
Thus, the first linear equation relates the change in the first characteristic temperature T1 to

the instantaneous value of the first characteristic temperature T1 and the power of the drive current,

whereas the further linear equations relate the change in a respective characteristic temperature T2, ..,
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Tn to the instantaneous value of that respective characteristic temperature T2, ..., Tn and the
instantaneous value of at least one other characteristic temperature.

The equations are applied periodically to update the characteristic temperatures (in a period
referred to as a “refresh period” below). The period at which each equation is updated need not be
equal. When the equations are updated at different periods, the constants W1, W2, ..., Wnand 11, 12,
..., Tn are scaled relative to each other in accordance with the period at which each equation is
updated. Typically, the first equafion may be updated rapidly, at or close to the same rate as the
closed-loop control scheme (typically ~2kHz), but other equations may be updated more slowly even
by orders of magnitude more slowly.

The characteristic temperatures have physical significance. In particular, the characteristic
temperatures T1, T2, ..., Tn may be notionally thought of as the temperature of components of the -
camera 1 surrounding the SMA actuator 30 that have a further thermal mass and uare thermally coupled
to the SMA actuator 30. The reason why some equations may be updated more slowly than others is
that they model components that change temperature more slowly than others.

The constants W1, W2, ..., Wn and 71, t2, ..., tTn may be thought of as notionally being the
thermal constants of the components of the camera 1 and are derived as described below.

The thermal model also takes into account the ambient temperature Tamb. This is because
heat transfer occurs from the camera 1 to the environment around it that may be assumed to have an
invariant temperature, that is the ambient temperature. The ambient temperature Tamb is derived by
the control unit 52 as described further below.

Alternatively, multiple characteristic temperatures could be calculated on the basis of the same
input variable to represent effects of different time constant or magnitude.

In some cases there may be a choice of variables to use as input to a particular differential
equation. There are physical reasons why one may be chosen above the other. For example, if the
mechanism of heat transfer was really from one component to another component, both of whose
temperatures are being estimated, then it would be appropriate to estimate the temperature
measurement of the second component from the estimated temperature of the first component.
However, calculation precisioﬂ may force the implementer to choose a model which is less
representative of the true thermal environment. Where long time-scales are involved, it can be very
useful to rely on previously filtered data to lower the required precision in the differential calculation.

A similar type of thermal model is disclosed in WO-2009/071898 for the purpose of
implementing an open-loop control algorithm for an SMA actuator, without resistance feedback.
However it has been appreciated that a thermal model can also be used to compensate for the creep in
position under closed-loop control by making two significant changes. Firstly, the thermal model is
itself adapted so that all the characteristic temperatures are representative of temperatures of the

components of the camera 1 surrounding the SMA actuator 30, rather than one of the characteristic
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temperatures being representative of the SMA actuator 30 itself. This means the parameters of the
thermal model need corresponding adaption. Secondly, the approach is adapted by instead deriving a
resistance offset from the at least one characteristic temperature that offsets the resistance error in the
closed-loop control.

The resistance offset is derived from the at least one characteristic temperature of the camera
1 using a resistance model that relates the resistance offset to the at least one characteristic
temperature. The resistance offset is updated each time that any characteristic temperature is updated.
In general, the resistance model could be a complex non-linear function to assess the impact of the at
least one characteristic temperature on resistance. Such a complex scaling function would require an
estimate of ambient temperature plus also a model of wire resistance with temperature. However, in
practice it is found that simple”scaling factors are sufficient to achieve the required"lével of
performance. In this case, resistance model is a linear equation, for example of the form:

Roffset=(T1/Y1)+(T2/Y2)+ ..+ (Tn/Yn)
where Roffset is the resistance offset and Y1, Y2, ..., Yn are scaling constants and are derived as
described below.

The control unit 52 applies the resistance offset thus derived to offset the error between the
measured resistance of the SMA actuator 30 and the target value. That is, the control unit 52 controls
the power of the drive current on the basis of that error offset by the resistance offset rather than the
error itself. Accordingly, this offset and the resultant compensation for creep (or drift) can be applied
without any alteration to the core SMA control algorithm. A control system based on resistance
feedback will require the resistance of the actuator to be assessed from time-to-time. To implement a
drift compensated response, any time the resistance of the actuator is found, the instantaneous
calculated resistance offset due to drift is added before the resistance is returned to the controller.

An example of the operation of the control unit 52 ro provide such closed-loop control is
shown in Fig. 5 and will now be described. The control unit 52 takes a demanded position x
represented by data 70 as the input and on the basis thereof derives the power P of the drive current to
be supplied to the actuator as a power control signal 71. To achieve this, the control unit 52 performs
the following operations.

