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Calibration of Electrical Parameters in Optically
Switchable Windows

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefit of US Provisional Patent Application No.
62/329,953, filed April 29, 2016, and titled “Calibration of Electrical Parameters in Optically
Switchable Windows.” This application is also a continuation-in-part of U.S. Patent
Application No. 14/489,414, filed September 17, 2014, and titled “Controlling Transitions in
Optically Switchable Devices,” which is a continuation-in-part of U.S. Patent Application
No. 13/309,990, filed December 2, 2011, and titled “Controlling Transitions in Optically
Switchable Devices,” which is a continuation of U.S. Patent Application No. 13/049,623
(now U.S. Patent No. 8,254,013), filed March 16, 2011, and titled “Controlling Transitions in
Optically Switchable Devices,” each of which is herein incorporated by reference in its
entirety and for all purposes. This application is also a continuation-in-part of U.S. Patent
Application No. 14/900,037, filed December 18, 2015, which is a national phase application
of PCT Patent Application No. PCT/US14/43514, filed June 20, 2014, and titled “Controlling
Transitions in Optically Switchable Devices,” which is a continuation-in-part of U.S. Patent
Application No. 13/931,459, filed June 28, 2013, and titled “Controlling Transitions in
Optically Switchable Devices,” each of which is herein incorporated by reference in its

entirety and for all purposes.

BACKGROUND

[0002] Electrochromic (EC) devices are typically multilayer stacks including (a) at least
one layer of electrochromic material, that changes its optical properties in response to the
application of an electrical potential, (b) an ion conductor (IC) layer that allows ions, such as
lithium ions, to move through it, into and out from the electrochromic material to cause the
optical property change, while preventing electrical shorting, and (¢) transparent conductor
layers, such as transparent conducting oxides or TCOs, over which an electrical potential is
applied to the electrochromic layer. In some cases, the electric potential is applied from
opposing edges of an electrochromic device and across the viewable area of the device. The

transparent conductor layers are designed to have relatively high electronic conductances.
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Electrochromic devices may have more than the above-described layers such as ion storage

or counter electrode layers that optionally change optical states.

[0003] Due to the physics of the device operation, proper function of the electrochromic
device depends upon many factors such as ion movement through the material layers, the
electrical potential required to move the ions, the sheet resistance of the transparent conductor
layers, and other factors. The size of the electrochromic device plays an important role in the
transition of the device from a starting optical state to an ending optical state (e.g., from
tinted to clear or clear to tinted). The conditions applied to drive such transitions can have

quite different requirements for different sized devices or different operating conditions.

[0004] What are needed are improved methods for driving optical transitions in

electrochromic devices.

SUMMARY
[0005] Various embodiments herein relate to methods for transitioning an optically
switchable device using feedback obtained during the transition to control the ongoing
transition and/or calibrating the tint states of optically switch devices using transfer functions.
Certain embodiments relate to optically switchable devices having controllers with
instructions to transition the optically switchable device using feedback obtained during the
transition. Further, in some embodiments, groups of optically switchable devices are
controlled together based on electrical feedback obtained during the transition. The optically
switchable devices can be probed by applying certain electrical conditions (e.g., voltage
pulses and/or current pulses) to the optically switchable devices. An electrical response to

the probing can be used as feedback to control the ongoing transition.

[0006] In one aspect of the disclosed embodiments, a method of controlling an optical
transition of an optically switchable device from a starting optical state to an ending optical
state is provided, the method including: (a) applying a voltage or current for driving the
optically switchable device to transition from the starting optical state to the ending optical
state, where the applied voltage or current is applied to bus bars of the optically switchable
device; (b) before the transition is complete, determining an electrical characteristic of the

optically switchable device; and (c) using the determined electrical characteristic as feedback
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to adjust the applied voltage or current to further control the optically switchable device

transition.

[0007] In a number of embodiments, the optically switchable device is an electrochromic
(EC) window. Operation (c) may include substantially matching, during the transition, the
tint level of the EC window to the tint level of a second EC window proximate the EC

window. This allows more than one window to be controlled to matching tint levels.

[0008] Different types of feedback may be used. In some embodiments, the determined
electrical characteristic includes an open circuit voltage across two electrodes of the optically
switchable device. In these or other cases, the determined electrical characteristic may
include a current flowing between two electrodes of the optically switchable device. In some
examples, the determined electrical characteristic includes at least one of a voltage and a
current, where operation (c) includes adjusting an applied current or voltage used to drive the
transition based on the determined electrical characteristic to ensure that the optically
switchable device is maintained within a safe operating current range and/or within a safe
operating voltage range during the optical transition. The safe operating current range may
have a maximum magnitude between about 70-250 puA/cm®. The safe operating voltage

range may have a maximum magnitude between about 5-9V.

[0009] In certain embodiments, the determined electrical characteristic includes at least
one of a voltage and a current, and (¢) includes adjusting an applied current or voltage used to
drive the transition based on the determined electrical characteristic to ensure that the optical
transition is occurring at a rate of transition that is at least as high as a target rate of transition.
In some cases, (c¢) includes adjusting the applied current or voltage based on the determined
electrical characteristic to ensure that the optical transition occurs within a target timeframe.
In these or other cases, the determined electrical characteristic may include at least one of a
voltage and a current, and (c) includes adjusting an applied current or voltage used to drive
the transition based on the determined electrical characteristic to determine whether the
optically switchable device is at or near the ending optical state. Further, in some cases the
determined electrical characteristic includes a current that occurs in response to open circuit

voltage conditions applied to the optically switchable device.

[0010] In some cases, the method further includes determining a quantity of charge

delivered to drive the optical transition, and based on the determined quantity of charge

AMBILIGHT EX. 1005; Page 5
Ambilight v. Lannray [PR2026-00367



10

15

20

25

30

WO 2017/189307 PCT/US2017/028443

delivered, determining whether the optically switchable device is at or near the ending optical
state. The method may also include receiving a command to transition the optically
switchable device to a third optical state after initiation of the optical transition from the
starting optical state to the ending optical state, where the third optical state is different from
the ending optical state, where (c) includes adjusting an applied current or voltage used to
drive the optical transition based on the determined electrical characteristic to thereby drive

the optically switchable device to the third optical state.

[0011] In another aspect of the disclosed embodiments, a method of maintaining
substantially matching tint levels or tint rates in a plurality of electrochromic (EC) windows
is provided, the method including:(a) probing the plurality of EC windows to determine an
electrical response for each window; (b) comparing the determined electrical responses for
the plurality of EC windows, and (c) scaling a voltage or current applied to each of the
plurality of EC windows to thereby match the tint levels or tint rates in each of the plurality

of EC windows.

[0012] In a further aspect of the disclosed embodiments, a method of transitioning a
plurality of electrochromic (EC) windows at substantially matching tint rates is provided, the
method including: (a) determining a transition time over which the plurality of EC windows
are to be transitioned from a starting optical state to an ending optical state, where the
transition time is based, at least in part, on a minimum time over which a slowest
transitioning window in the plurality of EC windows transitions from the starting optical state
to the ending optical state; (b) applying one or more drive conditions to each of the windows
in the plurality of windows, where the one or more drive conditions applied to each window
are sufficient to cause each window to transition from the starting optical state to the ending

optical state substantially within the transition time.

[0013] In certain implementations, the method further includes: while applying the one or
more drive conditions, probing the plurality of EC windows to determine an electrical
response for each window, measuring the electrical response for each window, determining
whether the electrical response for each window indicates that the window will reach the
ending optical state within the transition time, and if it is determined that the window will
reach the ending optical state within the transition time, continuing to apply the driving
conditions to reach the ending optical state, and if it is determined that the window will not

reach the ending optical state within the transition time, increasing a voltage and/or current
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applied to the window to thereby cause the window to reach the ending optical state within

the transition time.

[0014] The method may further include when determining whether the electrical response
for each window indicates that the window will reach the ending state within the transition
time, if it is determined that the window will reach the ending optical state substantially
before the transition time, decreasing a drive voltage and/or current applied to the window to
thereby cause the window to reach the ending optical state at a time closer to the transition
time than would otherwise occur without decreasing the drive voltage and/or current. The
transition time may be based on a number of factors. For instance, in some cases the
transition time is based, at least in part, on a size of a largest window in the plurality of EC

windows. This can help ensure that the windows can all transition at the same rate.

[0015] The plurality of EC windows may be specifically defined in some cases. For
instance, the method may include defining the plurality of EC windows to be transitioned
based on one or more criteria selected from the group consisting of: pre-defined zones of
windows, instantaneously-defined zones of windows, window properties, and user
preferences. A number of different sets of windows can be defined, and the sets of windows
can be re-defined on-the-fly in some embodiments. For example, defining the plurality of EC
windows to be transitioned may include determining a first plurality of EC windows and
determining a second plurality of EC windows, where the transition time determined in (a) is
a first transition time over which the first plurality of EC windows are to be transitioned, and
where the transition time in (b) is the first transition time, and further including: (c) after
beginning to apply the one or more drive conditions in (b) and before the first plurality of EC
windows reaches the ending optical state, determining a second transition time over which
the second plurality of EC windows are to be transitioned to a third optical state, where the
third optical state may be the starting optical state, the ending optical state, or a different
optical state, where the second transition time is based, at least in part, on a minimum time
over which a slowest transitioning window in the second plurality of EC windows transitions
to the third optical state, and (d) applying one or more drive conditions to each of the
windows in the second plurality of EC windows, where the one or more drive conditions
applied to each window are sufficient to cause each window to transition to the third optical
state substantially within the second transition time. In some embodiments, each window in

the plurality of EC windows includes a memory component including a specified transition
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time for that window, where (a) includes comparing the specified transition time for each
window in the plurality of EC windows to thereby determine which window is the slowest

transitioning window in the plurality of ECA windows.

[0016] In another aspect of the disclosed embodiments, a method of calibrating a defined
tint state of an electrochromic device is provided, the method including: (a) measuring the
optical density for a plurality of hold voltages ranging between clear and tinted states; (b)
determining a transfer function between one or more optical device parameters and the
measured optical density of the device; (c) calculating one or more calibrated drive
parameters using the transfer function, wherein the transfer function employs the use of one
or more optical device parameters; and (d) configuring window control logic by substituting
one or more predetermined drive parameters with the calibrated drive parameters. In some
cases the transfer function determined in (b) can be used or modified to provide calibrated

drive parameters for windows from which window parameters are measured.

[0017] In yet another aspect of the disclosed embodiments, a method of calibrating an
electrochromic window or other optically switchable device is described that ensures the
ending tint state of the device matches the intended tint state (sometimes referred to herein as
a baseline tint state), thus reducing perceived differences in tint between adjacent windows.
In certain embodiments, the method includes the following operations: (a) measuring one or
more parameters of the electrochromic device, wherein the one or more measured parameters
correlate with an unadjusted optical density at the specified tint state; (b) applying the one or
more measured parameters to a transfer function to generate an calibrated drive parameter for
the electrochromic device, wherein the transfer function was produced from a training set of
electrochromic devices; (c) configuring window control logic for controlling one or more
optical transitions and/or states in the electrochromic device, wherein in the configuring
comprises applying the calibrated drive parameter; and (d) applying the calibrated drive
parameter to the electrochromic device to induce the adjusted optical density at the specified
tint state in the electrochromic device. In certain implementations the parameters measured in
(a) and applied to the transfer function in (b) include optical parameters, electrical

parameters, and environmental parameters.

[0018] These and other features will be described in further detail below with reference to

the associated drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0019] Figure 1 illustrates current and voltage profiles during an optical transition using a

simple voltage control algorithm.

[0020] Figure 2 depicts a family of charge (Q) vs. temperature (T) curves for particular

voltages.

[0021] Figures 3A and 3B show current and voltage profiles resulting from a specific

control method in accordance with certain embodiments.

[0022] Figure 3C shows a flow chart depicting control of current during an initial stage of

an optical transition.

[0023] Figure 4A schematically depicts a planar bus bar arrangement according to certain

embodiments.

[0024] Figure 4B presents a simplified plot of the local voltage value on each transparent

conductive layer as a function of position on the layer.
[0025] Figure 4C is a simplified plot of Vg as a function of position across the device.

[0026] Figure 5 is a graph depicting certain voltage and current profiles associated with

driving an electrochromic device from clear to tinted.

[0027] Figure 6A is a graph depicting an optical transition in which a drop in applied
voltage from Vgive t0 Vioia results in a net current flow establishing that the optical transition
has proceeded far enough to permit the applied voltage to remain at Vg4 for the duration of

the ending optical state.

[0028] Figure 6B is a graph depicting an optical transition in which an initial drop in
applied voltage from Ve t0 Vi results in a net current flow indicating that the optical
transition has not yet proceeded far enough to permit the applied voltage to remain at Vg

for the duration of the ending optical state.

[0029] Figures 7A-7D are flow charts illustrating various methods for controlling an

optical transition in an optically switchable device using electrical feedback.
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[0030] Figures 8A and 8B show graphs depicting the total charge delivered over time and
the voltage applied over time during an electrochromic transition when using the method of

Figure 7D to probe and monitor the progress of the transition.

[0031] Figure 8C illustrates an electrochromic window having a pair of voltage sensors

on the transparent conductive oxide layers according to an embodiment.

[0032] Figures 9A and 9B are flow charts depicting further methods for controlling an

optical transition in an optically switchable device using electrical feedback.

[0033] Figures 9C and 9D present flow charts for methods of controlling multiple

windows simultaneously to achieve matching tint levels or tint rates.
[0034] Figure 10 depicts a curtain wall having a number of electrochromic windows.

[0035] Figure 11 is a schematic illustration of a controller that may be used to control an

optically switchable device according to the methods described herein.

[0036] Figure 12 depicts a cross-sectional view of an IGU according to an embodiment.
[0037] Figure 13 illustrates a window controller and associated components.

[0038] Figure 14 is a schematic depiction of an electrochromic device in cross-section.

[0039] Figure 15 is a schematic cross-section of an electrochromic device in a clear state

(or transitioning to a clear state).

[0040] Figure 16 is a schematic cross-section of an electrochromic device in a tinted state

(or transitioning to a tinted state).

[0041] Figure 17 is a schematic cross-section of an electrochromic device in a tinted
state, where the device has an interfacial region that does not contain a distinct ion conductor

layer.

[0042] Figure 18A and 18B provide a scatter plot, histograms, and statistical summaries
showing the effect of using transfer functions to reduce the optical density variance in an

example set of 19 electrochromic windows.
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[0043] Figure 19 is a flow chart illustrating a method of calibrating an electrochromic

window.

DETAILED DESCRIPTION

DEFINITIONS
[0044] An “optically switchable device” is a thin device that changes optical state in
response to electrical input. It reversibly cycles between two or more optical states.
Switching between these states is controlled by applying predefined current and/or voltage to
the device. The device typically includes two thin conductive sheets that straddle at least one
optically active layer. The electrical input driving the change in optical state is applied to the
thin conductive sheets. In certain implementations, the input is provided by bus bars in

electrical communication with the conductive sheets.

[0045] While the disclosure emphasizes electrochromic devices as examples of optically
switchable devices, the disclosure is not so limited. Examples of other types of optically
switchable device include certain electrophoretic devices, liquid crystal devices, and the like.
Optically switchable devices may be provided on various optically switchable products, such
as optically switchable windows. However, the embodiments disclosed herein are not limited
to switchable windows. Examples of other types of optically switchable products include
mirrors, displays, and the like. In the context of this disclosure, these products are typically

provided in a non-pixelated format.

[0046] An “optical transition” is a change in any one or more optical properties of an
optically switchable device. The optical property that changes may be, for example, tint,
reflectivity, refractive index, color, etc. In certain embodiments, the optical transition will
have a defined starting optical state and a defined ending optical state. For example the
starting optical state may be 80% transmissivity and the ending optical state may be 50%
transmissivity. The optical transition is typically driven by applying an appropriate electric

potential across the two thin conductive sheets of the optically switchable device.

[0047] A “starting optical state” is the optical state of an optically switchable device
immediately prior to the beginning of an optical transition. The starting optical state is

typically defined as the magnitude of an optical state which may be tint, reflectivity,
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refractive index, color, etc. The starting optical state may be a maximum or minimum optical
state for the optically switchable device; e.g., 90% or 4% transmissivity in some cases. In
certain cases a minimum transmissivity may be about 2% or lower, for example about 1% or
lower. Altematively, the starting optical state may be an intermediate optical state having a
value somewhere between the maximum and minimum optical states for the optically

switchable device; e.g., 50% transmissivity.

[0048] An “ending optical state” is the optical state of an optically switchable device
immediately after the complete optical transition from a starting optical state. The complete
transition occurs when optical state changes in a manner understood to be complete for a
particular application. For example, a complete tinting might be deemed a transition from
75% optical transmissivity to 10% transmissivity. The ending optical state may be a
maximum or minimum optical state for the optically switchable device; e.g., 90% or 4%
transmissivity. In certain cases a minimum transmissivity may be about 2% or lower, for
example about 1% or lower. Alternatively, the ending optical state may be an intermediate
optical state having a value somewhere between the maximum and minimum optical states

for the optically switchable device; e.g., 50% transmissivity.

[0049] “Bus bar” refers to an electrically conductive strip attached to a conductive layer
such as a transparent conductive electrode spanning the area of an optically switchable
device. The bus bar delivers electrical potential and current from an external lead to the
conductive layer. An optically switchable device includes two or more bus bars, each
connected to a single conductive layer of the device. In various embodiments, a bus bar
forms a long thin line that spans most of the length of the length or width of a device. Often,

a bus bar is located near the edge of the device.

[0050] “Applied Voltage” or V,,, refers the difference in potential applied to two bus
bars of opposite polarity on the electrochromic device. Each bus bar is electronically
connected to a separate transparent conductive layer. The applied voltage may have different
magnitudes or functions such as driving an optical transition or holding an optical state.
Between the transparent conductive layers are sandwiched the optically switchable device
materials such as electrochromic materials. Each of the transparent conductive layers
experiences a potential drop between the position where a bus bar is connected to it and a
location remote from the bus bar. Generally, the greater the distance from the bus bar, the

greater the potential drop in a transparent conducting layer. The local potential of the

10
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transparent conductive layers is often referred to herein as the VycL. Bus bars of opposite
polarity may be laterally separated from one another across the face of an optically

switchable device.

[0051] “Effective Voltage” or Ve refers to the potential between the positive and
negative transparent conducting layers at any particular location on the optically switchable
device. In Cartesian space, the effective voltage is defined for a particular x,) coordinate on
the device. At the point where Vg is measured, the two transparent conducting layers are

separated in the z-direction (by the device materials), but share the same x,y coordinate.

[0052] “Hold Voltage” refers to the applied voltage necessary to indefinitely maintain the
device in an ending optical state. In some cases, without application of a hold voltage,
electrochromic windows return to their natural tint state. In other words, maintenance of a

desired tint state requires application of a hold voltage.

[0053] “Drive Voltage” refers to the applied voltage provided during at least a portion of
the optical transition. The drive voltage may be viewed as “driving” at least a portion of the
optical transition. Its magnitude is different from that of the applied voltage immediately
prior to the start of the optical transition. In certain embodiments, the magnitude of the drive
voltage is greater than the magnitude of the hold voltage. An example application of drive

and hold voltages is depicted in Figure 3.

Introduction and Overview

[0054] A switchable optical device such as an electrochromic device reversibly cycles
between two or more optical states such as a clear state and a tinted state. Switching between
these states is controlled by applying predefined current and/or voltage to the device. The
device controller typically includes a low voltage electrical source and may be configured to
operate in conjunction with radiant and other environmental sensors, although these are not
required in various embodiments. The controller may also be configured to interface with an
energy management system, such as a computer system that controls the electrochromic
device according to factors such as the time of year, time of day, security conditions, and
measured environmental conditions. Such an energy management system can dramatically

lower the energy consumption of a building,

[0055] In various embodiments herein, an optical transition is influenced through

feedback that is generated and utilized during the optical transition. The feedback may be

11
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based on a variety of non-optical properties, for example electrical properties. In particular
examples the feedback may be a current and/or voltage response of an EC device based on
particular conditions applied to the device. The feedback may be used to determine or
control the tint level in the device, or to prevent damage to the device. In many cases,
feedback that is generated/obtained during the optical transition is used to adjust the electrical
parameters driving the transition. The disclosed embodiments provide a number of ways that

such feedback may be used.

[0056] Figure 1 shows a current profile for an electrochromic window employing a
simple voltage control algorithm to cause an optical state transition (e.g., tinting) of an
electrochromic device. In the graph, ionic current density (I) is represented as a function of
time. Many different types of electrochromic devices will have the depicted current profile.
In one example, a cathodic electrochromic material such as tungsten oxide is used in
conjunction with a nickel tungsten oxide counter electrode. In such devices, negative
currents indicate tinting of the device. The specific depicted profile results by ramping up the

voltage to a set level and then holding the voltage to maintain the optical state.

[0057] The current peaks 101 are associated with changes in optical state, i.e., tinting and
clearing. Specifically, the current peaks represent delivery of the charge needed to tint or
clear the device. Mathematically, the shaded area under the peak represents the total charge
required to tint or clear the device. The portions of the curve after the initial current spikes

(portions 103) represent leakage current while the device is in the new optical state.

[0058] In Figure 1, a voltage profile 105 is superimposed on the current curve. The
voltage profile follows the sequence: negative ramp (107), negative hold (109), positive ramp
(111), and positive hold (113). Note that the voltage remains constant after reaching its
maximum magnitude and during the length of time that the device remains in its defined
optical state. Voltage ramp 107 drives the device to its new tinted state and voltage hold 109
maintains the device in the tinted state until voltage ramp 111 in the opposite direction drives
the transition from tinted to clear states. In some switching algorithms, a current cap is
imposed. That is, the current is not permitted to exceed a defined level in order to prevent

damaging the device.

[0059] The speed of tinting is a function of not only the applied voltage, but also the

temperature and the voltage ramping rate. Since both voltage and temperature affect lithium
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diffusion, the amount of charge passed (and hence the intensity of this current peak) increases
with voltage and temperature as indicated in Figure 2. Additionally by definition the voltage
and temperature are interdependent, which implies that a lower voltage can be used at higher
temperatures to attain the same switching speed as a higher voltage at lower temperatures.
This temperature response may be employed in a voltage based switching algorithm but
requires active monitoring of temperature to vary the applied voltage. The temperature is
used to determine which voltage to apply in order to effect rapid switching without damaging

the device.

[0060] As noted above, various embodiments herein utilize some form of feedback to
actively control a transition in an optically switchable device. In many cases the feedback is
based on non-optical characteristics. Electrical characteristics are particularly useful, for
example voltage and current responses of the optically switchable device when certain
electrical conditions are applied. A number of different uses for the feedback are provided

below.

Controlling a Transition using Electrical Feedback to Ensure Safe Operating Conditions

[0061] In some embodiments, electrical feedback is used to ensure that the optically
switchable device is maintained within a safe window of operating conditions. If the current
or voltage supplied to a device is too great, it can cause damage to the device. The feedback
methods presented in this section may be referred to as damage prevention feedback methods.
In some embodiments, the damage prevention feedback may be the only feedback used.
Alternatively, the damage prevention feedback methods may be combined with other
feedback methods described herein. In other embodiments, the damage prevention feedback

is not used, but a different type of feedback described below is used.

