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67 ABSTRACT

The present invention provides a haptics control system that
may include a driver to generate a continuous drive signal and
to output the drive signal to a mechanical system on an elec-
trical signal line, wherein the continuous drive signal causes
the mechanical system to vibrate to produce a haptic effect.
The haptics control system may further include a monitor,
coupled to the electrical signal line, to capture a Back Elec-
tromotive Force (BEMF) signal generated by the mechanical
system in the electrical signal line, to measure a BEMF sig-
nals attribute, and to transmit an adjustment signal to the
driver based on the BEMF signals attribute. The driver is
further configured to adjust the continuous drive signal
according to the adjustment signal.
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SMART LINEAR RESONANT ACTUATOR
CONTROL

[0001] This application benefits from the priority of provi-

sional application Ser. No. 61/450,824, filed Mar. 9, 2011.
BACKGROUND

[0002] The present invention relates to generating haptics

effects.

[0003] Haptics refers to the sense of touch. In electronic

devices, haptics relates to providing a touch sensory feedback
to the user. Electronic devices incorporating haptics may
include cell phones, PDAs, gaming devices, etc. The user
interacts with electronic devices through a user interface,
such as a touch screen; however, without some kind of feed-
back, the user often does not know if the user’s desired func-
tion was recognized or is being performed by the electronic
device. Thus, electronic devices may generate an audio or
haptic feedback in the form of a vibro-tactile sensation (e.g. a
“simulated click”) to alert the user of the electronic device’s
performance. Stated differently, haptic feedback lets the user
know what is going on with the electronic device. Ina gaming
electronic device, for example, haptics can provide sensory
stimuli according to game interactions.

[0004] Haptic feedback can be generated by electro-me-
chanical systems. An electrical system produces a drive sig-
nal that will then cause a mechanical system to produce the
haptic effect. For example, an actuator incorporating a mov-
ing mass can be used to generate haptic effects. A linear
resonant actuator (LRA) is an example of one such actuator in
which a moving mass is spring loaded. For optimal and effi-
cient haptic generation using an LRA the spring loaded mass
should be driven at its mechanical resonant frequency, which
is the natural vibration frequency of the spring loaded mass.
Also, the “volume” of the haptic effect may be controlled by
the amplitude of the actuator driving signal.

[0005] BEMEF (Back Electromotive Force) can be used to
optimally program the drive signal at the mechanical resonant
frequency and at the desired amplitude. BEMF is an electrical
signal that is induced into the electrical connections of the
motor by the movement of a permanent magnet (which has a
mass) relative to a stationary wire wound coil. Since the mass
will vibrate at the natural resonant frequency, the BEMF
signal induced will also propagate at this resonant frequency.
[0006] In some conventional systems, a separate coil is
used to capture the BEMF. The BEMF coil, which is not part
ofthe driving coil that energizes the mass, captures the BEMF
produced by the mass. However, these systems require extra
designated parts such as the BEMF coil specifically for cap-
turing the BEMF, which result in larger electronic devices.
Some other conventional systems use a discontinuous drive
signal to capture the BEMF signal. These systems’ drive
signals are stopped at predetermined times so there is no
current being applied to the motor during these times. The
BEMEF can then be captured from the drive signal coil at those
predetermined times. Therefore, there is a constant switching
between applying the drive signal and measuring the BEMF
signal. The constant switching results in less energy being
applied to the mechanical system, reducing the quality of the
overall haptic effect. The predetermined times also limits the
range of frequencies that the drive electronics can tolerate.
[0007] Accordingly, the inventors recognized a need in the
art for an adaptive haptic effect generation that could capture

Sep. 13,2012

the BEMF signal with a continuous drive signal application
without the requirement for extraneous parts.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1(a) is a simplified block diagram of a smart
LRA drive system according to an embodiment of the present
invention.

[0009] FIG. 1(b) is a simplified diagram of an electric-
magnetic motor according to an embodiment of the present
invention.

[0010] FIG.1(c)is an electrical model of a motor according
to an embodiment of the present invention.

[0011] FIG. 2 is a simplified process flow method to gen-
erate a haptic effect according to an embodiment of the
present invention.

[0012] FIG. 3 is a simplified block diagram of a BEMF
monitor according to an embodiment of the present invention.
[0013] FIG. 4 is a simplified circuit of a BEMF monitor
according to an embodiment of the present invention.

[0014] FIG. 5 is a simplified circuit of a BEMF monitor
according to an embodiment of the present invention.

[0015] FIG. 6 is a simplified circuit of a BEMF monitor
according to an embodiment of the present invention.

[0016] FIG. 7 is a simplified circuit of a BEMF monitor
according to an embodiment of the present invention.

[0017] FIG. 8 illustrates a timing graph.

[0018] FIG. 9(a) illustrates a timing graph.

[0019] FIG. 9(b) illustrates a timing graph.

[0020] FIG. 10 illustrates a timing graph.

[0021] FIG. 11(a) is a simplified circuit diagram of a dual

mode driver according to an embodiment of the present
invention.

[0022] FIG. 11(d) is a simplified circuit diagram of a dual
mode driver according to an embodiment of the present
invention.

[0023] FIG. 11(c) is a simplified circuit diagram of a dual
mode driver according to an embodiment of the present
invention.

[0024] FIG. 12 is a simplified circuit diagram of a dual
mode driver according to an embodiment of the present
invention.

[0025] FIG. 13 illustrates a timing graph.

[0026] FIG. 14 is a simplified diagram of smart LRA driver
input system according to an embodiment of the present
invention.

[0027] FIG. 15 illustrates drive signal profiles according to
embodiments of the present invention.

[0028] FIG. 16 illustrates drive signal profile according to
embodiment of the present invention.

[0029] FIG. 17 illustrates drive signal profile according to
embodiment of the present invention.

[0030] FIG. 18 is a simplified block diagram of a smart
LRA drive system according to an embodiment of the present
invention.

[0031] FIG. 19(a) is a simplified block diagram of an LRA
drive system according to another embodiment of the present
invention.

[0032] FIGS. 19(b) and (c) are graphs showing AC transfer
functions of an LRA drive system with and without bridging
capacitors.

[0033] FIG. 20 is a simplified block diagram of a BEMF
monitor system according to another embodiment of the
present invention.

[0034] FIG. 21 illustrates a method according to an
embodiment of the present invention.
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DETAILED DESCRIPTION

[0035] Embodiments of the present invention provide a
haptics control system that includes a driver to generate a
continuous drive signal to an output pin. The haptics control
system also includes a monitor, coupled to the output pin, to
capture a Back Electromotive Force (BEMF) signal gener-
ated thereon, to measure a BEMF signal attribute, and to
transmit an adjustment signal to the driver based on the
BEMF signal attribute. The driver is configured to adjust the
continuous drive signal generation according to the adjust-
ment signal.

[0036] Embodiments of the present invention also provide
amethod to generate a haptic effect. The method may include
generating a continuous drive signal; applying the continuous
drive signal to an actuator via a signal line, wherein the
continuous drive signal vibrates the actuator to generate a
haptic effect; capturing a BEMF signal generated by the
actuator on the signal line during the application of the con-
tinuous drive signal; measuring a BEMF signal property from
the BEMF signal; and adjusting a corresponding continuous
drive signal property based on the measured BEMF signal
property.

[0037] Embodiments of the present invention further pro-
vide an electronic device including a haptics controller to
generate instructions based on a desired haptic effect, and a
driver to receive the instructions and generate a continuous
drive signal. The electronic device also includes a linear reso-
nant actuator, coupled to the driver, to receive the continuous
drive signal from the driver via a signal line and to vibrate a
mass within the linear resonant actuator thereby generating
the desired haptic effect. A monitor captures a BEMF signal
produced by the vibration on the signal line, to measure a
BEMF signal property. The driver is configured to adjust the
generation of the continuous drive signal based on the mea-
sured BEMF signal property.