In step S1, the demanded position x represented by data 70 is converted to a target resistance
Rtarget. This may be performed in accordance with the equation:

’ Rtarget=Ru - (A - x)
where Ru is an upper limit of the range of target resistances and A is a scaling factor. For example, A
may have a predetermined value or may be calculated from the upper limit Ru and the lower limit Rl
of the range of resistances. As an alternative to using the demanded position x, step S1 may be omitted
and the control unit 52 may perform closed-loop control solely on the basis of resistance. In this case,

the target resistance Rtarget represented by data 72 is used directly as the input to the control unit 52.
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The relationship between the actual range of movement Ax1 achievable by closed-loop control
as shown in Fig. 3, the upper limit Ru and the lower limit Rl of the range of resistances over which
closed-loop control is shown, and the value of the scaling factor A is given by equation:

| A=(Ru-Rl)/Axl

In step S2, the control unit 52 calculates the power P of the drive current to be supplied to the
SMA actuator 30 as a power control signal 71 on the basis of the target resistance Rtarget represented
by data 72, together with the measured resistance Ractual of the SMA actuator 30 represented by data
73 that is derived from the detection circuit 54 and the resistance offset Roffset represented by data 74
that is derived as described below. As described above, the power P of the drive current is derived on
the basis of the error between the measured resistance Ractual and the target resistance Rtarget offset
by the resistance offset Roffset, that is on the basis of the value ((Rtarget - Ractlial) - Roffset). For
example, in the case of using proportional control, the power P of the drive qurréht is given by the
equation:

P=G - ((Rtarget - Rabtual) - Roffset)
where G is a gain, although as discussed above other types of control are possible, e.g. PI control or
PID control.

The power control signal 71 representing the power P of the drive current to be supplied to the
SMA actuator 30 is supplied to a PWM generator 73 which generates a PWM control signal 76 which
is PWM-modulated in accordance with the value of the power control signal 71. The PWM control
signal 76 is supplied to the drive circuit 53 which supplies the drive current to the SMA actuator 30 in
accordance therewith.

In step S3, the thermal model is used to derive the at least one characteristic temperature T1,
T2, ..., Tn as data 76. To do this, step S3 uses the power P of the drive current represented by the
control signal 71. However as an alternative to using the control signal 71, step S3 may use a measure
of the actual power of the drive current supplied to the SMA actuator 30 taken from the drive circuit
53 as shown by the dotted line in Fig. 5. Step S3 also uses the ambient temperature Tamb represented
by data 77. A measure of ambient temperature may be derived as described below or alternatuively a
fixed level of ambient temperature may be used. Step S3 is performed by using the equations set out
above to periodically update the at least one characteristic temperature T1, T2, ..., Tn. As mentioned
above, when plural characteristic temperatures T1, T2, ..., Tn are used, they may be updated over
different periods.

In step S4, the resistance model is used to derive the resistance offset Roffset as data 74 from
the at least one characteristic temperature T1, T2, ..., Tn represented by data 76. Step S4 is performed
using the equation set out above to update the resistance offset Roffset whenever any one of the at
least one characteristic temperature T1, T2, ..., Tn is updated.

The parameters of the thermal model represented by the constants W1, W2, ..., Wn and 11, 12,
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..., Tn and the parameters of the resistance model represented by the constants Y1, Y2, ..., Yn may
have fixed values which are typical of the design of the camera 1. They may be determined through
experimentation and characterisation of the camera . This may be done generically for all cameras 1 of
a given design, or in principle from measurements performed in respect of an individual camera 1
either during manufacture or even during use by the control unit 52 performing a calibration operation
prior to use. The derivation of these parameters will now be described.

Each of the parameters has a physical significance. For example, the constants 71, 72, ..., Tn
are true thermal transfer time constants (for example, the time of a component to lose 63.2% of its
temperature differential to ambient when the heat source is completely removed) and the constant Wi
is a heat capacity (for example the energy per °C temperature rise of the environment, or some
appropriately system scaled representation of such) and the constants W2, ..., Whn is a thermal transfer
time constant (representing lag of the second component behind the first). The scaling factors Y are
an approximation to °C per ohm (where the required resistance change itself has been calculated on
the basis of a knowledge of microns movement per ohm).

Due to this physical significance, it is possible to estimate all of these parameters from
simulation or experiment, for example by holding a constant power in the active range of the SMA
actuator 30, and then monitoring drift in resistance. From such measured data, it is possible to extract
multiple exponential responses. The time constant of these response curves is sufficient to set
constants T1, T2, ..., Tn directly. The final magnitude of response of each of these exponentials
determines the constants W1, W2, ..., Wn .

There is even the possibility to measure the constants W1, W2, ..., Wn and 11, 12, ..., Tn
on-the-fly, by the control unit 52 performing a calibration operation. Having said this, on-the-fly
measurement is difficult due to the numerical complexity and timescale of the drift effects. That is, a
short measurement period means the results will be subject to noise, whereas a long measurement
period is undesirable from a user perspective. Thus, in practice, the parameters might be set for a
given design of camera 1 by numerically optimising performance across a number of actual cameras.