[0062] Figure 2 shows a family of Q versus T (charge versus temperature) curves for
particular voltages. More specifically the figure shows the effect of temperature on how
much charge is passed to an electrochromic device electrode after a fixed period of time has
elapsed while a fixed voltage is applied. As the voltage increases, the amount of charge
passed increases for a given temperature. Thus, for a desired amount of charge to be passed,
any voltage in a range of voltages might then be appropriate as shown by horizontal line 207
in Figure 2. And it is clear that simply controlling the voltage will not guarantee that the

change in optical state occurs within a predefined period of time. The device temperature
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strongly influences the current at a particular voltage. Of course, if the temperature of the
device is known, then the applied voltage can be chosen to drive the tinting change during the
desired period of time. However, in some cases it is not possible to reliably determine the
temperature of the electrochromic device. While the device controller typically knows how

much charge is required to switch the device, it might not know the temperature.

[0063] If too high of a voltage or current is applied for the electrochromic device’s
temperature, then the device may be damaged or degraded. On the other hand, if too low of a
voltage or current is applied for the temperature, then the device will switch too slowly. Thus
it would be desirable to have a controlled current and/or voltage early in the optical transition.
With this in mind, in one embodiment the charge (by way of current) is controlled without

being constrained to a particular voltage.

[0064] Some control procedures described herein may be implemented by imposing the
following constraints on the device during an optical transition: (1) a defined amount of
charge is passed between the device electrodes to cause a full optical transition; (2) this
charge is passed within a defined time frame; (3) the current does not exceed a maximum

current; and (4) the voltage does not exceed a maximum voltage.

[0065] In accordance with various embodiments described herein, an electrochromic
device is switched using a single algorithm irrespective of temperature. In one example, a
control algorithm involves (i) controlling current instead of voltage during an initial
switching period where ionic current is significantly greater than the leakage current and (ii)
during this initial period, employing a current-time correlation such that the device switches

fast enough at low temperatures while not damaging the part at higher temperatures.

[0066] Thus, during the transition from one optical state to another, a controller and an
associated control algorithm controls the current to the device in a manner ensuring that the
switching speed is sufficiently fast and that the current does not exceed a value that would
damage the device. Further, in various embodiments, the controller and control algorithm
effects switching in two stages: a first stage that controls current until reaching a defined
point prior to completion of the switching, and a second stage, after the first stage, that

controls the voltage applied to the device.

14

AMBILIGHT EX. 1005; Page 16
Ambilight v. Lannray [PR2026-00367



10

15

20

25

30

WO 2017/189307 PCT/US2017/028443

[0067] Various embodiments described herein may be generally characterized by the

following three regime methodology.

[0068] 1. Control the current to maintain it within a bounded range of currents. This
may be done only for a short period of time during initiation of the change in optical state. It
is intended to protect the device from damage due to high current conditions while ensuring
that sufficient current is applied to permit rapid change in optical state. Generally, the
voltage during this phase stays within a maximum safe voltage for the device. In some
embodiments employing residential or architectural glass, this initial controlled current phase
will last about 3-4 minutes. During this phase, the current profile may be relatively flat, not

varying by more than, for example, about 10%.

[0069] 2. After the initial controlled current stage is complete, there is a transition to a
controlled voltage stage where the voltage is held at a substantially fixed value until the
optical transition is complete, i.e., until sufficient charge is passed to complete the optical
transition. In some cases, the transition from stages 1 to 2 (controlled current to controlled
voltage) is triggered by reaching a defined time from initiation of the switching operation. In
alternative embodiments, however, the transition is accompanied by reaching a predefined
voltage, a predefined amount of charge passed, or some other criterion. During the controlled

voltage stage, the voltage may be held at a level that does not vary by more than about 0.2 V.

[0070] 3. After the second stage is completed, typically when the optical transition is
complete, the voltage is dropped in order to minimize (account for) leakage current while
maintaining the new optical state. That is, a small voltage, sometimes referred to as a “hold
voltage” is applied to compensate for a leakage current across the ion conductor layer. In
some embodiments, the leakage current of the EC device can be quite low, e.g. on the order
of <1 pA/em?, so the hold voltage is also small. The hold voltage need only compensate for
the leakage current that would otherwise untint the device due to concomitant ion transfer
across the IC layer. The transition to this third stage may be triggered by, e.g., reaching a
defined time from the initiation of the switching operation. In other example, the transition is

triggered by passing a predefined amount of charge.

[0071] Figures 3A and 3B show current and voltage profiles resulting for a specific
control method in accordance with certain embodiments. Figure 3C provides an associated

flow chart for an initial portion (the controlled current portion) of the control sequence. For
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purposes of discussion, the negative current shown in these figures, as in Figure 1, is assumed
to drive the clear to tinted transition. Of course, the example could apply equally to devices

that operate in reverse, i.e., devices employing anodic electrochromic electrodes.
[0072] In a specific example, the following procedure is followed:

[0073] 1. At time O (o) — Ramp the voltage at a rate intended to correspond to a current
level “I target” 301. See block 351 of Figure 3C. See also a voltage ramp 303 in Figure 3A.
I target may be set a priori for the device in question — independent of temperature. As
mentioned, the control method described in this section may be beneficially implemented
without knowing or inferring the device’s temperature. In alternative embodiments, the
temperature is detected and considered in setting the current level. In some cases,

temperature may be inferred from the current-voltage response of the window.

[0074] In some examples, the ramp rate is between about 10uV/s and 100V/s. In more

specific examples, the ramp rate is between about 1mV/s and 500mV/s.

[0075] 2. Immediately after to, typically within a few milliseconds, the controller
determines the current level resulting from application of voltage in operation 1. The
resulting current level may be used as feedback in controlling the optical transition. In
particular, the resulting current level may be compared against a range of acceptable currents
bounded by I slow at the lower end and I safe at the upper end. I safe is the current level
above which the device can become damaged or degraded. I slow is the current level below
which the device will switch at an unacceptably slow rate. As an example, I target in an
electrochromic window may be between about 30 and 70 pA/cm”. Further, typical examples
of T slow range between about 1 and 30 pA/cm” and examples of I safe range between about

70 and 250 pA/em’.

[0076] The voltage ramp is set, and adjusted as necessary, to control the current and
typically produces a relatively consistent current level in the initial phase of the control
sequence. This is illustrated by the flat current profile 301 as shown in Figures 3A and 3B,

which is bracketed between levels I safe 307 and I slow 309.

[0077] 3. Depending upon the results of the comparison in step 2, the control method

employs one of the operations (a)-(c) below. Note that the controller not only checks the
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current level immediately after to, but it frequently checks the current level thereafter and

makes adjustments as described here and as shown in Figure 3C.

[0078] (a) Where the measured current is between I slow and T safe = Continue to apply
a voltage that maintains the current between I slow and I safe. See the loop defined by blocks

353, 355, 359, 369, and 351 of Figure 3C.

[0079] (b) Where the measured current is below I slow (typically because the device
temperature is low) => continue to ramp the applied voltage in order to bring the current
above I slow but below I safe. See the loop of block 353 and 351 of Figure 3C. If the current
level is too low, it may be appropriate to increase the rate of increase of the voltage (i.e.,

increase the steepness of the voltage ramp).

[0080] As indicated, the controller typically actively monitors current and voltage to
ensure that the applied current remains above I slow. This feedback helps ensure that the
device remains within a safe operating window. In one example, the controller checks the
current and/or voltage every few milliseconds. It may adjust the voltage on the same time
scale. The controller may also ensure that the new increased level of applied voltage remains
below V safe. V safe is the maximum applied voltage magnitude, beyond which the device

may become damaged or degraded.

[0081] (c) Where the measured current is above I safe (typically because the device is
operating at a high temperature) = decrease voltage (or rate of increase in the voltage) in
order to bring the current below I safe but above I slow. See block 355 and 357 of Figure 3C.
As mentioned, the controller may actively monitor current and voltage. As such, the
controller can quickly adjust the applied voltage to ensure that the current remains below I
safe during the entire controlled current phase of the transition. Thus, the current should not

exceed I safe.

[0082] As should be apparent, the voltage ramp 303 may be adjusted or even stopped
temporarily as necessary to maintain the current between I slow and I safe. For example, the
voltage ramp may be stopped, reversed in direction, slowed in rate, or increased in rate while

in the controlled current regime.

[0083] In other embodiments, the controller increases and/or decreases current, rather

than voltage, as desired. Hence the above discussion should not be viewed as limiting to the
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option of ramping or otherwise controlling voltage to maintain current in the desired range.
Whether voltage or current is controlled by the hardware (potentiostatic or galvanostatic

control), the algorithm attains the desired result.

[0084] 4. Maintain current in the target range, between I slow and I safe until a specified
criterion is met. In one example, the criterion is passing current for a defined length of time,
1, at which time the device reaches a defined voltage V). Upon achieving this condition, the
controller transitions from controlled current to controlled voltage. See blocks 359 and 361 of
Figure 3C. Note that V, is a function of temperature, but as mentioned temperature need not

be monitored or even detected in accordance with various embodiments.

[0085] In certain embodiments t; is about 1 to 30 minutes, and in some specific examples
t; is about 2 to 5 minutes. Further, in some cases the magnitude of V, is about 1 to 7 volts,

and more specifically about 2.5 to 4 volts.

[0086] As mentioned the controller continues in the controlled current phase until a
specified condition is met such as the passing of a defined period of time. In this example, a
timer is used to trigger the transition. In other examples, the specified condition is reaching a

defined voltage (e.g., a maximum safe voltage) or passing of a defined amount of charge.

[0087] Operations 1-4 correspond to regime 1 in the above general algorithm — controlled
current. The goal during this phase is to prevent the current from exceeding a safe level
while ensuring a reasonably rapid switching speed. It is possible that during this regime, the
controller could supply a voltage exceeding the maximum safe voltage for the electrochromic
device. In certain embodiments, this concern is eliminated by employing a control algorithm
in which the maximum safe value is much greater than V, across the operational temperature
range. In some examples, I target and t; are chosen such that V; is well below the maximum
voltage at lower temperatures while not degrading the window due to excessive current at
higher temperatures. In some embodiments, the controller includes a safety feature that will
alarm the window before the maximum safe voltage is reached. In a typical example, the
value of the maximum safe voltage for an electrochromic window is between about 5 and 9

volts.

[0088] 5. Maintain the voltage at a defined level V; until another specified condition is
met such as reaching a time t;. See voltage segment 313 in Figure 3A. Typically the time t,

or other specified condition is chosen such that a desired amount charge is passed sufficient
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to cause the desired change in optical state. In one example, the specified condition is
passage of a pre-specified amount of charge. During this phase, the current may gradually
decrease as illustrated by current profile segment 315 in Figures 3A and 3B. In a specific

embodiment, V, = V1, as is shown in Figure 3A.

[0089] This operation 5 corresponds to the regime 2 above — controlled voltage. A goal
during this phase is to maintain the voltage at V) for a sufficient length to ensure a desired

tinting speed.

[0090] In certain embodiments t; is about 2 to 30 minutes, and in some specific examples
ty is about 3 to 10 minutes. Further, in some cases V; is about 1 to 7 volts, and more

specifically about 2.5 to 4 volts.

[0091] 6. After the condition of step 5 is reached (e.g., after sufficient charge has passed
or a timer indicates t, has been reached), the voltage is dropped from V, to a level V3. This
reduces leakage current during while the tinted state is held. In a specific embodiment, the
transition time t, is predetermined and chosen based on the time required for the center of the
part, which is the slowest to tint, to reach a certain percent transmissivity. In some
embodiments, the t, is between about 4 and 6 minutes. This operation 6 corresponds to

regime 3 above.

[0092] Table 1 presents a specific example of the algorithm described above.

Table 1

Time Current Voltage Variable | Fixed Constraints | End
parameter | parameter Condition

0 0 0 None

t0totl |I0=TItarget | VOto V1l | VO, V1 t1, Ttarget | Islow <I0 |t>tl

<1 safe
tltot2 |Iltol2 V2=VI 12 t2, V2 None t>12
t2tot3 |12to I3 V3 I3 V3 None State
change
request

Definition of parameters:

10 — targeted current value between I slow and I safe
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VO — voltage corresponding to current Iy

TO — time at which current = 10.

I1 — current at time t1. I1 =10

V1 - voltage at time t1. Voltage ramps from VO to V1 between t0 and t1 and is a
function of temperature.

t1 — time for which current is maintained between I slow and I safe (e.g., about 3-4
minutes)

12 — current at time t2. Current decays from I1 to I2 when voltage is maintained at V1.
V2 —voltage at time t2. V1 =V2.

t2 — time till which voltage V1 is maintained. May be between about 4 to 6 min from
tl. After t2 the voltage is dropped from V2 to V3

V3 —hold voltage between t2 and t3.

I3 — current corresponding to voltage V3.

t3 — time at which state change request is received.

Controlling a Transition using Electrical Feedback to Determine the End Point of a Transition

[0093] Embodiments described in this regard relate to the use of electrical feedback in
determining the end point of a transition. In other words, feedback is used to determine when
an optical transition is complete or nearly complete. These feedback methods may be used

alone or in combination with other feedback methods described herein.

[0094] Certain disclosed embodiments make use of electrical probing and monitoring to
determine when an optical transition between a first optical state and a second optical state of
an optically switchable device has proceeded to a sufficient extent that the application of a
drive voltage can be terminated. For example, electrical probing allows for application of
drive voltages for less time than previously thought possible, as a particular device is driven
based on electrical probing of its actual optical transition progression in real time. Further,
real time monitoring can help ensure that an optical transition progresses to a desired state.
In various embodiments, terminating the drive voltage is accomplished by dropping the
applied voltage to a hold voltage. This approach takes advantage of an aspect of optical
transitions that is typically considered undesirable — the propensity of thin optically
switchable devices to transition between optical states non-uniformly. In particular, many
optically switchable devices initially transition at locations close to the bus bars and only later

at regions far from the bus bars (e.g., near the center of the device). Surprisingly, this non-
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uniformity can be harnessed to probe the optical transition. By allowing the transition to be
probed in the manner described herein, optically switchable devices avoid the need for
custom characterization and associated preprogramming of device control algorithms
specifying the length of time a drive voltage is applied as well as obviating “one size fits all”
fixed time period drive parameters that account for variations in temperature, device structure
variability, and the like across many devices. Before describing probing and monitoring
techniques in more detail, some context on optical transitions in electrochromic devices will

be provided.

[0095] Driving a transition in a typical electrochromic device is accomplished by
applying a defined voltage to two separated bus bars on the device. In such a device, it is
convenient to position bus bars perpendicular to the smaller dimension of a rectangular
window (see Figure 4A). This is because the transparent conducting layers used to deliver an
applied voltage over the face of the thin film device have an associated sheet resistance, and
the bus bar arrangement allows for the shortest span over which current must travel to cover
the entire area of the device, thus lowering the time it takes for the conductor layers to be

fully charged across their respective areas, and thus lowering the time to transition the device.

[0096] While an applied voltage, Vapp, is supplied across the bus bars, essentially all areas
of the device see a lower local effective voltage (V) due to the sheet resistance of the
transparent conducting layers and the current draw of the device. The center of the device
(the position midway between the two bus bars) frequently has the lowest value of V. This
may result in an unacceptably small optical switching range and/or an unacceptably slow
switching time in the center of the device. These problems may not exist at the edges of the
device, nearer the bus bars. This is explained in more detail below with reference to Figures

4B and 4C.

[0097] Figure 4A shows a top-down view of an electrochromic lite 400 including bus
bars having a planar configuration. Electrochromic lite 400 includes a first bus bar 405
disposed on a first conductive layer 410 and a second bus bar 415 disposed on a second
conductive layer, 420. An electrochromic stack (not shown) is sandwiched between first
conductive layer 410 and second conductive layer 420. As shown, first bus bar 405 may
extend substantially across one side of first conductive layer 410. Second bus bar 415 may
extend substantially across one side of second conductive layer 420 opposite the side of

electrochromic lite 400 on which first bus bar 405 is disposed. Some devices may have extra
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bus bars, e.g., on all four edges, but this complicates fabrication. A further discussion of bus
bar configurations, including planar configured bus bars, is found in US Patent Application

No. 13/452,032 filed April 20, 2012, which is incorporated herein by reference in its entirety.

[0098] Figure 4B is a graph showing a plot of the local voltage in first transparent
conductive layer 410 and the voltage in second transparent conductive layer 420 that drives
the transition of electrochromic lite 400 from a clear state to a tinted state, for example. Plot
425 shows the local values of the voltage Vrcp in first transparent conductive layer 410. As
shown, the voltage drops from the left hand side (e.g., where first bus bar 405 is disposed on
first conductive layer 410 and where the voltage is applied) to the right hand side of first
conductive layer 410 due to the sheet resistance and current passing through first conductive
layer 410. Plot 430 also shows the local voltage VrcL in second conductive layer 420. As
shown, the voltage increases (decreases in magnitude) from the right hand side (e.g., where
second bus bar 415 is disposed on second conductive layer 420 and where the voltage is
applied) to the left hand side of second conductive layer 420 due to the sheet resistance of
second conductive layer 420. The value of the applied voltage, Vapp, in this example is the
difference in voltage between the right end of potential plot 430 and the left end of potential
plot 425. The value of the effective voltage, Vs, at any location between the bus bars is the
difference in values of curves 430 and 425 at the position on the x-axis corresponding to the

location of interest.

[0099] Figure 4C is a graph showing a plot of V.r across the electrochromic device
between first and second conductive layers 410 and 420 of electrochromic lite 400. As
explained, the effective voltage is the local voltage difference between the first conductive
layer 410 and the second conductive layer 420. Regions of an electrochromic device
subjected to higher effective voltages transition between optical states faster than regions
subjected to lower effective voltages. As shown, the effective voltage is the lowest at the
center of electrochromic lite 400 and highest at the edges of electrochromic lite 400. The
voltage drop across the device is due to ohmic losses as current passes through the device.
The voltage drop across large electrochromic windows can be alleviated by configuring
additional bus bars within the viewing area of the window, in effect dividing one large optical
window into multiple smaller electrochromic windows which can be driven in series or
parallel. However, this approach may not be aesthetically appealing due to the contrast

between the viewable area and the bus bar(s) in the viewable area. That is, it may be much
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more pleasing to the eye to have a monolithic electrochromic device without any distracting

bus bars in the viewable area.

[0100] As described above, as the window size increases, the electronic resistance to
current flowing across the thin face of the TC layers also increases. This resistance may be
measured between the points closest to the bus bar (referred to as edge of the device in
following description) and in the points furthest away from the bus bars (referred to as the
center of the device in following description). When current passes through a TCL, the
voltage drops across the TCL face and this reduces the effective voltage at the center of the
device. This effect is exacerbated by the fact that typically as window area increases, the
leakage current density for the window stays constant but the total leakage current increases
due to the increased area. Thus with both of these effects the effective voltage at the center of
the electrochromic window falls substantially, and poor performance may be observed for
electrochromic windows which are larger than, for example, about 30 inches across. This
issue can be addressed by using a higher V,p, such that the center of the device reaches a

suitable effective voltage.

[0101] Typically the range of safe operation for solid state electrochromic devices is
between about 0.5V and 4V, or more typically between about 0.8V and about 3V, eg.
between 09V and 1.8V. These are local values of Ver. In one embodiment, an
electrochromic device controller or control algorithm provides a driving profile where Vg is
always below 3V, in another embodiment, the controller controls Vg so that it is always
below 2.5V, in another embodiment, the controller controls Vg so that it is always below
1.8V. The recited voltage values refer to the time averaged voltage (where the averaging time

is of the order of time required for small optical response, e.g., few seconds to few minutes).

[0102] An added complexity of electrochromic windows is that the current drawn
through the window is not fixed over the duration of the optical transition. Instead, during
the initial part of the transition, the current through the device is substantially larger (up to
100x larger) than in the end state when the optical transition is complete or nearly complete.
The problem of poor tinting in center of the device is further exacerbated during this initial
transition period, as the value Vg at the center is significantly lower than what it will be at

the end of the transition period.
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[0103] In the case of an electrochromic device with a planar bus bar, it can be shown that

the Ve across a device with planar bus bars is generally given by:

AV(0) = Vi — RIL?/2

AV(L) = Vypp — RIL?/2 Equation 1

AV(L/2) = Vapp — 3RIL*/4

where:

Vapp 18 the voltage difference applied to the bus bars to drive the electrochromic window;

AV(0) is Vg at the bus bar connected to the first transparent conducting layer (in the example

below, TEC type TCO);

AV(L) is Vi at the bus bar connected to the second transparent conducting layer (in the

example below, ITO type TCO);

AV(L/2) is Vg at the center of the device, midway between the two planar bus bars;
R = transparent conducting layer sheet resistance;

J = instantaneous average current density; and

L = distance between the bus bars of the electrochromic device.

[0104] The transparent conducting layers are assumed to have substantially similar, if not
the same, sheet resistance for the calculation. However those of ordinary skill in the art will
appreciate that the applicable physics of the ohmic voltage drop and local effective voltage

still apply even if the transparent conducting layers have dissimilar sheet resistances.

[0105] As noted, certain embodiments pertain to controllers and control algorithms for
driving optical transitions in devices having planar bus bars. In such devices, substantially
linear bus bars of opposite polarity are disposed at opposite sides of a rectangular or other
polygonally shaped electrochromic device, as shown in Figure 4a, for instance. In some
embodiments, devices with non-planar bus bars may be employed. Such devices may
employ, for example, angled bus bars disposed at vertices of the device. In such devices, the

bus bar effective separation distance, L, is determined based on the geometry of the device
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and bus bars. A discussion of bus bar geometries and separation distances may be found in
U.S. Patent Application No. 13/452,032, entitled “Angled Bus Bar”, and filed April 20, 2012,

which is incorporated herein by reference in its entirety.

[0106] As R, J or L increase, Vg across the device decreases, thereby slowing or
reducing the device tinting during transition and even in the final optical state. Referring to
Equation 1, the V. across the window is at least RIL* / 2 lower than V. It has been found
that as the resistive voltage drop increases (due to increase in the window size, current draw
etc.) some of the loss can be negated by increasing V,p, but doing so only to a value that
keeps Ve at the edges of the device below the threshold where reliability degradation would

OoCCur.

[0107] In summary, it has been recognized that both transparent conducting layers
experience ohmic drop, and that drop increases with distance from the associated bus bar, and
therefore Vrcr decreases with distance from the bus bar for both transparent conductive

layers. As a consequence Vg decreases in locations removed from both bus bars.

[0108] Figure 5 illustrates a voltage control profile in accordance with certain
embodiments. In the depicted embodiment, a voltage control profile is employed to drive the
transition from a clear state to a tinted state (or to an intermediate state). To drive an
electrochromic device in the reverse direction, from a tinted state to a clear state (or from a
more tinted to less tinted state), a similar but inverted profile is used. In some embodiments,
the voltage control profile for going from tinted to clear is a mirror image of the one depicted

in Figure 5.