[0038] The invention provides a smart linear resonant
actuator (LRA) drive scheme for haptic generation that
applies a continuous drive signal. The continuous drive signal
is applied to a motor that mechanically generates the desired
haptic effect. This drive scheme also allows for the monitor-
ing of a BEMF signal induced by the motor while the con-
tinuous drive signal is applied. In other words, the drive signal
is applied and the BEMF is monitored simultaneously. The
resonant frequency and/or the amplitude of the motor’s vibra-
tion may be measured from the BEMF signal. Based on the
measurements, the continuous output drive signal may be
adjusted accordingly

[0039] FIG. 1(a) is a simplified block diagram of smart
LRA drive system 100 according to an embodiment of the
present invention. The system 100 may include a haptics
controller 110, a continuous LRA driver 120, and a BEMF
monitor 130. The continuous LRA driver 120 may be coupled
to a motor via a signal line. The continuous LRA driver 120
may include an output pin to which the motor is coupled. The
signal line may be a pair of electrical lines, and the output pin
may include a pair of pins for differential signals. The BEMF
monitor 130 may also be coupled to the signal line.

[0040] According to a haptic effect request, the haptics
controller 110 may generate a corresponding control signal
output to the continuous LRA driver 120. For example, a user
may select an icon on a touch screen, and the haptic controller
110 may generate a control signal corresponding to a haptic
effect such as a clicking vibration for feedback stimulation to
the user for his/her selection. The haptics controller 110 may
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provide a plurality of different haptic effects. The continuous
LRA driver 120 may receive the control signal from the haptic
controller 110 and may generate a drive signal accordingly.
The drive signal may be continuous. Further, the drive signal
may vary +A, where A is the drive signal’s amplitude.

[0041] The continuous LRA driver 120 may output the
generated drive signal to the motor where the drive signal may
cause the motor to vibrate and, thus, generating the haptic
effect. The drive signal may be outputted to an output pin by
the continuous LRA driver 120, and the motor may also be
coupled to the output pin.

[0042] The motor may include a coil motor with a spring
loaded mass. The motor may include a permanent magnet.
The motor may cause the spring loaded mass to vibrate to
generate the haptic effect. The motor may also include mag-
netic coils to generate the motion. Moreover, the vibration by
the motor may induce a BEMF signal to be produced in the
electrical signal lines coupled to the motor. The BEMF sig-
nal’s frequency may correspond to the mechanical system’s
resonant frequency, and the BEMF signal’s amplitude may
correspond to the mechanical system’s vibration magnitude.

[0043] FIG.1(d)isasimplified block diagram ofan electro-
magnetic motor 190 that may be used in the present invention.
The motor may include a coil 191, a permanent magnet 192,
a spring 193, and a mass 194. The coil 191 may be coupled to
the drive signal output.

[0044] Returning to FIG. 1(a), the BEMF monitor 130 may
capture the BEMF signal from the electrical signal lines that
are used to apply the drive signal to the motor. The BEMF
monitor 130 may be coupled to the same output pin to where
the continuous LRA driver 120 outputs the drive signal and to
where the motor is coupled. Since the drive signal may be a
continuous signal, the BEMF monitor 130 may separate the
BEMF signal from the drive signal. After separating the
BEMF signal, the BEMF monitor 130 may measure the
BEMF signal’s frequency and/or amplitude. The BEMF
monitor 130, according to the measurement values, may
transmit an adjustment signal to the LRA driver 120. The
LRA driver 120 may then adjust the drive signal’s frequency
and/or amplitude in order to produce an optimum drive signal.
[0045] Unlike some prior art systems, the system 100 does
not pause or stop the drive signal when it captures the BEMF
signal on the same signal lines as the drive signal. Moreover,
the system 100 does not include separate coils or lines to
capture the BEMF signal, but captures the BEMF signal on
the same line as the drive signal simultaneous with drive
signal application.

[0046] The haptics controller 110, continuous LRA driver
120, and BEMF monitor 130 may be fabricated on separate
integrated circuits or may be combined in a common inte-
grated circuit. For example, the continuous LRA driver 120
and the BEMF monitor 130 may be fabricated on a single
integrated circuit. The integrated circuit(s) may be placed on
a circuit board, for example a printed circuit board (PCB).
[0047] To understand the operation of the present inven-
tion, consider FIG. 1(c), which illustrates an electrical model
ofthe motor. The motor may be represented by three electrical
components. A resistive component R represents a resistance
in the motor. An inductive component L represents an induc-
tance in the motor. A BEMF component represents an elec-
trical signal generated by the motor’s motion. Thus, the volt-
age seen at the motor may be characterized by:
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verierd 42
=Ri —+ —
di  dr’

where R is the resistance component in the motor, i is the
current, L is the inductor component in the motor,

di
dt

is the rate of change of the current, A is the magnetic flux, and

dA
o)

@ indicatestext missingor illegiblewhen filed

is the BEMF. The BEMF may be further defined as:

where K is an EMF constant and v is the velocity.

[0048] FIG. 2 illustrates a method 200 to generate a haptic
effect according to an embodiment of the present invention.
Initially, a haptic control signal may be received (Block 210).
The haptic control signal may include information regarding
the characteristics of the desired haptic effect. Characteristics
may include the type of haptic effect, duration of haptic
effect, etc. Next, a drive signal may be generated according to
the haptic control signal (Block 220). The drive signal may be
a continuous signal. For example, the drive signal may be a
pulse modulated signal, which is a continuous signal.
[0049] The generated drive signal may be outputted to a
motor (Block 230). The drive signal may excite the motor into
motion, which will cause a mass in the motor to vibrate
according to the drive signal’s profile. The vibration of the
mass causes the haptic effect that is felt by the user. The
vibration also may induce a BEMF signal in the electrical
lines that applied the drive signal to the motor.

[0050] During the continuous drive signal application to
the motor, the BEMF signal may be measured (Block 240).
The BEMF signal may be captured in the electrical lines that
applied the drive signal. The BEMF signal may be separated
from the drive signal because the drive signal is also captured
with the BEMF in the electrical lines since the drive signal is
continuous. BEMF signal is usually a low frequency signal.
Upon separation of the BEMF signal, the frequency and/or
amplitude of the BEMF signal is measured. The BEMF sig-
nal’s frequency may correspond to the mechanical system’s
resonant frequency, and the BEMF signal’s amplitude may
correspond to the mechanical system’s vibration magnitude.
[0051] The drive signal’s frequency and/or amplitude may
be adjusted (Block 250). In a feedback manner, the drive
signal’s profile may be adjusted according to the BEMF mea-
surement. In an optimal system, the drive signal’s frequency
will be at the mechanical system’s resonant frequency, its
amplitude will be at the desired haptic effect magnitude.

Sep. 13,2012

[0052] FIG. 3 is a simplified block diagram a BEMF moni-
tor 300 according to an embodiment of the present invention.
The BEMF monitor 300 may receive an input signal from a
connected actuator/motor. Also, the BEMF monitor 300 may
capture the BEMF signal while a continuous drive signal is
applied to the connected motor. The BEMF monitor 300 may
include a rectifier 310, a DC canceller 320, an amplifier 330,
and an analog-to-digital converter (ADC) 340.

[0053] The rectifier 310 may invert the negative phases of
the input signal. Thus, the rectified signal may always be a
positive voltage. The DC canceller 320 may remove the DC
offset in the rectified input signal. The DC offset may corre-
spond to the drive signal. The amplifier 330 may amplify the
BEMF signal to exaggerate the BEMF signal’s profile. The
ADC 340 may then convert the amplified signal into a digital
signal. The converted digital signal may then be used to
measure the frequency and/or amplitude of the BEMF signal
as described in further detail below.

[0054] In one embodiment, the rectifier 310 and DC can-
celler 320 may be integrated together. In another embodi-
ment, the rectifier 310 may not be needed because the DC
canceller 320 may supply a DC canceling signal only in the
positive semi-cycles of the input signal.

[0055] FIG. 4 is a circuit level implementation of a BEMF
monitor 400 according to an embodiment of the present
invention. The BEMF monitor 400 may receive input signals
from a connected motor/actuator. The input signals from the
motor may have both positive and negative phases. The
BEMF monitor 400 may include mixers 410, resistors 420.1
and 420.2, a current source 430, an amplifier 440, gain resis-
tors 450.1 and 450.2, and an ADC 460.