A simple procedure for the numerical optimisation is as follows.

1. A statistically significant number of cameras 1 are operated at several ambient temperatures
with the drift compensation disabled (by setting the resistance offset Roffset to zero). The typical test
waveform is just a step to a position and hold for many seconds. Power, displacement and resistance
are monitored during this test. A typical response that might be recorded during this procedure is
shown in Fig. 6, it being noted that the response has two distinct time constants.

2. Using knowledge of the actuator gain characteristic (in units of [position])/[power]), the
residual positional error which needs to be reduced by the drift compensation. That is, positional
errors which can be ascribed to resistance deviation are removed. The remainder is that which must be

cancelled via drift compensation.
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3. Using standard tools (e.g. a numerical optimiser or even line-fitting), the constants W1, W2,
..., Wn and t1, T2, ..., tn are estimated. It should be noted that there is an arbitrary gain scaling
between the constants W1, W2, ..., Wn and the constants Y1, Y2, ..., Yn, so the constants Y1, Y2, ...,
Yn can be fixed based on other experimental data, or on consideration of numerical precision in the
implementation.

4. The compensation can be enabled and step 1 repeated to confirm the compensation quality.
Steps 2 and 3 can be iterated until a good response is achieved. The primary advantage of such
iteration is that it is very difficult to separate the responses of the multiple time constants from a single
data set, that is from a numerical stability aspect. Iterative refinement gives the possibility of very fine
adjustment of these parameters.

Thus, the control unit 52 provides closed-loop control for driving the resistance of the SMA
actuator to a target valué within a range from an upper limit to a lower limit. As discussed above,
using resistance is advantageous as the feedback parameter because it provides accurate positional
control, the position varying monotonically and close to linearly with the resistance as shown in Fig. 3.
The stability of the feedback control is maintained by the inherent proportional-integral action of the
SMA actuator 30 itself during heating. The overall feedback response is dominated by the response of
the whole of the heating of the SMA actuator 30. Clearly, the electrical power required to drive the
SMA actuator 30 through its phase transition temperature, and hold a proportional position, is highly
dependent on the ambient temperature. However, use of resistance as a feedback parameter in
closed-loop control combats both the temperature hysteresis of the phase change, the temperature
range of the phase transition, and the high dependence on ambient temperature.

However, the position-resistance relationship experiences a degree of non-linearity and also

hysteresis. Optionally, compensation for these effects may be provided in the control effected by the

" control unit 52, as follows.
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Non-linearity occurs due to several competing phenomena. Some of the phenomena are related
to the SMA material itself. Typically as the temperature of a metal such as SMA rises, its resistivity
increases, leading to an increase in resistance. For the case of SMA, the material undergoes a
solid-state phase change over a certain température range, and this can be used, along with suitable
bias forces to construct an actuator. The resistivities of the two phases can also be different. Further to
this, it is typical for the SMA material to be arranged such that on heating it contracts under load. The
act of contracting makes the material shorter and fatter, reducing the electrical resistance. For a
usefully substantial proportion of the phase chase, and material contraction, this last phenomenon
dominates, and the SMA wire resistance decreases as it is heated up and contracts. Outside this region
the resistance increases. Therefore, the general characteristic as the SMA is heated is for the resistance
to begin to rise as it begins to contract. Then it reaches a maximum resistance before decreasing as it

contracts. Towards the ends of the phase change region, on continued heating, the contraction rate
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slows, and the resistance reaches a minimum before rising again. The region where the SMA
resistance decreases on heating (between and suitably offset from the resistance maximum and
minimum) corresponds with the region in which monitoring the electrical resistance provides a good
feedback parameter for controlling position. In this region, if the only phenomenon changing
resistance were the geometric changes, to the material, the change in actuator position could be
directly proportional to the change in resistance.

In practice the physical arrangement of the camera 1 can introduce additional non-linearity.
For example, slight non-linearity is introduced when the SMA actuator is provided as an angled wire.

Non-linearity correction may be provided simply by providing a non-linear mapping function
between the demanded position x and the target resistance Rtarget that compensates for the non-
linearity in the resistance-position characteristic. This may be thought of as an open-loop correction of
the non-linéarity.

In the implementation of the control unit 52 shown in Fig. 5 this may be achieved by
modifying step S1 to replace the use of the linear scaling factor A by a non-linear equation. One
approach is to apply a linear correction to the demanded SMA resistance based on its relative
difference to the measured maximum or minimum resistance. This essentially applies a second order
correction to the resistance-position characteristic.

The form of the non-linear characteristic may be derived by experiment, that is by measuring
the actual movement derived by the camera 1. Typically this is derived for a particular design of the
camera 1 by experiments on a sample of individual cameras 1.

Achieving linearity is advantageous in many applications, for example when applying certain
autofocus algorithms in the case of a camera .

