wo 2010/047751 A2 I T A0K 0 OO AR O

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

/252>, ) 0 O O 0O O O
A () )

Wy

(19) World Intellectual Property Organization
International Bureau

i

(43) International Publication Date '_ (10) International Publication Number

29 April 2010 (29.04.2010) WO 2010/047751 A2

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
HO1L 31/00 (2006.01) kind of national protection available). AE, AG, AL, AM,

21 Intermationl Abolication Namber- AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(21) International Application Number: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
PCT/US2009/005625 DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT.

(22) International Filing Date: HN, HR, HU, ID, I, IN, IS, JP, KE, KG, KM, KN, KP,
15 October 2009 (15.10.2009) KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,

. ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,

(25) Filing Language: English NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
(26) Publication Language: English SE, 8G, SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT,

TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data:

12/255.881 22 October 2008 (22.10.2008) ys (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,

(71) Applicant (for all designated States except US): TYCO GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ELECTRONICS CORPORATION [US/US]; 1050 ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
Westlakes Drive, Berwyn, Pennsylvania 19312 (US). TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SL SK, SM,
TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
ML, MR, NE, SN, TD, TG).

(72) Inventor; and

(75) Inventor/Applicant (for US only): FLAHERTY,
Richard, Charles [US/US]; 416 Smithwood Street,
Fuquay Varina, North Carolina 27526 (US).

(74) Agent: TYCO ELECTRONICS CORPORATION; 309 uPlished:
Constitution Drive, M/S R34-2A, Menlo Park, California —  without international search report and to be republished
94025-1164 (US). upon receipt of that report (Rule 48.2(g))

(54) Title: PHOTOSENSOR CIRCUITS INCLUDING A SWITCH MODE POWER CONVERTER

(57) Abstract: Photosensor circuits include a relay

RS coil configured to control application of an alter-
120K nating current (AC) power source to a load. The
L circuit includes a pulse width modulator circuit
41 configured to generate a pulse width modulated
signal having a pulse width that varies responsive
9 . & %06 gi fg\, 256K to an average voltage across the relay coil. A drive
100K 100pF 1K |—' 1 2 LOADALINE transistor is coupled between the relay coil and a
neutral bus that controls the average voltage across

Jg 1 s : NEUTRAL the relay coil responsive to the pulse width modu-

D1 3.3uF lated signal. A photo control circuit is configured

18V i Movt to control application of the pulse width modulat-

ed signal to the drive transistor responsive to a de-

tected light level. A power circuit includes a half-

Q3 wave rectifier coupled to the power source that is

MPSA44 contigured to provide a power signal to the pulse

R5 width modulator circuit and a regulated power sig-

33K nal to the photo control circuit. The power signal

J3 is a square wave and the power circuit further in-

cludes a rectifier circuit and a voltage divider cir-

cuit configured to generate the regulated power

signal from the power signal. The photo control

FIG. 1 circuit includes a phototransistor. The phototran-

sistor has a first terminal coupled to the regulated

power signal through a first resistor and a second

terminal that outputs a current responsive to a lev-

el of light detected by the phototransistor. A low pass filter circuit is coupled to the first terminal of the phototransistor that filters

the output current of the phototransistor to provide a light level signal voltage and a select transistor couples the pulse width mod-
ulated signal to the drive transistor responsive to the light level signal voltage having a selected level.
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PHOTOSENSOR CIRCUITS INCLUDING A
SWITCH MODE POWER CONVERTER

'BACKGROUND OF THE INVENTION

[0001]  The present invention relates to photosensor circuits and, more
particularly, photosensor circuits for light leyel switching control.

[0002]  Photo controllers are devices that autofnatically turn electrical devices on
and off in response to the ambient light level.‘ They are used, for example, on street

- lights to automatically turn thefn off during the day and on at night. They are also .
used on billboard lighting systems to.turn the billboard lights on early at night, off léte-
at night during periods of low vehicular traffic, on again during early morning rush
hour periods when high traffic levels resume, and then off during the daylight hours.
Photo controliers may also be used in reverse, for example, to turn a golf course water
fountain on during the day and off at night.

[0003] A variety of devices, including photo controllers, may make use of power
converters to convert relatively high voltage alternating current to relatively low
voltage direct current as is used in many conventional electronic devices. Some
conventional power converters make use of large, high-voltage resistors to drop the
voltage. However, these resistors are typically inefficient and generate high heat.

The heat generated from the resistors may require that the resistors be housed in a
large package and include heat dissipating elements, such as heat sinks. Also, the
high heat generated by the resistors can lead to problems with reliability and léngevity
in the resistors and in other electronic cémponents situated near the resistors.

[0004]  Another conventional approach to power conversion is the use of a switch
mode power converter. The switch mode power converters typically require six
transistors or a micro-controller to implement. The requirement for multiple
transistors or a micro-controller may cause the implementation of switch mode power
converters to be cost prohibitive in some applications, such as in photo controllers.

[0005] A small, low cost, efficient switch mode power converter is described in
United States Patent No. 6,903,942 ("the '942 patent"), which is hereby incorpo’rated

herein by reference as if set forth in its entirety. The switch mode power converter of
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the '942 patent is illustrated in FIG. 1. The circuit shown in Figure 1 is a switch mode
power regulator, which implements power line synchronized pulse width modulation
(firing angle modulation). The circuit comprises a power circuit and a -control circuit.

' The power circuit comprises an output stage, which comprises a transistor Q3. The
transistor's collector circuit comprises a relay K1 and a diode D6, known as a snubber
diode, in parallel with the relay K1.

[0006]  The circuit further comprises a first capacitor C6 coupled to the base of the

. transistor Q3; a first resistor R4 coupled in series to the first capacitor C6, and a
second resistor R8 coupled in series to the first resistor R4. The circuit shown further
comprises a first diode D7 coupled in parallel with the second resistor R8. The circuit
further comprises.a third resistor R5 coupled to the base of the first transistor Q3 and
a Zener diode D1, whose cathode is connected to the first capacitor C6 and a second
diode D5, and whose anode is connected to the third resistor RS.

[0007] The circﬁit also comprises a fourth resistor R6 coupled in series with the
third diode D5, a relay K1 coupled in series with the fourth resistor R6, a third diode
D6 coupled in parallel with the relay K1, a second capacitor C5 coupled to the fourth
resistor R6, a fifth resistor R7 coupled in series with the second capacitor C5; and a

| plug, comprising a load, a neutral, and a line, wherein the load is coupled to the relay
K1, the neutral is coupled to the emitter of the transistor Q3, and the line is coupled to
the variable resistor.

[0008]  Transistor Q3 regulates the average voltage across the relay coil K1 by
means of pulse width modulation. In the embg)diment shown, transistor Q3 comprises
a bipolar transistor, however, transistor Q3 may instead be a field-effect transistor
(FET), or an insulated gate bipolar transistor (IGBT), provided a diode is placed
cathode to drain and anode to source.

[0009]  Transistor Q3 starts conducting at the start of the power line cycle (0
degrees) and continues conducting until enough current has flowed to maintain the
relay voltage at the de_sired level. When transistor Q3 turns off, a voltage will be
induced across the relay coil K1 by magnetic induction. This voltage is partially -
suppressed by diode D6 in order to prevent the failure of transistor Q3 due to over
voltage. '

[0010)  The circuit showh in FIG. 1 utilizes half-wave rectiﬁcati'on. Half-wave
rectification is less expensive that full-wave rectification and requires less

components. Since the relay K1 is highly inductive, it does not require a particularly
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clean DC signal. For example, the DC signal may include a large amount of ripple,
which will not affect the operation of relay K1. Half wave rectification allows the
circuit.to operate in two modes, positive and negative. During the positive half, the
transistor Q3 generates a current pulse, which is regulated by the average voltage
across the relay K1. This process is pulse width modulation.