[0109] The voltage values depicted in Figure 5 represent the applied voltage (Vapp)
values. The applied voltage profile is shown by the dashed line. For contrast, the current
density in the device is shown by the solid line. In the depicted profile, V,y, includes four
components: a ramp to drive component 503, which initiates the transition, a Ve
component 513, which continues to drive the transition, a ramp to hold component 515, and a
Vioa component 517. The ramp components are implemented as variations in V,p, and the

Vaiive and Vioig components provide constant or substantially constant V,p, magnitudes.

[0110] The ramp to drive component is characterized by a ramp rate (increasing
magnitude) and a magnitude of Vgive. When the magnitude of the applied voltage reaches

Varive, the ramp to drive component is completed. The Vg component is characterized by
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the value of Vgive as well as the duration of Vaive. The magnitude of Vgive may be chosen to
maintain Vg with a safe but effective range over the entire face of the electrochromic device

as described above.

[0111] The ramp to hold component is characterized by a voltage ramp rate (decreasing
magnitude) and the value of Vg (or optionally the difference between Vaive and Viold). Vapp
drops according to the ramp rate until the value of Vi is reached. The Vpoq component is
characterized by the magnitude of V4 and the duration of Vygg. Actually, the duration of
Vheld 18 typically governed by the length of time that the device is held in the tinted state (or
conversely in the clear state). Unlike the ramp to drive, Vgive, and ramp to hold components,
the Vipoiga component has an arbitrary length, which is independent of the physics of the

optical transition of the device.

[0112] Each type of electrochromic device will have its own characteristic components of
the voltage profile for driving the optical transition. For example, a relatively large device
and/or one with a more resistive conductive layer will require a higher value of Vgive and
possibly a higher ramp rate in the ramp to drive component. U.S. Patent Application No.
13/449,251, filed April 17, 2012, and incorporated herein by reference, discloses controllers
and associated algorithms for driving optical transitions over a wide range of conditions. As
explained therein, each of the components of an applied voltage profile (ramp to drive, Vgive,
ramp to hold, and Vyoq, herein) may be independently controlled to address real-time
conditions such as current temperature, current level of transmissivity, etc. In some
embodiments, the values of each component of the applied voltage profile is set for a
particular electrochromic device (having its own bus bar separation, resistivity, etc.) and does
not vary based on current conditions. In other words, in such embodiments, the voltage

profile does not take into account feedback such as temperature, current density, and the like.

[0113] As indicated, all voltage values shown in the voltage transition profile of Figure 5
correspond to the Vg, values described above. They do not correspond to the Vg values
described above. In other words, the voltage values depicted in Figure 5 are representative of

the voltage difference between the bus bars of opposite polarity on the electrochromic device.

[0114] In certain embodiments, the ramp to drive component of the voltage profile is
chosen to safely but rapidly induce ionic current to flow between the electrochromic and

counter electrodes. As shown in Figure 5, the current in the device follows the profile of the
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ramp to drive voltage component until the ramp to drive portion of the profile ends and the
Varive portion begins. See current component 501 in Figure 5. Safe levels of current and
voltage can be determined empirically or based on other feedback. Examples of safe current

and voltage levels are provided above.

[0115] In certain embodiments, the value of Vv is chosen based on the considerations
described above. Particularly, it is chosen so that the value of Vg over the entire surface of
the electrochromic device remains within a range that effectively and safely transitions large
electrochromic devices. The duration of Vgsiye can be chosen based on various considerations.
One of these ensures that the drive potential is held for a period sufficient to cause the
substantial tinting of the device. For this purpose, the duration of Vgiye may be determined
empirically, by monitoring the optical density of the device as a function of the length of time
that Vgiive remains in place. In some embodiments, the duration of V. 18 set to a specified
time period. In another embodiment, the duration of Vgiye 1S set to correspond to a desired
amount of ionic and/or electronic charge being passed. As shown, the current ramps down

during Vaive. See current segment 507.

[0116] Another consideration is the reduction in current density in the device as the ionic
current decays as a consequence of the available lithium ions completing their journey from
the anodic coloring electrode to the cathodic coloring electrode (or counter electrode) during
the optical transition. When the transition is complete, the only current flowing across device
is leakage current through the ion conducting layer. As a consequence, the ohmic drop in
potential across the face of the device decreases and the local values of Vg increase. These
increased values of Vs can damage or degrade the device if the applied voltage is not
reduced. Thus, another consideration in determining the duration of Vgyy is the goal of
reducing the level of V. associated with leakage current. By dropping the applied voltage
from Vgive to Vhod, not only is Vg reduced on the face of the device but leakage current
decreases as well. As shown in Figure 5, the device current transitions in a segment 505
during the ramp to hold component. The current settles to a stable leakage current 509 during

Vioia.”

[0117] A challenge arises because it can be difficult to predict how long the applied
drive voltage should be applied before transitioning to the hold voltage. Devices of different
sizes, and more particularly devices having bus bars separated by particular distances, require

different lengths of time for applying the drive voltage. Further, the processes employed to
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fabricate optically switchable devices such as electrochromic devices may vary subtly from
one batch to another or one process revision to another. The subtle process variations
translate into potentially different requirements for the length of time that the drive voltage
must be applied to the devices used in operation. Still further, environmental conditions, and
particularly temperature, can influence the length of time that the applied voltage should be
applied to drive the transition, for the reasons discussed above with reference to Figure 2, for

example.

[0118] To account for all these variables, current technology may define many distinct
control algorithms with distinct periods of time for applying a defined drive voltage for each
of many different window sizes or device features. A rationale for doing this is to ensure that
the drive voltage is applied for a sufficient period, regardless of device size and type, to
ensure that the optical transition is complete. Currently many different sized electrochromic
windows are manufactured. While it is possible to pre-determine the appropriate drive
voltage time for each and every different type of window, this can be a tedious, expensive,
and time-consuming process. An improved approach, described here, is to determine on-the-

fly the length of time that the drive voltage should be applied.

[0119] Further, it may be desirable to cause the transition between two defined optical
states to occur within a defined duration, regardless of the size of the optically switchable
device, the process under which the device is fabricated, and the environmental conditions in
which the device is operating at the time of the transition. This goal can be realized by
monitoring the course of the transition and adjusting the drive voltage as necessary to ensure
that the transition completes in the defined time. Adjusting the magnitude of the drive
voltage is one way of accomplishing this. Such methods are discussed further below in the
section regarding Controlling a Transition using Electrical Feedback to Determine the End

Point of a Transition.

[0120] Certain disclosed embodiments apply a probing technique to assess the progress
of an optical transition while the device is in transition. As illustrated in Figure 5, there are
typically distinct ramp to drive and drive voltage maintenance stages of the optical transition.
The probe technique can be applied during either of these stages. In many embodiments, the

probing technique is applied during the drive voltage maintenance portion of the algorithm.
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[0121] In certain embodiments, the probing technique involves pulsing the current or
voltage applied to drive the transition and then monitoring the current or voltage response to
detect an overdrive condition in the vicinity of the bus bars. An overdrive condition occurs
when the local effective voltage is greater than needed to cause a local optical transition. For
example, if an optical transition to a clear state is deemed complete when Vg reaches 2V,
and the local value of Vg near a bus bar is 2.2V, the position near the bus bar may be

characterized as in an overdrive condition.

[0122] One example of a probing technique involves pulsing the applied drive voltage by
dropping it to the level of the hold voltage (or the hold voltage modified by an appropriate
offset) and monitoring the current response to determine the direction of the current response.
In this example, when the current response reaches a defined threshold, the device control

system determines that it is now time to transition from the drive voltage to the hold voltage.

[0123] Figure 6A is a graph depicting an optical transition in which a drop in applied
voltage from Vgiive to Viold results in a net current flow establishing that the optical transition
has proceeded far enough to permit the applied voltage to remain at Vyyq for the duration of
the ending optical state. This is illustrated by a voltage drop 611 in Vyp, from Vye to Vipola.
Voltage drop 611 is performed during a period when the V,,, might otherwise be constrained
to remain in the drive phase shown in Figure 5. The current flowing between the bus bars
began dropping (becoming less negative), as illustrated by current segment 507, when the
applied voltage initially stopped increasing (becoming more negative) and plateaued at Vgsive.
However, when the applied voltage now dropped at 611, the current began decreasing more
readily as illustrated by current segment 615. In accordance with some embodiments, the
level of current is measured after a defined period of time passes following the voltage drop
611. If the current is below a certain threshold, the optical transition is deemed complete, and
the applied voltage may remain at Vieq (or move to Vpgq if it is at some other level below
Vaiive). In the particular example of Figure 6A, the current threshold is exceeded as
illustrated. Therefore, the V,p, remains at Vygg for the duration of the ending optical state.
Vhola may be selected for the ending optical state it provides. Such ending optical state may
be a maximum, minimum, or intermediate optical state for the optical device undergoing the

transition.

[0124] In situations where the current does not reach the threshold when measured, it

may be appropriate to return Vyp, to Vaive. Figure 6B illustrates this situation. Figure 6B is a
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graph depicting an optical transition in which an initial drop in applied voltage from Vgiye to
Vhoud (see 611) results in a net current flow indicating that the optical transition has not yet
proceeded far enough to permit the applied voltage to remain at Vyoq for the duration of the
ending optical state. Note that current segment 615, which has a trajectory resulting from
voltage drop 611, does not reach the threshold when probed at 619. Therefore the applied
voltage is returned to Vasive for a further period of time — while the current recovers at 617 —
before again dropping to Vg (621) at which point the resulting current (623) establishes that
the optical transition has proceeded far enough to permit the applied voltage to remain at
Vhoud for the duration of the ending optical state. As explained, the ending optical state may
be a maximum, minimum, or intermediate optical state for the optical device undergoing the

transition.

[0125] As explained, the hold voltage is a voltage that will maintain the optical device in
equilibrium at a particular optical density or other optical condition. It produces a steady-
state result by generating a current that offsets the leakage current in the ending optical state.
The drive voltage is applied to speed the transition to a point where applying the hold voltage

will result in a time invariant desired optical state.

[0126] The probing techniques described herein may be understood in terms of the
physical mechanisms associated with an optical transition driven from bus bars at the edges
of a device. Basically, the technique relies on differential values of the effective voltage
experienced in the optically switchable device across the face of the device, and particularly
the variation in Vg from the center of the device to the edge of the device. The local
variation in potential on the transparent conductive layers results in different values of Vg
across the face of the device. The value of V¢r experienced by the optically switchable device
near the bus bars is far greater the value of V¢ in the center of the device. As a consequence,
the local charge buildup in the region next to the bus bars is significantly greater than the

charge buildup in the center the device.

[0127] At some point during the optical transition, the value of Vg at the edge of the
device near the bus bars is sufficient to exceed the ending optical state desired for the optical
transition whereas in the center of the device, the value of Vg is insufficient to reach that
ending state. The ending state may be an optical density value associated with the endpoint in
the optical transition. While in this intermediate stage of the optical transition, if the drive

voltage is dropped to the hold voltage, the portion of the electrochromic device close to the
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bus bars will effectively try to transition back toward the state from which it started.
However, as the device state in the center of the device has not yet reached the end state of
the optical transition, when a hold voltage is applied, the center portion of the device will

continue transitioning in the direction desired for the optical transition.

[0128] When the device in this intermediate stage of transition experiences the change in
applied voltage from the drive voltage to the hold voltage (or some other suitably lower
magnitude voltage), the portions of the device located near the bus bars - where the device is
effectively overdriven - generate current flowing in the direction opposite that required to
drive the transition. In contrast, the regions of the device in the center, which have not yet
fully transitioned to the final state, continue to promote current flow in a direction required to

drive the transition.

[0129] Over the course of the optical transition, and while the device is experiencing the
applied drive voltage, there is a gradual increase in the driving force for causing current to
flow in the reverse direction when the device is subject to a sudden drop in applied voltage.
By monitoring the flow of current in response to perturbations away from drive voltage, one
can determine a point at which the transition from the first state to the second state is
sufficiently far along that a transition from drive voltage to hold voltage is appropriate. By
“appropriate,” it is meant that the optical transition is sufficiently complete from the edge of
the device to the center of the device. Such transition can be defined in many ways depending
upon the specifications of the product and its application. In one embodiment, it assumes that
the transition from the first state to the second state is at least about 80% of complete or at
least about 95% of complete. Complete reflecting the change in optical density from the first
state to the second state. The desired level of completeness may correspond to a threshold

current level as depicted in the examples of Figures 6A and 6B.

[0130] Many possible variations to the probing protocol exist. Such variations may
include certain pulse protocols defined in terms of the length of time from the initiation of the
transition to the first pulse, the duration of the pulses, the size of the pulses, and the frequency

of the pulses.

[0131] In one embodiment, the pulse sequence is begun immediately upon the
application of a drive voltage or a ramp to drive voltage that initiates the transition between

the first optical state and second optical state. In other words, there would be no lag time

31

AMBILIGHT EX. 1005; Page 33
Ambilight v. Lannray [PR2026-00367



10

15

20

25

30

WO 2017/189307 PCT/US2017/028443

between the initiation of the transition and the application of pulsing. In some
implementations, the probe duration is sufficiently short (e.g., about 1 second or less) that
probing back and forth between Vgive and Vyoq for the entire transition is not significantly
detrimental to switching time. However, in some embodiments, it is unnecessary to start
probing right away. In some cases, switching is initiated after about 50% of an expected or
nominal switching period is complete, or about 75% of such period is complete. Often, the
distance between bus bars is known or can be read using an appropriately configured
controller. With the distance known, a conservative lower limit for initiating probing may be
implemented based on approximate known switching time. As an example, the controller
may be configured to initiate probing after about 50-75% of expected switching duration is

complete.

[0132] In some embodiments, the probing begins after about 30 seconds from initiating
the optical transition. Relatively earlier probing may be especially helpful in cases where an
interrupt command is received. An interrupt command is one that instructs the device to
switch to a third optical transmission state when the device is already in the process of
changing from a first to a second optical transmission state. In this case, early probing can
help determine the direction of the transition (i.e., whether the interrupt command requires
the window to become lighter or darker than when the command is received). Methods in
which electrical feedback is used after receiving an interrupt command are further discussed
below in the section regarding Controlling a Transition using Electrical Feedback to

Transition to a Modified End State.

[0133] In some embodiments, the probing begins about 120 minutes (or about 30
minutes, about 60 minutes, or about 90 minutes) after initiating the optical transition.
Relatively later probing may be more useful where larger windows are used, and where the
transition occurs from an equilibrium state. For architectural glass, probing may begin about
30 seconds to 30 minutes after initiating the optical transition, in some cases between about
1-5 minutes, for example between about 1-3 minutes, or between about 10-30 minutes, or
between about 20-30 minutes. In some embodiments, the probing begins about 1-5 minutes
(e.g., about 1-3 minutes, about 2 minutes in a particular example) after initiating an optical
transition through an interrupt command, while the probing begins about 10-30 minutes (e.g.,
about 20-30 minutes) after initiating an optical transition from an initial command given

when the electrochromic device is in an equilibrium state.
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[0134] In the examples of Figures 6A and 6B, the magnitude of the pulses is between the
drive voltage value and the hold voltage value. This may be done for convenience. Other
pulse magnitudes are possible. For example, the pulse may have a magnitude that falls
within about +/- 500 mV of the hold voltage, or within about +/- 200 mV of the hold voltage.
For context, an electrochromic device on a window, such as an architectural window, may
have a drive voltage of about 0 V to +/- 20 V (e.g., about +/- 2 V to +/- 10 V) and a hold
voltage of about O V to +/- 4 V (e.g., about +/- 1 V to +/- 2 V). In some embodiments, the
hold voltage is between about +/-1 Vto+/-1.5V.

[0135] In various embodiments, the controller determines when during the optical
transition the polarity of the probe current opposes the polarity of the bias due to the
transition proceeding to a significant extent. In other words, the controller detects/determines
when current to the bus bars flows in a direction opposite of what would be expected if the

optical transition was still proceeding.

[0136] Probing by dropping the applied voltage magnitude from Vgive to Viog provides a
convenient, and broadly applicable, mechanism for monitoring the transition to determine
when the probe current first reverses polarity. Probing by dropping the voltage to a
magnitude other than that of Vg may involve characterization of window performance. It
appears that even very large windows (e.g., about 60”) essentially complete their optical

transition when the current first opposes the transition upon probing from V give t0 Vioid.

[0137] In certain cases, probing occurs by dropping the applied voltage magnitude from
Vdrive t0 Vprobe, Where Ve 1s @ probe voltage other than the hold voltage. For example,
Vprobe may be Vioig as modified by an offset. Although many windows are able to essentially
complete their optical transitions when the current first opposes the transition after probing
from Vgive to Vpod, certain windows may benefit from pulsing to a voltage slightly offset
from the hold voltage. In general, the offset becomes increasingly beneficial as the size of
the window increases, and as the temperature of the window drops. In certain cases, the
offset 1s between about 0-1 V, and the magnitude of Vppe 1s between about 0-1 V higher than
the magnitude of V4. For example, the offset may be between about 0-0.4 V. In these or
other embodiments, the offset may be at least about 0.025 V, or at least about 0.05 V, or at
least about 0.1 V. The offset may result in the transition having a longer duration than it

otherwise would. The longer duration helps ensure that the optical transition is able to fully
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complete. Techniques for selecting an appropriate offset from the hold voltage are discussed

further below in the context of a target open circuit voltage.

[0138] In some embodiments, the controller notifies a user or the window network
master controller of how far (by, e.g., percentage) the optical transition has progressed. This
may be an indication of what transmission level the center of the window is currently at.
Feedback regarding transition may be provided to user interface in a mobile device or other
computational apparatus. See e.g., PCT Patent Application No. US2013/036456 filed April

12, 2013, which is incorporated herein by reference in its entirety.

[0139] The frequency of the probe pulsing may be between about 10 seconds and 500
seconds. As used in this context, the “frequency” means the separation time between the
midpoints of adjacent pulses in a sequence of two or more pulses. Typically, the frequency of
the pulsing is between about 10 seconds and 120 seconds. In certain embodiments, the
frequency of the pulsing is between about 20 seconds and 30 seconds. In certain
embodiments, the probe frequency is influenced by the size of the electrochromic device or
the separation between bus bars in the device. In certain embodiments, the probe frequency
is chosen as a function the expected duration of the optical transition. For example, the
frequency may be set to be about 1/5™ to about 1/50™ (or about 1/10"™ to about 1/30™) of the
expected duration of the transition time. Note that transition time may correspond to the
expected duration of Vapp = Varive. Note also that the expected duration of the transition may
be a function of the size of the electrochromic device (or separation of bus bars). In one
example, the duration for 14” windows is ~2.5 minutes, while the duration for 60” windows
is ~40 minutes. In one example, the probe frequency is every 6.5 seconds for a 14” window

and every 2 minutes for a 60” window.

[0140] In various implementations, the duration of each pulse is between about 1x10”
and 20 seconds. In some embodiments, the duration of the pulses is between about 0.1 and 20

seconds, for example between about 0.5 seconds and 5 seconds.

[0141] As indicated, in certain embodiments, an advantage of certain probing techniques
disclosed herein is that only very little information need be pre-set with the controller that is
responsible for controlling a window transition. Typically, such information includes only the
hold voltage (and voltage offset, if applicable) associated for each optical end state.

Additionally, the controller may specify a difference in voltage between the hold voltage and
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a drive voltage, or alternatively, the value of Ve itself. Therefore, for any chosen ending
optical state, the controller would know the magnitudes of Vio, Vofrset and Vgiive. The
duration of the drive voltage may be determined using the probing algorithm described here.
In other words, the controller determines how to appropriately apply the drive voltage as a

consequence of actively probing the extent of the transition in real time.

[0142] Figure 7A presents a flowchart 701 for a process of monitoring and controlling an
optical transition in accordance with certain disclosed embodiments. As depicted, the process
begins with an operation denoted by reference number 703, where a controller or other
control logic receives instructions to direct the optical transition. As explained, the optical
transition may be an optical transition between a tinted state and a more clear state of
electrochromic device. The instructions for directing the optical transition may be provided to
the controller based upon a preprogrammed schedule, an algorithm reacting to external
conditions, manual input from a user, etc. Regardless of how the instructions originate, the
controller acts on them by applying a drive voltage to the bus bars of the optically switchable

device. See the operation denoted by reference number 705.

[0143] As explained above, in conventional embodiments, the drive voltage is applied to
the bus bars for a defined period of time after which it is presumed that the optical transition
is sufficiently complete that the applied voltage can be dropped to a hold voltage. In such
embodiments, the hold voltage is then maintained for the duration of the pending optical
state. In contrast, in accordance with embodiments disclosed herein, the transition from a
starting optical state to an ending optical state is controlled by probing the condition of the
optically switchable device one or more times during the transition. This procedure is

reflected in operations 707, et seq. of Figure 7A.

[0144] In operation 707, the magnitude of the applied voltage is dropped after allowing
the optical transition to proceed for an incremental period of time. The duration of this
incremental transition is significantly less than the total duration required to fully complete
the optical transition. Upon dropping the magnitude of the applied voltage, the controller
measures the response of the current flowing to the bus bars. See operation 709. The relevant
controller logic may then determine whether the current response indicates that the optical
transition is nearly complete. See decision 711. As explained above, the determination of
whether an optical transition is nearly complete can be accomplished in various ways. For

example, it may be determined by the current reaching a particular threshold. Assuming that
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the current response does not indicate that the optical transition is nearly complete, process
control is directed to an operation denoted by reference number 713. In this operation, the
applied voltage is returned to the magnitude of the drive voltage. Process controls then loops
back to operation 707 where the optical transition is allowed to proceed by a further

increment before again dropping the magnitude of the applied voltage to the bus bars.

[0145] At some point in the procedure 701, decision operation 711 determines that the
current response indicates that the optical transition is in fact nearly complete. At this point,
process control proceeds to an operation indicated by reference number 715, where the
applied voltage is transitioned to or maintained at the hold voltage for the duration of the

ending optical state. At this point, the process is complete.

[0146] Figure 7B presents a flowchart 701 for a process of monitoring and controlling an
optical transition in accordance with certain disclosed embodiments. In this case, the process
condition probed is the open circuit voltage, as described in the previous paragraph. The first
two depicted operations in flowchart 741 correspond to the first two operations in flowcharts
701 and 721. In other words, operations 743 and 745 of flowchart 741 correspond to
operations 703 and 705 of flowchart 701. Briefly, in operation 743, the controller or other
appropriate logic receives instructions to undergo an optical transition. Then, at operation
745, the controller applies a drive voltage to the bus bars. After allowing the optical transition
to proceed incrementally, the controller applies open circuit conditions to the electrochromic
device at operation 747. Next, the controller measures the open circuit voltage response at

operation 749.