[0056] The mixers 410 may receive the input signal from
the motor and may rectify the input signal to invert all nega-
tive phases. Consequently, the mixers 410 may produce an all
positive phased signal. The mixers 410 may switch from
semi-cycle to semi-cycle to produce an all-positive signal.
[0057] The resistors 420.1, 420.2 may be coupled to the
mixers” 410 outputs. The resistors 420.1, 420.2 may mirror
the resistance in the motor. The current source 430 may pro-
duce a DC canceling current to cancel the DC offset in the
input signal. The DC offset may correspond to the drive signal
that excited the motor into a vibratory motion. The current
source’s output may be coupled to the amplifier’s input. The
amplifier 440 may be a differential amplifier. The current
source 430, for example, may be coupled to the summing
node of the amplifier’s 440 inverting input. The gain resistors
450.1, 450.2 may set the gain for the amplifier 440.

[0058] The ADC 460 may convert the analog input signal
into a digital signal which may then be processed to measure
the resonant frequency and/or the amplitude of vibration. In
anembodiment, the BEMF monitor 400 may also include low
pass filters following the amplifier to further narrow the signal
of interest of the ADC 460. The low pass filter, for example,
may be a RC low pass filter.

[0059] FIG. 5 is a circuit level implementation of a BEMF
monitor 500 according to another embodiment of the present
invention. The BEMF monitor 500 may receive input signals
from a connected motor/actuator. The input signals from the
motor may have both positive and negative phases. The
BEMF monitor 500 may include resistors 510.1 and 510.2, a
current source 520, mixers 530, an amplifier 540, gain resis-
tors 550.1 and 550.2, and an ADC 560.

[0060] Theresistors 510.1,510.2 may mirror the resistance
in the LRA. The current source 520 may produce a DC can-
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celing current. The mixers 530 may be switches or act as
switches to apply the current from the current source 520 at
only the positive cycles of the input signal. Thus, in BEMF
monitor 500, the DC canceling and rectifying operation may
be integrated.

[0061] The mixer’s 530 output may be coupled to amplifier
540’s input. The mixers 530 may couple the current source
520 to a different summing node of the amplifier 540 from
semi-cycle to semi-cycle. The amplifier 540 may be a differ-
ential amplifier. The gain resistors 550.1, 550.2 may set the
gain for the amplifier 540.

[0062] The ADC 560 may convert the analog input signal
into a digital signal which may then be processed to measure
the resonant frequency and/or the amplitude of vibration. In
anembodiment, the BEMF monitor 500 may also include low
pass filters following the amplifier to further narrow the signal
of interest of the ADC 560. The low pass filter, for example,
may be a RC low pass filter.

[0063] FIG. 6 is a circuit level implementation of a BEMF
monitor 600 according to another embodiment of the present
invention. BEMF monitor 600 may use a voltage source as the
DC canceling source. The BEMF monitor 600 may receive
input signals from a connected motor/actuator. The input
signals from the motor may have both positive and negative
phases. The BEMF monitor 600 may include resistors 610.1
and 610.2, a voltage source 620, two pair of mixers 630.1 and
630.2, matching resistors 640.1 and 640.2, an amplifier 650,
gain resistors 660.1 and 660.2, and an ADC 670.

[0064] Theresistors 610.1, 610.2 may mirror the resistance
in the LRA. The voltage source V. 620 may produce a DC
canceling voltage. In some implementations such as a string
DAC, a voltage source may be preferable to a current source
to cancel the DC offset. The mixers 630.1, 630.2 may be or
may act as switches to apply the voltage from V. 620 at
only the positive cycles of the input signal. Thus, in BEMF
monitor 600, the DC canceling and rectifying operation may
be integrated. The matching resistors 640.1, 640.2 may match
the resistance of the voltage source 620.

[0065] The amplifier 650 may be a differential amplifier.
The mixers 630.1, 630.2 couple the V,,~ 620 to a different
summing node of the amplifier 650 from semi-cycle to semi-
cycle. The gain resistors 660.1, 660.2 may set the gain for the
amplifier 650.

[0066] The ADC 670 may convert the analog input signal
into a digital signal which may then be processed to measure
the resonant frequency and/or the amplitude of vibration. In
an embodiment, the BEMF monitor 600 may also include low
pass filters following the amplifier to further narrow the signal
of interest of the ADC 670. The low pass filter, for example,
may be a RC low pass filter.

[0067] In an embodiment of the present invention, the
BEMF monitor may be implemented primarily using digital
circuitry. A digital implementation may reduce the analog
circuitry components and, consequently, may reduce the
BEMEF monitor size. Also, a primarily digital implementation
may be reconfigurable and programmable. FIG. 7 is a circuit
level implementation of a BEMF monitor 700 that monitors
the BEMF primarily using digital circuitry according to an
embodiment of the present invention.

[0068] The BEMF monitor 700 may receive input signals
from a connected motor/actuator. The input signals from the
motor may have both positive and negative phases. The
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BEMF monitor 700 may include resistors 710.1 and 710.2, an
amplifier 720, gain resistors 730.1 and 730.2, an ADC 740,
and a digital controller 750.

[0069] Theresistors 710.1, 710.2 may mirror the resistance
in the LRA. The resistors’ 710.1, 710.2 output may be
coupled to the amplifier’s 720 input. The gain resistors 730.1,
730.2 may set the gain for the amplifier 720. The ADC 740
may convert the analog signal into a digital signal which will
then be processed to establish the resonant frequency and/or
the amplitude of vibration. The ADC 740 may be a high
resolution ADC to measure accurately the BEMF component
in a wide dynamic range with the DC offset still remaining in
the analog input signal. The digital controller 750 may digi-
tally remove the DC component of digitized signal.

[0070] In the primarily digital implementation of the
BEMF monitor 700, the DC component may be removed
from the digitized signal. After removing the DC component,
the BEMF signal may be isolated. The ADC 740 in this
embodiment may sample both positive and negative phases of
the input signal. Accordingly, the amplifier 720 in the
embodiment may have a variety of different configurations
such as an instrumentation amplifier. Furthermore, the fre-
quency and amplitude measuring techniques described below
may be applicable to both analog and digital DC component
removing implementations.

[0071] FIG. 8 is a timing graph simulating a drive signal, a
voltage signal seen across a motor, a BEMF signal, and the
motor’s displacement. The first (top) graph shows a drive
signal. The drive signal may be a current signal, and the drive
signal may be a rectangular wave signal such as a square wave
shown.

[0072] The second graph shows the voltage signal gener-
ated across the terminals of the motor. The voltage signal is
generated by the current flowing through the resistance of the
motor which produces a DC change in the voltage level. The
voltage signal may also include a transient level, which is
generated by the sudden change in the current signal applied
to the inductance element of the motor and is shown as the
spikes in voltages on the second graph. The voltage signal
may also incorporate the BEMF signal superimposed on the
DC level.

[0073] Thethird graph shows the BEMF signal with the DC
and transient levels removed. When driving at the mechanical
resonant frequency of the motor, the zero crossings of the
BEMEF signal should optimally correspond to the rising and
falling edge of the drive signal. The fourth graph shows the
motor’s displacement (vibration). The maximum displace-
ment should optimally correspond with the zero crossings of
the BEMF signal and the rising/falling edges of the drive
signal.

[0074] In an embodiment of the present invention, BEMF
frequency may be calculated by determining the zero cross-
ings of the BEMF signal. FIG. 9(a) is a timing graph showing
amethod to measure the BEMF signal’s zero crossing accord-
ing to an embodiment of the present invention. The top graph
shows a BEMF signal captured from a vibrating motor, and
the bottom graph shows an input voltage into the ADC of a
BEMF monitor.

[0075] The BEMF signal may be measured in transition
window t1, which starts after a change in current direction of
the drive signal. Transition window t1, may contain a spike in
the ADC input voltage, which represents the transient level
caused by the current change. A first reference point for
determining the frequency of the BEMF signal may be mea-
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sured at the end of transition window t1. At this point in time,
the transient level has decayed sufficiently to begin reference
point measurement.