Hysteresis is an intrinsic property of the SMA material caused by the phase change and
manifests as the resistance-position characteristic being different when the SMA actuator 30 is heated
or cooled.

Hysteresis compensation may be achieved, in a similar manner to non-linearity correction by
applying a mapping function between the demanded position x and the target resistance Rtarget that is
dependant on the history of previous demanded positions so as to compensate for position-resistance
hysteresis. The mapping is different dependant on whether the SMA actuator 30 is being heatedor -
cooled, for example having at least two portions representing opposite corrections to the hysteresis.
This may be thought of as an open-loop correction of hysteresis. Hysteresis correction and non-
linearity correction may be applied simultaneously by a single mapping function.

The form of the hysteresis characteristic may be derived by experiment, that is by measuring
the actual movement derived by the camera 1. Typically this is derived for a particualr design of the
camera ! by experiments on a sample of individual cameras 1.

The parameters of the hysteresis model may be predetermined, but optionally one or more
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parameters may be set in use by the control circuit 52 performing a calibration operation, e.g. on start-
up or software reset, based on measurements of electrical properties of the SMA actuator 30, such as
resistance and power required to hold a given resistance. For example the difference in resistance of
the SMA actuator 30 when unheated and at a known reference point such as the local maximum
resistance may be measured to provide a measure of ambient temperature, and further the average
electrical power required to maintain a predetermined resistance may be measured, so that the two
measurements together allowing a variable to be determined that correlates with the stress in the SMA
actuator 30, which in turn correlates with the phase change temperature, which in turn correlates with
one or more parameters of the hysteresis model. This variable is then used to set one or more
parameters of the hysteresis model.

In principle, these techniques can be used whatever the exact shape of the hysteresis
characteristic that is experienced and can be determined by experiment. However, it has been found
that operating the SMA actuator 30 at high stress reduces hysteresis, as well as increasing the phase
transition temperature which improves hot operating performance. In addition, to reduce the maximum
stresses in the SMA actuator 30, it is desirable to design the elements providing biassing against the
SMA actuator 30 with minimum stiffness to minimise the change in stress of the SMA actuator 30
over the movement range. If this is done, it is found empirically that the resistance-position
characteristic is the shape of a ﬁguré-of—eight in which the heating and cooling characteristics cross
one another. An example of this is shown in Fig. 7 which is a graph of position against resistance (or
rather the negative of resistance). Curve 81 is the characteristic during heating and curve 82 is the
characteristic during cooling. The curves cross at a crossover point 83.

This characteristic thus presents a novel hysteresis compensation problem as the control
algorithm must compensate for this figure-of-eight shape. A solution is tov use a novel piecewise linear
model of the reverse hysteresis shape in figure-of-eight shape to compensate. The physical basis for
the figure eight is not entirely clear. However, it is found empirically that at lower stresses the
crossover point 83 to higher commands (lower resistances), so that at low stresses the loop is
essentially no longer a figure-of-eight shape, but a more normal hysteresis loop.

In addition to this novel compensation algorithm, it is found, at least in part due to the end
regions of the SMA actuator 30 as with creep, that the hysteresis of the SMA actuator 30 changes over
the temperature range. Therefore, as with creep compensation above, the ambient temperature estimate
using the SMA wire resistance and /or power can be used to adjust the hysteresis model compensation
parameters to minimise hysteresis over the temperature range. It is possible to store the mapping as a
predetermined pair of curves in respect of heating and cooling and to scale the stored curves by
adjusting the resistance that corresponds with the crossover point 83 based on measurements of
electrical properties of the SMA actuator 30.

Specifically, by making use of the empirical knowledge that the crossover point 83 varies with
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stress in the SMA actuator 30, and then the stress in the SMA actuator 30 also affects the transition
temperatures. On this basis, the a measure of ambient temperature, for example made during a start-up
calibration routine, which for example may be associated with the difference between the resistance of
the SMA actuator 30 at start-up, and the resistance of the local maximum (a larger change implies a
lower SMA actuator 30 temperature at start-up, which implies a lower ambient temperature). Further
to this it is possible, during the calibration cycle to maintain a position (SMA wire resistance) that is at
a predetermined level, eg mid-way, relative to the resistances of the local maximum and local
minimum, and measure the average power required to hold this position (a different reference point
may be chosen). Given the knowledge of the ambient temperature, the power required to hold position
then reflects the phase transition temperature for a given module, which in turn is correlated with the
stress of the SMA actuator 30 in the camera 1, which in turn is correlated with the position of the
crossover point 83. Therefore the ambient temperature information, and holding power information
can be used to adjust and calibrate the hysteresis model during the calibration cycle. This then allows
the hysteresis performance to be optimised.