[0011]  The control circuit shown in FIG. 1 comprises a pulse generator whose
pulse width varies proportionately with the difference between the Zener voltage of
diode D1 and the average voltage across the relay K1. At the start of the power line
cycle (0 degrees), a current will begin to flow through diode D7, resistor R4, éapacitor
C6, and the base of transistor Q3. The current will cause transistor Q3 to turn on,
starting a pulse.

[0012] Diode D7 and Resistor R8 provide half-wave power rectification. Resistor
R8 is applied across the power rectifier D7, applying a negative current during the
negative half of the line cycle. Resistor R8 allows a small negative current to be
applied. Resistor R8 provides the negative current thét switches on transistor Q3
duriﬁg the negative half of the line cycle. That negative charge conducted through R8
must exceed the charge that conducts through capacitor C6 to assure transistor Q3
will turn on. Negative current switches on rectifier D6 and turns on transistor Q3,
providing a current path between the low voltage side of capacitor C5 through resistor
R7.

[0013]  In the embodiment shown, without resistor R7, transistor Q3 would not
saturate during the current pulse, causing excessive power to be dissipated in
transistor Q3. The transistor Q3 collector voltage would drop until diode D5 would
conduct diverting base current from transistor Q3 and preventing transistor Q3 from
saturating. During the transistor Q3 current pulse, a voltage 1s generated across
resistor R7 that will keep diode D5 from conducting and preventing transistor Q3
saturation. To prevent diode D5 from conductiﬁg during the pésitive half of the line
cycle, a voltage.of at least the capacitor C6 ripple voltage must drop across resistor
R7. Transistor Q3 does not start conducting until the instantaneous line voltage is -
approximately twice the Zener voltage of diode D1. -

[0014] Capacitor CS filters the voltage across the relay K1. If the value of C5 is-
too small, the relay coil current will oscillate on and off during power up causing the
relay contacts to chatter. Therefore, capacitor C5 shown is large enough a value to

prevent this chattering of the relay contacts.
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[0015] = Capacitor C6 is pre-set to the output voltage and provides a timing
functionality. During the positive half of the line cycle, a current flows through
resistor R4 to capacitor C6, causing it to start charging, and through the base of -
transistor Q3, which will turn transistor Q3 on. Transistor Q3 remains on as long a
current flows through capacitor C6. Increasing the vaiue of capacitor C6 has'the
positive effect of ihcreasing the gain of the feed back loop of the regulator circuit.
However, increasing the value also sloWs the time it takes for the current pulse of
transistor Q3 to be turned off, increasing commutation losses in transistor Q3, and
increases the time forr the regulator circuit to stabilize at startup.

[0016] * As this current flows, the voltage across capacitor C6 increases. When the
vbltage across capacitor C6.plus the base to emitter voltage of transistor Q3 reaches
‘the Zener voltage of diode D1, the éurrent flowing thrqugh capacitor C6 ceases
because the current is diverted to the Zener diode D1. Zener diode D1 provides the
reference voltage to which the relay coil voltage will be regulated. When the current
through capacitor C6 ceases, no current flows to the base of transistor Q3, turning it
off and ending the pulse. ‘A | _

[0017] During the negative half of the line cycle, a current flows through resistor
R8, diode D6, the collector and base of transistor Q3, and resistor R5. This current
will turn transistor Q3 on. Also, during the negative half of the power line cycle,
resistor RS provides part of the current path through which capacitor C6 discharges
into CS.

[0018]  During the positive half of the line cycle at the end of the current pulse,
resistor RS causes transistor Q3 to more rapidly turn off, reducing energy losses
during the commutation of transistor Q3. Resistor RS will shunt some of the current
that would otherwise go through the base of transistor Q3 dunng the pulse of

. tran51stor Q3 base current. If the current shunted is too much, the base current of
transistor Q3 Wlll not be enough to turn tran51stor Q3 completely on.

[0019]  Capacitor C6 will now discharge into capacitor C5 until their voltages
equalize. The voltage across capacitor CS is equal to the average Voltége across the
relay coil K1. Diode D7 disconnects during the negative half of the power line cycle

- assuring that the relay current is direct current. As such, the discharge of capacitor C6
into capacitor C5 determines the pulse width for operation of the transistor Q3, which

in turn allows current flow to establish the average mean voltage of relay coil K1.
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[0020]  The circuit shown in FIG. 1 also comprises a voltage averaging circuit,
further comprising resistor R6, capacitor C5, and resistor R7. The averaging circuit
essentially measures the average voltage across the relay coil K1. The average voltage
across capacitor C5 is the voltage to which the circuit is regulated. The purpose of
resistor R7, apart from forming part of the averaging circuit is also to ensure that
diode D5 will not conduct during the positive half of the power line cycle. The current
to resistor R8 flows through diode D6, turning it on, and then the current flows
through the collector of transistor Q3, causing it to turn on. When transistor Q3 turns
on, it creates a base current between the emitter of transistor Q3 and the negative end
of éapacitor Cs .‘ When the currerit begins flowing, diode D5 starts conducting, which
causes capacitor C6 to discharge until at the same voltage as capacitor C5. The
capacitors reach equal voltage at the average output voltage.

[0021]  This feedback of the output voltage fnto the pulse forming circuit
determines how long each cycle transistor Q3 will be turned on. (The feed back loop
is as follows. Average voltage of relay coil K1 voltage-->voltage of capacitor C5--
>vojtage of capacitor C6--$duty cycle of transistqr Q3 commutation-->average
voltage of relay coil K1 Volfdge.) If the average voltage across the relay coil K1 is too
low, the voltage across capacitor C6 will be less than the Zener voltage of diode D1
resulting in a longer On time of transistor Q3, which will cause the average relay coil
voltage to increase. If the average voltage across the relay coil K1 is too high the
voltage across capacitor C6 will approximate the Zener voltage of diode D1, resulting
in a shorter On time of transistor Q3, which will cause the average relay coil voltage
to decrease. -

[0022]  The circuit shown in FIG. 1 also comprises a plug J4. Plug J4 may be a
twist lock Hubble type connector, used to connect a line voltage, neutral voltage, and
load. The circuit also comprises a metal oxide variable resistor MOV. MOV is not
necessary for the operation of the circuit. It pro;/ides a level of protection, eliminating

high voltage transients like might come from a lightning strike.

- SUMMARY OF THE INVENTION
[0023] Embodiments of the present invention provide photosensor circuits
including a relay coil configured to control application of an alternating current (AC)
power source having a negative half and a positive half of a line cycle to aload. The

circuit includes a pulse width modulator circuit configured to generate a pulse width
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modulated signal having a pulse width that varies responsfve to an average voltage
across the relay coil. A drive transistor is coupled between the relay coil and a neutral
bus that controls the average voltage across the relay coil responsive to the pulse
width mod_ulatéd signal. A photo control circuit is configured to control application
ofthe pulse width modulated signai to the drive transistor responsive to a detected

light level. A power circuit includes a half-wave rectifier coupled to the power source
that i.s configured to provide a power signal to the pulse width modulator circuit and a
regulated power signal to the photo control circuit_ during one of the halves of the line
cycle of the AC power source. The power signal is a square wave and the power
circuit further includes a rectifier circuit and a voltage divider circuit configured to

- generate the regulated power signal from the power signal. The photo control circuit .
includes a _phototransistor.' The phototransistor has a first terminal coupled to the
regulated power signal through a first resistor and a second terminal that outputs a
current responswe to a level of light detected by the phototransistor. A low pass filter
cucult is coupled to the ﬁrst terminal of the phototransistor that ﬁlters the output
current of the phototransistor to provide a light level signal voltage and a select
transistor couples the pulse width modulated signal to the drive transistor during the
one of the halves of the line cycle of the AC power source responsive to the light level
signal voltage having a selected level.