[0076] During a time period t2, the ADC may continue to
sample the BEMF signal or may suspend sampling for a time
less than half of the resonant period. After time period t2, the
BEMF signal may be monitored again to find a second refer-
ence point. The second reference point is the voltage which
equates (within a tolerance) to the voltage level of the first
reference point. The frequency of the BEMF signal may then
be derived using the first and second reference points. The
resonant period may be slightly above the time lapse between
the first and second measured reference points. Further, the
BEMF measurements may be performed iteratively to pro-
vide continuous adjustment for drive signal output.

[0077] The transition windows may be synchronized with a
single capture reference value or multiple capture reference
values, which are controlled by the ADC clock. Multiple
reference values may provide a more accurate measurement
while also may use more resources as compared to the single
capture reference.

[0078] In one embodiment, the reference values may cor-
respond to the BEMF signal’s peak value. The estimated
transition windows for peak value measurements may be
preprogrammed using prior knowledge of the system or may
be a coarse estimate. The coarse estimate may be updated
and/or reconfigured.

[0079] In another embodiment of the present invention,
BEMF frequency may also be calculated by determining the
peak voltage of the BEMF signal. FIG. 9(5) is a timing graph
showing a method to determine the BEMF signal’s frequency
using peak voltage measurements according to an embodi-
ment of the present invention. The top graph shows a BEMF
signal captured from a vibrating motor, and the bottom graph
shows an input voltage into the ADC of a BEMF monitor.
[0080] Following a change in current direction at time T0,
the ADC may continue or suspend sampling for a time period
T1, which is less than a quarter of the resonant period approxi-
mately. After a time period T1, the BEMF signal may be
monitored for time period T2, a sampling period, to find a first
reference point. The first reference point may be the peak
voltage of the BEMF signal, designated by peak time Tp
where Tp is the time from the beginning of the sampling
period to when the first reference point of the peak voltage is
measured.

[0081] The frequency of the BEMF signal may then be
derived. The resonant period may be approximately four
times the time period between the change in current direction
(T0) and the first measured reference point at the peak time
(T1+Tp). After detecting the first reference point, a change in
the current direction is then applied after a time T3 which is
approximately equal to the sum of T1 and Tp. The BEMF
measurements may be performed iteratively to provide con-
tinuous adjustment for drive signal output.

[0082] Inanembodiment of the present invention, a BEMF
signal magnitude may be measured by monitoring the maxi-
mum amplitude of the BEMF signal. FIG. 10 is a timing graph
to determine the BEMF signal’s amplitude using peak voltage
measurements according to an embodiment of the present
invention. The top graph shows a BEMF signal captured from
a vibrating motor, and the bottom graph shows an input volt-
age into the ADC of a BEMF monitor.

[0083] Maximum amplitude of the BEMF signal usually
will occur at the midpoint of the current pulse. The ADC clock
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may set reference values to determine the window for when
the BEMF signal will peak. Based on the reference values, a
window for max amplitude may be set by the ADC. The peak
value measured in this window may correspond to the maxi-
mum amplitude.

[0084] According to an embodiment of the present inven-
tion, a dual mode driver may be provided in a haptic genera-
tion system with a continuous drive signal. The two modes
may be linear drive mode and switched drive mode. The
switched drive mode may have lower power consumption but
may generate higher electrical noise than the linear drive
mode. Also, the dual mode driver may be in linear drive mode
when measuring the BEMF signal.

[0085] FIG. 11(a) is a simplified diagram of a dual mode
driver 1100 according to an embodiment of the present inven-
tion. The dual mode driver 1100 may include a current source
1110, a DAC 1120, an op-amp 1130, a switch 1140, a pulse
width modulator 1150, a switch 1160, and a pair of drive
transistors 1170 and 1180. The dual mode driver 1100 may be
coupled to a LRA/motor 1190. The LRA 1190 may be rep-
resented by electrical components of a resistor element and
inductor element as described above in reference to FIG. 1(5).
[0086] The op-amp 1130 may control the magnitude of the
drive signal in either mode. The op-amp 1130 may amplify a
regulated voltage according to the current source I,z 1110.
The drive transistors may be complimentary transistors (one
is a p type and the other is an n type transistor). The transistors
selectively switch on/off at the same time according to the
switched mode signals that are coupled to the transistors’
gate. The output of the transistors may be coupled to generate
the current drive signal I, The LRA 1190 may receive the
current drive signal I,,,- and generate the reference voltage
which is used to regulate the motor current.

[0087] The switches 1140 and 1160 may control the mode
of the dual mode driver 1100. In linear mode, switch 1140
may be closed, and switch 1160 may be open. In switched
mode, switch 1140 may be open, and switch 1160 may be
closed.

[0088] FIG. 11() is a simplified diagram of the dual mode
driver of FIG. 11(a) in linear mode 1101 according to an
embodiment of the present invention. The switch 1140 may
be closed to provide the linear mode path, and switch 1160
(not shown) may be open. The dual mode driver in linear
mode 1101 may include the current source 1110, the DAC
1120, the op-amp 1130, the switch 1140, the drive transistor
1170. The op-amp 1130 may control the magnitude of the
drive signal in either mode. The op-amp 1130 may amplify a
regulated voltage according to the current source I, 1110.
The output of the transistor 1170 may generate the current
drive signal 15, The LRA 1190 may receive the current
drive signal I,,,-and generate the reference voltage which is
used to regulate the motor current. Further, a sensing resistor
R may sense the voltage across the LRA 1190 to control the
drive output.

[0089] FIG. 11(c) is a simplified diagram of the dual mode
driver of FIG. 11(a) in switched mode 1102 according to an
embodiment of the present invention. The switch 1160 may
be closed to provide the mode path, and switch 11400 (not
shown) may be open. The dual mode driver in switched mode
1102 may include a pulse width modulator 1150, a switch
1160, and a pair of drive transistors 1170 and 1180. The
op-amp 1130 may control the magnitude of the drive signal in
either mode. The op-amp 1130 may amplify a regulated volt-
age according to the current source Iz 1110. The pulse
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width modulator 1150 may include a comparator that receives
the op-amp 1130 output as one input, and a saw waveform as
the other input. The pulse width modulator 1150 may output
a pulsed mode signal. The drive transistors may be compli-
mentary transistors (one is a p type and the other is an n type
transistor). The transistors selectively switch on/off at the
same time according to the switched mode signals that are
coupled to the transistors’ gate. The output of the transistors
may be coupled to generate the current drive signal 1, The
LRA 1190 may receive the current drive signal I,,, and
generate the reference voltage which is used to regulate the
motor current. Further, a sensing resistor R may sense the
voltage across the LRA 1190 to control the drive output.
[0090] Bi-directional current may be achieved by placing
the drive transistors in an H-bridge configuration. FIG. 12 is
asimplified diagram ofa system 1200 with drive transistors in
an H-bridge configuration and shows the direction of current
flow for both linear and switched mode configurations. The
solid lines represent linear mode and the dotted lines repre-
sent switched mode. The system 1200 may include a first set
of drive transistors 1210.1, 1210.2, a second set of drive
transistors 1220.1, 1220.2, a third set of drive transistors
1230.1, 1230.2, and a sensing resistor 1240.

[0091] The first set of transistors 1210.1, 1210.2 may be
pmos type transistors. The second set of transistors 1220.1,
1220.2 may be nmos type transistors. The third set of transis-
tors 1230.1, 1230.2 may be nmos type transistors.

[0092] In linear mode during a positive current pulse, cur-
rent may flow through transistor 1210.1 and 1230.2, and all
other transistors may be off. In linear mode during the nega-
tive current pulse, current may flow through transistor 1210.2
and 1230.1, and all other transistors may be off. Voltage may
be sensed at the sensing resistor 1240. According to the
sensed voltage, driving voltages at the gates of the transistors
may be adjusted to regulate the motor’s current.

[0093] In switched mode during a positive current pulse,
current may flow through transistor 1210.1 and 1230.2 during
the first part of the cycle. The current flow may charge the
inductor component in the motor.