This method of correcting for hysteresis is relatively basic. No direct measurement is made of
the displacement of the lens element 6 which is assumed to scale linearly(that is, devices will have an
'activity' which just linearly scales the output, which is therefore not corrected). Also, the
measurements made only accommodate the zeroth order of hysteresis (that is, the bulk power offset
between heating and cooling). However it is believed that in the case of a camera there is only limited
gain to be had by improving these models. Calibrating displacement is difficult and generally
unnecessary, as auto-focus search methods generally work based on relative movements, rather than
absolute. Even if the actuator is 100% accurate in terms of step size, the focal length of the lens will be
inaccurate and therefore there is still an unknown effect on focus. As always, these types of tolerance
discussions are dominated by RMS considerations, and even reducing the uncertainty in one part to
zero will not necessarily have a significant impact on the system performance.

There are well known, more elaborate, hysteresis models available that may be applied. An
often-cited one is the discrete Preisach model of hysteresis. This type of model can be used either at
the front of the calculation chain (i.e. a modifier which applies to the desired position) or at the back
end of the calculation chain (i.e. a modifier which applies to the desired temperature). The Preisach
model can be scaled such that the 'eye opening' at the mid point of the outer hysteresis loops match the
measurements of TRMid-heat and TRMid-cool. However as mentioned earlier, these types of
improvement are rarely justified in the face of the significant extra complexity of adding them.

Avoiding hysteresis is advantageous in many applications, for example when applying certain
auto-focus algorithms in the case of a camera so that the same focus is reached regardless of the
direction in which it is approached.

It has already been explained that the control unit 52 provides closed-loop control for driving
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the resistance of the SMA actuator 30 to a target value within a range from an upper limit Ru to a
lower limit RI. Setting of the upper limit Ru and the lower limit R1 will now be discussed. Closed-loop

control becomes impractical close to local maximum 60 and local minimum 61because the

. position-resistance gain approaches infinity. In practice therefore, the upper limit Ru and the lower

limit R] are set to the closed-loop region that are offset from the local maximum and minimum
resistances. For example in an initial calibration stage, the SMA actuator 30 is heated and during the
heating the local maximum 60 and local minimum 61 are detected and the resistances Rmax and Rmin
thereof are detected and stored. The upper limit Ru is set a predetermined decrement below the
resistance Rmax and the lower limit Rl is set a predetermined increment above the resistance Rmin.
Other examples of control algorithms which may be applied are disclosed in WO-2007/113478; WO-
2008/099156; and WO-2008/099155. However, as shown for example in Fig. 3, the actual range of
movement Ax1 achievable is set by the values of the upper limit Ru and the lower limit Rl and is less
than the total range of movement x of the SMA actuator 30 during contraction, because some of the
contraction of the SMA actuator 30 near and beyond the local maximum 60 and local minimum 61 is
not reached.

There is an issue with this approach as follows.

The camera 1 is configured so that when the SMA actuator 30 is unpowered, the biassing
forces the lens element 6 against a hard mechanical end-stop. This end stop is arranged to correspond
to a lens position at the far field” end of travel. For example, it may correspond to the optimal lens
position for focusing at infinity. Alternatively, the infinity position may be located slightly off the end
stop to allow for manufacturing tolerances, and changes in the lens optical parameters over the
operating temperature range. In this latter case, it is typical for the unpowered mechanism on the end
stop to correspond with a lens position where the focus approximates sufficiently close to the real
infinity position that such focus is good enough when viewed on the product (such as a mobile phone)
display.

At room temperature, the camera 1 is typically configured so that the resistance maximum
occurs whilst the mechanism is still on the end-stop. In this way the region that is suitable for closed-
loop positional control overlaps with the positions as the mechanism lifts off the end-stop. This
ensures that the mechanism can be controlled right down to the end-stop.

In order to operate at relatively high temperatures, desirably the elements providing biassing
create relatively high stresses in the SMA actuator 30. The higher the mechanical stress, the higher the
transition temperatures, and hence the higher the possible ambient temperatures that the mechanism
can successfully operate in. Therefore the stresses in the SMA actuator 30 are chosen as a
compromise between operating temperature range, and fatigue failure, which is hastened for very high
stresses. When the lens element 6 is pressed onto the mechanical end-stop, the stresses in the SMA

actuator 30 are no longer determinate and set by the mechanism, but are unknown. It is found that
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above a given temperature, the phase transition has begun, and so even when the SMA actuator 30 is
unpowered, it is taut, although there is not sufficient stress to lift the mechanism off the end-stop.

However, since at high ambient temperature, the actuator 30 is already taut when power is
first applied, there is no recognisable local maximum resistance; the resistance will merely decrease
from the value at turn on.