[0147] As is the case above, the controller may measure the electronic response (in this
case the open circuit voltage) after a defined period has passed since applying the open circuit
conditions. Upon application of open circuit conditions, the voltage typically experiences an
initial drop relating to the ohmic losses in external components connected to the
electrochromic device. Such external components may be, for example, conductors and
connections to the device. After this initial drop, the voltage experiences a first relaxation
and settles at a first plateau voltage. The first relaxation relates to internal ohmic losses, for
example over the electrode/electrolyte interfaces within the electrochromic devices. The
voltage at the first plateau corresponds to the voltage of the cell, with both the equilibrium
voltage and the overvoltages of each electrode. After the first voltage plateau, the voltage

experiences a second relaxation to an equilibrium voltage. This second relaxation is much
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slower, for example on the order of hours. In some cases it is desirable to measure the open
circuit voltage during the first plateau, when the voltage is relatively constant for a short
period of time. This technique may be beneficial in providing especially reliable open circuit
voltage readings. In other cases, the open circuit voltage is measured at some point during
the second relaxation. This technique may be beneficial in providing sufficiently reliable
open circuit readings while using less expensive and quick-operating power/control

equipment.

[0148] In some embodiments, the open circuit voltage is measured after a set period of
time after the open circuit conditions are applied. The optimal time period for measuring the
open circuit voltage is dependent upon the distance between the bus bars. The set period of
time may relate to a time at which the voltage of a typical or particular device is within the
first plateau region described above. In such embodiments, the set period of time may be on
the order of milliseconds (e.g., a few milliseconds in some examples). In other cases, the set
period of time may relate to a time at which the voltage of a typical or particular device is
experiencing the second relaxation described above. Here, the set period of time may be on
the order of about 1 second to several seconds, in some cases. Shorter times may also be
used depending on the available power supply and controller. As noted above, the longer
times (e.g., where the open circuit voltage is measured during the second relaxation) may be
beneficial in that they still provide useful open circuit voltage information without the need

for high end equipment capable of operating precisely at very short timeframes.

[0149] In certain implementations, the open circuit voltage is measured/recorded after a
timeframe that is dependent upon the behavior of the open circuit voltage. In other words,
the open circuit voltage may be measured over time after open circuit conditions are applied,
and the voltage chosen for analysis may be selected based on the voltage vs. time behavior.
As described above, after application of open circuit conditions, the voltage goes through an
initial drop, followed by a first relaxation, a first plateau, and a second relaxation. Each of
these periods may be identified on a voltage vs. time plot based on the slope of curve. For
example, the first plateau region will relate to a portion of the plot where the magnitude of
dV,/dt is relatively low. This may correspond to conditions in which the ionic current has
stopped (or nearly stopped) decaying. As such, in certain embodiments, the open circuit
voltage used in the feedback/analysis is the voltage measured at a time when the magnitude

of dV,./dt drops below a certain threshold.
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[0150] Returning to Figure 7B, after the open circuit voltage response is measured, it can
be compared to a target open circuit voltage at operation 751. The target open circuit voltage
may correspond to the hold voltage. In certain cases, discussed further below, the target open
circuit voltage corresponds to the hold voltage as modified by an offset. Techniques for
choosing an appropriate offset from the hold voltage are discussed further below. Where the
open circuit voltage response indicates that the optical transition is not yet nearly complete
(i.e., where the open circuit voltage has not yet reached the target open circuit voltage), the
method continues at operation 753, where the applied voltage is increased to the drive voltage
for an additional period of time. After the additional period of time has elapsed, the method
can repeat from operation 747, where the open circuit conditions are again applied to the
device. At some point in the method 741, it will be determined in operation 751 that the open
circuit voltage response indicates that the optical transition is nearly complete (i.e., where the
open circuit voltage response has reached the target open circuit voltage). When this is the
case, the method continues at operation 755, where the applied voltage is maintained at the

hold voltage for the duration of the ending optical state.

[0151] The method 741 of Figure 7B is very similar to the method 701 of Figure 7A. The
main difference is that in Figure 7B, the relevant variable measured is the open circuit
voltage, while in Figure 7A, the relevant variable measured is the current response when a
reduced voltage is applied. In another embodiment, discussed further below in the section
regarding Controlling an Optical Transition using Electrical Feedback to Transition Within a
Desired Timeframe, the method 921 of Figure 9A is modified in the same way. In other
words, the method 921 may be altered such that probing occurs by placing the device in open

circuit conditions and measuring the open circuit voltage rather than a current response.

[0152] In another embodiment, the process for monitoring and controlling an optical
transition takes into account the total amount of charge delivered to the electrochromic device
during the transition, per unit area of the device. This quantity may be referred to as the
delivered charge density or total delivered charge density. As such, an additional criterion
such as the total charge density delivered may be used to ensure that the device fully

transitions under all conditions.

[0153] The total delivered charge density may be compared to a threshold charge density
(also referred to as a target charge density) to determine whether the optical transition is

nearly complete. The threshold charge density may be chosen based on the minimum charge
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density required to fully complete or nearly complete the optical transition under the likely
operating conditions. In various cases, the threshold charge density may be chosen/estimated
based on the charge density required to fully complete or nearly complete the optical
transition at a defined temperature (e.g., at about -40°C, at about -30°C, at about -20°C, at
about -10°C, at about 0°C, at about 10°C, at about 20°C, at about 25°C, at about 30°C, at
about 40°C, at about 60°C, etc.).

[0154] The optimum threshold charge density may also be affected by the leakage current
of the electrochromic device. Devices that have higher leakage currents should have higher
threshold charge densities. In some embodiments, an appropriate threshold charge density
may be determined empirically for an individual window or window design. In other cases,
an appropriate threshold may be calculated/selected based on the characteristics of the
window such as the size, bus bar separation distance, leakage current, starting and ending
optical states, etc. Example threshold charge densities range between about 1x10” C/ecm”* and
about 5 C/em? for example between about 1x10™ and about 0.5 C/cm?, or between about
0.005-0.05 C/cm?, or between about 0.01-0.04 C/cm?, or between about 0.01-0.02 in many
cases. Smaller threshold charge densities may be used for partial transitions (e.g., fully clear
to 25% tinted) and larger threshold charge densities may be used for full transitions. A first
threshold charge density may be used for bleaching/clearing transitions, and a second
threshold charge density may be used for coloring/tinting transitions. In certain
embodiments, the threshold charge density is higher for tinting transitions than for clearing
transitions. In a particular example, the threshold charge density for tinting is between about
0.013-0.017 C/cm?, and the threshold charge density for clearing is between about 0.016-
0.020 C/cm”. Additional threshold charge densities may be appropriate where the window is
capable of transitioning between more than two states. For instance, if the device switches
between four different optical states: A, B, C, and D, a different threshold charge density may
be used for each transition (e.g., AtoB, AtoC, AtoD,Bto A, etc.).

[0155] In some embodiments, the threshold charge density is determined empirically.
For instance, the amount of charge required to accomplish a particular transition between
desired end states may be characterized for devices of different sizes. A curve may be fit for
each transition to correlate the bus bar separation distance with the required charge density.
Such information may be used to determine the minimum threshold charge density required

for a particular transition on a given window. In some cases, the information gathered in
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such empirical determinations is used to calculate an amount of charge density that

corresponds to a certain level of change (increase or decrease) in optical density.

[0156] Figure 7C presents a flow chart for a method 761 for monitoring and controlling
an optical transition in an electrochromic device. The method starts at operations 763 and
765, which correspond to operations 703 and 705 of Figure. 7A. At 763, the controller or
other appropriate logic receives instructions to undergo an optical transition. Then, at
operation 765, the controller applies a drive voltage to the bus bars. After allowing the
optical transition to proceed incrementally, the magnitude of the voltage applied to the bus
bars is reduced to a probe voltage (which in some cases is the hold voltage, and in other cases
is the hold voltage modified by an offset) at operation 767. Next at operation 769, the current

response to the reduced applied voltage is measured.

[0157] Thus far, the method 761 of Figure 7C is identical to the method 701 of Figure
7A. However, the two methods diverge at this point in the process, with method 761
continuing at operation 770, where the total delivered charge density is determined. The total
delivered charge density may be calculated based on the current delivered to the device
during the optical transition, integrated over time. At operation 771, the relevant controller
logic may determine whether the current response and total delivered charge density each
indicate that the optical transition is nearly complete. As explained above, the determination
of whether an optical transition is nearly complete can be accomplished in various ways. For
example, it may be determined by the current reaching a particular threshold, and by the
delivered charge density reaching a particular threshold. Both the current response and the
total delivered charge density must indicate that the transition is nearly complete before the
method can continue on at operation 775, where the applied voltage is transitioned to or
maintained at the hold voltage for the duration of the ending optical state. Assuming at least
one of the current response and total delivered charge density indicate that the optical
transition is not yet nearly complete at operation 771, process control is directed to an
operation denoted by reference number 773. In this operation, the applied voltage is returned
to the magnitude of the drive voltage. Process control then loops back to operation 767
where the optical transition is allowed to proceed by a further increment before again

dropping the magnitude of the applied voltage to the bus bars.

[0158] Figure 7D presents an alternative method for monitoring and controlling an

optical transition in an electrochromic device. The method starts at operations 783 and 785,
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which correspond to operations 703 and 705 of Figure. 7A. At 783, the controller or other
appropriate logic receives instructions to undergo an optical transition. Then, at operation
785, the controller applies a drive voltage to the bus bars. After allowing the optical
transition to proceed incrementally, open circuit conditions are applied to the device at

operation 787. Next at operation 789, the open circuit voltage of the device is measured.

[0159] Thus far, the method 781 of Figure 7D is identical to the method 741 of Figure
7B. However, the two methods diverge at this point in the process, with method 781
continuing at operation 790, where the total delivered charge density is determined. The total
delivered charge density may be calculated based on the current delivered to the device
during the optical transition, integrated over time. At operation 791, the relevant controller
logic may determine whether the open circuit voltage and total delivered charge density each
indicate that the optical transition is nearly complete. Both the open circuit voltage response
and the total delivered charge density must indicate that the transition is nearly complete
before the method can continue on at operation 795, where the applied voltage is transitioned
to or maintained at the hold voltage for the duration of the ending optical state. Assuming at
least one of the open circuit voltage response and total delivered charge density indicate that
the optical transition is not yet nearly complete at operation 791, process control is directed to
an operation denoted by reference number 793. In this operation, the applied voltage is
returned to the magnitude of the drive voltage. Process control then loops back to operation
787 where the optical transition is allowed to proceed by a further increment before again
applying open circuit conditions to the device. The method 781 of Figure 7D is very similar
to the method 761 of Figure 7C. The principal difference between the two embodiments is
that in Figure 7C, the applied voltage drops and a current response is measured, whereas in

Figure 7D, open circuit conditions are applied and an open circuit voltage is measured.

[0160] In certain implementations, the method involves using a static offset to the hold
voltage. This offset hold voltage may be used to probe the device and elicit a current
response, as described in relation to Figures 7A and 7C, for instance. The offset hold voltage
may also be used as a target open circuit voltage, as described in relation to Figure 7B and
7D. In certain cases, particularly for windows with a large separation between the bus bars
(e.g., at least about 25”), the offset can be beneficial in ensuring that the optical transition

proceeds to completion across the entire window.
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[0161] In many cases, an appropriate offset is between about 0-0.5 V (e.g., about 0.1-0.4
V, or between about 0.1-0.2 V). Typically, the magnitude of an appropriate offset increases
with the size of the window. An offset of about 0.2 V may be appropriate for a window of
about 14 inches, and an offset of about 0.4 V may be appropriate for a window of about 60
inches. These values are merely examples and are not intended to be limiting. In some
embodiments, a window controller is programmed to use a static offset to Vyoq. The
magnitude and in some cases direction of the static offset may be based on the device
characteristics such as the size of the device and the distance between the bus bars, the
driving voltage used for a particular transition, the leakage current of the device, the peak
current density, capacitance of the device, etc. In various embodiments, the static offset is
determined empirically. In some designs, it is calculated dynamically, when the device is
installed or while it is installed and operating, from monitored electrical and/or optical

parameters or other feedback.

[0162] In other embodiments, a window controller may be programmed to dynamically
calculate the offset to Vyugq. In one implementation, the window controller dynamically
calculates the offset to Vg based on one or more of the device’s current optical state (OD),
the current delivered to the device (I), the rate of change of current delivered to the device
(dI/dt), the open circuit voltage of the device (V,), and the rate of change of the open circuit
voltage of the device (dV,/dt). This embodiment is particularly useful because it does not
require any additional sensors for controlling the transition. Instead, all of the feedback is
generated by pulsing the electronic conditions and measuring the electronic response of the
device. The feedback, along with the device characteristics mentioned above, may be used to
calculate the optimal offset for the particular transition occurring at that time. In other
embodiments, the window controller may dynamically calculate the offset to Vyoq based on
certain additional parameters. These additional parameters may include the temperature of
the device, ambient temperature, and signals gathered by photoptic sensors on the window.
These additional parameters may be helpful in achieving uniform optical transitions at
different conditions. However, use of these additional parameters also increases the cost of

manufacture due to the additional sensors required.

[0163] The offset may be beneficial in various cases due to the non-uniform quality of the
effective voltage, Vg, applied across the device. The non-uniform Vg is shown in Figure

4C, for example, described above. Because of this non-uniformity, the optical transition does
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not occur in a uniform manner. In particular, areas near the bus bars experience the greatest
Vs and transition quickly, while areas removed from the bus bars (e.g., the center of the
window) experience the lowest Vg and transition more slowly. The offset can help ensure
that the optical transition proceeds to completion at the center of the device where the change

1s slowest.

[0164] Figures 8A and 8B show graphs depicting the total charge delivered over time and
the applied voltage over time during two different electrochromic tinting transitions. The
window in each case measured about 24x24 inches. The total charge delivered is referred to
as the Tint Charge Count, and is measured in coulombs (C). The total charge delivered is
presented on the left hand y-axis of each graph, and the applied voltage is presented on the
right hand y-axis of each graph. In each figure, line 802 corresponds to the total charge
delivered and line 804 corresponds to the applied voltage. Further, line 806 in each graph
corresponds to a threshold charge (the threshold charge density multiplied by the area of the
window), and line 808 corresponds to a target open circuit voltage. The threshold charge and
target open circuit voltage are used in the method shown in Figure 7D to monitor/control the

optical transition.

[0165] The voltage curves 804 in Figures 8A and 8B each start out with a ramp to drive
component, where the magnitude of the voltage ramps up to the drive voltage of about -2.5V.
After an initial period of applying the drive voltage, the voltage begins to spike upwards at
regular intervals. These voltage spikes occur when the electrochromic device is being
probed. As described in Figure 7D, the probing occurs by applying open circuit conditions to
the device. The open circuit conditions result in an open circuit voltage, which correspond to
the voltage spikes seen in the graphs. Between each probe/open circuit voltage, there is an
additional period where the applied voltage is the drive voltage. In other words, the
electrochromic device is driving the transition and periodically probing the device to test the
open circuit voltage and thereby monitor the transition. The target open circuit voltage,
represented by line 808, was selected to be about -1.4V for each case. The hold voltage in
each case was about -1.2V. Thus, the target open circuit voltage was offset from the hold

voltage by about 0.2V.

[0166] In the transition of Figure 8A, the magnitude of the open circuit voltage exceeds
the magnitude of the target open circuit voltage at about 1500 seconds. Because the relevant

voltages in this example are negative, this is shown in the graph as the point at which the
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open circuit voltage spikes first fall below the target open circuit voltage. In the transition of
Figure 8B, the magnitude of the open circuit voltage exceeds the magnitude of the target open

circuit voltage sooner than in Figure 8 A, around 1250 seconds.

[0167] The total delivered charge count curves 802 in Figures 8A and 8B each start at O
and rise monotonically. In the transition of Figure 8A, the delivered charge reaches the
threshold charge at around 1500 seconds, which was very close to the time at which the target
open circuit voltage was met. Once both conditions were met, the voltage switched from the
drive voltage to the hold voltage, around 1500 seconds. In the transition of Figure 8B, the
total delivered charge took about 2100 seconds to reach the charge threshold, which is about
14 minutes longer than it took the voltage to reach the target voltage for this transition. After
both the target voltage and threshold charge are met, the voltage is switched to the hold
voltage. The additional requirement of the total charge delivered results in the Figure. 8B
case driving the transition at the drive voltage for a longer time than might otherwise be used.
This helps ensure full and uniform transitions across many window designs at various

environmental conditions.

[0168] In another embodiment, the optical transition is monitored through voltage
sensing pads positioned directly on the transparent conductive layers (TCLs). This allows for
a direct measurement of the Vg at the center of the device, between the bus bars where Vg is
at a minimum. In this case, the controller indicates that the optical transition is complete
when the measured Vg at the center of the device reaches a target voltage such as the hold
voltage. In various embodiments, the use of sensors may reduce or eliminate the benefit from
using a target voltage that is offset from the hold voltage. In other words, the offset may not
be needed and the target voltage may equal the hold voltage when the sensors are present.
Where voltage sensors are used, there should be at least one sensor on each TCL. The
voltage sensors may be placed at a distance mid-way between the bus bars, typically off to a
side of the device (near an edge) so that they do not affect (or minimally affect) the viewing
area. The voltage sensors may be hidden from view in some cases by placing them

proximate a spacet/separator and/or frame that obscures the view of the sensor.

[0169] Figure 8C presents an embodiment of an EC window 890 that utilizes sensors to
directly measure the effective voltage at the center of the device. The EC window 890
includes top bus bar 891 and bottom bus bar 892, which are connected by wires 893 to a

controller (not shown). Voltage sensor 896 is placed on the top TCL, and voltage sensor 897
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is placed on the bottom TCL. The sensors 896 and 897 are placed at a distance mid-way
between the bus bars 891 and 892, though they are off to the side of the device. In some
cases the voltage sensors may be positioned such that they reside within a frame of the
window. This placement helps hide the sensors and promote optimal viewing conditions.
The voltage sensors 896 and 897 are connected to the controller through wires 898. The
wires 893 and 898 may pass under or through a spacer/separator placed and sealed in
between the panes (also referred to as lites) of the window. The window 890 shown in Figure

8C may utilize any of the methods described herein for controlling an optical transition.

[0170] In some implementations, the voltage sensing pads may be conductive tape pads.
The pads may be as small as about 1 mm” in some embodiments. In these or other cases, the
pads may be about 10 mm® or less. A four wire system may be used in embodiments

utilizing such voltage sensing pads.

Controlling a Transition using Electrical Feedback to Transition Within a Desired Timeframe

[0171] Separately, in some implementations, the method or controller may specify a total
duration of the transition. In such implementations, the controller may be programmed to use
a modified probing algorithm to monitor the progress of the transition from the starting state
to the end state. The progress can be monitored by periodically reading a current value in
response to a drop in the applied voltage magnitude such as with the probing technique
described above. The probing technique may also be implemented using a drop in applied
current (e.g., measuring the open circuit voltage). The current or voltage response indicates
how close to completion the optical transition has come. In some cases, the response is
compared to a threshold current or voltage for a particular time (e.g., the time that has elapsed
since the optical transition was initiated). In some embodiments, the comparison is made for a
progression of the current or voltage responses using sequential pulses or checks. The
steepness of the progression may indicate when the end state is likely to be reached. A linear
extension to this threshold current may be used to predict when the transition will be
complete, or more precisely when it will be sufficiently complete that it is appropriate to drop

the drive voltage to the hold voltage.

[0172] With regard to algorithms for ensuring that the optical transition from first state to
the second state occurs within a defined timeframe, the controller may be configured or
designed to increase the drive voltage as appropriate to speed up the transition when the

interpretation of the pulse responses suggests that the transition is not progressing fast enough
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to meet the desired speed of transition. In certain embodiments, when it is determined that
the transition is not progressing sufficiently fast, the transition switches to a mode where it is
driven by an applied current. The current is sufficiently great to increase the speed of the
transition but is not so great that it degrades or damages the electrochromic device. In some
implementations, the maximum suitably safe current may be referred to as Ise. Examples of
Lare may range between about 5 and 250 pA/cmzi In current controlled drive mode, the
applied voltage is allowed to float during the optical transition. Then, during this current
controlled drive step, could the controller periodically probes by, e.g., dropping to the hold
voltage and checking for completeness of transition in the same way as when using a constant

drive voltage.

[0173] In general, the probing technique may determine whether the optical transition is
progressing as expected. If the technique determines that the optical transition is proceeding
too slowly, it can take steps to speed the transition. For example, it can increase the drive
voltage. Similarly, the technique may determine that the optical transition is proceeding too
quickly and risks damaging the device. When such determination is made, the probing
technique may take steps to slow the transition. As an example, the controller may reduce the

drive voltage.

[0174] In some applications, groups of windows are set to matching transition rates by
adjusting the voltage and/or driving current based on the feedback obtained during the
probing (by pulse or open circuit measurements). In embodiments where the transition is
controlled by monitoring the current response, the magnitude of the current response may be
compared from controller to controller (for each of the group of windows) to determine how
to scale the driving potential or driving current for each window in the group. The rate of

change of open circuit voltage could be used in the same manner.

[0175] Figure 9A presents a flowchart 921 depicting an example process for ensuring that
the optical transition occurs sufficiently fast, e.g., within a defined time period. The first four
depicted operations in flowchart 921 correspond to the first four operations in flowchart 701.
In other words, operation 923, 925,927, and 929 of flowchart 921 correspond to operations
703, 705, 707, and 709 of flowchart 701 from Figure 7A. Briefly, in operation 923, the
controller or other appropriate logic receives instructions to undergo an optical transition.
Then, at operation 925, the controller applies a drive voltage to the bus bars. After allowing

the optical transition to proceed incrementally, the controller drops the magnitude of the
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applied voltage to the bus bars. See operation 927. The magnitude of the lower voltage is
typically, though not necessarily, the hold voltage. As mentioned, the lower voltage may also
be the hold voltage as modified by an offset (the offset often falling between about 0-1V, for
example between about 0-0.4V in many cases). Next, the controller measures the current

response to the applied voltage drop. See operation 929.

[0176] The controller next determines whether the current response indicates that the
optical transition is proceeding too slowly. See decision 931. As explained, the current
response may be analyzed in various ways determine whether the transition is proceeding
with sufficient speed. For example, the magnitude of the current response may be considered
or the progression of multiple current responses to multiple voltage pulses may be analyzed

to make this determination.

[0177] Assuming that operation 931 establishes that the optical transition is proceeding
rapidly enough, the controller then increases the applied voltage back to the drive voltage.
See operation 933. Thereafter, the controller then determines whether the optical transition is
sufficiently complete that further progress checks are unnecessary. See operation 935. In
certain embodiments, the determination in operation 935 is made by considering the
magnitude of the current response as discussed in the context of Figure 7A. Assuming that
the optical transition is not yet sufficiently complete, process control returns to operation 927,
where the controller allows the optical transition to progress incrementally further before

again dropping the magnitude of the applied voltage.

[0178] Assuming that execution of operation 931 indicates that the optical transition is
proceeding too slowly, process control is directed to an operation 937 where the controller
increases the magnitude of the applied voltage to a level that is greater than the drive voltage.
This over drives the transition and hopefully speeds it along to a level that meets
specifications. After increasing the applied voltage to this level, process control is directed to
operation 927 where the optical transition continues for a further increment before the
magnitude of the applied voltage is dropped. The overall process then continues through
operation 929, 931, etc. as described above. At some point, decision 935 is answered in the
affirmative and the process is complete. In other words, no further progress checks are
required. The optical transition then completes as illustrated in, for example, flowchart 701 of

Figure. 7A.
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[0179] In certain embodiments, the method 921 may be altered such that probing occurs
by placing the device in open circuit conditions and measuring the open circuit voltage rather
than measuring a current response. In some embodiments, the method 921 may be modified
by including an additional charge counting and comparison step, as presented in operations

770/771 of Figure 7C and operations 790/791 of Figure 7D.