[0024]  In further embodiments, the rectifier circuit is a diode having a first
terminal coupled to the power signal and a second terminal coupled to the voltage
divider bircuit. The photosensor circuit further includes a first capacitor coupled
between the second terminal of the phototransistor and the second terminal of the
rectifier circuit dlode that modulates an amount of positive feedback through the first
terminal of the phototran51stor proportional to a current flowing through the relay coil
to provide hysteresis to control of the relay coil by the photosensor circuit and a
second capacitor coupled between the first and séc_ond ferminai of the phototransistor.
| [0025]  In other embodiments, the drive transistor is a Darlington pair of
transistors. The Dariington pair of transistors includes a first transistor and a second
transistor. The first transistor has an emitter coupled to a base of the second
transistor. The circuit further includes a resistor coupled between the base of the
second transistor and the neutral bus. A resistor may be coupled between the
normally open relay coil and the drive transistor and a capacitor may be coupled

between a terminal of the select transistor that couples the pulse width modulated
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signal to the drive transistor and the resistor coupled between the normally open relay
coil and the drive transistor.

[0026]  In further embodiments, the pulse width modulator circuit includes a Zener
diode coupled between the second terminal of the phototransistor and the power
51gnal The pulse width of the pulse width modulated signal varies proportionally
with a difference between a Zener voltage of the Zener diode and the average voltage
across the relay coil. The phototransistor deﬁnes a current path for a posmve
feedback signal generated across the Zener diode to provide the positive feedback. A
radio frequency filter circuit may also be prov1ded including a resistor that couples
the Zener diode to the power signal and a capacitor coupled between the select

, transistor and the drive tran51stor

[0027] In some embodiments, the photosensor circuit is a street lighting photo
control device and the load colnprises street lighting and the relay coil is conﬁgured to
activate to SWitCl’l on the street lighting responsive to detection of less than a minimuzm
light level by the phototransistor.

[0028] " In other embodiments, the lowpass filter circuit includes a delay resistor
having a first terminal coupled to the first terminal of the photosensor and a delay ’
capacitor coupled between a second terminal of fhe delay resistor and the neutral bus
that are cOnﬁgufed to provide the low pass filter circuit an asymmetric delay
providing different turn off and turn on times for the load. The lowpass filter circuit
may include a filter transistor coupled to the regulated power supply, the first terminal
of the delay resistor and the second terminal of the delay resistor. The photosensor
circuit may be a street lighting photo control device and the load may be street
llghtlng and the photosensor circuit may be configured to turn on the street lighting

~ more rapidly than 1t turns off the street lighting. The one of the halves of the line
cycle of the AC power source may be the posmve half and the half wave rectlﬁer may
include a resistor coupled to the AC power source that prov1des a negative current that
activates the drive transistor during tl1e negative half of the line cycle.

[0029]  In yet other embodiments, a photosensor circuit includes a relay coil
configured to control application of an alternating current (AC) power source havmg a
negative half and a positive half of a lme cycle to a load. A pulse width modulator
circuit is configured to generate a pulse width modulated signal having a pulse width
that varies responsive to an average voltage across the relay coil. A drive transistor is

coupled between the relay coil and a feutral bus that controls the average voltage
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across the relay coil responsive to the pulse width modulated signal. The drive
transistor is a Darlington pair of transistors. A photo control circuit is configured to
control application of the pulse width modulated signal to the drive transistor
responsive to a detected light level and a half-wave rectifier coupled to the power
source is configured to provide a power signal to the pulselwidth modulator circuit
and the photo control circuit during one of the haﬂves of the line cycle of the AC
power source.

[0030] Th¢ photo control circuit includes a phototransistor, the phototransistor
having a first terminal coupled to the power signal and a second terminal that outputs
a current responsive to a level of light detected by the phototransistor. A low pass
filter circuit is cdupled to the second terminal of the phototransistor that filters the
output current of the phototransistor to provide a light level signal voltage. A select
transistor couples the pulse width modulated signal to the drive transistor during the

 one of the halves of the line cycle of the AC power source responsive to the light level
signal voltage having a selected level. A capacitor coupled between the second
terminal of the photdtré.nsistor and the neutral bus modulates an amount of positive
feedback through the first terminal of the phototransistor proportional to a current
ﬂowing through the relay coil to provide hysteresis to control of the relay coil by the
photosensor circuit. |

[0031] In other embodiments, the Dérlingtdn pair of transistors includes a first
transistor and a second transistor. The first transistor has an emitter coupled to a base
of the second transistor. The circuit further includes a resistor coupled between the
base of the second transistor and the neutral bus. The pulse width modulator circuit
may include a Zener diode coupled between the first terminal of the phbtotrénsistor
and the neﬁtral bus and the photosensor circuit may further include a resistor that
couples the Zener diode to the first terminal of the phototransistor and a capacitor
coupled in parallel with the resisfor and the phdtotransistor. The photo control circuit
may further include a first capacitor coupled between the select transistor and the
Zener diode and the pulse width modulator circuit may include a second capacitor

_ coupled in parallel with the relay coil. The first and second capacitors may be

ceramic capacitors.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0032]  Figure 1 is a circuit diagram of a power regulator according to the prior
art. , o

[0033]  Figure 2 is a circuit diagram of a photo-controlled power regulator
according to the prior art. '

[0034]  Figure 3 is a circuit diagram of a photosensor circuit described in co-
pending United States Patent Application No. 12/1 02,631, filed April 21, 2008.

[0035]  Figures 4A-4C are circuit diagrams of portions of a photosensor circuit
according to some embodiments of the present invention. |

[0036]  Figures SA-5B are circuit diagrams of portions of a photosensor circuit
according to some embodiments of the present invention.

[0037])  Figure 6 is a circuit diagram of a photosensor circuit according to some
embodiments of the present invention.

[0038]  Figure 7 is a circuit diagram of a photosensor circuit according to further

embodiments. of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0039]  The present invention now will be described more fully hereinafter with
reference to the accompanying drawings in which illustrative embodiments of the
invention are shown. In the drawings, the relative sizes of reglons or features may be
exaggerated for clanty This invention may, however, be embodied in many different
forms and should not be construed as limited to the embodiments set forth herein,;
rather, these embodiments are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention to those skilled in the art.