Generally speaking, at relatively high ambient temperature, the true local maximum 60 may
occur at a temperature below ambient temperature. In this case, the SMA actuator 30 is already in the
closed-loop region in its unheated state before the drive current is applied. Therefore, the initial
resistance is detected as the maximum, but this is below the local maximum 60. Setting the upper limit
a predetermined decrement below this detected maximum reduces the range of movement available
using closed-loop control even though in this situation, closed-loop control could be performed right
up to the detected maximum. In the case of a 'cémera 1 where the infinity focus is provided at the end
of the range of travel corresponding to the resistance maximum, the loss of movement discussed above
may lead to the lens element 6 no longer being able to reach infinity focus.

This loss of available movement is avoided by the control unit 52 setting the upper limit Ru
and the lower limit Rl by a calibration operation shown in Fig. 8 that will now be described.

In step S11, the SMA actuator 30 is heated from an unheated state whilst the resistance of the
SMA actuator 30 detected by the detection circuit 54 is monitored to detect the maximum and
minimum resistances.

In step S12, it is determined whether the ambient temperature is above a reference
temperature. There are two alternative techniques for this.

The first technique is to determine a measure of ambient temperature and to compare that
measure to a pre-stored reference temperature. In this case, step S12 may alternatively be performed
before step S11. Methods of determining a measure of ambient temperature are discussed below.

The second technique is to determine whether there is a local maximum in the measure of
resistance that is measured during the heating of the SMA actuator in step S11. In this case, the
reference temperature is not a pre-stored value, but intrinsically in the design of the camera 1 there
will be a reference temperature above which a local maximum in the resistance does not occur, as
discussed above. The reference té‘mperature may vary for different cameras 1, or over the lifetime of a
camera 1.

In step S13, the upper limit Ru and the lower limit Rl are derived. The lower limit Rl is
derived as before, as a predetermined increment above the minimum resistance. However, the upper
limit Ru is derived as the detected maximum less a decrement that is dependant on the detected
ambient temperature, rather than being fixed. In particular, the decrement has a predetermined value
when the detected ambient temperature is not above the reference temperature and has a value less

than the predetermined value when the detected ambient temperature is above that reference
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temperature.

The reference temperature is a temperature at which the SMA actuator 30 is already in the
closed-loop region, as discussed above. A typical reference temperature is around 60°C or 70°C.
Thus, above this temperature, selecting a decrement having a lower decrement reduces the loss of
range discussed above.

One option is for the decrement to have a second predetermined value, for example zero, when
the detected ambient temperature is above that predetermined temperature. This has a disadvantage of
creating a discontinuity in the response of the SMA actuator 30 with temperature when the ambient
temperature passes through the reference temperature. This is not an inherent problem as the SMA
actuator will have a position-demand characteristic that is of the same form, although shifted, but it is
undesirable.

Another option which is available when a measure of ambient temperature is determined and
which combats this disadvantage is for the decrement to have a value decreasing with temperature to a
second predetermined value, for example zero, when the detected ambient temperature is in a
predetermined range above the reference temperature, and having the second predetermined value
when the detected ambient temperature is above the predetermined range. This effectively obtains an
estimate of how far the SMA actuator 30 is, and can be used to produce a seamless reduction of the
margin to ensure there are no sudden discontinuities in response.

As discussed above, the control unit 52 uses a measure of ambient temperature in several
ways. The measure of ambient temperature may be derived from any source, for example a
temperature sensor.

When the drive current is controlled on the basis of a measure of the resistance of the SMA
actuator 30, various electrical characteristics of the SMA actuator 30 are representative of ambient
temperature, and thus such an electrical characteristic of the SMA actuator may be used as a measure
of ambient temperature. Thus, the measure of ambient temperature may alternatively be derived as a
measure of an electrical characteristic of the SMA actuator that is representative of the ambient
temperature, in the manner disclosed in detail in WO-2009/071898 which is incorporated herein by
reference. :

- The various types of control described above may be used to drive the movement of the -
movable element 6 to change its position. In the case of the camera 1, this changes the focus of the
lens sYstem 7: The focus may be changed in accordance with any desired algorithm. . -/

The focus may be changed to provide an auto-focus algorithm. One option is to use a flyback
algorithm as disclosed in WO-2007/113478; WO0-2008/099156; or WO-2008/099155. In this case, the
lens system 7 is always moved into position by heating. Thus on cooling the position does not need to
be accurately controlled. In the case of closed-loop control, this avoids the problem of hysteresis in the

relationship between position and resistance.
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An alternative, more standard option for providing an auto-focus algorithm is to use a
conventional “hill climbing” auto-focus algorithm. In this case the algorithm homes in on the desired
position from either direction. In this case, it is necessary to find and maintain a given position from
both directions, and therefore it is necessary to characterise and compensate for the hysteresis
associated with the SMA actuator 30. By necessity this adds complexity to the open-loop models and
means that more parameters need to be set based on measurements during the start-up calibration

process.
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Claims

1. A method of controlling an SMA actuation apparatus comprising an SMA actuator
arranged on contraction caused by heating to drive movement of a movable element relative to a
support structure on which the movable element is supported,