Controlling a Transition using Electrical Feedback to Transition to a Modified End State

[0180] Another application of the probing techniques disclosed herein involves on-the-fly
modification of the optical transition to a different end state. In some cases, it will be
necessary to change the end state after a transition begins. Examples of reasons for such
modification include a user’s manual override a previously specified end tint state and a wide
spread electrical power shortage or disruption. In such situations, the initially set end state

might be transmissivity = 40% and the modified end state might be transmissivity = 5%.

[0181] Where an end state modification occurs during an optical transition, the probing
techniques disclosed herein can adapt and move directly to the new end state, rather than first

completing the transition to the initial end state.

[0182] In some implementations, the transition controller/method detects the current state
of the window using a voltage/current sense as disclosed herein and then moves to a new
drive voltage immediately. The new drive voltage may be determined based on the new end
state and optionally the time allotted to complete the transition. If necessary, the drive
voltage is increased significantly to speed the transition or drive a greater transition in optical
state. The appropriate modification is accomplished without waiting for the initially defined
transition to complete. The probing techniques disclosed herein provide a way to detect

where in the transition the device is and make adjustments from there.

[0183] Figure 9B illustrates a flowchart for a method 908 for controlling an optical
transition in an electrochromic device. The method 908 of Figure 9B is similar to the method
781 of Figure 7D in that both methods involve measuring an open circuit voltage and charge
count, which are used as feedback to control the transition. The method 908 begins at
operation 910 where the controller is turned on. Next, at operation 912, the open circuit
voltage (Vo) is read and the device waits for an initial command. An initial command is
received at operation 914, the command indicating that the window should switch to a

different optical state. After the command is received, open circuit conditions are applied and
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the open circuit voltage is measured at operation 916. The amount of charge delivered (Q)
may also be read at block 916. These parameters determine the direction of the transition
(whether the window is supposed to get more tinted or more clear), and impact the optimal
drive parameter. An appropriate drive parameter (e.g., drive voltage) is selected at operation
916. This operation may also involve revising the target charge count and target open circuit
voltage, particularly in cases where an interrupt command is received, as discussed further

below.

[0184] After the open circuit voltage is read at operation 916, the electrochromic device
is driven for a period of time. The drive duration may be based on the busbar separation
distance in some cases. In other cases, a fixed drive duration may be used, for example about
30 seconds. This driving operation may involve applying a drive voltage or current to the
device. Operation 918 may also involve modifying a drive parameter based on the sensed
open circuit voltage and/or charge count. Next, at operation 920, it is determined whether the
total time of the transition (thus far) is less than a threshold time. The threshold time
indicated in Figure 9B is 2 hours, though other time periods may be used as appropriate. If it
is determined that the total time of transition is not less than the threshold time (e.g., where
the transition has taken at least 2 hours and is not yet complete), the controller may indicate
that it is in a fault state at operation 930. This may indicate that something has caused an
error in the transition process. Otherwise, where the total time of transition is determined to
be less than the threshold time, the method continues at operation 922. Here, open circuit
conditions are again applied, and the open circuit voltage is measured. At operation 924, it is
determined whether the measured open circuit voltage is greater than or equal to the target
voltage (in terms of magnitude). If so, the method continues at operation 926, where it is
determined whether the charge count (Q) is greater than or equal to the target charge count.
If the answer in either of operations 924 or 926 is no, the method returns to block 918 where
the electrochromic device transition is driven for an additional drive duration. Where the
answer in both of operations 924 and 926 is yes, the method continues at operation 928,
where a hold voltage is applied to maintain the electrochromic device in the desired tint state.
Typically, the hold voltage continues to be applied until a new command is received, or until

a timeout is experienced.

[0185] When a new command is received after the transition is complete, the method may

return to operation 916. Another event that can cause the method to return to operation 916 is
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receiving an interrupt command, as indicated in operation 932. An interrupt command may
be received at any point in the method after an initial command is received at operation 914
and before the transition is essentially complete at operation 928. The controller should be
capable of receiving multiple interrupt commands over a transition. One example interrupt
command involves a user directing a window to change from a first tint state (e.g., fully
clear) to a second tint state (e.g., fully tinted), then interrupting the transition before the
second tint state is reached to direct the window to change to a third tint state (e.g., half
tinted) instead of the second tint state.  After receiving a new command or an interrupt
command, the method returns to block 916 as indicated above. Here, open circuit conditions
are applied and the open circuit voltage and charge count are read. Based on the open circuit
voltage and charge count readings, as well as the desired third/final tint state, the controller is
able to determine appropriate drive conditions (e.g., drive voltage, target voltage, target
charge count, etc.) for reaching the third tint state. For instance, the open circuit
voltage/charge count may be used to indicate in which direction the transition should occur.
The charge count and charge target may also be reset after receiving a new command or an
interrupt command. The updated charge count may relate to the charge delivered to move
from the tint state when the new/interrupt command is received to the desired third tint state.
Because the new command/interrupt command will change the starting and ending points of
the transition, the target open circuit voltage and target charge count may need to be revised.
This is indicated as an optional part of operation916, and is particularly relevant where a new

or interrupt command is received.

[0186] In a related embodiment, the method 908 may be altered such that probing occurs
by dropping the magnitude of the applied voltage and measuring a current response, rather
than applying open circuit conditions and measuring an open circuit voltage in operations 922
and 924. In another related embodiment, the method 908 may be altered such that probing
does not involve reading a charge count (e.g., operation 926 is omitted) or using such charge
count as feedback. In these embodiments, probing may involve either measuring a current
response after an applied voltage is reduced, or measuring an open circuit voltage after open

circuit conditions are applied.

[0187] It should be understood that the probing techniques presented in any of the various
sections herein need not be limited to measuring the magnitude of the device’s current in

response to a voltage drop (pulse). There are various alternatives to measuring the magnitude
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of the current response to a voltage pulse as an indicator of how far as the optical transition
has progressed. In one example, the profile of a current transient provides useful information.
In another example, measuring the open circuit voltage of the device may provide the
requisite information. In such embodiments, the pulse involves simply applying no voltage to
device and then measuring the voltage that the open circuit device applies. Further, it should
be understood that current and voltage based algorithms are equivalent. In a current based
algorithm, the probe is implemented by dropping the applied current and monitoring the
device response. The response may be a measured change in voltage. For example, the

device may be held in an open circuit condition to measure the voltage between bus bars.

Controlling Transitions using Electrical Feedback to Transition a Plurality of Windows to
Matching Tint Levels/Rates

[0188] In some applications, groups of windows are set to matching transition rates by
adjusting the voltage and/or driving current based on the feedback obtained during probing,
such probing techniques being described above (e.g., probing may involve measurement of
an open circuit voltage after open circuit conditions are applied, or it may involve
measurement of a current response after application of a voltage pulse, and in some cases it
may involve measurement of a delivered charge in addition to measuring either a voltage or
current response). Figure 9C presents a flowchart of one such embodiment. The method 950
begins at operation 951, where one or more controllers receive instructions to undergo an
optical transition on multiple windows simultaneously. At operation 953, drive conditions
(e.g., drive current and/or drive voltage) are applied to the bus bars on each window. The
drive conditions may be initially equal or unequal between the different windows. Unequal
drive conditions may be particularly useful where the windows are known to have different
switching properties, for instance where the windows are of different sizes. Next, at
operation 955, after allowing the optical transition on each window to proceed incrementally,
each window is electronically probed. Probing may occur through any of the methods
described herein (e.g., pulsing current, pulsing voltage, counting charge, and combinations
thereof).  After probing, the electronic response from each window is measured and
compared at operation 957. The electronic responses may simply be compared against one
another. Alternatively or in addition, the electronic responses can be evaluated to determine

whether the responses indicate that each transition will occur within a target timeframe.

51

AMBILIGHT EX. 1005; Page 53
Ambilight v. Lannray [PR2026-00367



10

15

20

25

30

WO 2017/189307 PCT/US2017/028443

[0189] In embodiments where the transition is controlled by monitoring the current
response, the magnitude of the current response may be compared from controller to
controller (for each window in the group of windows) to determine how to scale the driving
potential or driving current for each window in the group. The rate of change of open circuit
voltage could be used in the same manner. By scaling the driving potential or driving current
for each window based on the feedback response, the amount and/or rate of tinting may be
controlled to be uniform between all of the windows. This scaling of the drive conditions is
described in blocks 959, 961, 962, and 963. The drive conditions for each window can be
continuously and individually monitored and updated based on the feedback responses for
each window, as shown by the various loops in Figure 9C. Once the optical transitions are
complete (evaluated at operation 965), the windows are all transitioned to their final end

states and the method is complete.

[0190] Any group of windows may be controlled together in this manner. For instance,
two or more adjacent windows can be controlled together. In another example, two or more
windows (e.g., all windows) in a single room are controlled together. In another example,
two or more windows (e.g., all windows) on a floor of a building are controlled together. In
yet another example, two or more windows (e.g., all windows) of a building are controlled
together. In a further example, a number of windows are provided together in a curtain wall,
and each window in the curtain wall can be controlled together. An example of a folding

curtain wall is shown in Figure. 10, described below.

[0191] Figure. 10 presents an example of a folding curtain wall 1003. The folding curtain
wall 1003 includes four electrochromic windows 1000a-d, which are connected through a
series of ribbon connectors 1005. Another ribbon connector 1005 (or other connector) links
the curtain wall 1003 to a master controller 1010. Ribbon connectors are particularly useful
for folding curtain walls, as they can accommodate movement of the different panels. In a
similar embodiment, a fixed curtain wall is used. Any appropriate electrical connection may
be used to connect the various windows in this case, as there is less concern with wires
becoming pinched since the windows are static. Certain embodiments relate to ensuring that
the tint level of adjacent EC windows substantially matches, e.g., based on non-optical
feedback control. Returning to the embodiment of Figure 10, the master controller 1010 can
control each of the windows 1000a-d, either individually or as a group. In certain

embodiments, the windows in the folding curtain wall 1003 may be controlled as described to
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achieve substantially similar tint levels in each of the windows 1000a-d. For instance, a user
may send a command to cause all of the windows to tint at the same level. In response, the
controller 1010 (or multiple controllers, one for each window (not shown)) may probe the
windows to determine their relative or absolute tint values. The response from each window
can be compared, and then each window can be individually driven based on the feedback
response from the probing to match the tint levels on each of the windows 1000a-d.
Similarly, probing can be done during a transition to ensure that each of the windows 1000a-d

is tinting at substantially the same rate.

[0192] Issues related to transitions involving multiple windows can be especially
problematic in certain contexts, for instance where the windows exhibit different switching
speeds due to differences in window size and/or other window characteristics (e.g., lithium
ion mobility, TCO resistivity differences, replacement windows having different
characteristic than the windows in the original set, etc.). If a larger window is positioned next
to a smaller window and the same driving conditions are used to transition both windows, the
smaller window will typically transition faster than the neighboring larger window. This may
be aesthetically undesirable to occupants. As such, electrical feedback can be used to ensure
that the various windows tint at the same rate or at rates that mask or otherwise minimize

discernable optical differences.

[0193] In some embodiments, a uniform tinting rate is achieved across multiple windows
by designating a desired transition time that is applicable to the multiple windows. The
individual windows can then be controlled (e.g., through a local window controller and/or a
network controller) such that they each tint at a rate that will achieve the transition during the
desired transition time. In the context of Figure 9C, for example, blocks 959 and 962 may be
evaluated by analyzing the electrical responses from each window to determine if each
window will transition within a desired transition time. In some embodiments, the desired
transition time is either (a) programmed into or (b) dynamically calculated by one or more
window or network controllers. Methods for achieving such control are described further
above, particularly in the section related to Controlling a Transition using Electrical Feedback
to Transition Within a Desired Timeframe. Briefly, if the feedback response indicates that
the transition of a particular window is occurring too slowly (such that the window will not
transition within the desired timeframe), the drive conditions can be altered to increase the

rate of transition (e.g., a drive voltage applied to an overly slow window can be increased).
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Similarly, in various embodiments, if the feedback response indicates that the transition is
occurring too quickly (such that the window will transition faster than the desired transition
time), the drive conditions can be altered to decrease the rate of transition for that window
(e.g., a drive voltage applied to an overly fast switching window can be reduced). The end
result being, e.g., that even for multiple windows in a facade, the fagade as a whole
transitions uniformly from the end user’s perspective and, once in the desired tint state, the

group of adjacent windows appears uniformly tinted.

[0194] Where multiple windows are controlled in this manner, it may be desirable for one
or more controllers (e.g., window controllers and/or a network controller) to verify that the
windows involved in the transition are capable of transitioning within the desired transition
time. For instance, if a smaller window can transition in 5 minutes but a larger adjacent
window takes 15 minutes to transition, the desired transition time for both windows should be

about 15 minutes or greater.

[0195] In one example, a desired transition time is programmed into individual windows
(e.g., into a pigtail, window controller, or other component having localized memory). Each
of the windows may have the same transition time programmed in, such that they transition at
the same rate. A window and/or network controller can then read the desired transition time
information and verify that the window can be switched within the desired transition time.
Such verification may occur before the transition begins. In other cases the verification
occurs during the transition. If any of the windows in the group are not able to transition
within the desired transition time, a new target transition time may be designated based on the
slowest switching window (i.e., the limiting window). The new target transition may be
applied to all the windows being controlled together in certain embodiments. The window
and/or network controller can dynamically adjust the driving conditions, for example based
on feedback as described above, to ensure that each of the windows transitions at a desired

rate and within the desired transition time.

[0196] In a similar example, a group of windows may be zoned together such that they
transition together as a group. The grouping of the windows may be pre-programmed, or it
may be designated on-the-fly (e.g., immediately before a transition, or even during a
transition). A network controller, or a group of window controllers working together, can
then determine which window(s) in the group will be the slowest transitioning windows.

Typically the largest windows are those that transition the slowest. The desired transition
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time can then be set based on the slowest (generally largest) window. In such embodiments,
the individual windows may be programmed to designate their size (e.g., in a pigtail, window
controller, or other component having memory). It is not necessary to designate a particular
switching time for each window. A network controller, for instance having a microprocessor
unit, can be used to define a control algorithm for each individual window after the windows
are grouped together. The network controller may select a desired transition time (for all
windows in the group) based on the time it takes to transition the slowest (generally largest)
window in the group. The windows can then be individually controlled, based on feedback

as described above, such that they transition over the course of the desired transition time.

[0197] As noted, the zoning of the windows can be designated on-the-fly. This feature is
beneficial because it helps provide a high degree of flexibility and responsiveness when
controlling a number of windows together. In one example shown in method 970 of Figure
9D, a first set of windows is defined and instructed to undergo an optical transition in
operation 971. The transition time is based on the slowest changing window in the first set of
windows. Next, at operation 973, drive conditions are applied to each window to cause each
window to transition over the transition time. The method 970 may then proceed as
described in relation to method 950 of Figure 9B. However, at some point during the
transition of the first set of windows, instructions may be received (e.g., from a user,
controller, etc.) that a second set of windows should be transitioned instead of the first set of
windows. As such, operation 985 is included to check for any instructions to modify the
group of windows being switched. If no such instructions have been received, the first set of
windows continues to transition as normal. However, if instructions are received to define a
second set of windows to transition, the method continues at operation 986, where the drive
conditions are updated and applied to the windows in the second set. The updated drive
conditions are based on the windows that are included in the second set of windows,
including an updated transition time (sometimes referred to as a second transition time) based
on the windows in the second set. The second set of windows may be different from the first
set of windows, though the two sets may include some overlapping windows (e.g., certain
windows may be included in both the first and second set of windows). A controller can then
transition all the windows in the second set together at matching tint levels or tint rates by
following the operations shown in method 970, with drive conditions and transition time now

being based on the windows in the second set of windows instead of the first set of windows.
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[0198] One example where this may occur is when a user initially decides to transition
two out of three electrochromic windows in a room, then during the transition decides to
transition all three electrochromic windows in the room. After designating all three windows
as the second set of windows, a controller may use feedback to control all three windows
together at matching tint levels and/or tint rates based on the slowest transitioning window in
the second set of windows. One consequence is that a window that is in both the first and
second sets of windows may experience different drive conditions at different points in time
due to the differing windows within the groups being transitioned together. For example, a
later defined group of windows may include a larger/slower transitioning window than an
initially defined group of windows. As such, when the windows are grouped to include the
large/slow window, the transition rate of all the other windows may be slower. The ending
optical state for the second set of windows may be the same or different from the ending

optical state (or starting optical state) of the first set of windows.

[0199] In certain embodiments where multiple windows transition at the same time, it
may be desirable to enable both (a) fast-as-possible transitions for each individual window
under certain conditions, and (b) uniform transitions across the multiple windows under other
conditions. For example, it may be desirable for regularly scheduled transitions to occur
uniformly for a group of windows. Uniformity may be beneficial in this context because
uniform transitions are less distracting, which is particularly advantageous for scheduled
transitions that may not otherwise draw an occupant’s attention. In other words, it is
beneficial for scheduled transitions to occur more subtly. In contrast, it may be desirable for
non-scheduled, user-initiated transitions to occur as quickly as possible for each individual
window. Fast, non-uniform transitions may be beneficial in this context because users often
like fast response times when they input a command. Where a user has input a command to
transition the windows, the potentially distracting nature of a non-uniform transition is less
problematic as the user has already devoted some attention to the windows by initiating the
command. In a similar embodiment, a user who desires to switch a group of windows can
choose to do so either at a uniform rate across all the windows, or at differing (e.g,

maximum) rates for each window.

[0200] As noted above, different windows can transition at different rates due to
differences in size as well as other window characteristics. In certain embodiments, one or

more controllers are configured to account for differences in switching speeds based on both
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of these concepts. For instance, one or more controllers may first designate an initial set of
instructions used to transition the windows in the group based on the size of each window.
Then, one or more controllers may modify the individual instructions for each window based
on the individual transition characteristics (e.g., lithium ion mobility, TCO resistivity, contact

resistance at the busbars and/or electrical leads, window temperature, etc.) for each window.

Reducing Perceived Variance in Tint of a Plurality of Windows

1. Context

[0201] Slight variations in the tint of electrochromic windows are easily perceived by
individuals who view two windows simultaneously, as when windows are placed near each
other in a room or in a building facade. As an example, a building occupant in a room or a
lobby might simultaneously see two or more windows that are intended to be in the same tint
state and detect slight differences in the tint from one window to another. This variation
between tint states between adjacent or proximate windows is sometimes referred to as “lite

to lite variability” or referring to a problem with “lite to lite matching.”

[0202] Transmittance is typically used to quantify the visible radiant energy that passes
through a window. For a window, transmittance is the ratio of radiant flux that passes through
a window divided by the radiant flux received by the window. Transmittance is expressed as
a decimal between O and 1, or as a percentage between 0% and 100%. Difficulties arise in
quantifying window tint with transmittance measurements because there is a non-linear
relationship between transmittance and a perceived difference in window tint. For example,
an electrochromic window transmittance variation between 5-7% will be perceived by a
human as being much greater than a window transmittance variation between 90-92%.
Because of this discrepancy, a measurement of optical density, or “OD” (sometimes referred
to as “absorbance” in literature), is often preferred for electrochromic devices, as the
measurement has a more linear correlation to perceived changes in window tint. Optical

density is defined as the absolute value of the common logarithm of transmittance.

[0203] When viewing two or more windows, side-by-side, a human can typically
perceive a difference in window tint states separated by optical density values of as little as

0.2, or even 0.15. Referring to the previous example, a window tint variation between 5-7%
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transmittance is easily perceptible, having an OD variation of .33, while a window tint
variation between 90-92% transmittance, having an OD variation of 0.02, would not be
noticed by an individual. While perceptible differences between two windows may only
correlate with a small percentage difference in transmittance (e.g., a variation of 5-7%
transmittance), many individuals find any perceptible difference between windows in the
same field of view to be objectionable. They expect that their windows should have the same

aesthetics or otherwise “look” the same.

[0204] From a side-by-side comparison, individuals can detect minor discrepancies in the
tint state between windows, but outside this context, individuals cannot detect such
discrepancies. Variations in window tint typically need to be much larger for an individual to
notice a difference in tint of windows that are viewed at different times and are not side-by-
side. For example, if an individual views a first window in a first room and then views a
second window in a different room, with windows having optical densities varying by 0.4,
the individual may not perceive the difference in window tint. Therefore, the issue of
perceptible differences in tint between optically switchable windows arises primarily in the

context of windows viewable together, and particularly windows located side-by-side.

[0205] When two or more electrochromic windows are installed at a location where they
can be observed in the same field of view, it is preferred that variations in tint between
windows at the same tint state are sufficiently small that the variation is not detectible by a
typical individual. Ideally, processes for fabricating electrochromic devices should produce
devices that consistently tint at the same optical density, within the limit of detectable
difference for a user viewing windows side-by-side, such that the windows do not exhibit
visually distracting tint differences. For example, all electrochromic windows intended to tint
at a given optical density should be fabricated such that each window tints to within a
variation of at most about +/- 0.07 from the intended optical density, or to within a variation
of at most about +/- 0.05, or to at most a variation of about +/- 0.03. This constraint should
apply to at least those electrochromic windows that are to be installed in a fagade or other

region where they can be viewed together by an individual at same time.

[02006] Unfortunately, the tolerances associated with electrochromic device fabrication
processes typically result in windows having perceptible differences in tint when placed side-
by-side. For example, a process might produce a group of windows having an optical density

variation of 0.4 for a given tint state. Variation in tinting between windows results from the
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sum of the tolerances in each of the process parameters due to the manufacturing steps. For
example, consider an electrochromic window fabricated using physical vapor deposition in
which each new layer of the device is deposited over the previously formed layer to form a
stack of layers functioning as an electrochromic device. Small variations in each of the
device layers, such as variations in their composition, morphology, thickness, and internal
stress can produce variations in the leakage current (or leakage current density) between the
layers, which impact the windows’ optical density at a given tint state. Of course, the total
leakage current is a function of window size. This is true because the leakage current at the
window edge, sometimes referred to as edge loss, is typically greater than at interior regions
of the window. Since the effect of edge loss relates to the ratio of a window’s perimeter to
surface area, windows of similar design, but having different dimensions, may have a
detectible lite to lite variability due to edge loss. For example a 6’x10” window adjacent to a
1’x1” window may have noticeable lite to lite variation because of the increased effect of

edge loss in the 1’x1° window.

[0207] Subtle process variations can also affect the sheet resistance of transparent
conducting layers or the resistance in bus bars leading to a variation in electric potential
applied to the electrochromic device. In another example, variations in the deposition of
lithium and the consequent variations in the mobility of lithium ions between the
electrochromic layers will alter the extent a device will tint or clear under a particular voltage.
In another example, variations in laser scribe processes, such as removal of too much or too
little material, can affect the electrical performance of the device. In yet another example, the
number of electrical shorts that have been mitigated by laser circumscription may slightly
change how one device, ostensibly fabricated under the same conditions, looks as compared

to another next to it, when both are tinted to what is supposed to be the same tint level.