[0040] It will be understood that, although the terms first, second, etc. may be
used herein to describe various elements, components, regions, layers and/or sections,
these elements, components, reglons layers anid/or sections should not be hrmted by
these terms. These terms are only used to distinguish one element, component,
region, layer or section from another region, layer or section. Thus, a first element,
component, region, layer or section discussed below could be termed a second
element, component, region, layer or section without departing from the teachings of
the present invention. |

[0041]  Spatially relative terms, such as "beneath”, "below", "lower", "above",

"upper" and the like, may be used herein for ease of description to describe one
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element or feature's relationship to another element(s) or feature(s) as illustrated in the
figures. It will be understood that the spatially relative terms are intended to
encompass different orientations of the device in use or Aoperation‘ in addition to the
orientation depicted in the figures. For example, if the device in the figures is turned
over, elements described as "below" or "beneath” other elements or features would
then be oriented "above" the other elements or features. Thus, the exemplary term
"below".can encompéss both an orientation of above and below. The device may be
otherwise oriented (rotated 90° or at other orientations) and the spatially relative
descriptors used herein interpreted accordingly. A

[0042]  As used herein, the singular f_orms "a", "an" and "the" are intended to
include the plural forms as well, unless expressly. stated otherwise. It will be further
understood that the terms "includes,” "comprises," "including" and/or "comprising,"
when used in this specification, specify the preéence of stated features, integers, steps,
operations; elements, and/or compdnents, but do not preclude the presence or addition
of one or more other features, integers, steps, operations, elements, components,
and/or groups thereof. It will be understood that when an element is referred to as
being "connected" or "coupled"” to another element, it can be directly connected or
coupled to the other element or intervening elements may be present. Furthermore,
“connected" or "coupled" as used herein may include wirelessly connected or coupled.
As used herein, the term "and/or" includes any and all combinations of one or more of
the associated listed items. | | _

[0043]  Unless otherwise defined, all terms (including technical and sc_:ientiﬁc
terms) used herein have the same meaning as commonly understood by one of

~ ordinary skill in the art to which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictionaries, should be interpreted
as having a meaning that is consistent with theif meaning in the context of this
specification and the relevant art and will not bé interpreted in an idealized or overly
formal sense unless expressly so defined herein. :

[0044] As described in the '942 patent, the power regulator illustrated in FIG. 1
may be used in a lighting control system as shown in the circuit diagram of FIG. 2.
The circuit shown in FIG. 2 causes a switch to close at dusk and open at dawn, such
as for the control of streetlights. The power line voltage of the circuit shown can

- range from approximately 87 VAC to 305 VAC and have a power line frequency of
50 Hz or 60 Hz. This flexibility may allow the photo control to be usable in almost

10
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.any alternating current application. To aid in stable operation, the control circuit
operates as a Schmitt trigger, switching the output negative at a threshold voltage and
not svvitching back until voltage drops to a lower fhreshold voltage.

[0045]  The voltage at the relay coil K1 is converted froin alternating current to
direct current and regulated to provide for the correct operation of the relay K1. As
noted above, because of the inductive nature of the relay coil K1, its voltage can have
a large ripple component and it will still bperate correctly. The regulated power |
supply circuit shown in FIG.1 supplies this regulated direct current to the relay coil
KI1. In FIG. 2, transistor Q2 provides a switch to turn the regulated power supply
circuit on or off in order to turn on or off the voltage to the relay coil K1 and hence
turn a lamp or the like off or on. The maximum V drain to source will be equal to the
Zener voltage of diode D1, 15 V. The maximum drain current is equal to the
maximum current that flows thrbugh resistor R4.

[0046]  The current of phototransistor Q1 increaseé with an increase of ambient
light intensity. ahd decreases with a decrease of ambient iight intensity. The current
from phototransistor Q1 paéses through and causes a voltage across resistors R1 and
R2. This voltage is proportional to the ambient light level and is referred to as the
light signal. As phototransistor Q1's output is a current, the resistor R2, is used to
transform current to voltage. R1 serves to convert the feedback current generated by
the charge pump made up of D2, D3, and C2 into a voltage. By adjusting the
resistance value of R1 the amount of feedback can be adjusted. This resistor could be
called a hysteresis control. In most photo control circuits used in street lighting, itis -
desired that the turn off light level be twice the turn on light level. The value of R1
can be changed until this ratio of on to off light levels is achieved.

[0047]  As the phototransistors may vary, R2 is usually adjusted to normalize the
sensibility to the desired level. R2 may be called the "gain resistor".

[0048] Capacitor C1 filters the light signal,‘removing hlgh frequency noise
components that might be induced by lighting, radio interference, or other causes. .If
this circuit is shielded from external electromagnetic influences, such as radio
interference or electromagnetic pulses as caused by lightning, C1 may not be
necessary. TheA low 'pa‘ss filter or time delay circuit, comprising resistorlR3 and
capacifor C3, causes the light signal to be delayed approximately 1.5 seconds. The
delay generally prevents short duration, transient light sources, such as a passing éar

headlights or a lighting flash causing the lamp to blink on and off. The output of the
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low pass filter is applied to the gate of phofotransistor Q2, which is commuted on or
off by the light signal turning the fegulated power supply circuit on or off in order to
turn on or off the voltage to the relay coil K1 and hence turn the lamp off or on. A
‘diode may be provided in parallel with resistor R3 to provide an asyrnmetnc delay,
allowing turn off and turn on times for street lighting or the like to differ.

[0049] The Zener diode D4 ensures that the phototransistor Q1 has a positive
voltage across it. Although diode D4 is illustrated in FIG. 2, as is clear'to one skilled
in the arf, it is not necessary. For example, diode D4 can be replaced with a short |
circuit, and the circuit should continue to function properly.

[0050] Capacitor C4 helps make the circuit resistant to radio interference,
lightning discharges and other interference. Like capacitor C1, if this circuit is
shielded from external electromagnetlc influences such as radio interference or
electromagnetic pulses as caused by lightning, C4 may not be necessary.

| [0051]  Diodes D2 and D3 and capacitor C2 form a charge pump circuit. The
charge pump circuit converts peak-to-peak alternating current volfage found across
resistor RS into a direct current of the needed polarity to produce positive feedback.
The charge pump circuit provides positive feedback proportional to the relay current
(output) to create a Schmitt trigger. The Schmitt trigger input to the phototransistor
QI helps provide stability.
[0052] - The transistor Q3 commutes the power te the relay, allowing the addition
of only one transistor to the circuit to provide photo control. Positive voltage is
derived from the low voltage end of resistor R4, , |

[0053] Further photosensor circuits are described in co-pending United States
Patent Application No. 12/102,631 filed April 21, 2008, entitled "Photosensor
Circuits Including a Switch Mode Power Converter," the disclosure of which is
incorporated by reference herein as if set forth in its entirety. Figure 3 corresponds to
Figure 5 of United States Patent Applicaﬁon Ne 12/102,631. .Figure 3 illustrates a
photosensor circuit in which the charge pump circuit of the circuit of Figure 2 i is not
used for the positive feedback allowing a reduction in the components of the 01rcu1t :
and a resultant cost savmgs, and in which a transistor, instead of a diode, is used to
discharge the low pass filter capaciter of the circuit of Figure 2 to provide different
turn on and turn off time_s for the load. , |

[0054]  As seen in the circuit of F IG. 3, in addition to not including the charge
pump circuit of the circuit of FIG. 2, including diodes D2 and D3 and capacitor CZ ,
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the gain resistor R2 of the circuit of FIG. 2 is not included in the circuit of FIG. 3. In
the circuit of FIG. 2, the purpose of the charge pump circuit was to create the positive
feed back necessary to create a Schmitt trigger response. In contrast, the circuit of
FIG. 3 obtains the desired positive feed back from the alternating current ripple across
diode D1, which is conducted through phototransistor Q1, adjusted in magnitude by
capacitor C1 and rectified by transistor Q4. As a result, three or more cbmponents
may be eliminated to reduce the cost of the photosensor circuit.

[0055]  As seen in the circuit of FIG. 3, the photosensor ciruit, includes a normally
closed relay coil K1. The relay coil K1 controls application of an alternating current
(AC) power source LINE/J1, which carries both negative half and a positive half of a
line cycle, to a load LOAD/J2, such as a street light. A second reference polarity
NEUTRAL/J 3 is also provided. The illustrated relay coil K1 operates a normally
closed switch so that the default state for the street lighting is turned on and
application of a sufficient average voltage to the relay coil K1 turns off the street
lighting in the illustrated circuit of FIG. 3. | ,

[0056]  As discussed with reference to FIG. 1 above, a pulse width modulator
circuit, including components C6, D1, R4 #nd RS, that generates a pulse width
modulated signal having a pulse width that varies responsive to an average voltage
across the relay coil K1. A drive transistor Q3 coupled between the 'relay coil K1 and
the neutral bus NEUTRAL/J 3 controis the average voltage across the relay coil K1
responsive to the pulse. width modulated signal input to the gate of the transistor Q3.