[0094] In switched mode during the positive current pulse,
transistors 1210.1 may turn off and transistor 1220.1 may turn
on, the charge built in the inductor during the first part of the
cycle may keep the current flowing through 1220.1 and
1230.2 as shown by the current flow diagram. In switched
mode during a negative current pulse, current may flow
through transistor 1210.2 and 1230.1 during the first part of
the cycle. The current flow may flow charge the inductor
component in the motor. Further in switched mode during the
negative current pulse, transistors 1210.2 may turn off and
transistor 1220.2 may turn on, the charge built in the inductor
during the first part of the cycle may keep the current flowing
through 1220.2 and 1230.1 as shown by the current flow
diagram. Voltage may be sensed at the sensing resistor 1240.
According to the sensed voltage, driving voltages at the gates
of the transistors may be adjusted to regulate the motor’s
current. For example, the duty cycle of the gate voltages may
be adjusted depending on the sensed voltage level.

[0095] The embodiments of the present invention
described above show a current drive signal and voltage
sensed signal from which the BEMF signal is measured. In
another embodiment of the present invention, a voltage drive
signal may be utilized and a current signal may be monitored
to determined BEMF signal. According to the BEMF signal
properties, the voltage drive signal’s frequency and/or ampli-
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tude may be adjusted. A voltage drive signal may reduce the
current flowing through the motor.

[0096] FIG. 13 is a timing graph simulating a drive signal,
a sensed current signal in the motor, a BEMF signal, and the
motor’s displacement. The first (top) graph shows a drive
signal. The drive signal may be a voltage signal, and the drive
signal may be a rectangular wave signal such as a square wave
shown.

[0097] The second graph shows the current signal gener-
ated in the motor. The BEMF signal may be superimposed on
the current signal. In the second graph, the BEMF is illus-
trated as a “trough” on top of the sensed current signal. Thus,
the BEMF may reduce the current supplied to the motor.
[0098] The third graph shows the motor’s displacement
(vibration). The fourth graph shows the BEMF signal with the
DC current removed. The maximum displacement should
optimally correspond with the zero crossings of the BEMF
and the rising/falling edges of the drive signal.

[0099] To measure the current signal, the sensed current
may be supplied to a sensing resistor in the BEMF monitor.
FIG. 14 is a simplified block diagram of a sensing resistor
1410 coupled to a motor with a voltage drive signal according
to anembodiment of the present invention. The voltage across
the sensing resistor may then be processed similar to the
voltage input signal as described herein with references to
FIGS. 3-7. Furthermore, the same methods of detecting the
resonance frequency and vibration amplitude may apply to
voltage drive/sensed current embodiments described herein
with reference to current drive/sensed voltage embodiments.
[0100] Moreover, embodiments of the present invention
may be practiced using different drive profiles. While square
waves may provide the most energy to the motor because
squares waves have the greatest area under the curve, square
waves also may include harmonics that are in the audible
range. The harmonics, consequently, may generate unwanted
buzzing or echoing sounds during the haptic effect. Thus,
there may be a trade-off between effect intensity and har-
monic side effects.

[0101] One alternative to a square wave drive signal may be
a rhombic shaped drive signal. FIG. 15 illustrates a square
wave drive signal and a rhombic shaped drive signal. The
square wave drive signal, as illustrated in FIG. 15(a) may
provide the most intense drive signal; however, the square
wave drive signal may produce undesirable audible ranged
harmonics. Additionally, the square wave is not the most
energy efficient driving signal as the energy in the harmonics
does not turn into motion. In addition, the square wave drive
signal may not be perfectly “square” but may also be “rect-
angular” in an embodiment of the present invention.

[0102] The rhombic shaped drive signal, as illustrated in
FIG. 15(b), may provide less energy to the motor than a
similar magnitude square wave, the but the slope of the signal
may not produce audible ranged harmonics and be more
efficient in the sense that most energy lies in the natural
resonance frequency. The drive signal may also be shaped as
a triangular wave signal in an embodiment of the present
invention. For a rhombic or other non-rectangular shaped
drive signal, the reference point for change in current may be
the top of the ramp when the current reaches its highest value.
[0103] In another embodiment of the present invention, a
sinusoidal drive signal may be provided to drive the motor.
FIG. 16 illustrates a sinusoidal drive signal. The sinusoidal
drive signal may provide less energy to the motor than a
similar magnitude square wave, but the sinusoidal signal may
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also not produce audible ranged harmonics and may be the
most efficient option because 100% of'the energy is applied at
the resonant frequency. Alternatively a multi level symmetric
drive signal that generates a pseudo sine wave may be pro-
vided as a trade-off between harmonic performance (audible
noise) and implementation complexity.

[0104] In one embodiment, a saturated sinusoidal signal
may be generated to provide greater energy efficiency. For
example, instead of a sinusoidal signal with peaks at +1 and
-1, a sinusoidal signal with peaks at +2 and -2 that is satu-
rated between +1 and -1 may be generated. Thus, the satu-
rated sinusoidal signal may be more energy efficient while
reducing audible range harmonics.

[0105] In another embodiment, a higher magnitude sinu-
soidal signal may be provided to compensate for any loss in
energy. FIG. 17 illustrates a sinusoidal drive signal. A sinu-
soidal drive signal with magnitude 1.27*A may apply
approximately the same energy in the resonant frequency
than a square wave drive signal with magnitude A while being
more efficient. The sinusoidal drive signal may become satu-
rated at magnitude A.

[0106] The use of sinusoidal drive signals may affect the
time when the BEMF can be measured. The voltage seen at
the motor may be characterized as:

v gie 41, A
=Ri+Lp+_

where R is the resistance component in the motor, i is the
current, L is the inductor component in the motor,

di

di

is the rate of change of the current, and

d
@

(@) indicates text missingor illegiblewhen filed

is the BEMF. Stated differently, the voltage at the motor is the
sum of the voltages seen at the resistor and inductor compo-
nents, and the BEMF. Thus, the BEMF may be characterized
as:

[0107] BEMEF may be measured when the rate of change of
the current is zero because of the inductor component. The
drive current and sensed voltage peaks may occur when the
change in current is zero because of the inductor component;
hence, BEMF may be measured at this time. Therefore,
BEMEF voltage may be simplified to:
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[0108] Ifthe drive signal is not at the resonance frequency,
a frequency error may be detected between the drive signal
and BEMF signal. In this situation, the peaks of the drive
current and sensed voltage may not occur at the same time.
The frequency error may be measured, and the drive signal
may be adjusted until the drive peaks of the drive current and
sensed voltage are synchronized.

[0109] The sinusoidal drive signal may be a current drive
signal or may be a voltage drive signal according to embodi-
ments of the present invention. Also, the present invention
may sense either voltage across the LRA or current through
the LRA to detect the BEMF generated respectively accord-
ing to the drive signal properties. As the equation above
indicates, the BEMF voltage may be the difference of the
sensed voltage and the voltage seen across the resistor com-
ponent ofthe LRA. The detected BEMF current, accordingly,
may be the difference between the sensed current and the
current at the resistor component of the LRA.

[0110] Adjustment of the sinusoidal drive signal may be
executed in two stages. First, the drive frequency may be
adjusted by aligning the peak current and peak voltage of the
sensed signal. This may correspond to the motor vibrating at
its resonance frequency. Second, the amplitude of the drive
signal may be adjusted according to the desired vibration
strength because the amplitude of the peak voltage/current
may be equal to the BEMF, which is proportional to the
vibration strength.

[0111] Adjustment may be accomplished by closed loop
control system provided within the BEMF monitor. Various
types of control loops may be employed, including propor-
tional loop controls (“P-Loops,”), Proportional Integrative
Loop controls (PI-Loop) or a full Proportional Derivative
Integrative control (PDI-Loop). A P-Loop is likely to be the
simplest one to implement and responds faster than PI Loops
and without the instability that PDI Loops may involve. The
P-Loop may be configured to reduce its proportional gain
depending on a difference between a desired BEMF ampli-
tude (vibration) and the required BEMF amplitude. When the
vibration is within a programmable limit, the P-Loop gain
may be set to one, otherwise may be set to a value selected
from a locally-stored stored register map. The gain values
may be programmable and may be set as a percentage of the
maximum BEMF.