the method comprising supplying a drive current through the SMA actuator to heat the SMA
actuator, the power of the drive current being controlled on the basis of a closed-loop control signal
for driving the resistance of the SMA actuator to a target value by performing the steps of:

detecting a measure of the resistance of the SMA actuator;

deriving an estimate of at least one characteristic temperature of the SMA actuation apparatus
on the basis of the power of the drive current, using a thermal model that relates the at least one
characteristic temperature of the SMA actuation apparatus to the power of the drive current; —

deriving a resistance offset on the basis of the estimate of at least one characteristic
temperature of the SMA actuation apparatus, using a resistance model that relates a resistance offset
that compensates for the variation of the resistance of the movable element with the at least one
characteristic temperature of the SMA actuation apparatus to the at least one characteristic
temperature of the SMA actuation apparatus; and

generating the closed-loop control signal for controlling the power of the drive current on the
basis of the error between the measure of the resistance of the SMA actuator and the target value of
the resistance of the SMA actuator, adjusted by the resistance offset.

2. A method according to claim 1, wherein the resistance model is a linear equation that
relates said resistance offsets to the at least one characteristic temperature of the SMA actuation
apparatus to the resistance offset.

3. A method according to claim 1 or 2, wherein the step of deriving an estimate of at
least one characteristic temperature of the SMA actuation apparatus on the basis of the power of the
drive current consists of periodically updating the estimate of at least one characteristic temperature of
the SMA actuation apparatus.

4. A method according to any one of claims 1 to 3, wherein said at least one
characteristic temperature consists of a single characteristic temperature.

5. A method according to claim 4, wherein the thermal model is a linear equation that
relates the change in the single characteristic temperature to the power of the drive current and the
instantaneous value of the single characteristic temperature.

6. A method according to any one of claims 1 to 3, wherein said at least one
characteristic temperature consists of plural characteristic temperatures.

7. A method according to claim 6, wherein the thermal model is a multi-stage thermal

model comprising a set of linear equations in respect of the respective ones of the characteristic
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temperatures,

the first linear equation relating the change in the first characteristic temperature in said
succession to the instantaneous value of the first characteristic temperature and the power of the drive
current, and

the further linear equations relating the change in a respective characteristic temperature to the
instantaneous value of that respective characteristic temperature and the instantaneous value of at least
one other characteristic temperature.

8. A method according to any one of claims 1 to 7, wherein the method further
comprises determining the ambient temperature and the thermal model takes into account the
determined ambient temperature.

9. A control system for an SMA actuation apparatus cbmpn'sing an SMA actuator
arranged on contraction caused by heating to drive movement of a movable element relative to a
support structure on which the movable element is supported,

the control system comprising:

a current supply operative to supply a drive current through the SMA actuator to heat the
SMA actuator;

a detection circuit operative to detect a measure of the resistance of the SMA actuator; and

a control unit operative to generate a closed-loop control signal that is supplied to current
supply for controlling the power of the drive current supplied by the current supply to drive the
resistance of the SMA actuator to a target value,

the control unit being operative to:

derive an estimate of at least one characteristic temperature of the SMA actuation apparatus
on the basis of the power of the drive current, using a thermal model that relates the at least one
characteristic temperature of the SMA actuation apparatus to the power of the drive current;

derive a resistance offset on the basis of the estimate of at least one characteristic temperature”
of the SMA actuation apparatus, using a resistance model that relates a resistance offset that
compensates for the variation of the resistance of movable element with the at least one characteristic
temperature of the SMA actuation apparatus to the at least one characteristic temperature of the SMA
actuation apparatus; and -

generate the closed-loop control signal on the basis of the error between the measure of the
resistance of the SMA actuator and the target value of the resistance of the SMA actuator, adjusted by
the resistance offset.

10. A control system according to claim 9, wherein the resistance model is a linear
equation that relates said resistance offsets to the at least one characteristic temperature of the SMA

actuation apparatus to the resistance offset.
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11. A control system according to claim 9 or 10, wherein the step of deriving an estimate
of at least one characteristic temperature of the SMA actuation apparatus on the basis of the power of
the drive current consists of periodically updating the estimate of at leas.t one characteristic
temperature of the SMA actuation apparatus.

12, A control system according to any one of claims 9 to 11, wherein said at least one
characteristic temperature consists of a single characteristic temperature.

13. A control system according to claim 12, wherein the thermal model is a linear
equation that relates the change in the single characteristic temperature to the power of the drive
current and the instantaneous value of the single characteristic temperature.

14. A control system according to any one of claims 9 to 11, wherein said at least one
characteristic temperature consists of plural characteristic temperatures.