[0208] While the description herein focuses on electrochromic windows, the concepts
apply more generally to any electrochromic device. Examples of additional applications

include optically switching mirrors, displays, and the like.
2. Calibrated drive parameters for overcoming optical variations in electrochromic devices.

[0209] Frequently, the ending tint state, after transition between tint states, of an
electrochromic device is defined by a hold voltage value. As described elsewhere herein, the

optical transitions and ending optical state of an electronic device collectively can be
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characterized by a series of drive parameters including, in some implementations, a ramp to
drive voltage, the drive voltage itself, a ramp to hold voltage, and the hold voltage itself.
Upon reaching the hold voltage, the optical transition is complete or nearly complete. During
the time when an electrochromic device resides in a particular tint state, the voltage is
typically fixed at the hold voltage. An example of the various drive parameters corresponding
to driving an electrochromic device from clear to tinted is presented in Figure 5. Other drive
parameters such as an initial tinting current limit are described elsewhere herein. Any of

these parameters may be adjusted by calibration procedures described herein.

[0210] A hold voltage is normally fixed for each tint state for a given electrochromic
window type. For example, an electrochromic window type and associated control circuitry
or logic may be designed to produce four discrete tint states, each with its own specified
optical density and associated hold voltage. The window type may be defined by the

window’s size, shape, electrochromic device configuration, process recipe, process batch, etc.

[0211] As explained, a set of electrochromic windows commonly exhibits detectable
variations in optical density for a given tint state (e.g., a group of the same type of windows
may have a variation in OD of 0.4). This variation is observed, e.g., when each of the
electrochromic windows, across which the variance is observed, is maintained at the same
hold voltage. That is, it is assumed that since they were all produced under the same process
conditions, that they all will look alike when held at the same hold voltage. But, as

previously explained, this is not generally true.

[0212] In accordance with certain embodiments, lite to lite variation is reduced or
removed by adjusting a base hold voltage, which is typically set for all windows of a
particular type, to calibrated hold voltages that are tailored for individual electrochromic
windows. In other words, the hold voltage for a given tint state is adjusted so that the actual
window tint more closely reflects its intended baseline tint state. This calibration of hold

voltage can be defined for any one or more tint states in a given electrochromic window.

[0213] In certain embodiments, the calibrated hold voltage and/or other drive
parameter(s) for individual electrochromic windows and their individual tint states is
obtained using one or more transfer functions such as via process 1900 which is depicted in
Figure 19. In this process, a transfer function (generated by operations 1901-1904 described

elsewhere herein) is applied to a window selected in operation 1905, by measuring one or
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more window parameters (operation 1906) and passing input variables to an appropriate
transfer function (operation 1907) that calculates one or more calibrated drive parameters
(operation 1908) which are then used to substitute predetermined drive parameters (operation
1908) allowing a window to reach its intended baseline state. Transfer functions, as
described herein, employ one or more measured or derived parameters of the electrochromic
device under test as input variables, and provide a voltage or other optical device parameter
as an output variable. In some cases a specified tint state is also passed as an input variable
(e.g. a tint level, an OD, or a transmissivity). In one example, a measured value of optical
density at a given tint state (e.g., a first, second, or third tint state) is used as an input variable.
Other examples of input variables include but are not limited to: optical properties such as
reflectance, refractive index; electrical properties such as current or voltage responses (e.g.,
leakage current) and sheet resistance; and properties such as temperature and age of the
device. In certain embodiments, the calibration is applied in windows having more than two

tint states, e.g., three tint states or four tint states.

[0214] In certain embodiments the transfer function has a single input variable (e.g., a
single OD measurement); in other embodiments the transfer function has a set of variables
(e.g., OD measurements at several tint states). In some embodiments transfer functions
employ only one type of variable input (e.g., electrical properties), while in other
embodiments transfer functions use multiple input types, (e.g., an OD measurements and

voltage measurements).

[0215] In certain embodiments, multiple transfer functions are provided, such as one for
each of the available tint states of an electrochromic window. In other embodiments, a single
transfer function is used for multiple tint states of an electrochromic device. In some
examples, a single transfer function is used to determine calibrated hold voltages for each of
the multiple tint states of an electrochromic device, e.g., for four different tint states of the
electrochromic device. For example, a transfer function may take a single OD measurement
as its only input variable and provide calibrated hold voltages for four discrete tint states as
output variables. In certain embodiments, a single input variable is employed by the transfer
function which returns a calibrated hold voltage for one or more tint states of the
electrochromic device for which the variable was measured. In yet another example, the
transfer function employs a single input and provides a plurality of calibrated optical drive

parameters—not necessarily calibrated hold voltages.
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[0216] With limited measurements and/or characterization of individual electrochromic
devices, the disclosed methods can quickly and simply determine calibrated values of hold
voltages. Further, the calibration, and associated measurements of input variables may be
made at various stages of a window’s life. For example, as indicated in flow chart 1900,
windows can be selected for calibration at any point in time such as when they are
manufactured, when a tint discrepancy between two windows is noticed, or at periodic
intervals taken as the window ages (see operation 1905). In certain embodiments, the remote
monitoring of electrochromic windows and automatic updates to tint parameters with
calibrated values is performed using a method such as the one described in PCT application
number US2015/019031, filed March 5, 2015, which is incorporated herein by reference in

its entirety.

[0217] In certain embodiments, the calibrated hold voltage is determined when an
electrochromic device is manufactured. For example, a custom hold voltage may be
determined after the device is fabricated, but before it is incorporated in an insulated glass

unit (IGU).

[0218] In certain embodiments, calibrated hold voltages are determined or updated at a
later stage in a device’s life, e.g., after installation. This may be appropriate if there is a
physical change in the device resulting in performance degradation or if some factor affects
the device’s response to an applied voltage. For example, an electrochromic window may be
exposed to a trauma such as being hit by a baseball or a bird. Further, some electrochromic
window devices may undergo degradation such as changes in an electrical connection
between the bus bars and the transparent conductive layers. In such cases, the response of the
electrochromic device may change over time such that the optical density of a given tint state
deviates from its base setting for a given hold voltage. In such cases, it may be desirable to
determine or update the calibrated hold voltage at a time after fabrication or installation. In
some implementations, recalibration is performed after an electrochromic window has been

installed and has been reported to exhibit a tint variance from other windows in a zone.

[0219] In certain embodiments, a manual or automated procedure is employed to measure
an optical property or other input variable after an electrochromic device is installed and in
use (operation 1906). Applying this measurement to a transfer function as an input variable, a
calibrated hold voltage is determined. If the optical density for a tint state is measured as the

input variable, this will typically require field testing, however, in some embodiments, an
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electrochromic window is outfitted with sensors that allow the optical density of tint states to
be measured automatically, without direct manual user intervention. In some embodiments,
the transfer function employs a non-optical independent variable such as leakage current. In
embodiments employing transfer functions having input variables which can be determined
automatically, an electrochromic window can be analyzed remotely, by sending commands to
a controller for the electrochromic window under consideration and applying appropriate
voltages or currents to measure electrical properties such as leakage current. These
measurements can be conducted automatically and reported to the logic that applies the
transfer function, step 1908, to automatically determine an updated value of the hold voltage.
In certain embodiments, the automated measuring and analysis of installed electrochromic
devices is performed with a module or console such as described in certain patent
applications assigned to View, Inc. such as PCT application number WO2015134789A1,

filed March 3, 2015, which is incorporated herein by reference in its entirety.

[0220] In certain embodiments, an end-user of an electrochromic device may decide to
modify the specified optical density for a particular tint state. For example, an electrochromic
window may be deployed with a first tint state having a specified transmissivity of 8%, while
the end-user would like to modify the first tint state to a transmissivity of 3%. To accomplish
this at the time of installation or after installation, the system may employ a window-by-
window recalibration using a transfer function as described herein to calculate appropriate
calibrated hold voltages (and/or other drive parameters) for each window. This ensures that
the windows affected by the modified first tint state have the appropriate transmissivity (3%
transmissivity) within the tolerance permitted to avoid detectable differences in tint (e.g., the
window-to-window variation in optical density is no greater than 0.1 for the modified tint

state).

[0221] In some embodiments instructions for determining calibrated hold voltages and/or
values of optical drive parameters (including calibrated hold voltages) may be stored in a
window controller or in a storage device physically connected to a window controller, where
the window controller is connected to an electrochromic window and provides voltage for
driving transitions and holding optical states for the electrochromic window. Examples of
suitable memory devices include semiconductor memory, magnetic memory, optical
memory, and the like. In some cases, the storage device is not located on the window

structure, but is connected to a window controller by means of a network. For example, the
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storage device may reside in a remote location having a communications link with the
window controller. Examples of remote locations for the storage device include a master
controller on a window network, a publically available data storage medium (e.g., the cloud),
or an administrative control system such as a console described in patent applications such as
PCT application no. WO2015134789A1, filed March 3, 2015, which is incorporated herein
by reference in its entirety. Instructions for determining the calibrated hold voltage using a
transfer function can be written in any conventional computer readable programming

language such as assembly language, C, C++, Pascal, Fortran, and the like.

[0222] Further, the calibrated drive parameters of the electrochromic device are
programmed into a window controller or database, or other memory device at an appropriate
time after calibration (e.g., after manufacture but before installation). In such cases, calibrated
hold voltages may be stored at or shortly after the time when the other drive parameters are

stored for the device in question.

[0223] The embodiments described herein have focused on modifications to an applied
hold voltage, which controls the optical density of ending optical states, which typically
remain fixed for relatively long periods of time (compared to the time for transitions between
optical states). In certain embodiments, other device control parameters such as the drive
voltage can be adjusted for individual windows, making the tinting properties of a group of
windows more alike during transition. For example, drive voltages may be calibrated for
individual windows installed in the same fagade such that tint transitions occur at
approximately the same rate. Similarly, ramp parameters may be adjusted or calibrated to
facilitate tinting at the same rate, window-by-window. Examples of drive parameters that
may be calibrated as described herein include tinting voltage ramp rate, a tinting drive
voltage, a tinting ramp to hold voltage, etc. The drive parameters may also include current-
controlled parameters such as an initial current ramp rate. In general, and unless otherwise
clearly intended by context, when this disclosure refers to a hold voltage determined by
calibration, the disclosure also applies to drive parameters such as ramp parameters and drive
voltages determined by calibration. By calibrating one or more of the optical drive
parameters, the method of controlling the transition of optically switchable devices, as
described elsewhere herein, may further improve window matching. It should be understood
that the matching may be of any optical parameter (not just optical density). In one example,

tint color is matched by calibration.
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[0224] Some input variables may be measured automatically by the window controller or
by other sensing devices attached to an electrochromic window. Electrical properties such as
leakage current, voltage, and internal resistance may be monitored with using circuitry
associated with a window controller. In some cases, such as when measuring a temperature,
cloud cover, light level, reflectance light level, etc. additional sensors may be attached to an
IGU or sensed information may be provided over a network. These automated measurements
may employ a console or similar administrative system such as those described in PCT patent
application no. W0O2015134789A1, filed March 3, 2015, which is incorporated herein by

reference in its entirety.

[0225] In cases where optical density is measured, manual user intervention may be
required. Optical density is typically measured using software that compares two different
light intensity measurements recorded by a device with photonic sensor (e.g., a digital camera
with a CCD or CMOS sensor) of a substantially white light source. A first measurement is
taken without the lite between the sensor and light, and a second measurement is taken with
the lite between the sensor and light source. In some cases, these measurements are simply
digital files comprising all the captured light information provided by a digital camera. The
first measurement provides a reference of the radiant flux that is received by the window, and
the second measurement provides the radiant flux that is transmitted through the window. By
comparing the radiant energy or light intensity recorded in these two measurements the

transmissivity and optical density for a particular tint state of a window can be determined.

[0226] Optical density measurements are typically taken as an average across the surface
of a lite. To record an average optical density measurement, lenses with an appropriate
aperture and focal length are used to redirect light passing across the surface of the lite to a
sensor. In some instances when a point light source such as a light bulb is used, an umbrella,
white sheet, or some other light diffuser may be used to reflect light from a source and
provide soft lighting across the surface of the lite. Software is then used to determine an
average OD of a lite for a particular tint state. In some embodiments, software is also
configured to measure OD variation across the surface of a light to ensure that this variation
is within an acceptable limit. In other embodiments optical density measurements are simply
taken from a particular region of a lite across multiple devices (e.g., along the periphery of a

lite).
3. Transfer functions
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[0227] Transfer functions as described herein, and generated in operation 1904, are
mathematical representations that provide an output, typically a calibrated hold voltage,
based upon at least one input variable that has been related (operation 1903) to the tinting
performance of a window (measured in operation 1902). Transfer functions may be linear or
non-linear in form. In cases where a non-linear dependence on one or more input variables is
determined, transfer functions may include logarithmic, exponential, and polynomial (e.g.,
order 2 or 3) relationships. Transfer functions may further be time-invariant models that do
not account for degradation, or time-variant models requiring an input that accounts for the
age of the device. In one primary embodiment, a transfer function takes a form of a linear

time-invariant (“LTI”) system.

[0228] In general a transfer function will be applicable to a plurality of electrochromic
devices. For example, transfer function may apply to several window types found in a
structure. However, in some cases a transfer function is only applied to devices of a
particular design, size, or process batch. In some embodiments a transfer function may be

tailored for a single device (e.g., a uniquely shaped lite that is custom ordered).

[0229] A transfer function is generated by selecting characterizing one or more windows
as a representative training set (operation 1901), for which the transfer function is to be
applied. For example, a transfer function applied to a particular window type or fabrication
batch of windows may be generated by inspecting a set of at least about ten windows or at
least about twenty windows (e.g., about ten to twenty windows) of a particular type. Transfer
functions are generated by analyzing information collected by performing a parameter study
of optical drive parameters and measuring the window response (e.g., OD and leakage
current). For example, a transfer function may be generated from information collected by
measuring the optical density for a sample set of devices in several tint states (e.g., a first tint
state, a second tint state, and a third tint state). Information is then provided to a software
program which generates one or more transfer functions. In general the transfer function
generated using any curve fitting technique including linear regression, non-linear regression,
partial least squares (PLS) regression, and weighted least squares regression. In some cases,
machine learning techniques can be performed with software environments such as
MATLAB or R to determine optimal relationships for transfer functions comprising one or

more input variables.
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[0230] By using a transfer function to generate calibrated hold voltages for a set of
windows, the variation is OD be reduced to an acceptable limit; e.g., no greater than about
0.2, or no greater than about 0.15, or no greater than about 0.1 or no greater than about 0.05.
In cases where a transfer function is applied to a large set of windows, e.g., twenty windows
or fifty windows or more, the standard deviation of OD measurements is significantly
reduced as a result of using a calibrated hold voltage. In some cases the standard deviation is
reduced by a factor of at least about 2, in others a factor of at least about 5, and in others a

factor of at least about 10.
Example Data

[0231] An example set of data, shown in Figures 18A and 18B, illustrates how the OD
variation in a sample set of 19 electrochromic windows was greatly reduced by using
calibrated hold voltages. The EC windows, as manufactured, initially had a large optical
density variance that would be perceptible a typical observer as seen by data set 1801
(represented by diamond symbols on the graph). A first transfer function, having both a hold
voltage and a corresponding OD measurement as input variables, was generated from a first
determined linear relationship between hold voltages and optical density measurements taken
at multiple tint states. Applying this first transfer function significantly reduced the variation
in optical density between the windows as seen by data set 1802 (represented by circles on
the graph). A second relationship between hold voltage and OD was also determined by
relating how the change in voltage between 1801 and 1802 resulted in a change in OD.
Using this second relationship, a second transfer function was generated, having hold voltage
and a corresponding OD measurement as inputs. Applying this second transfer function, the
optical density variance was reduced even further as shown by data set 1803 (represented by
x’s on the graph). Figure 18B provides a statistical summary of the effect of using the first
and second transfer functions to reduce OD variance. It is clear that significant reduction in
the optical density standard deviation is realized by applying transfer functions as described

herein.

Controllers for Electrochromic Devices

[0232] As indicated, the switchable optical device will have an associated controller, e.g.
a microprocessor that controls and manages the device depending on the input. It is designed
or configured (e.g., programmed) to implement a control algorithm of the types described

above. In various embodiments, the controller detects current and/or voltage levels in the
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device and applies current and/or voltage as appropriate. The controller may also detect
current and/or voltage levels to ensure that the optical device stays within a safe voltage level
and/or safe current level. The controller may also detect current, voltage, and/or delivered
charge levels in the device in order to determine an appropriate end point of a transition. In
some cases the controller may detect current, voltage, and/or delivered charge levels in the
device in order to ensure that a transition occurs within a desired timeframe. In some cases
the controller may detect current, voltage, and/or delivered charge levels in order to control a
transition to a modified end state. In each of these examples, the controller uses an electrical
response or other (often non-optical) characteristic of the device or transition as feedback to
control an ongoing transition. Further, the controller may have various additional features

such as timers, charge detectors (e.g., coulomb counters), oscillators, and the like.

[0233] In some embodiments, the controller is located external to the device and
communicates with the device via a network. The communication can be direct or indirect
(e.g., via an intermediate node between a master controller and the device). The
communication may be made via wired or a wireless connection. Various arrangements of
external controllers are presented in US Patent Application No. 13/049,756, naming Brown et
al. as inventors, titled “Multipurpose Controller for Multistate Windows” and filed on the

same day as the present application, which is incorporated herein by reference in its entirety.

[0234] In some embodiment the controller is integrated with the optical device or
housing. In a specific embodiment, the controller is integrated in the housing or a seal of an
insulated glass unit (IGU) containing a switchable optical device. Various arrangements of
integrated controllers are presented in U.S. Patent No. 8,213,074, titled “Onboard Controller

for Multistate Windows,” which is incorporated herein by reference in its entirety.

[0235] In one embodiment, the controller contains various components as depicted in
Figure 11. As shown, a controller 1101 includes a power converter configured to convert a
low voltage to the power requirements of an EC device of an EC pane of an IGU. This power
is typically fed to the EC device via a driver circuit (power driver). In one embodiment,
controller 1101 has a redundant power driver so that in the event one fails, there is a backup

and the controller need not be replaced or repaired.

[0236] Controller 1101 also includes a communication circuit (labeled “communication”

in Figure 11) for receiving and sending commands to and from a remote controller (depicted
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in Figure 11 as “master controller”). The communication circuit also serves to receive and
send input to and from a microcontroller. In one embodiment, the power lines are also used
to send and receive communications, for example, via protocols such as Ethernet. The
microcontroller includes a logic for controlling the at least one EC pane based, at least in part,
on input received from one or more sensors. In this example sensors 1-3 are, for example,
external to controller 1101, located for example in the window frame or proximate the
window frame. In one embodiment, the controller has at least one or more internal sensors.
For example, controller 1101 may also or alternatively have “onboard” sensors 4 and 5. In
one embodiment, the controller uses the switchable optical device as a sensor, for example,
by using current-voltage (I/V) data obtained from sending one or more electrical pulses

through the EC device and analyzing the feedback.

[0237] In one embodiment, the controller includes a chip, a card or a board which
includes logic for performing one or more control functions. Power and communication
functions of controller 1101 may be combined in a single chip, for example, a programmable
logic device (PLD) chip, field programmable gate array (FPGA) and the like. Such
integrated circuits can combine logic, control and power functions in a single programmable
chip. In one embodiment, where the electrochromic window (or IGU) has two
electrochromic panes, the logic is configured to independently control each of the two
electrochromic panes. In one embodiment, the function of each of the two electrochromic
panes is controlled in a synergistic fashion, that is, so that each device is controlled in order
to complement the other. For example, the desired level of light transmission, thermal
insulative effect, and/or other property are controlled via combination of states for each of the
individual devices. For example, one electrochromic device may be placed in a tinted state
while the other is used for resistive heating, for example, via a transparent electrode of the
device. In another example, the optical states of the two electrochromic devices are

controlled so that the combined transmissivity is a desired outcome.

[0238] Controller 1101 may also have wireless capabilities, such as control and powering
functions. For example, wireless controls, such as Rf and/or IR can be used as well as
wireless communication such as Bluetooth, WiFi, Zigbee, EnOcean and the like to send
instructions to the microcontroller and for the microcontroller to send data out to, for
example, other window controllers and/or a building management system (BMS). Wireless

communication can be used in the window controller for at least one of programming and/or
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operating the electrochromic window, collecting data from the electrochromic window from
sensors as well as using the electrochromic window as a relay point for wireless
communication. A controller may include a wireless communication receiver and/or
transmitter for wireless communication. Data collected from electrochromic windows also
may include count data such as number of times an electrochromic device has been activated

(cycled), efficiency of the electrochromic device over time, and the like.

[0239] Also, controller 1101 may have wireless power capability. That is, controller
1101 may have one or more wireless power receivers, that receive transmissions from one or
more wireless power transmitters and thus controller 1101 can power the electrochromic
window via wireless power transmission. Wireless power transmission includes, for example
but not limited to, induction, resonance induction, radio frequency power transfer, microwave
power transfer and laser power transfer. In one embodiment, power is transmitted to a
receiver via radio frequency, and the receiver converts the power into electrical current
utilizing polarized waves, for example circularly polarized, elliptically polarized and/or dual
polarized waves, and/or various frequencies and vectors. In another embodiment, power is
wirelessly transferred via inductive coupling of magnetic fields. Exemplary wireless power
functions of electrochromic windows is described in U.S. Patent application, serial number
12/971,576, filed December 17, 2010, entitled “Wireless Powered Electrochromic Windows,”
and naming Robert Rozbicki as inventor, which is incorporated by reference herein in its

entirety.

[0240] Controller 1101 may also include an RFID tag and/or memory such as solid state
serial memory (e.g. 12C or SPI) which may optionally be programmable memory. Radio-
frequency identification (RFID) involves inferrogators (or readers), and tags (or labels).
RFID tags use communication via electromagnetic waves to exchange data between a
terminal and an object, for example, for the purpose of identification and tracking of the
object. Some RFID tags can be read from several meters away and beyond the line of sight

of the reader.

[0241] RFID tags may contain at least two parts. One is an integrated circuit for storing
and processing information, modulating and demodulating a radio-frequency (Rf) signal, and

other specialized functions. The other is an antenna for receiving and transmitting the signal.
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[0242] There are three types of RFID tags: passive RFID tags, which have no power
source and require an external electromagnetic field to initiate a signal transmission, active
RFID tags, which contain a battery and can transmit signals once a reader has been
successfully identified, and battery assisted passive (BAP) RFID tags, which require an
external source to wake up but have significant higher forward link capability providing
greater range. RFID has many applications; for example, it is used in enterprise supply chain

management to improve the efficiency of inventory tracking and management.