[0057] For the‘circu-itv illustrated in FIG. 3, a photo control circuit is included that
controls application of the pulse width modulated signal to the drive transistor Q3

.responsive to a detected light level. The half-wave rectifier, inclﬁding components
D7 and R8, is coupled to the power source and provides a power signal to ﬁe pulse
width modulator circuit and the photo control circuit during one of the halves of the
line cycle of the AC power source LINE/J1. | - _

[0058]  As seen in the circuit of FIG. 3, the photo control circuit includes the
phototransistor Q1. The phototransistor Q1 has a first terminal coupled to the power
signal, through resistor R4, and a second terminal that outputs a current responsive to
alevel of light detected by the phototransistor Q1. The select transistor Q2 couples
the pulse width modulated signal to the base of the drive transistor Q3 during the
rectified half of the line cycle of the AC power source LINE/J1 passed by the diode
D7 responsive to the light level signal voltage having a selected level inpﬁt to-the gate
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of the transistor Q2. 4 ‘

[0059]  For the circuit of FIG. 3, a capacitor C1 is used to édjust the amount of
poéitive feedback that is added to the light signal. The capacitor C1 is coupled
between the second terminal of the phototransistor and the neutral bus NEUTRAL/J3.
The feedback signal, as it is conducted through the phototransistor Q1, is a alternating”
current signal proportional to the current flowing through the relay coil K1. The
cépacitor C1 modulates how much of this feed back signal is added to the light signal
by shunting the excess feed back signal to the neutral bus NEUTRAL/J3. This
alternating current feedback signal is converted to the requlred direct current 31gnal by
the transistor Q4.

[0060] ~ As seen ih the circuit of FIG. 3, a low pass filter circuit, including |
components R3 and C3, filters the output current of the phototransistor Q1 to provide
a light level signal voltage. The low pass filter circuit also includes the delay resistor

' R3, which has a first terminal coupled to the second terminal of the photosensor Q1.
The delay capacitor' C3 is coupled betwee.n a second terminal of the delay resistor R3
and the neutral bus NEUTRAL/J 3 A discharge transistor Q4 is coupled in parallel
with the delay capacitor C3 and has a base coupled to the second terminal of the
photosensor Q1. The discharge transis;tor Q4 discharges the delay capacitor C3 to
provide the low pass filter circuit an asymmetric delay providing different turn off and
turn on times for the load. ' '

[0061]  Thus, for the circuit 6f F IG. 3; the transistor Q4, illustrated as a PNP
transistor, is used to ;Srovide different turn-off and turn-on times. In some
photosensor applications, an infra red blocking filter is provided over the
phototransistor Q1, which generally requires the feedback gain resistor R1 to be
increased in value to compensate for the reduction in light sensitivity generally caused-
by the infra red blocking filter. The increased value of R1 may cause the turn-on
delay to lengthen beyond acceptable limits in some cases. By replacmg a diode with
the Atransistor Q4, the turn-on delay may be decreased to a greater degree. Also shdwﬂ
in the circuit of FIG. 3 is an additional resistor R9. Resistor R9 may operate to limit

. or even prevent the Vgpo of the transistor Q4 from exceeding its maximum rating.

[0062] More generally, with respéct to the circuit of Fig. 3, phototransistor Q1
may provide both a current signal proportional to an ambient light level detected by
the phototransistor Q1 and a path for positive feedback of a signal generated across

zener diode D1. The gain resistor R1 may convert the current signal of the
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phototransistor Q1 to a voltage signal having an amplitude selected to cause the
photocontrol to operate at a desired ambient light level as detected by the
phototransistor Q1. The capac1tor C1 may have a value selected so as to modulate the
amount of positive feedback, which feedback 1 turn determines the amount of
hyster151s provided by the Schmitt Trigger aspect of the photosensor circuit.

[0063]  The resistor R3, in combination with the capacitor C3, forms a timed delay
circuit that may be used to limit or prevent the photo control from turning off/on
during lightening flashes or other momentary light sources detected by the
phototransistor QL.

[0064]  The transistor Q4 in the illustrated configurations, in response tb ‘
decreasing light levels, may be used to rapidly diséharge capacitor C3 to cause the
photosensor circuit to substantially ihstantly (very quickly) turn-on in response to
darkness. Such an approach, for example, may provide for, among other things, rapid

testing of photocontrol operations. - The transistor Q4 may also detéct-negativé peaks
ofa positive feedback ripple signal creating a direct current positive feedback sigrial.
The transistor Q2; in response to a detected light level generated voltage signal A

- applied to its gate, may be used to turn thé photocontrol relay K1 on and off. Zenér
diode D1 may provide a reference voltage for the regulation of the relay K1 coil ‘
current, provide an operating voltage to the phototransistor Q1 and a ripple voltage
generated across the Zener diode D1, which may generally be proportional to relay
coil current and may therefore be useful as a positive feedback source for the Schmitt
trigger operatioh as described previously. The resistor R9 may be used to limit the
maximum voltage applied across the terminals of the transistor Q4, which may limit
or prevent damage to the transistor Q4.

[0065] Thé circuit, including the transistor Q4, may have a turn on delay' of 20
milliseconds for substantially instant turn on while a turn off delay of 7.5 seconds
may be provided. If the ratio of turn off to turn on light levels becomes too high, the
capacitance of capacitor C1 may be incrgased. If the tumn off delay becomes to short,
the capacitance of capacitor C3 may have its value increased. In particular cases,
resistor R9 has a 4.3 MQ resistance, capacitor C1 has a 2200 picofarads capac'itance
and transistor Q4 comprises a part number 2N3906 transistor available from F airchild
Semiconductors, Inc. In addition, the phototransistor Q1 in some cases may be Modell

LTR309-R évailable from LiteOn Corporation of Freemont California.
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[0066] Embodiments of the present invention will now be described with
reference to FIGs. 4A to 6. In particular, the embodiments of FIG. 6, unlike those of
FIG. 3, include a normally open relay K1, which may be used in photo control
applications where it is desired that the switch mode converter energize the relay coil
K1 during darkness and not during the daylight as with the circuit of FIG. 3. The
embodiments of FIG. 6 further differ from those of FIG. 3 in that the single NPN
transistor Q3 shown in FIG. 3 is replaéed by a Darlington pair of NPN transistors Q5,
Q6. As such, the embodiments of FIG. 6 may increase the current: gain of the circuit
and decrease the amount of current required to commute the relay coii K1 current, as
will be further described herein. - |

| [0067]  Referring now to the circuit illustrated in FIG. 4A, the logic inversion from
FIG. 3 to FIG. 6 may be accomplished by coupling the emitter of phototransistbr Q1
to the neutral bus J3 and providing a pull-up resistor R1 to a powér source, indicated
as power source PS2 in FIG. 4A. In contrast, as shown in the circuit of FIG. 3, the
emitter of phototransistor Q1 is coupled through the resistor R1 to the neutrai bus J3.