[0112] Inanembodiment of the present invention, multiple
LRAs may be arranged in parallel to generate multiple haptic
effects. Thus, the user may feel one type of vibration at one
part of the device and another type of vibration at another part
of the device. FIG. 18 is a simplified block diagram of a
multiple LRA system 1800 according to an embodiment of
the present invention.

[0113] The system 1800 may include a haptics controller
1810, a continuous LRA driver 1820, and a BEMF monitor
1830. The continuous LRA driver 1820 may be coupled to a
plurality of motors/LR As 1- via signal lines from a common
output. The signal lines may be pairs of electrical lines. The
BEMF monitor 130 may also be coupled to the signal line.
[0114] According to a haptic effect request, the haptics
controller 1810 may generate a corresponding control signal
to output to the continuous LRA driver 120. The haptic effect
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request may include a request for multiple haptic effects. The
continuous LRA driver 1820 may receive the control signal
from the haptic controller 1810 and may generate a drive
signal accordingly. The drive signal may be continuous. The
continuous LRA driver 1820 may output the generated drive
signal to the plurality of motors 1-» where the drive signal
may cause each motor to vibrate and, thus, generating the
desired haptic effect(s). The drive signal may be outputted to
an output pin by the continuous LRA driver 120, and the
motors 1-» may also be coupled to the output pin.

[0115] Each motor may include a coil motor with a spring
loaded mass. The motor may include a permanent magnet.
The motor may cause the spring loaded mass to vibrate to
generate the haptic effect. The motor may also include mag-
netic coils to generate the motion. Moreover, the vibration by
the motor may induce a BEMF signal to be produced in the
electrical signal lines coupled to the motor. The BEMF sig-
nal’s frequency may correspond to the mechanical system’s
resonant frequency, and the BEMF signal’s amplitude may
correspond to the mechanical system’s vibration magnitude.
[0116] The BEMF monitor 1830 may capture the BEMF
signal from the electrical signal lines that are used to apply the
drive signal to the motor. The BEMF monitor 1830 may be
coupled to the same output pin to where the continuous LRA
driver 1820 outputs the drive signal and to where the motor is
coupled. The BEMF signal may be the sum of all the BEMF
signals. Since the drive signal may be a continuous signal, the
BEMF monitor 130 may separate the BEMF signal from the
drive signal. After separating the BEMF signal, the BEMF
monitor 1830 may measure the BEMF signal’s frequency
and/or amplitude. The BEMF monitor 1830, according to the
measurement values, may transmit an adjustment signal to
the LRA driver 1820. The LRA driver 1820 may then adjust
the drive signal’s frequency and/or amplitude in order to
produce an optimum drive signal.

[0117] The haptics controller 1810, continuous LRA driver
1820, and BEMF monitor 1830 may be fabricated on separate
integrated circuits or may be combined in a common inte-
grated circuit. For example, the continuous LRA driver 1820
and the BEMF monitor 1830 may be fabricated on a single
integrated circuit. The integrated circuit(s) may be placed on
a circuit board, for example a printed circuit board (PCB).
[0118] Inanembodiment of the present invention, the LRA
system may be a multi-functional actuator. The multi-func-
tional actuator may include a vibration element as described
in the above-mentioned embodiments and a speaker element
for audio generation. The generated audio may be synchro-
nized with the vibration generation to provide a user multi-
sensory feedback system.

[0119] Other enhancements may be provided to provide
robust performance in non-ideal operation environments
where sources of interference may be present. Interference
may arise from several different sources. For example, tran-
sient spikes on power supplies potentially can couple through
to the output driver and could introduce an error in the mag-
nitude of the desired output drive signal. A small change in the
output drive signal could cause a larger change in the induced
BEMF signal. This could lead to a large error in the feedback
and significantly reduce the performance of the driver leading
to a poor and inconsistent haptic effect for an end user.
[0120] As another example, mechanical shock induced in
the haptic system, for example if a user dropped a handset in
which the system resides onto a hard surface, can create
interference. Such shocks could induce an undesired BEMF
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signal which could in turn cause the driver to compensate and
drive the actuator at a time when it was not required to. Or, a
similar mechanical shock induced during a haptic effect
could lead to a distorted BEMF signal which could in turn
lead to a distorted haptic effect. Embodiments of the present
invention may include interference rejection features to sup-
port robust and consistent performance, even in the presence
of such interferers.

[0121] Power supply rejection may be accomplished in a
variety of ways. In a first embodiment, the output driver may
be designed with good power supply rejection. A variety of
techniques can be employed to achieve power supply rejec-
tion, many of which ensure constant Vgs and Vds within
driver transistors, so the current generated by the driver is
independent on any frequency interference. Another tech-
nique is to decouple the driver output, which can be done
using a buffer. This increases the output driver bandwidth, so
the driver control loop can react and correct the current value
faster making it independent from power supply interfer-
ences.

[0122] Yetanother embodiment is illustrated in FIG. 19 (a).
In this embodiment, a haptics system 1900 may include a
haptic controller 1910, LRA driver 1920 and BEMF monitor
1930 as in prior embodiments and also may include a capaci-
tor 1940 bridging terminals of the actuator motor. The added
capacitor 1940 of this embodiment may add a pole in the
overall transfer function which may help to increase power
supply rejection. The capacitor 1940 may be sized appropri-
ately in conjunction with impedance of the actuator to place
the pole in desired locations in frequency distribution to tailor
power supply rejection to individual needs. FIG. 19 () illus-
trates a frequency plot of an AC transfer function for an
exemplary driver system constructed in accordance with FIG.
19 (a). For comparative purposes, FIG. 19 (c) illustrates a
second plot of an AC transfer function for the same driver
system but without the bridging capacitor.

[0123] FIG. 20 illustrates another embodiment for power
supply rejection. In this embodiment, a BEMF monitor 2000
may include a rectifier 2010, a DC canceller 2020, an ampli-
fier 2030, a low pass filter 2040, and an ADC 2050. This
embodiment operates in a manner similar to the embodiment
of FIG. 3 but the low pass filter 2040 provides protection
against transient signals from propagating to the ADC 2050.
Characteristics of the low pass filter 2040 may be tailor to suit
individual design needs.

[0124] FIG. 21 illustrates a method 2100 of calculating a
resonant frequency of a haptic actuator according to an
embodiment of the present invention. The method may begin
in block 2102 where an initial estimate of a resonant period
Tres is defined. The estimated resonant period Tres may be
input to an integrated circuit or stored in a register within the
integrated circuit. The method 2100 may apply a driving
current to the actuator a first direction (box 2104). Thereafter,
the method 2100 may wait for a predetermined period of time
and measure a BEMF level, taking the measured level to be a
reference BEMF value (box 2106). The method 2100 may
sample the BEMF value continuously thereafter and store
maximum and minimum BEMF values until a predetermined
amount of time has elapsed (box 2108). In an embodiment,
the predetermined amount of time may be set to %4ths of the
estimate of Tres. After the predetermined amount of time has
elapsed, the method 2100 may continue to sample the BEMF
values and search until time % Tres to detecta BEMF sample
value that matches the reference BEMF value (boxes 2110,
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2112). If a BEMF sample value is identified that matches the
reference value, then at box 2114 the method 2100 may
estimate a half period of the actuator’s resonant period (2
Tres) based on an amount of time that elapses between detec-
tion of the reference BEMF value at box 2106 and re-detec-
tion of the reference BEMF value at box 2110. If the search at
box 2110 does not detect a BEMF value that matches the
reference BEMF value before time ' Tres, the search may
continue for an additional amount of time, after which it times
out (boxes 2116, 2118). If the search succeeds and a BEMF
sample value is identified that matches the reference value,
the method 2100 may advance to box 2114. Ifnot, the method
2100 may enter a reset state (box 2120).