[0243] In one embodiment, the RFID tag or other memory is programmed with at least
one of the following data: warranty information, installation information, vendor information,
batch/inventory information, EC device/IGU characteristics, EC device cycling information
and customer information. Examples of EC device and IGU characteristics include, for
example, window voltage (Vv), window current (Iw), EC coating temperature (Tgc), glass
visible transmission (%Tyig), %tint command (external analog input from BMS), digital input
states, and controller status. Each of these represents upstream information that may be
provided from the controller. Examples of downstream data that may be provided to the
controller include window drive configuration parameters, zone membership (e.g. what zone
is this controller part of), % tint value, digital output states, and digital control (tint, clear,
auto, reboot, etc.). Examples of window drive configuration parameters (sometimes referred
to herein as optical drive parameters of just drive parameters) include clear to tinted transition
ramp rate, clear to tinted transition voltage, initial tinting ramp rate, initial tinting voltage,
initial tinting current limit, tinted hold voltage, tinted hold current limit, tinted to clear
transition ramp rate, tinted to clear transition voltage, initial clearing ramp rate, initial

clearing voltage, initial clearing current limit, clear hold voltage, clear hold current limit.

[0244] In one embodiment, a programmable memory is used in controllers described
herein. This programmable memory can be used in lieu of, or in conjunction with, RFID
technology. Programmable memory has the advantage of increased flexibility for storing

data related to the IGU to which the controller is matched.

[0245] Figure 12 shows a cross-sectional axonometric view of an embodiment of an IGU
1202 that includes two window panes or lites 1216 and a controller 1250. In various
embodiments, IGU 1202 can include one, two, or more substantially transparent (e.g., at no
applied voltage) lites 1216 as well as a frame, 1218, that supports the lites 1216. For

example, the IGU 1202 shown in Figure 12 is configured as a double-pane window. One or
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more of the lites 1216 can itself be a laminate structure of two, three, or more layers or lites
(e.g., shatter-resistant glass similar to automotive windshield glass). In IGU 1202, at least
one of the lites 1216 includes an electrochromic device or stack, 1220, disposed on at least
one of its inner surface, 1222, or outer surface, 1224: for example, the inner surface 1222 of

the outer lite 1216.

[0246] In multi-pane configurations, each adjacent set of lites 1216 can have an interior
volume, 1226, disposed between them. Generally, each of the lites 1216 and the IGU 1202 as
a whole are rectangular and form a rectangular solid. However, in other embodiments other
shapes (e.g., circular, elliptical, triangular, curvilinear, convex, concave) may be desired. In
some embodiments, the volume 1226 between the lites 1216 is evacuated of air. In some
embodiments, the IGU 1202 is hermetically-sealed. Additionally, the volume 1226 can be
filled (to an appropriate pressure) with one or more gases, such as argon (Ar), krypton (Kr),
or xenon (Xn), for example. Filling the volume 1226 with a gas such as Ar, Kr, or Xn can
reduce conductive heat transfer through the IGU 1202 because of the low thermal
conductivity of these gases. The latter two gases also can impart improved acoustic

insulation due to their increased weight.

[0247] In some embodiments, frame 1218 is constructed of one or more pieces. For
example, frame 1218 can be constructed of one or more materials such as vinyl, PVC,
aluminum (Al), steel, or fiberglass. The frame 1218 may also include or hold one or more
foam or other material pieces that work in conjunction with frame 1218 to separate the lites
1216 and to hermetically seal the volume 1226 between the lites 1216. For example, in a
typical IGU implementation, a spacer lies between adjacent lites 1216 and forms a hermetic
seal with the panes in conjunction with an adhesive sealant that can be deposited between
them. This is termed the primary seal, around which can be fabricated a secondary seal,
typically of an additional adhesive sealant. In some such embodiments, frame 1218 can be a

separate structure that supports the IGU construct.

[0248] Each lite 1216 includes a substantially transparent or translucent substrate, 1228.
Generally, substrate 1228 has a first (e.g., inner) surface 1222 and a second (e.g., outer)
surface 1224 opposite the first surface 1222. In some embodiments, substrate 1228 can be a
glass substrate. For example, substrate 1228 can be a conventional silicon oxide (SOx) -based
glass substrate such as soda-lime glass or float glass, composed of, for example,

approximately 75% silica (SiO;) plus Na,O, CaO, and several minor additives. However,
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any material having suitable optical, electrical, thermal, and mechanical properties may be
used as substrate 1228. Such substrates also can include, for example, other glass materials,
plastics and thermoplastics (e.g., poly(methyl methacrylate), polystyrene, polycarbonate, allyl
diglycol carbonate, SAN (styrene acrylonitrile copolymer), poly(4-methyl-1-pentene),
polyester, polyamide), or mirror materials. If the substrate is formed from, for example,
glass, then substrate 1228 can be strengthened, e.g., by tempering, heating, or chemically
strengthening. In other implementations, the substrate 1228 is not further strengthened, e.g.,

the substrate is untempered.

[0249] In some embodiments, substrate 1228 is a glass pane sized for residential or
commercial window applications. The size of such a glass pane can vary widely depending
on the specific needs of the residence or commercial enterprise. In some embodiments,
substrate 1228 can be formed of architectural glass. Architectural glass is typically used in
commercial buildings, but also can be used in residential buildings, and typically, though not
necessarily, separates an indoor environment from an outdoor environment. In certain
embodiments, a suitable architectural glass substrate can be at least approximately 20 inches
by approximately 20 inches, and can be much larger, for example, approximately 80 inches
by approximately 120 inches, or larger. Architectural glass is typically at least about 2
millimeters (mm) thick and may be as thick as 6 mm or more. Of course, electrochromic
devices 1220 can be scalable to substrates 1228 smaller or larger than architectural glass,
including in any or all of the respective length, width, or thickness dimensions. In some
embodiments, substrate 1228 has a thickness in the range of approximately 1 mm to
approximately 10 mm. In some embodiments, substrate 1228 may be very thin and flexible,
such as Gorilla Glass® or Willow™ Glass, each commercially available from Corning, Inc. of

Corning, New York, these glasses may be less than 1 mm thick, as thin as 0.3 mm thick.

[0250] Electrochromic device 1220 is disposed over, for example, the inner surface 1222
of substrate 1228 of the outer pane 1216 (the pane adjacent the outside environment). In
some other embodiments, such as in cooler climates or applications in which the IGUs 1202
receive greater amounts of direct sunlight (e.g., perpendicular to the surface of
electrochromic device 1220), it may be advantageous for electrochromic device 1220 to be
disposed over, for example, the inner surface (the surface bordering the volume 1226) of the
inner pane adjacent the interior environment. In some embodiments, electrochromic device

1220 includes a first conductive layer (CL) 1230 (often transparent), a cathodically coloring
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layer 1232, often referred to as an electrochromic layer (EC) 1232, an ion conducting layer
(IC) 1234, an anodically coloring layer 1236, often referred to as a counter electrode layer
(CE) 1236, and a second conductive layer (CL) 1238 (often transparent). Again, layers 1230,
1232, 1234, 1236, and 1238 are also collectively referred to as electrochromic stack 1220.

[0251] A power source 1240 operable to apply an electric potential (Vapp) to the device
and produce Vs across a thickness of electrochromic stack 1220 and drive the transition of
the electrochromic device 1220 from, for example, a clear or lighter state (e.g., a transparent,
semitransparent, or translucent state) to a tinted or darker state (e.g., a tinted, less transparent
or less translucent state). In some other embodiments, the order of layers 1230, 1232, 1234,
1236, and 1238 can be reversed or otherwise reordered or rearranged with respect to substrate

1228.

[0252] In some embodiments, one or both of first conductive layer 1230 and second
conductive layer 1238 is formed from an inorganic and solid material. For example, first
conductive layer 1230, as well as second conductive layer 1238, can be made from a number
of different materials, including conductive oxides, thin metallic coatings, conductive metal
nitrides, and composite conductors, among other suitable materials. In some embodiments,
conductive layers 1230 and 1238 are substantially transparent at least in the range of
wavelengths where electrochromism is exhibited by the electrochromic layer 1232.
Transparent conductive oxides include metal oxides and metal oxides doped with one or
more metals. For example, metal oxides and doped metal oxides suitable for use as first or
second conductive layers 1230 and 1238 can include indium oxide, indium tin oxide (ITO),
doped indium oxide, tin oxide, doped tin oxide, zinc oxide, aluminum zinc¢ oxide, doped zinc
oxide, ruthenium oxide, doped ruthenium oxide, among others. As indicated above, first and
second conductive layers 230 and 238 are sometimes referred to as “transparent conductive

oxide” (TCO) layers.

[0253] In some embodiments, commercially available substrates, such as glass substrates,
already contain a transparent conductive layer coating when purchased. In some
embodiments, such a product can be used for both substrate 1238 and conductive layer 1230
collectively. Examples of such glass substrates include conductive layer-coated glasses sold
under the trademark TEC Glass™ by Pilkington, of Toledo, Ohio and SUNGATE™ 300 and
SUNGATE™ 500 by PPG Industries of Pittsburgh, Pennsylvania. Specifically, TEC Glass™

is, for example, a glass coated with a fluorinated tin oxide conductive layer.
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[0254] In some embodiments, first or second conductive layers 1230 and 1238 can each
be deposited by physical vapor deposition processes including, for example, sputtering. In
some embodiments, first and second conductive layers 1230 and 1238 can each have a
thickness in the range of approximately 0.01 pm to approximately 1 um. In some
embodiments, it may be generally desirable for the thicknesses of the first and second
conductive layers 1230 and 1238 as well as the thicknesses of any or all of the other layers
described below to be individually uniform with respect to the given layer; that is, that the
thickness of a given layer is uniform and the surfaces of the layer are smooth and

substantially free of defects or other ion traps.

[0255] A primary function of the first and second conductive layers 1230 and 1238 is to
spread an electric potential provided by a power source 1240, such as a voltage or current
source, over surfaces of the electrochromic stack 1220 from outer surface regions of the stack
to inner surface regions of the stack. As mentioned, the voltage applied to the electrochromic
device experiences some Ohmic potential drop from the outer regions to the inner regions as
a result of a sheet resistance of the first and second conductive layers 1230 and 1238. In the
depicted embodiment, bus bars 1242 and 1244 are provided with bus bar 1242 in contact with
conductive layer 1230 and bus bar 1244 in contact with conductive layer 1238 to provide
electric connection between the voltage or current source 1240 and the conductive layers
1230 and 1238. For example, bus bar 1242 can be electrically coupled with a first (e.g,,
positive) terminal 1246 of power source 1240 while bus bar 1244 can be electrically coupled

with a second (e.g., negative) terminal 1248 of power source 1240.

[0256] In some embodiments, IGU 1202 includes a plug-in component 1250. In some
embodiments, plug-in component 1250 includes a first electrical input 1252 (e.g., a pin,
socket, or other electrical connector or conductor) that is electrically coupled with power
source terminal 1246 via, for example, one or more wires or other electrical connections,
components, or devices. Similarly, plug-in component 1250 can include a second electrical
input 1254 that is electrically coupled with power source terminal 1248 via, for example, one
or more wires or other electrical connections, components, or devices. In some
embodiments, first electrical input 1252 can be electrically coupled with bus bar 1242, and
from there with first conductive layer 1230, while second electrical input 1254 can be
coupled with bus bar 1244, and from there with second conductive layer 1238. The

conductive layers 1230 and 1238 also can be connected to power source 1240 with other
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conventional means as well as according to other means described below with respect to a
window controller. For example, as described below with reference to Figure 13, first
electrical input 1252 can be connected to a first power line while second electrical input 1254
can be connected to a second power line. Additionally, in some embodiments, third electrical
input 1256 can be coupled to a device, system, or building ground. Furthermore, in some
embodiments, fourth and fifth electrical inputs/outputs 1258 and 1260, respectively, can be
used for communication between, for example, a window controller or microcontroller and a

network controller.

[0257] In some embodiments, electrical input 1252 and electrical input 1254 receive,
carry, or transmit complementary power signals. In some embodiments, electrical input 1252
and its complement electrical input 1254 can be directly connected to the bus bars 1242 and
1244, respectively, and on the other side, to an external power source that provides a variable
DC voltage (e.g., sign and magnitude). The external power source can be a window
controller (see element 1314 of Figure 13) itself, or power from a building transmitted to a
window controller or otherwise coupled to electrical inputs 1252 and 1254. In such an
embodiment, the electrical signals transmitted through electrical inputs/outputs 1258 and
1260 can be directly connected to a memory device to allow communication between the
window controller and the memory device. Furthermore, in such an embodiment, the
electrical signal input to electrical input 1256 can be internally connected or coupled (within
IGU 1202) to either electrical input 1252 or 1254 or to the bus bars 1242 or 1244 in such a
way as to enable the electrical potential of one or more of those elements to be remotely
measured (sensed). This can allow the window controller to compensate for a voltage drop

on the connecting wires from the window controller to the electrochromic device 1220.

[0258] In some embodiments, the window controller can be immediately attached (e.g.,
external to the IGU 1202 but inseparable by the user) or integrated within the IGU 1202. For
example, U.S. Patent No. 8,213,074, incorporated by reference above, describes in detail
various embodiments of an “onboard” controller. In such an embodiment, electrical input
1252 can be connected to the positive output of an external DC power source. Similarly,
electrical input 1254 can be connected to the negative output of the DC power source. As
described below, however, electrical inputs 1252 and 1254 can, alternately, be connected to
the outputs of an external low voltage AC power source (e.g., a typical 24 V AC transformer

common to the HVAC industry). In such an embodiment, electrical inputs/outputs 1258 and
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1260 can be connected to the communication bus between the window controller and a
network controller. In this embodiment, electrical input/output 1256 can be eventually (e.g.,
at the power source) connected with the earth ground (e.g., Protective Earth, or PE in Europe)

terminal of the system.

[0259] Although the applied voltages may be provided as DC voltages, in some
embodiments, the voltages actually supplied by the external power source are AC voltage
signals. In some other embodiments, the supplied voltage signals are converted to pulse-
width modulated voltage signals. However, the voltages actually “seen” or applied to the bus
bars 1242 and 1244 are effectively DC voltages. Typically, the voltage oscillations applied at
terminals 1246 and 1248 are in the range of approximately 1 Hz to 1 MHz, and in particular
embodiments, approximately 100 kHz. In various embodiments, the oscillations have
asymmetric residence times for the darkening (e.g., tinting) and lightening (e.g., clearing)
portions of a period. For example, in some embodiments, transitioning from a first less
transparent state to a second more transparent state requires more time than the reverse; that
is, transitioning from the more transparent second state to the less transparent first state. As
will be described below, a controller can be designed or configured to apply a driving voltage

meeting these requirements.

[0260] The oscillatory applied voltage control allows the electrochromic device 1220 to
operate in, and transition to and from, one or more states without any necessary modification
to the electrochromic device stack 1220 or to the transitioning time. Rather, the window
controller can be configured or designed to provide an oscillating drive voltage of appropriate
wave profile, taking into account such factors as frequency, duty cycle, mean voltage,
amplitude, among other possible suitable or appropriate factors. Additionally, such a level of
control permits the transitioning to any state over the full range of optical states between the
two end states. For example, an appropriately configured controller can provide a continuous
range of transmissivity (% T) which can be tuned to any value between end states (e.g.,

opaque and clear end states).

[0261] To drive the device to an intermediate state using the oscillatory driving voltage, a
controller could simply apply the appropriate intermediate voltage. However, there can be
more efficient ways to reach the intermediate optical state. This is partly because high
driving voltages can be applied to reach the end states but are traditionally not applied to

reach an intermediate state. One technique for increasing the rate at which the
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electrochromic device 1220 reaches a desired intermediate state is to first apply a high
voltage pulse suitable for full transition (to an end state) and then back off to the voltage of
the oscillating intermediate state (just described). Stated another way, an initial low-
frequency single pulse (low in comparison to the frequency employed to maintain the
intermediate state) of magnitude and duration chosen for the intended final state can be
employed to speed the transition. After this initial pulse, a higher frequency voltage

oscillation can be employed to sustain the intermediate state for as long as desired.

[0262] In some embodiments, each IGU 1202 includes a component 1250 that is
“pluggable” or readily-removable from IGU 1202 (e.g., for ease of maintenance,
manufacture, or replacement). In some particular embodiments, each plug-in component
1250 itself includes a window controller. That is, in some such embodiments, each
electrochromic device 1220 is controlled by its own respective local window controller
located within plug-in component 1250. In some other embodiments, the window controller
is integrated with another portion of frame 1218, between the glass panes in the secondary
seal area, or within volume 1226. In some other embodiments, the window controller can be
located external to IGU 1202. In various embodiments, each window controller can
communicate with the IGUs 1202 it controls and drives, as well as communicate to other
window controllers, the network controller, BMS, or other servers, systems, or devices (e.g.,
sensors), via one or more wired (e.g., Ethernet) networks or wireless (e.g., WiFi) networks,
for example, via wired (e.g., Ethernet) interface 1263 or wireless (WiFi) interface 1265. See
Figure 13. Embodiments having Ethernet or Wifi capabilities are also well-suited for use in
residential homes and other smaller-scale non-commercial applications. Additionally, the
communication can be direct or indirect, e.g., via an intermediate node between a master

controller such as network controller 1312 and the IGU 1202.

[0263] Figure 13 depicts a window controller 1314, which may be deployed as, for
example, component 1250. In some embodiments, window controller 1314 communicates
with a network controller over a communication bus 1262. For example, communication bus
1262 can be designed according to the Controller Area Network (CAN) vehicle bus standard.
In such embodiments, first electrical input 1252 can be connected to a first power line 1264
while second electrical input 1254 can be connected to a second power line 1266. In some
embodiments, as described above, the power signals sent over power lines 1264 and 1266 are

complementary; that is, collectively they represent a differential signal (e.g., a differential

78

AMBILIGHT EX. 1005; Page 80
Ambilight v. Lannray [PR2026-00367



10

15

20

25

30

WO 2017/189307 PCT/US2017/028443

voltage signal). In some embodiments, line 1268 is coupled to a system or building ground
(e.g., an Earth Ground). In such embodiments, communication over CAN bus 1262 (e.g,,
between microcontroller 1274 and network controller 1312) may proceed along first and
second communication lines 1270 and 1272 transmitted through electrical inputs/outputs
1258 and 1260, respectively, according to the CANopen communication protocol or other
suitable open, proprietary, or overlying communication protocol. In some embodiments, the
communication signals sent over communication lines 1270 and 1272 are complementary;

that is, collectively they represent a differential signal (e.g., a differential voltage signal).

[0264] In some embodiments, component 1250 couples CAN communication bus 1262
into window controller 1314, and in particular embodiments, into microcontroller 1274. In
some such embodiments, microcontroller 1274 is also configured to implement the CANopen
communication protocol. Microcontroller 1274 is also designed or configured (e.g,
programmed) to implement one or more drive control algorithms in conjunction with pulse-
width modulated amplifier or pulse-width modulator (PWM) 1276, smart logic 1278, and
signal conditioner 1280. In some embodiments, microcontroller 1274 is configured to
generate a command signal Veommanp, €.8., in the form of a voltage signal, that is then
transmitted to PWM 1276. PWM 1276, in turn, generates a pulse-width modulated power
signal, including first (e.g., positive) component Vpyw; and second (e.g., negative) component
Vpwz, based on Veommanp. Power signals Vpw, and Vpy, are then transmitted over, for
example, interface 1288, to IGU 1202, or more particularly, to bus bars 1242 and 1244 in
order to cause the desired optical transitions in electrochromic device 1220. In some
embodiments, PWM 1276 is configured to modify the duty cycle of the pulse-width
modulated signals such that the durations of the pulses in signals Vpw; and Vpyw, are not
equal: for example, PWM 1276 pulses Vpw; with a first 60 % duty cycle and pulses Vpw; for
a second 40 % duty cycle. The duration of the first duty cycle and the duration of the second
duty cycle collectively represent the duration, tpwm of each power cycle. In some
embodiments, PWM 1276 can additionally or alternatively modify the magnitudes of the

signal pulses Vpw; and Vpws.

[0265] In some embodiments, microcontroller 1274 is configured to generate Vcommann
based on one or more factors or signals such as, for example, any of the signals received over
CAN bus 1262 as well as voltage or current feedback signals, Vgg and Igg respectively,

generated by PWM 1276. In some embodiments, microcontroller 1274 determines current or
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voltage levels in the electrochromic device 1220 based on feedback signals Irg or Vgs,
respectively, and adjusts Vcommanp according to one or more rules or algorithms described
above to effect a change in the relative pulse durations (e.g., the relative durations of the first
and second duty cycles) or amplitudes of power signals Vpy; and Vpy; to produce voltage
profiles as described above. Additionally or alternatively, microcontroller 1274 can also
adjust Vcommanp 1n response to signals received from smart logic 1278 or signal conditioner
1280. For example, a conditioning signal Vcon can be generated by signal conditioner 1280
in response to feedback from one or more networked or non-networked devices or sensors,
such as, for example, an exterior photosensor or photodetector 1282, an interior photosensor
or photodetector 1284, a thermal or temperature sensor 1286, or a tint command signal V.
For example, additional embodiments of signal conditioner 1280 and V¢oy are also described

in U.S. Patent No. 8,705,162, which is herein incorporated by reference.

[0266] In certain embodiments, V¢ can be an analog voltage signal between 0 V and 10
V that can be used or adjusted by users (such as residents or workers) to dynamically adjust
the tint of an IGU 1202 (for example, a user can use a control in a room or zone of building
similarly to a thermostat to finely adjust or modify a tint of the IGUs 1202 in the room or
zone) thereby introducing a dynamic user input into the logic within microcontroller 1274
that determines Vcommann. For example, when set in the 0 to 2.5 V range, V¢ can be used
to cause a transition to a 5 % T state, while when set in the 2.51 to 5 V range, V¢ can be
used to cause a transition to a 20 % T state, and similarly for other ranges such as 5.1t0 7.5 V
and 7.51 to 10 V, among other range and voltage examples. In some embodiments, signal
conditioner 1280 receives the aforementioned signals or other signals over a communication
bus or interface 1290. In some embodiments, PWM 1276 also generates Vcommanp based on
a signal Vgyart received from smart logic 1278. In some embodiments, smart logic 1278
transmits Vgmart Over a communication bus such as, for example, an Inter-Integrated Circuit
(I’C) multi-master serial single-ended computer bus. In some other embodiments, smart
logic 1278 communicates with memory device 1292 over a 1-WIRE device communications

bus system protocol (by Dallas Semiconductor Corp., of Dallas, Texas).

[0267] In some embodiments, microcontroller 1274 includes a processor, chip, card, or
board, or a combination of these, which includes logic for performing one or more control
functions. Power and communication functions of microcontroller 1274 may be combined in

a single chip, for example, a programmable logic device (PLD) chip or field programmable
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gate array (FPGA), or similar logic. Such integrated circuits can combine logic, control and
power functions in a single programmable chip. In one embodiment, where one pane 1216
has two electrochromic devices 1220 (e.g., on opposite surfaces) or where IGU 1202 includes
two or more panes 1216 that each include an electrochromic device 1220, the logic can be
configured to control each of the two electrochromic devices 1220 independently from the
other. However, in one embodiment, the function of each of the two electrochromic devices
1220 is controlled in a synergistic fashion, for example, such that each device is controlled in
order to complement the other. For example, the desired level of light transmission, thermal
insulative effect, or other property can be controlled via a combination of states for each of
the individual electrochromic devices 1220. For example, one electrochromic device may be
placed in a tinted state while the other is used for resistive heating, for example, via a
transparent electrode of the device. In another example, the optical states of the two
electrochromic devices are controlled so that the combined transmissivity is a desired

outcome.