15. . A control system according to claim 14, wherein the thermal model is a multi-stage
thermal model comprising a set of linear equations in respect of the respective ones of the
characteristic temperatures,

the first linear equation relating the change in the first characteristic temperature in said
succession to the instantaneous value of the first characteristic temperature and the power of the drive
current, and

the further linear equations relating the change in a respective characteristic temperature to the
instantaneous value of that respective characteristic temperature and the instantaneous value of at least
one other characteristic temperature.

16. A control system according to any one of claims 9 to 15, wherein the control unit is
further arranged to determine the ambient temperature, and the thermal model takes into account the
determined ambient temperature.

17. A method of controlling an SMA actuation apparatus comprising an SMA actuator
arranged on contraction caused by heating to drive movement of a movable element relative to a
support structure on which the movable element is supported,

the method comprising supplying a drive current through the SMA actuator to heat the SMA
actuator, the power of the drive current being controlled on the basis of a closed-loop control signal
for driving the resistance of the SMA actuator to a target value selected in a range between an upper
limit and a lower limit, wherein the upper limit is derived by the steps of:

whilst monitoring a measure of the resistance of the SMA actuator, heating the SMA actuator i:.
from an unheated state and detecting the maximum value of the measure of resistance; and

determining whether the ambient temperature is above a reference temperature;

deriving the upper limit as the detected maximum value less a decrement that is dependent on
the detected ambient temperature, the decrement having a predetérmined value when the detected

ambient temperature is not above the reference temperature and having a value less than the



10

15

20

25

30

35

WO 2010/049689 PCT/GB2009/002570
-28-
predetermined value when the detected ambient temperature is above the reference temperature.

18. A method according to claim 17, wherein the step of determining whether the ambient
temperature is above a reference temperature comprises determining whether there is a local maximum
in the measure of resistance during said heating of the SMA actuator.

19. A method according to claim 17, wherein the step of determining whether the ambient
temperature is above a reference temperature comprises determining a measure of ambient
temperature and determining whether the measure of ambient temperature is above a pre-stored
reference temperature.

20. A method according to any one of claims 17 to 19, wherein the step of determining the
measure of ambient temperature comprises deriving a measure of an electrical characteristic of the
SMA actuator that is representative of the ambient temperature.

21. A method according to any one of claims 17 to 20, wherein the decrement has a
second predetermined value when the detected ambient temperature is above the reference
temperature.

22. A miethod according to claim 19 or 20, wherein the decrement has a value decreasing
with temperature to a second predetermined value when the detected ambient temperature is in a
predetermined range above the reference temperature, and having the second predetermined value
when the detected ambient temperature is above the predetermined range.

23. A method according to claim 21 or 22, wherein the second predetermined value is
ZEero.

24. A control system for an SMA actuation apparatus comprising an SMA actuator
arranged on contraction caused by heating to drive movement of a movable element relative to a
support structure on which the movable element is supported, the control system comprising:

a current supply operative to supply drive current through the SMA actuator to heat the SMA
actuator, the power of the drive current being controlled on the basis of a control signal supplied to the
current supply;

a detection circuit operative to detect a measure of the resistance of the SMA actuator; and

a control unit operative to generate said control signal on the basis of the measure of the
resistance of the SMA actuator detected by the detection circuit and a target value for the resistance of
the SMA actuator, the control circuit being arranged to select the target value in a range between an )
upper limit and a lower limit; . -

wherein, for determining the upper limit, the control unit is further arranged:

to supply a control signal that causes the SMA actuator to be heated from an unheated state
and to detect the maximum value of the measure of resistance; and

to determine whether the ambient temperature is above a reference temperature;

to derive the upper limit as the detected maximum value less a decrement that is dependent on
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the detected ambient temperature, the decrement having a predetermined value when the detected
ambient temperature is not above the reference temperature and having a value less than the
predetermined value when the detected ambient temperature is above the reference temperature.

25. An apparatus according to claim 24, wherein the control unit is arranged to determine
whether the ambient temperature is above a reference temperature by determining whether there is a
local maximum in the measure of resistance during said heating of the SMA actuator.

26. An apparatus according to claim 24, wherein the control unit is arranged to determine
whether the ambient temperature is above a reference temperature by determining a measure of
ambient temperature and determining whether the measure of ambient temperature is above a pre-
stored reference temperature.

27. An apparatus according to claim 26, wherein the control unit is arranged to determine.
the ambient temperature by deriving a measure of an electrical characteristic of the SMA actuator that
is representative of the ambient temperature.

28. An apparatus according to any one of claims 25 to 27, wherein the decrement has a
second predetermined value when the detected ambient temperature is above the reference
temperature.

29. An apparatus according to claim 26 or 27, wherein the decrement has a value
decreasing with temperature to a second predetermined value when the detected ambient temperature
is in a predetermined range above the reference temperature, and having the second predetermined
value when the detected ambient temperature is above the predetermined range.

30. An apparatus according to claim 28 or 29, wherein the second predetermined value is

Z€ro.
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