[0125] At box 2114, after the method 2100 has calculated
5 Tres based on measurements obtained during boxes 2106-
2118, the method may advance to box 2122 and apply a
driving current to the actuator in a second direction, opposite
to the direction of current applied in box 2104. By reversing
drive current, the method 2100 drives the actuator in a second
half cycle of operation. The method 2100 may repeat opera-
tion of boxes 2106-2118 for the second half-cycle, shown as
boxes 2124-2136 respectively.

[0126] Specifically, after application of the driving current
in box 2122, the method 2100 may wait for a predetermined
period of time and measure a BEMF level, taking the mea-
sured level to be a reference BEMF value (box 2124). The
method 2100 may sample the BEMF value continuously
thereafter and store maximum and minimum BEMF values
until a predetermined amount of time has elapsed (box 2126).
Again, the predetermined amount of time may be set to ¥sths
of the estimate of Tres. After the predetermined amount of
time has elapsed, the method 2100 may continue to sample
the BEMF values and search until time 1% Tres to detect a
BEMF sample value that matches the reference BEMF value
(boxes 2128, 2130). If a BEMF sample value is identified that
matches the reference value, the method 2100 may estimate a
halfperiod of the actuator’s resonant period (Y2 Tres) based on
an amount of time that elapses between detection of the
reference BEMF value at box 2124 and re-detection of the
reference BEMF value at box 2128 (box 2132). If the search
at box 2110 does not detect a BEMF value that matches the
reference BEMF value before time %4 Tres, the search may
continue for an additional amount of time, after which it times
out (boxes 2134, 2136). If the search succeeds and a BEMF
sample value is identified that matches the reference value,
the method 2100 may advance to box 2132. If not, the method
2100 may enter the reset state at box 2120.

[0127] At box 2132, after the method 2100 has calculated
Y2 Tres based on measurements obtained during boxes 2124-
2136, the method may advance to box 2138 and calculate a
final estimated value of Tres based on the calculations
obtained at boxes 2114 and 2132. For example the final Tres
estimate may be calculated as a moving average of prior Tres
estimates, if any, obtained through prior iterations of the
method 2100 and the new calculations. In one embodiment,
the final Tres estimate may be calculated as:
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(History_weight« Previous Tres) +
New_sample_weight=

Tres . . Tres_ . .
——Direction_A+ TDlrecuoniB)
Actual Tres =

History_weight+ New_sample weight

where the values History_weight and New_Sample_Weight
are values that may be programmed by system designers
and/or users. Thus, the method 2100 may provide program-
mable flexibility in determining the relative contributions of
new Tres estimates and prior Tres estimates.

[0128] Intheresetstate, the method 2100 may put the driver
into a high impedance state and the method 2100 may mea-
sure BEMF in the absence of active drive signals. The method
2100 may estimate a resonant period based on zero crossings
of the BEMF signal with respect to ground. For example, the
method 2100 may ensure that a predetermined number (say,
3) of zero crossings are detected, each of which should cor-
respond to a half-period of the actuator’s resonant period. The
method 2100 may calculate Tres from the zero crossings and
conclude reset operation, whereupon the method 2100 may
advance to box 2012.

[0129] In an embodiment, the method 2100 may compare
values of the BEMF signal to predetermined thresholds to
determine whether to alter Tres estimates based on new cal-
culations. For example, the method may compare maximum
BEMF values obtained at boxes 2108 and/or 2126 to a pre-
determined threshold and, suspend operation of the method
2100 if these values do not exceed a predetermined minimum
value. Terminating the method 2100 in this embodiment pre-
vents the Tres estimate from changing when the BEMF values
are too small to provide the basis for new estimates.

[0130] Several embodiments of the present invention are
specifically illustrated and described herein. However, it will
be appreciated that modifications and variations of the present
invention are covered by the above teachings. In other
instances, well-known operations, components and circuits
have not been described in detail so as not to obscure the
embodiments. It can be appreciated that the specific structural
and functional details disclosed herein may be representative
and do not necessarily limit the scope of the embodiments.
[0131] Those skilled in the art may appreciate from the
foregoing description that the present invention may be
implemented in a variety of forms, and that the various
embodiments may be implemented alone or in combination.
Therefore, while the embodiments of the present invention
have been described in connection with particular examples
thereof, the true scope of the embodiments and/or methods of
the present invention should not be so limited since other
modifications will become apparent to the skilled practitioner
upon a study of the drawings, specification, and following
claims.

[0132] Various embodiments may be implemented using
hardware elements, software elements, or a combination of
both. Examples of hardware elements may include proces-
sors, microprocessors, circuits, circuit elements (e.g., transis-
tors, resistors, capacitors, inductors, and so forth), integrated
circuits, application specific integrated circuits (ASIC), pro-
grammable logic devices (PLD), digital signal processors
(DSP), field programmable gate array (FPGA), logic gates,
registers, semiconductor device, chips, microchips, chip sets,
and so forth. Examples of software may include software
components, programs, applications, computer programs,
application programs, system programs, machine programs,
operating system software, middleware, firmware, software
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modules, routines, subroutines, functions, methods, proce-
dures, software interfaces, application program interfaces
(API), instruction sets, computing code, computer code, code
segments, computer code segments, words, values, symbols,
orany combination thereof. Determining whether an embodi-
ment is implemented using hardware elements and/or soft-
ware elements may vary in accordance with any number of
factors, such as desired computational rate, power levels, heat
tolerances, processing cycle budget, input data rates, output
data rates, memory resources, data bus speeds and other
design or performance constraints.

[0133] Some embodiments may be implemented, for
example, using a computer-readable medium or article which
may store an instruction or a set of instructions that, if
executed by a machine, may cause the machine to perform a
method and/or operations in accordance with the embodi-
ments. Such a machine may include, for example, any suit-
able processing platform, computing platform, computing
device, processing device, computing system, processing
system, computer, processor, or the like, and may be imple-
mented using any suitable combination of hardware and/or
software. The computer-readable medium or article may
include, for example, any suitable type of memory unit,
memory device, memory article, memory medium, storage
device, storage article, storage medium and/or storage unit,
for example, memory, removable or non-removable media,
erasable or non-erasable media, writeable or re-writeable
media, digital or analog media, hard disk, floppy disk, Com-
pact Disc Read Only Memory (CD-ROM), Compact Disc
Recordable (CD-R), Compact Disc Rewriteable (CD-RW),
optical disk, magnetic media, magneto-optical media, remov-
able memory cards or disks, various types of Digital Versatile
Disc (DVD), a tape, a cassette, or the like. The instructions
may include any suitable type of code, such as source code,
compiled code, interpreted code, executable code, static
code, dynamic code, encrypted code, and the like, imple-
mented using any suitable high-level, low-level, object-ori-
ented, visual, compiled and/or interpreted programming lan-

guage.

We claim:
1. A haptics control system, comprising:
a driver to generate a continuous drive signal to an output
pin; and
a monitor, coupled to the output pin, to capture a Back
Electromotive Force (BEMF) signal generated thereon,
to measure a BEMF signal attribute, and to transmit an
adjustment signal to the driver based on the BEMF sig-
nal attribute,
wherein the driver is configured to adjust the continuous
drive signal generation according to the adjustment sig-
nal.
2. The haptics control system of claim 1, wherein the
haptics control system is an integrated circuit.
3. The haptics control system of claim 1, wherein the
BEMEF signal attribute is a frequency of the BEMF signal.
4. The haptics control system of claim 1, wherein the
BEMF signal attribute is an amplitude of the BEMF signal.
5. The haptics control system of claim 1, wherein the
monitor comprises:
a DC canceller element to remove a DC offset correspond-
ing to the drive signal from the captured signal;
an amplifier; and
an analog to digital converter.

Sep. 13,2012

6. The haptics control system of claim 5, wherein the
monitor further comprises:

a rectifier to invert negative phases of the captured signal.

7. The haptics control system of claim 5, wherein the
monitor further comprises:

a pair or resistors that mirror a resistance in the mechanical

system.

8. The haptics control system of claim 5, wherein the
monitor further comprises:

a rectifier to invert negative phases of the captured signal.

9. The haptics control system of claim 5, wherein the DC
canceller element comprises:

a current source to produce a DC canceling current.

10. The haptics control system of claim 5, wherein the DC
canceller element comprises:

a voltage source to produce a DC canceling current.