[0268] In general, the logic used to control electrochromic device transitions can be
designed or configured in hardware and/or software. In other words, the instructions for
controlling the drive circuitry may be hard coded or provided as software. It may be said that
the instructions are provided by “programming.” Such programming is understood to include
logic of any form including hard coded logic in digital signal processors and other devices
which have specific algorithms implemented as hardware. Programming is also understood
to include software or firmware instructions that may be executed on a general purpose
processor. In some embodiments, instructions for controlling application of voltage to the
bus bars are stored on a memory device associated with the controller or are provided over a
network. Examples of suitable memory devices include semiconductor memory, magnetic
memory, optical memory, and the like. The computer program code for controlling the
applied voltage can be written in any conventional computer readable programming language
such as assembly language, C, C++, Pascal, Fortran, and the like. Compiled object code or

script is executed by the processor to perform the tasks identified in the program.

[0269] As described above, in some embodiments, microcontroller 1274, or window
controller 1314 generally, also can have wireless capabilities, such as wireless control and
powering capabilities. For example, wireless control signals, such as radio-frequency (RF)

signals or infra-red (IR) signals can be used, as well as wireless communication protocols
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such as WiFi (mentioned above), Bluetooth, Zigbee, EnOcean, among others, to send
instructions to the microcontroller 1274 and for microcontroller 1274 to send data out to, for
example, other window controllers, a network controller 1312, or directly to a BMS 1310. In
various embodiments, wireless communication can be used for at least one of programming
or operating the electrochromic device 1220, collecting data or receiving input from the
electrochromic device 1220 or the IGU 1202 generally, collecting data or receiving input
from sensors, as well as using the window controller 1314 as a relay point for other wireless
communications. Data collected from IGU 1202 also can include count data, such as a
number of times an electrochromic device 1220 has been activated (cycled), an efficiency of

the electrochromic device 1220 over time, among other useful data or performance metrics.

[0270] The window controller 1314 also can have wireless power capability. For
example, window controller can have one or more wireless power receivers that receive
transmissions from one or more wireless power transmitters as well as one or more wireless
power transmitters that transmit power transmissions enabling window controller 1314 to
receive power wirelessly and to distribute power wirelessly to electrochromic device 1220.
Wireless power transmission includes, for example, induction, resonance induction, RF
power transfer, microwave power transfer, and laser power transfer. For example, U.S.
Patent Application Serial No. 12/971,576 naming Rozbicki as inventor, titled “WIRELESS
POWERED ELECTROCHROMIC WINDOWS;,” and filed 17 December 2010, incorporated

by reference above, describes in detail various embodiments of wireless power capabilities.

[0271] In order to achieve a desired optical transition, the pulse-width modulated power
signal is generated such that the positive component Ve is supplied to, for example, bus bar
1244 during the first portion of the power cycle, while the negative component Vpy, is

supplied to, for example, bus bar 1242 during the second portion of the power cycle.

[0272] In some cases, depending on the frequency (or inversely the duration) of the
pulse-width modulated signals, this can result in bus bar 1244 floating at substantially the
fraction of the magnitude of Vpw, that is given by the ratio of the duration of the first duty
cycle to the total duration tpyy of the power cycle. Similarly, this can result in bus bar 1242
floating at substantially the fraction of the magnitude of Vpw, that is given by the ratio of the
duration of the second duty cycle to the total duration tpwy of the power cycle. In this way,
in some embodiments, the difference between the magnitudes of the pulse-width modulated

signal components Vpw; and Vpyw; is twice the effective DC voltage across terminals 1246
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and 1248, and consequently, across electrochromic device 1220. Said another way, in some
embodiments, the difference between the fraction (determined by the relative duration of the
first duty cycle) of Vpyw; applied to bus bar 1244 and the fraction (determined by the relative
duration of the second duty cycle) of Vpw, applied to bus bar 1242 is the effective DC
voltage Verr applied to electrochromic device 1220. The current IEFF through the load—
electromagnetic device 1220—is roughly equal to the effective voltage VEFF divided by the

effective resistance or impedance of the load.

[0273] Those of ordinary skill in the art will also understand that this description is
applicable to various types of drive mechanism including fixed voltage (fixed DC), fixed

polarity (time varying DC) or a reversing polarity (AC, MF, RF power etc. with a DC bias).

[0274] The controller may be configured to monitor voltage and/or current from the
optically switchable device. In some embodiments, the controller is configured to calculate
current by measuring voltage across a known resistor in the driving circuit. Other modes of

measuring or calculating current may be employed. These modes may be digital or analog,

Electrochromic Devices
[0275] For context, examples of electrochromic device designs now will be described.

Figure 14 schematically depicts an electrochromic device 1400 in cross-section.
Electrochromic device 1400 includes a substrate 1402, a first conductive layer (CL) 1404, a
cathodically coloring electrochromic layer (EC) 1406, an ion conducting layer (IC) 1408, an
anodically coloring counter electrode layer (CE) 1410, and a second conductive layer (CL),
1414. Layers 1404, 1406, 1408, 1410, and 1414 are collectively referred to as an
electrochromic stack 1420. A voltage source 1416 operable to apply an electric potential
across electrochromic stack 1420 effects the transition of the electrochromic device from, for
example, a clear state to a tinted state (depicted). The order of layers can be reversed with

respect to the substrate.

[0276] Electrochromic devices having distinct layers as described can be fabricated as all
solid state and/or all inorganic devices with low defectivity. Such devices and methods of
fabricating them are described in more detail in U.S. Patent Application, serial number
12/645,111, entitled, “Fabrication of Low-Defectivity Electrochromic Devices,” filed on
December 22, 2009 and naming Mark Kozlowski et al. as inventors, and in U.S. Patent No.

8,432,603, entitled, “Electrochromic Devices,” filed on December 22, 2009 and naming
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Zhongchun Wang et al. as inventors, both of which are incorporated by reference herein for
all purposes. It should be understood, however, that any one or more of the layers in the
stack may contain some amount of organic material. The same can be said for liquids that
may be present in one or more layers in small amounts. It should also be understood that
solid state material may be deposited or otherwise formed by processes employing liquid

components such as certain processes employing sol-gels or chemical vapor deposition.

[0277] In embodiments described herein, the electrochromic device reversibly cycles
between a clear state and a tinted state. In some cases, when the device is in a clear state, a
potential is applied to the electrochromic stack 1420 such that available ions in the stack
reside primarily in the counter electrode 1410. When the potential on the electrochromic
stack is reversed, the ions are transported across the ion conducting layer 1408 to the

electrochromic material 1406 and cause the material to transition to the tinted state.

[0278] Referring again to Figure 14, voltage source 1416 may be configured to operate in
conjunction with radiant and other environmental sensors. As described herein, voltage
source 1416 interfaces with a device controller (not shown in this figure). Additionally,
voltage source 1416 may interface with an energy management system that controls the
electrochromic device according to various criteria such as the time of year, time of day, and
measured environmental conditions. Such an energy management system, in conjunction
with large area electrochromic devices (e.g., an electrochromic window), can dramatically

lower the energy consumption of a building.

[0279] Any material having suitable optical, electrical, thermal, and mechanical
properties may be used as substrate 1402. Such substrates include, for example, glass,
plastic, and mirror materials. Suitable glasses include either clear or tinted soda lime glass,

including soda lime float glass. The glass may be tempered or untempered.

[0280] In many cases, the substrate is a glass pane sized for residential window
applications. The size of such glass pane can vary widely depending on the specific needs of
the residence. In other cases, the substrate is architectural glass. Architectural glass is
typically used in commercial buildings, but may also be used in residential buildings, and
typically, though not necessarily, separates an indoor environment from an outdoor
environment. In certain embodiments, architectural glass is at least 20 inches by 20 inches,

and can be much larger, for example, as large as about 80 inches by 120 inches.
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Architectural glass is typically at least about 2 mm thick. Of course, electrochromic devices
are scalable to substrates smaller or larger than architectural glass.  Further, the

electrochromic device may be provided on a mirror of any size and shape.

[0281] On top of substrate 1402 is conductive layer 1404. In certain embodiments, one
or both of the conductive layers 1404 and 1414 is inorganic and/or solid. Conductive layers
1404 and 1414 may be made from a number of different materials, including conductive
oxides, thin metallic coatings, conductive metal nitrides, and composite conductors.
Typically, conductive layers 1404 and 1414 are transparent at least in the range of
wavelengths where electrochromism is exhibited by the electrochromic layer. Transparent
conductive oxides include metal oxides and metal oxides doped with one or more metals.
Examples of such metal oxides and doped metal oxides include indium oxide, indium tin
oxide, doped indium oxide, tin oxide, doped tin oxide, zinc oxide, aluminum zinc oxide,
doped zinc oxide, ruthenium oxide, doped ruthenium oxide and the like. Since oxides are
often used for these layers, they are sometimes referred to as “transparent conductive oxide”

(TCO) layers. Thin metallic coatings that are substantially transparent may also be used.

[0282] The function of the conductive layers is to spread an electric potential provided by
voltage source 1416 over surfaces of the electrochromic stack 1420 to interior regions of the
stack, with relatively little ohmic potential drop. The electric potential is transferred to the
conductive layers though electrical connections to the conductive layers. In some
embodiments, bus bars, one in contact with conductive layer 1404 and one in contact with
conductive layer 1414, provide the electric connection between the voltage source 1416 and
the conductive layers 1404 and 1414. The conductive layers 1404 and 1414 may also be

connected to the voltage source 1416 with other conventional means.

[0283] Overlaying conductive layer 1404 is electrochromic layer 1406. In some
embodiments, electrochromic layer 1406 is inorganic and/or solid. The cathodically coloring
electrochromic layer may contain any one or more of a number of different cathodically
coloring electrochromic materials, including metal oxides. Such metal oxides include
tungsten oxide (WQ;), molybdenum oxide (MoOs3), niobium oxide (Nb,Os), titanium oxide
(TiOy), copper oxide (CuO), iridium oxide (Ir;03), chromium oxide (Cr,Os3), manganese
oxide (Mn,0s3), vanadium oxide (V,0s), nickel oxide (Ni;O3), cobalt oxide (C0,03) and the

like. During operation, cathodically coloring electrochromic layer 1406 transfers ions to and
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receives ions from anodically coloring counter electrode layer 1410 to cause optical

transitions.

[0284] Generally, the tinting (or change in any optical property — for example,
absorbance, reflectance, and transmittance) of the electrochromic material is caused by
reversible ion insertion into the material (for example, intercalation) and a corresponding
injection of a charge balancing electron. Typically some fraction of the ions responsible for
the optical transition is irreversibly bound up in the electrochromic material. Some or all of
the irreversibly bound ions are used to compensate “blind charge” in the material. In most
electrochromic materials, suitable ions include lithium ions (Li") and hydrogen ions (H") (that
is, protons). In some cases, however, other ions will be suitable. In various embodiments,
lithium ions are used to produce the electrochromic phenomena. Intercalation of lithium ions
into tungsten oxide (WOsy (0 <y < ~0.3)) causes the tungsten oxide to change from

transparent (clear state) to blue (tinted state).

[0285] Referring again to Figure 14, in electrochromic stack 1420, ion conducting layer
1408 is sandwiched between electrochromic layer 1406 and counter electrode layer 1410. In
some embodiments, counter electrode layer 1410 is inorganic and/or solid. The counter
electrode layer may comprise one or more of a number of different materials that serve as a
reservoir of ions when the electrochromic device is in the clear state. During an
electrochromic transition initiated by, for example, application of an appropriate electric
potential, the anodically coloring counter electrode layer transfers some or all of the ions it
holds to the cathodically coloring electrochromic layer, changing the electrochromic layer to
the tinted state. Concurrently, in the case of NiWO, the anodically coloring counter electrode

layer tints with the loss of ions.

[0286] In some embodiments, suitable anodically coloring materials for the counter
electrode complementary to WOj5 include nickel oxide (NiO), nickel tungsten oxide (NiWO),
nickel vanadium oxide, nickel chromium oxide, nickel aluminum oxide, nickel manganese
oxide, nickel magnesium oxide, chromium oxide (Cr,03), manganese oxide (MnQO,), Prussian
blue. Other suitable anodically coloring materials are further discussed in the following U.S.
Patent Applications, each of which is incorporated by reference in its entirety: U.S.
Provisional Patent Application No. 61/998,111, filed May 2, 2014, naming Pradhan, et. al. as
inventors, and U.S. Provisional Patent Application No. 61/988,107, filed May 2, 2014, and

naming Gillaspie, et. al. as inventors.
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[0287] When charge is removed from a counter electrode 1410 made of nickel tungsten
oxide (that is, ions are transported from the counter electrode 1410 to the electrochromic
layer 1406), the counter electrode layer will transition from a transparent state to a tinted

state.

[0288] In the depicted electrochromic device, between electrochromic layer 1406 and
counter electrode layer 1410, there is the ion conducting layer 1408. Ion conducting layer
1408 serves as a medium through which ions are transported (in the manner of an electrolyte)
when the electrochromic device transitions between the clear state and the tinted state.
Preferably, ion conducting layer 1408 is highly conductive to the relevant ions for the
electrochromic and the counter electrode layers, but has sufficiently low electron conductivity
that negligible electron transfer takes place during normal operation. A thin ion conducting
layer with high ionic conductivity permits fast ion conduction and hence fast switching for
high performance electrochromic devices. In certain embodiments, the ion conducting layer
1408 is inorganic and/or solid. In other embodiments, the ion conducting layer 1408 is

omitted.

[0289] Examples of suitable ion conducting layers (for electrochromic devices having a
distinct IC layer) include silicates, silicon oxides, tungsten oxides, tantalum oxides, niobium
oxides, and borates. The silicon oxides include silicon-aluminum-oxide. These materials
may be doped with different dopants, including lithium. Lithium doped silicon oxides
include lithium silicon-aluminum-oxide. In some embodiments, the ion conducting layer
comprises a silicate-based structure. In some embodiments, a silicon-aluminum-oxide

(SiAlO) is used for the ion conducting layer 1408.

[0290] The electrochromic device 1400 may include one or more additional layers (not
shown) such as one or more passive layers. Passive layers used to improve certain optical
properties may be included in electrochromic device 1400. Passive layers for providing
moisture or scratch resistance may also be included in the electrochromic device 1400. For
example, the conductive layers may be treated with anti-reflective or protective oxide or
nitride layers. Other passive layers may serve to hermetically seal the electrochromic device

1400.

[0291] Figure 15 is a schematic cross-section of an electrochromic device in a clear state

(or transitioning to a clear state). In accordance with specific embodiments, an
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electrochromic device 1500 includes a tungsten oxide cathodically coloring electrochromic
layer (EC) 1506 and a nickel-tungsten oxide anodically coloring counter electrode layer (CE)
1510. The electrochromic device 1500 also includes a substrate 1502, conductive layer (CL)
1504, ion conducting layer (IC) 1508, and conductive layer (CL) 1514.

[0292] A power source 1516 is configured to apply a potential and/or current to
electrochromic stack 1520 through suitable connections (for example, bus bars) to conductive
layers 1504 and 1514. In some embodiments, the voltage source is configured to apply a
potential of about 2 V in order to drive a transition of the device from one optical state to
another. The polarity of the potential as shown in Figure 15 is such that the ions (lithium ions
in this example) primarily reside (as indicated by the dashed arrow) in nickel-tungsten oxide

anodically coloring counter electrode layer 1510.

[0293] Figure 16 is a schematic cross-section of electrochromic device 1500 shown in
Figure 15 but in a tinted state (or transitioning to a tinted state). In Figure 17, the polarity of
voltage source 1516 is reversed, so that the electrochromic layer is made more negative to
accept additional lithium ions, and thereby transition to the tinted state. As indicated by the
dashed arrow, lithium ions are transported across the ion conducting layer 1508 to the
tungsten oxide electrochromic layer 1506. The tungsten oxide electrochromic layer 1506 is
shown in the tinted state. The nickel-tungsten oxide counter electrode 1510 is also shown in
the tinted state. As explained, nickel-tungsten oxide becomes progressively more opaque as
it gives up (deintercalates) lithium ions. In this example, there is a synergistic effect where
the transition to tinted states for both layers 1506 and 1510 are additive toward reducing the

amount of light transmitted through the stack and substrate.

[0294] As described above, an electrochromic device may include a cathodically coloring
layer, often referred to as an electrochromic (EC) electrode layer (or more simply as an
electrochromic layer) and an anodically coloring counter electrode layer, often referred to as
a counter electrode (CE) layer, separated by an ionically conductive (IC) layer that is highly
conductive to ions and highly resistive to electrons. As conventionally understood, the
ionically conductive layer prevents shorting between the electrochromic layer and the counter
electrode layer. The ionically conductive layer allows the electrochromic and counter
electrodes to hold a charge and thereby maintain their clear or tinted states. In electrochromic
devices having distinct layers, the components form a stack which includes the ion

conducting layer sandwiched between the electrochromic electrode layer and the counter
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electrode layer. The boundaries between these three stack components are defined by abrupt
changes in composition and/or microstructure. Thus, the devices have three distinct layers

with two abrupt interfaces.

[0295] In accordance with certain embodiments, the counter electrode and electrochromic
electrodes are formed immediately adjacent one another, sometimes in direct contact, without
separately depositing an ionically conducting layer. In some embodiments, electrochromic
devices having an inferfacial region rather than a distinct IC layer are employed with
controllers described herein. Such devices, and methods of fabricating them, are described in
U.S. Patent No. 8,300,298, U.S. Patent No. 8,582,193, U.S. Patent No. 8,764,950, U.S. Patent
No. 8,764,951, each of the four patents is entitled “Electrochromic Devices,” each names
Zhongchun Wang et al. as inventors, and each is incorporated by reference herein in its

entirety.

[0296] Figure 17 is a schematic cross-section of an electrochromic device 1700 in a tinted
state, where the device has an interfacial region, 1708, which does not contain a distinct IC
layer. Voltage source 1716, conductive layers 1714 and 1704, and substrate 1702 are
essentially the same as described in relation to Figures 14 and 15. Between conductive layers
1714 and 1704 is a region 1710, which includes anodically coloring counter electrode layer
1710, cathodically coloring electrochromic layer 1706 and an interfacial region, 1708,
between them, rather than a distinct IC layer. In this example, there is no distinct boundary
between counter electrode layer 1710 and interfacial region 1708, nor is there a distinct
boundary between electrochromic layer 1706 and interfacial region 1708. Rather, there is a
diffuse transition between CE layer 1710 and interfacial region 1708, and between interfacial

region 1708 and EC layer 1706.

[0297] Although the foregoing invention has been described in some detail to facilitate
understanding, the described embodiments are to be considered illustrative and not limiting.
It will be apparent to one of ordinary skill in the art that certain changes and modifications

can be practiced within the scope of the appended claims.

89

AMBILIGHT EX. 1005; Page 91
Ambilight v. Lannray [PR2026-00367



10

15

20

25

WO 2017/189307 PCT/US2017/028443

CLAIMS
What is claimed is:

1. A method of calibrating an electrochromic device to produce an adjusted optical density at
a specified tint state, wherein the adjusted optical density has a reduced variance from a

baseline optical density for the specified tint state, the method comprising:

(a) measuring one or more parameters of the electrochromic device, wherein the one
or more measured parameters correlate with an unadjusted optical density at the specified tint

state;

(b) applying the one or more measured parameters to a transfer function to generate a
calibrated drive parameter for the electrochromic device, wherein the transfer function was

produced from a training set of electrochromic devices;

(c) configuring window control logic for controlling one or more optical transitions
and/or states in the electrochromic device, wherein in the configuring comprises applying the

calibrated drive parameter; and

(d) applying the calibrated drive parameter to the electrochromic device to induce the

adjusted optical density at the specified tint state in the electrochromic device.

2. The method of claim 1, wherein the adjusted optical density at a specified tint state is

within about +/- 0.07 from the baseline optical density.

3. The method of claim 1, wherein the adjusted optical density at a specified tint state is

within about +/- 0.05 from the baseline optical density.

4. The method of claim 1, further comprising applying the method to a plurality of
electrochromic devices so that variation in optical density at the specified tint state of the

plurality of electrochromic devices is reduced to less than about 0.1.

5. The method of claim 1, wherein one or more measured parameters are selected from the
group of parameters consisting of open circuit voltage, leakage current, sheet resistance, and

temperature.

90

AMBILIGHT EX. 1005; Page 92
Ambilight v. Lannray [PR2026-00367



10

15

20

25

WO 2017/189307 PCT/US2017/028443

6. The method of claim 5, wherein the one or more measured parameters includes

temperature.

7. The method of claim 1, wherein measuring the one or more parameters of the
electrochromic device comprises automatically measuring the one or more parameters,

without direct manual user intervention.

8. The method of claim 1, wherein the transfer function models a linear time-invariant system
between one or more input variables comprising the one or more measured parameters and

one or more output variables comprising the calibrated drive parameter.

9. A method of calibrating a defined tint state of an electrochromic device, the method

comprising:

(a) measuring the optical density for a plurality of hold voltages ranging between

clear and tinted states;

(b) determining a transfer function between one or more optical device parameters

and the measured optical density of the device;

(c) calculating one or more calibrated drive parameters using the transfer function,

wherein the transfer function employs the use of one or more optical device parameters; and

(d) configuring window control logic by substituting one or more predetermined

drive parameters with the one or more calibrated drive parameters.

10. A method of calibrating a defined tint state of an electrochromic device, the method

comprising;

(a) measuring the optical density and one or more electrical parameters for a plurality

of window tint conditions ranging between clear and tinted states;

(b) determining a transfer function between one or more electrical parameters and the

measured optical density of the device;

(c) calculating one or more calibrated drive parameters using the transfer function,

wherein the transfer function employs the use of one or more optical device parameters; and
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(d) configuring window control logic by substituting one or more predetermined

drive parameters with the one or more calibrated drive parameters.

11. The method of claim 9 or 10, wherein, when used by the window control logic, the one or
more calibrated drive parameters bring the optical density of the electrochromic device to

within about +/- 0.07 from an intended baseline optical density at a specified tint state.

12. The method of claim 9 or 10, wherein, when used by the window control logic, the one or
more calibrated drive parameters bring the optical density of the electrochromic device to

within about +/- 0.07 from an intended baseline optical density at a specified tint state.

13. The method of claim 9 or 10, further comprising applying the method to a plurality of
electrochromic devices such that use of the one or more calibrated drive parameters at each
electrochromic device reduces the variation in optical density for the plurality of

electrochromic devices to less than about 0.1 at a specified tint state.

14. The method of claim 10, wherein one or more measured electrical parameters are selected

from the group consisting of open circuit voltage, leakage current, and sheet resistance.

15. The method of claim 9 or 10, wherein measuring the optical density of the electrochromic

device is done automatically, without direct manual user intervention.

16. The method of claim 10, wherein the transfer function models a linear time-invariant
system between one or more input variables comprising the one or more measured electrical
parameters and one or more output variables comprising the one or more calibrated drive

parameters.

17. The method of claim 1, 9, or 10, wherein the transfer function is time-variant and

employs an input variable that accounts for the age of the device.
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