 The embodiments of FIG. 6 are configured to providé a photocontrol circuit that
responds substantially instantly to darkness but more slowly to daylight. The
arrangement of resistor R3, capacitor C3 and transistor Q4 as shown in FIG. 3
provided such an arrangement of operation for the logic of FIG. 3. In contrast, FIG.
4B shows an arrangement of resistor R3, capacitor C3 and transistor Q4 configured to
provide a slower response to daylight than da;kness for the circuit of FIG. 6. Finally,
FIG. 4C illustrates a combination of the circuits of FIGs. 4A and 4B. More
particularly, the output of V2 shown in FIG. 4C may be integrated into a switch mode
converter, such as illustrated in FIG. 1, by being applied to the gate of transistor Q2 in .
the circuit of FIG. 6.

[0068]  The circuit of FIG. 6 further includes a different api)roach to providing a
voltage source to that used in the circuits of F IGs. 2 and 3. More particularly, the
voltage across the Zener diode D1 of the circuit of FIG. 2 is further processed with
additional circuitry shown in FIG. 5A to provide a desired regulated voltage source to
be applied in the circuits of FIGs. 5B and 6. In particular, when the phototransistor
Q! of FIG. 5B senses darkness, the voltage across the Zener diode D1, as in the -
circuit of FIG. 2, is a DC voltage. Such a DC voltage, if adjusted to the required
voltage by the voltage divider cifcuit of FIG. 5A, may be a suitable voltage source to

be applied for use with the circuit of FIG. 5B. However, during daylight, the voltage
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across Zener diode D1 of FIG. 2 is a square wave, which li_ke-ly makes it not as
suitable of a voltage source (power supply) to be applied for use in the circuitry of

- FIGs. 5B and 6. Note that the voltage across the Zener diode D1 of FIG. 2

“corresponds to PS1 of FIGs. 5A and 5B. In addition, FIGs. 5B and 6 include
incorporation of the combined rectifier and voltage divider circuit of FIG. 5A for
further processing the voltage signal PS1 to provide the voltage signals PS2 and PS3.
In particular, the diode D4 is included to rectify the squarewave of voltage signal PS1
to provide a suitable DC voltage PS3, which is further adjusted by a vbltage divider
circuit ihciuding resistors R2 and R3 ,. to provide a regulated power supply (voltage
sigﬁél) PS2. It is this voltage signal PS2 that is applied to the circuit of FIG. 4C as
incorpbréted in the combination with the switch mode converter in the circuit of FIG.
6.

[0069]  In photosensor circuits, such as the photocontrol circuits shown in the
embodiments of FIG. 6, it may be desirable to apply positive feedback to the sensor
circuit to increase the stability of the circuit by creating a Schmitt trigger. This
positive feedback can be obtained in the circuit embodiments of FIG. 6 by decreasing
the value of capacitor C1. Doing so may cause the voltage across capacitor C1 to be
less when ,the felay coil current is turned off than when it is turned on, which may

* provide a suitable source of positive feedback. However, rediicing the value of
capacitor C1 may further increase an AC ripple across capacitor C1, which may cause
the circuit not to function correctly. To limit any such AC ripple effect, a capacitor
C2 is shown positioned across the phototransistor Q1 in the embodiments of FIG. 6.
As such, numerous advantages of the photocontrol circuits of FIGs. 2 and 3 may be
provided by some embodiments of the present invention as illustrated in FIG. 6 in
combination with the use of an inverted logic and a normally open relay coil K1.

| [0070]  Thus, the photosensor circuit in the embodiments of FIG. 6 provides a
normally open relay coil K1 configured to conﬁol application of an alternating current
(AC) power source J1 having a negative half Vand a positive half of a line cycle to a
load J2. A pulse width modulator ciréuit, including capacitor C6, Zener diode D 1,
resistor R4 and resistor RS, is provided that is configured to generate a pulse width
modulated signal _having a pulse width that varies responsive to an average voltage
abr'osﬁ the relay coil Kl-. A drive transistor Q3 (including transistors Q5 and Q6) is
coupled between the relay coil K1 and the neutral bus J3. The drive transistor Q3
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controls the average voltage across the coil K1 responsive to the pulse width
modulated signal. '

[0071]  Also included in the embodiments of FIG. 6 is a photocontrol circuit
configured to control application of the pulse width modulated signal to the drive
transistor Q3 responsive to a detected light level. A power circuit included in
embodiments of FIG. 6 includes a half-way rectifier, including diodes D7 and resistor
‘RS, coupled to the power source J1. The power circuit is configured to provide a
power signal PS1 to the pulse width modulator circuit and a regulated power signal
PS2 to the photocontrol circuit ddring one of the halves of the line cycle of the AC"

- power source J1. The power signal PS1 comprises a squarewave and the power
circuit further includes a rectifier circuit conﬁgured to generate the regulated power
signal PS2 from the power signal PS1. As shown in FIG. 6, the rectiﬁer circuit is a
diode D4 and the voltage divider circuit 1ncludes resistors R2 and R3. The diode D4
includes a first terminal coupled to the power 51gna1 PS1 and a second terminal
coupled to the voltage divider circuit R2, R3. |

[0072]  In the embodiments of FIG. 6, the photocontrol circuit includes a
phototransistor Q1. The phototransistor Ql hasa ﬁrst‘ (collector) terminal coupled to
the regulated power signal PS2 through a first resistor R1 and a second (emitter)
terminal that outputs a current responsive to a level of light detected by the
phototransistor Q1. Also seen in the photocontrol circuit for the embodiments of FIG.
6 is a low-pass filter circuit including a resistor R3 and capacitor C3. The low-pass
filter circuit is ceupled to the first terminal of the phototransistor Ql and filters the
output current of the phototransistor Q1 to provide a light level signal voltage V2.
The photocontrol circuit further include a select transiétor Q2 that couples the pulse
width modulated signal to the drive transistor Q3 (more particularly to the base of the
transistor Q6) during the one of the halves of the line cycle of the AC power source J1
responsive to the light level signal voltage V2 h;aving a.selecte-d level. More
particularly, with normally open relay coil Ki, the circuit of FIG. 6 e’neréizes the
relay coil K1 during darkness and not during daylight. In other words, the detected
light level drops below the selected level to energize the relay c011 K1 during
darkness.

[0073]  As also shown in the embodiments of FIG. 6, the photosensor circuit
further includes a first capacitor C1 coupled between the second (emitter) terminal of

the phototransistor Q1 and the second terminal of the rectifier circuit diode D4 that
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modulates an amount of positive feedback thiough the first (collector) terminal of the '
phototransistor Q1 proportional to a current flowing to the relay coil K1 to provide
hysteresis to control of the relay coil K1 by the photosensor circuit. In addition, a
second capacitor C2 is shown coupled between the first and second terminals of the
phototransistor Q1. . '

[0074]  Resistors R10, R11 are coupled between the normally open relay coil K1
and the drive transistof Q3 and a capacitor C9 is coupled between an (emitter)
terminal of the select transistor and the resistor Rl 1 coupled between the normally
open relay coil K1 and the drive transistor Q3.

[0075] As mentioned above, the pulse width modulator circuit includes the Zener
diode D1. Zener diode D1 is coupled between the second (emitter) terminal of the
phototransistor Q1 and the power signal PSI. The width of the pulse width
modulated signal varies proportionately. with the diffefence Befween the Zener voltage
of the Zener diode D1 and the average voltage across the relay coil K1. The
phototransistor Q1 defines a current path for a positive feedback signal generated
across the Zener diode D1 to provide the positive feedback. ,

[0076] Thé circuit of FIG. 6 further includes a radiofrequency filter circuit. The
radiofrequency filter circuit may operate to reduce radio emissions, such as filtering
out AM broadcast signals, and may slow the turn on and turn off frequency of the
photosensor circuit. For the embodiments shown in FIG. 6, the radiofrequency filter
circuit includes a resistor R14 that couples the Zener diode D1 to the power signal
PS1 and a capacitor C9 coupled between the select transistor Q2 and the dr1ve
transistor Q3.