11. The haptics control system of claim 5, wherein the DC
canceller element is implemented digitally.

12. The haptics control system of claim 1, wherein the
BEMF signal attribute is a BEMF signal frequency, and the
frequency is measured by capturing reference points corre-
sponding to BEMF signal zero crossings.

13. The haptics control system of claim 1, wherein the
BEMF signal attribute is the BEMF signal frequency, and the
frequency is measured by capturing reference points corre-
sponding to BEMF signal peak value.

14. The haptics control system of claim 1, wherein the
BEMEF signal attribute is the BEMF signal amplitude and the
amplitude is measured by monitoring BEMF signal peak
values.

15. The haptics control system of claim 1, wherein the
driver is configured to operate in two modes, a switched drive
mode to generate a switched drive signal and a linear drive
mode to generate a linear drive signal.

16. The haptics control system of claim 15, wherein the
driver is configured to operate in linear mode when the moni-
tor is capturing the BEMF signal.

17. The haptics control system of claim 1, wherein the
continuous drive signal is a current signal and the captured
signal is a voltage signal.

18. The haptics control system of claim 1, wherein the
continuous drive signal is a voltage signal and the captured
signal is a current signal.

19. The haptics control system of claim 18, further com-
prising a sensing resistor.

20. The haptics control system of claim 1, wherein the
continuous drive signal is a square wave drive signal.

21. The haptics control system of claim 1, wherein the
continuous drive signal is a rhombic shaped drive signal.

22. The haptics control system of claim 1, wherein the
continuous drive signal is a sinusoidal drive signal both satu-
rated or not.

23. The haptics control system of claim 1, wherein the
continuous drive signal is a multilevel pseudo sinusoidal
drive signal.

24. The haptics control system of claim 22, wherein the
monitor measures the BEMF signal when the sinusoidal drive
signal’s rate of current change is zero.

25. The haptics control system of claim 22, wherein the
sinusoidal drive signal is a current signal.

26. The haptics control system of claim 22, wherein the
sinusoidal drive signal is a voltage signal.
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27. The haptics control system of claim 1, wherein the
driver outputs the drive signal to a plurality of mechanical
systems from the output pin/pins.

28. The haptics control system of claim 27, wherein the
drive signal causes each mechanical system to vibrate to
produce a haptic effect.

29. The haptics control system of claim 27, wherein the
monitor captures a sum of all the BEMF signal’s generated by
the plurality of mechanical systems.

30. The haptics control system of claim 1, wherein the
output pin includes a pair of pins for a differential continuous
drive signal.

31. A method to generate a haptic effect, comprising:

generating a continuous drive signal,

outputting the continuous drive signal to an actuator via a

signal line, wherein the continuous drive signal vibrates
the actuator to generate a haptic effect;

capturing a BEMF signal generated by the actuator on the

signal line during the application of the continuous drive
signal;

measuring a BEMF signal property from the BEMF signal;

and

adjusting a corresponding continuous drive signal property

based on the measured BEMF signal property.

32. The method of claim 31, wherein the BEMF signal
property is a BEMF signal frequency.

33. The method of claim 31, wherein the BEMF signal
property is a BEMF signal amplitude.

34. The method of claim 31, wherein capturing the BEMF
signal comprises removing a DC offset in a captured signal,
wherein the DC offset corresponds to the drive signal.

35. The method of claim 31, further comprising amplifying
the BEMF signal and converting the BEMF signal to digital
values.

36. The method of claim 31, further comprising rectifying
the captured signal to invert negative phases.

37. The method of claim 31, wherein the DC offset is
removed in an analog domain.

38. The method of claim 31, wherein the DC offset is
removed digitally.

39. The method of claim 31, wherein the BEMF signal
property is the BEMF signal frequency and the frequency is
measured by capturing reference points corresponding to
BEMF signal zero crossings.

40. The method of claim 31, wherein the BEMF signal
property is the BEMF signal frequency and the frequency is
measured by capturing reference points corresponding to
BEMF signal peak value.

41. The method of claim 31, wherein the BEMF signal
property is the BEMF signal amplitude and the amplitude is
measured by monitoring BEMF signal peak values.

42. The method of claim 31, further comprising:

generating the continuous drive signal as a switched drive

signal in one mode and a linear drive signal in another
mode.

43. The method of claim 42, wherein the method generates
a linear drive signal when capturing the BEMF signal.

44. The method of claim 31, wherein the continuous drive
signal is a current signal and the captured signal is a voltage
signal.

45. The method of claim 31, wherein the continuous drive
signal is a voltage signal and the captured signal is a current
signal.
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46. The method of claim 31, wherein the continuous drive
signal is a square wave drive signal.

47. The method of claim 31, wherein the continuous drive
signal is a rhombic shaped drive signal.

48. The method of claim 31, wherein the continuous drive
signal is a sinusoidal drive signal.

49. The method of ¢laim 31, wherein the continuous drive
signal is a multilevel pseudo sinusoidal drive signal.

50. The method of claim 48, wherein the sinusoidal drive
signal is saturated.

51. The method of claim 48, wherein capturing the BEMF
signal when the sinusoidal drive signal’s rate of current
change is zero.

52. The method of claim 31, wherein the sinusoidal drive
signal is a current signal.

53. The method of claim 31, wherein the sinusoidal drive
signal is a voltage signal.

54. The method of claim 31, further comprising applying
the continuous drive signal to a plurality of actuators via the
signal line.

55. The method of claim 54, further comprising capturing
a sum of all BEMF signals generated by the plurality of
actuators on the signal line.

56. A haptics control system, comprising:

a driver to generate a continuous drive signal to an output

pin; and

a monitor comprising:

an input coupled to the output pin,
aDC canceling element to separate a BEMF signal from
the continuous drive signal,
an amplifier,
an analog to digital converter;
an output to transmit an adjustment signal;
wherein the driver is configured to adjust the continuous
drive signal generation according to the adjustment sig-
nal.

57. The haptics control system of claim 56, wherein the
monitor measures a BEMF signal property and generates the
adjustment signal based on the BEMF signal property.

58. The haptics control system of claim 57 wherein the
BEMF signal property is a frequency.

59. The haptics control system of claim 57, wherein the
BEMEF signal property is an amplitude.

60. The haptics control system of claim 56, wherein the
haptics control system is an integrated circuit.

61. The haptics control system of claim 56, the DC cancel-
ing element is implemented using analog circuitry.

62. The haptics control system of claim 56, the DC cancel-
ing element is implemented digitally.

63. The haptics control system of claim 56, wherein the
driver is configured to operate in two modes, a switched drive
mode to generate a switched drive signal and a linear drive
mode to generate a linear drive signal.

64. The haptics control system of claim 56, wherein the
continuous drive signal is a current signal.

65. The haptics control system of claim 56, wherein the
continuous drive signal is a voltage signal.

66. An electronic device comprising:

a haptics controller to generate instructions based on a

desired haptic effect;

a driver to receive to the instructions and generate a con-

tinuous drive signal,

a linear resonant actuator, coupled to the driver, to receive

the continuous drive signal from driver via a signal line
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and to vibrate a mass within the linear resonant actuator
thereby generating the desired haptic effect; and
amonitor to capture a BEMF signal produced by the vibra-
tion on the signal line, to measure a BEMF signal prop-
erty,
wherein the driver is configured to adjust generation of the
continuous drive signal based on the measured BEMF
signal property.
67. A method of estimating a resonant period of an actuator
comprising:
in a first iteration,
supplying a drive current to the actuator in a first direc-
tion,
measuring, a predetermined time after supplying the
first direction drive current, a reference BEMF value,
and
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after the BEMF value deviates from the reference BEMF
value, searching for a first time when the BEMF value
returns to the reference BEMF value;
in a second iteration,
supplying the drive current to the actuator in a second
direction,
measuring, a predetermined time after supplying the
second direction drive current, a reference BEMF
value, and
after the BEMF value deviates from the reference BEMF
value, searching for a second time when the BEMF
value returns to the reference BEMF value; and
calculating the resonant period of the actuator based on the
first and second times.
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