[0077]  The lowpass filter circuit, as described above, includes the delay res_istor
R3 having a first terminal coupled to the first (collecfor) terminal of the photosensor
Q1 and the delay capacitor C3 cdupled between a second terminal of the delay resistor
R3 and the neutral bus J3 (NEUTRAL) that aré configured to brovide the low pass
filter circuit an asymmetric delay providing different turn off and turn on times for the
load J1 (LOAD). The lowpass filter circuit may further include the filter transistor Q4
cogpled to the regulated power supply PS2, the first terminal of the delay resistor R3
and the second terminal of the delay resistor R3. The photosensor circuit may be a
street lighting photo coﬁtrol device and the load may be street lighting. The
photosensor circuit may be configured to tumn on the street lighting more rapidly than
it turns off the street lighting.
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[0078]  For the photosensor circuit of FIG. 6, the relay coil K1 may be configured
to activate to switch on the street lightihg responsi\/e to detection of less than a
minimum light by the phototran51stor Q1. The one of the halves of the line cycle of
the AC power source J3 may be the positive half and the half wave rectifier may
include the resistor R8 coupled to the AC power source J3 that provides a negative
current that activates the drive transistor Q3 during the negative half of the line cycle.

[0079]  As discussed above, the NPN transistor Q3 of FIGs. 2 and 3 is ieplaced in
the embodiments of FIG. 6 with a Darlington pair, including a first transistor Q6 and a
second transistor Q5. The emitter terminal of the first transistor Q6 is coupled to the
base terminal of the second transistor Q5. A resistor R12 i§ also shown in FIG. 6 that
is coupled between the base of the second transistor QS and the neutral bus J 3, which
may operate so as to cause the tran51stor Q5 to turn off more completely.

.[0080] Asa normally open relay coil K1 may requlre 1ncreased relay coil current
the use of a Darlington pair of transistors as shown in FIG. 6 may be beneficial.

- Rather than increasing the base current of the transistor Q5 by, for example, reducing
the resistance value of resistor R4 and increasing the capacitance value of capacitor
Q6, the current gain of the Darlington pair is utilized. As a result, smaller and less
expensive components may be used for resistor R4 and capacitor C6. More
particularly, use of a Darlington pair reduces the required base current of transistor Q5
by a factor equal to the current gain of the transistor Q6 (typically a factor of 100)
resulting in the resistor R4 and the capacitor C6 being made smaller and less costly.

[0081]  Referring now to the circuit diagram of FIG. 7, further embodiments of the
present invention will now be described. The embodiments of FIG. 7 differ from the
photocontrol circuit of FIG. 3 in the replacement of the single NPN transistor Q3 with
a Darlington pair of transistors including a first transistor Q6 and an additionél NPN

_second transistor Q5. A resistor R10 is also shown in the illustrated embddiments,
which may cause the transistor Q5 to moré corﬁpletely turn off. As with the
Darlington pair shown in the embodimerits of FIG. 6,bthe addition of an additional
transistor increases the current gain of the circuit, thereby decreasing the amount of
current required to commute the reléy coil K1 current. This arrangement may allow -
resistor R4 and resistor R5 to be increased in resistance value and capacitor C6 to
have a decreased capacitance value. The power dissipation of resistors R4 and RS
may be decreased, possibly reducing their size and cost. F urthermore, the capacitance

value of capacitor C6 in the circuit of FIG. 3 generally used an aluminum electrolytic-
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type capacitor. For the circuit of FIG. 7 (and FIG. 6) a smaller, cheaper and generally
longer lived ceramic-type capacitor may be used. The reduction in the capacifance
value of capacitor C6 may also reduce the current that flows through diode D5, which
may allow the resistors R6, R7 and R8 to be increased in resistance value. This may
reduce these resistors power dissipation, size and cost and may also allow a decrease
in the capacitance value of capacitor C5. As such, capacitor C5 may also be changed
from an aluminum electrolytic-type capacitor to a smaller, cheaper and longer lived
ceramic-type capacitor. Thus, for the circuit of FIG. 7, a first capacitor C6 coupled
between the select transistor Q2 and the Zener diode D1 and a second capacitor C5
coupled in parallel with the relay coil K1 may be ceramic capacitors. As a result, the
embodiments of FIG. 7 may provide a long life, efficient, high-load capacity and
inexﬁensive photocontrol. | '

[0082]  As the technology of street lighting advances, more efficient and longer
life lamps are being introduced. While previously a typical street lamp generally
lasted three years before replacement was necessary, new street lamps last as long as
20 years. Accordingly, a photocontrol that can be guaranteed for a 20-year life may
also be desirable. Such an extended life may be provided by embodiments as ,
illustrated in FIGs. 6 and 7. )

[0083]  In contrast, typical conventionally available photocontrols con@airi ‘
aluminum electrolytic capacitors. Such photocontrols are generally rated at a lifetime
of 5,000 hours (208 days). By operating photocontrols at much lower voltages and
temperatures than their maximum ratings, they typically last up to three years but not
the desired 20 years. By allowing practical use of long-life capacitors, such as
ceramic-type capacitors, circuit life can be significantly increased as ceramic
capacitors typically last extreme lengths of time. F urthermore, as newlLED-type
lamps tend to be lower in power, the power diss»ipation~ component of the photoéontrol
circuit itself becomes a greater percentage of the total efﬁcienéy equation for the .
lighting. AAs such, reductions of energy consumption of the photocontrol circuit are
also beneficial.

[0084]  The foregoing is illustrative of the present invention and is not to be
construed as limiting thereof. Although a few exemplary embodiments of this
invention have been described, those skilled in the art will readily appreciate that
many modifications are possible in thé exemplary embodiments without materially

departing from the novel teachings and advantages of this invention. Accordingly, all

21



WO 2010/047751 PCT/US2009/005625

such modifications are intended to be included within the scope of this invention as
defined in the claims. In the claims, means-plus-function clauses are intended to
cover the structures described herein as performing the recited function and not only
structural equivalents but also equivalent structures. Therefore, it is to be understood
that the fdregoing is illustrative of the present invention and is not to be construed as
limited to the specific embodiments disclosed, and that modifications to the disclosed
embodiments, as well as other embodiments, are intended to be included within the
scope of the appended claims. The invention is defined by the following claims, with -

equivalents of the claims to be included therein.
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THAT WHICH IS CLAIMED:

1. A photosensor circuit, comprising:

a normally open relay coil configured to control application of an alternating
current (AC) power source having a negative half and a positive half of a line cycle to
a load; |

a pulse width modulator circuit configured to generate a pulse width
modulated signal having a pulse width that varies responsive to an average voltage
across the relay coil; |

a drive transistor coupled between the relay coil and a neutral bus that controls
the average voltage across the relay coil responsive to the ‘pulse width-modulated -
signal; |

a photo control circuit configured to control application of the pulse width
modulated signal to the drive transistor responsive to a detected light level; and

a power circuit including a half-wave rectifier coupled to the power source
that is configured to provide a power signal to the pulse width modulator circuit and a
regulated power signal to the photo control circuit during one of the halves of the line
cycle of the AC power source, wherein the power signél comprises a square wave and
the power circuit further includes a rectifier circuit and a voltage divider circuit
configured to genérate the regulated power signal from the power signal;

wherein the photo control circuit comprises:

a phototransistor, the phototransistor having a first terminal coupled to the
regulated power signal through a first resistor and a second terminal thatloutputs a
current responsive to a level of light detected by the phototransistor;

a low pass filter circuit coupled to the first terminal of the phototransistor that
filters the output current of the phototransistor to provide a light level signal voltage;
and | '

a select transiétor that couples the pulse width modulated signal td the drive .
transistor during the one of the halves of the line cycle of the AC power source -

responsive to the light level signal voltage having a selected level.

2. The photosensor circuit of Claim 1, wherein the rectifier circuit
comprises a diode having a first terminal coupled to the power signal and a second

terminal coupled to the voltage divider circuit and wherein the ‘photosensor circuit
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further comprising a first capacitor coupled between the second terminal of the
phototransistor and the second terminal of the rectifier circuit diode that modulates an
amount of positive feedback through the first terminal of the phototransistor
proportional to a current flowing through the relay coil to provide hysteresis to control
of the relay coil by the photosensor circuit and a second capacitor coupled between

the first and second terminal of the phototransistor.

3. The photosensor circuit of Claim 1, wherein the drive transistor

comprises a Darlington pair of transistors.

4. The photosensor circuit of Claim 3, wherein the Darhngton pair of
transistors comprises a first transistor and a second transistor, the first transistor
having an emitter coupled to a base of the second transistor and wherein the circuit
further comprises a resistor coupled between the base of the second tran51stor and the

neutral bus.

5. - The photosensor circuit of Claim 3, further comprising a resistor
coupled between the normally open relay coil and the drive transistor and a capacitor
coupled between a terminal of the select transistor that couples the pulse width |
modulated signal to the drive transistor and the resistor coﬁpled between the normally

open relay coil and the drive transistor.

6. The photosénsor circuit of Claim 2, wherein the pulse width modulator
circuit includes a Zener diode coupled between the second terminal of the
phototransistor and the power signal and wherein the pulse width of the pulse width
modulated signal varies proportionally with a djfférence' between a Zener voltage of
the Zener diode and the average voltage across Vthe relay coil and wherein the
phototransistor defines a current path for a positive feedback signal generated across

the Zener diode to provide the positive feedback.
7. “ The photosensor circuit of Claim 6, further comprising a radio

frequency filter circuit including a resistor that couples the Zener diode to the power

signal and a capacitor coupled between the select transistor and the drive transistor.
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further comprising a first capacitor coupled between the second terminal of thev
phototransistor and the second terminal of the rectifier circuit diode that modulates an
amount of positive feedback through the first terminal of the phototransistor
proportional to a current flowing through the relay coil to provide hySteresis to control
of the relay coil by the photosensor circuit and a second capacitor coupled between

the first and second terminal of the phototransistor.

3. The photosensor circuit of Claim 1, wherein the drive transistor

comprises a Darlington pair of transistors.

4. "The photosensor circuit of Claim 3, wherein the Darlington pair of
transistors comprises a first transistor and a second transistof, the first transistor
having an emitter coupled to a base of the second transistor and wherein the circuit -
further comprises a resistor coupled between the base of the second transistor and the

neutral bus.

5. The photosensor circuit of Claim 3, further comprising a resistor
- coupled between the normally open relay coil and the drive transistor and a capacitor
coupled between a terminal of the select transistor that couples the pulse width
modulated signal to the drive transistor and the resistor coupled between the normally

dpen relay coil and the drive transistor.

6.  The photosensor circuit of Claim 2, wherein the pulse width modulator
circuit includes a Zener diode coupled between the second terminal of the
phototransistor and the power signal and wherein the pulse width of the pulse width -
modulated signal varies proportionally with a difference between a Zener voltage of

. the Zener diode and the average voltage across -the relay coil and wherein the
phototransistor defines a current path for a positive feedback signal generated across

the Zener diode to provide the positive feedback.
7. The photosensor circuit of Claim -6, further comprising a radio

frequency filter circuit including a resistor that couples the Zener diode to the power

signal and a cépacitor coupled between the select transistor and the drive transistor.
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8. The photosensor circuit of Claim 6, wherein the photosensor circuit
comprises a street lighting photo control device and the load comprises street lighting
and the relay coil is configured to activate to switch on the street lighting responsive

to detection of less than a minimum light level by the phototransistor.

9. The photosensor circuit of Claim 1, wherein the lowpass filter circuit
comprises a delay resistor having a first terminal coupled to the first terminal of the
photosensor and a delay capacitor coupled between a second terminal of the delay
resistor and the neutral bus that are configured to provide the low pass filter circuit an

asymmetric delay providing different turn off and turn on times for the load.

- 10.  The photosensor circuit of Claim 9, wherein the lowpass filter circuit
further comprises a filter transistor coupled to the regulated power supply, the first

terminal of the delay resistor and the second terminal of the delay resistor.

11.  The photosensor of Claim 9, wherein the photosensor circuit comprises
a street lighting photo control device and the load comprises street lighting and
wherein the photosensor circuit is configured to turn on the street li ghting more

rapidly than it turns off the street lighting.

12. The photosensor circuit of Claim 11, wherein the one of the halves of
the line cycle of the AC power source comprises the positive half and wherein the half
wave rectifier includes a resistor coupled to the AC power source that provides a
negative current that activates the drive transistor during the negative half of the line

cycle.

13. | A photosensor circuit, compﬁsiﬁg:

arelay coil configured to control application of an alternating current (AC)
power source having a negative half and a positive half of a line cycle to a load;

a pulse width modulator circuit configured to generate a pulse width
modulated signal having a pulse width that varies responsive to an average voltage
across the relay coil; . |

a drive transistor coupled between the relay.coil and a neutral bus that controls

the average voltage across the relay coil responsive to the pulse width modulated
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éignal, wherein the drive transistor comprises a Darlington pair of transistors;

a photo control circuit configured to control application of the pulse width
modulated signal to the drive transistor responsive to a detected light level; and

a half-wave rectifier coupled to the power source that is configured to provide
a power signal to the pulse width modulator circuit and the photo control circuit
during one of the halves of the line cycle of the AC power source;

wherein the photo control circuit comprises:

a phototransistor, the phototransistor having a first terminal coupled to the
power signal and‘a second terminal that outputs a current responsive to a level of light
detected by the phototransistor; -

a low pass filter circuit coupled to the second terminal of the phototransistor
that filters the output current of the phototransistor to provide a light level signal
voltage; _

a select transistor that couples the pulse width modulé.ted' signal to the drive
transistor.dliring the one of the halves of the line cycle. of the AC power source
responsive to the light level signal voltage having a selected level; and

a capacitor coupled between the second terminal of the phototranéistor and the
neutral bus that modulates an amount of positive feedback through the first terminal
of the phototransistor proportional to a current flowing through the relay coil to

provide hysteresis to control of the relay coil by the photosensor circuit.

14. The photosensor circuit of Claim 13, wherein the Darlington pair of
transistors comprises a first transistor and a second transistor, the first transistor
having an emitter coupled to a base of the second transistor and wherein the circuit
further comprises a resistor coupled between the base of the second transistor and the

neutral bus.

15.  The photosensor circuit of Claim 14, wherein the pulse width
modulator circuit includes a Zener diode coupled between the first terminal of the -
phototransistor and the neutral bus and wherein the photosensor circuit further
comprises a resistor that couples the Zener diode to the first terminal 6f the
phototransistor and a capacitor coupled in parallel with the resistor and the

phototransistor.
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16. The photosensor circuit of Claim 13, wherein the photo control circuit
further comprises a first capacitor coupled between the select transistor and the Zener
diode and wherein the pulse width modulator circuit includes a second capacitor
coupled in parallel with the relay coil, wherein the first and second capacitors

comprise ceramic capacitors.
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