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(57) Abréegée/Abstract:

Photosensor circuits include a relay coll configured to control application of an alternating current (AC) power source 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 coll. A drive transistor controls the average voltage across the relay coll responsive to the
pulse width modulated signal. A photo control circuit controls application of the pulse width modulated signal to the drive transistor
responsive to a detected light level. A half-wave rectifier 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. The photo control circuit includes a
phototransistor. A low pass filter circult 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 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 th
phototransistor and the neutral bus modulates an amount of positive feedback through the first termir

proportional to a current flowing through the relay coll to provide hysteresis to control of the relay coll by th
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(57) Abstract: Photosensor circuits include a relay coil configured to control application of an alternating current (AC) power
source to a load. A pulse width modulator circuit 1s 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 controls the average voltage across the relay
coil responsive to the pulse width modulated signal. A photo control circuit controls application of the pulse width modulated sig-
nal to the drive transistor responsive to a detected light level. A halt-wave rectifier provide a power signal to the pulse width mod-
ulator circuit and the photo control circuit during one of the halves of the line cycle of the AC power source. The photo control
circuit includes a phototransistor. A low pass filter circuit 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 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 phototransistor and the neutral bus modulates an amount of positive feedback through the first terminal
of the phototransistor proportional to a current tflowing through the relay coil to provide hysteresis to control of the relay coil by
the photosensor circuit.
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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 level switching control.

[0002]  Photo controllers are devices that automatically turn electrical devices on
and off in response to the ambient light level. They are used, for example, on street
lights to automatically turn them 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 late
at mght during periods of low vehicular traffic, on again during early morning rush
hour periods when high traffic levels resume, and then off during the dayli ght hours.
Photo controllers may also be used in reverse, for example, to turn a oolf course water
fountain on during the day and off at night.

[0003] A vanety 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 longevity
in the resistors and in other electronic components 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.
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[000S] A small, low cost, efficient svsﬁtch mode power converter is described in
United States Patent No. 6,903,942 ("the '942 patent"), which is hereby incorporated
herein by reference as if set forth in its entirety. The switch mode power converter of
the '942 patent is illustrated in FIG. 1. The circuit shown in F 1gure 1 1s 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 comprnses 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 secbnd 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 circuit also comprises a fourth resistor R6 coupled 1n series with the
third diode‘DS , arelay 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 vaniable resistor.

[0008]  Transistor Q3 regulates the average voltage across the relay coil K1 by
means of pulse width modulation. In the embodiment shown, transistor Q3 COMPprises
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 desired level. When transistor Q3 turns off, a v-oltage will be
induced across the relay coil K1 by magnetic induction. This voltage 1s partially
suppressed by diode D6 in order to prevent the failure of transistor Q3 due to over

voltage.
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[0010]  The circuit éhown in FIG. 1 utilizes half-wave rectification. Half-wave
rectification 1s less expensive that full-wave rectification and requires less
components. Since the relay K1 is highly inductive, it does not require a particularly
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 (O degrees), a current will begin to flow through diode D7, resistor R4, capacitor
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 1s 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 that switches on transistor Q3
during 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 is generated across
- resistor R7 that will keep diode D5 from conducting and preventing transistor Q3
saturation. To prevent diode D5 from conducting during the positiYe half of the line
cycle, a voltage of at least the capacitor C6 ripple‘ voltage must drop across resistor
R7. Transistor Q3 does start condﬁcting until the instantaneous line voltage is

approximately twice the Zener voltage of diode D1.
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[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.

[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 value of capacitor C6 has the
positive effect of increasing the gain of the feed back loop of the regulator circuit.
However, increasing the value also slows the time it takes for the curreht pulse of
transistor Q3 to be turned off, increasing commutation losses in transistor Q3, and
Increases the time for the regulator circuit to stabilize at startup.

[0016]  As this current flows, the voltage across capacitor C6 increases. When the
voltage across capacitor C6 plus the base to emitter voltage of transistor Q3 reaches
the Zener voltage of diode D1, the current flowing through 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, turmming 1t
ott and ending the pulse.

[0017]  During the negative half of the line cycle, a current flows through resistor
R3, 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 C5.

[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 during the pulse of
transistor Q3 base current. If the current shunted is too much, the base current of
transistor Q3 will not be enough to tumn transistor.QB completely 0;1.

[0019]  Capacitor C6 will now discharge into capacitor C5 until their voltages
equalize. The voltage across capacitor C5 is equal to the average voltage across the

relay coil K1. Diode D7 disconnects during the negative half of the power line cycle
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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.

[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 tumns
on, it creates a base current between the emitter of transistor Q3 and the negative end
of capacitor C5. When the current begins flowing, diode DS 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 into 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--
>voltage of capacitor C6-->duty cycle of transistor Q3 commutation-->average
voltage of relay coil K1 voltage.) 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 1n 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
i 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 is 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 provides a level of prot‘ection, eliminating

high voltage transients like might come from a lighming strike.

SUMMARY OF THE INVENTION

[0023]  Embodiments of the present invention provide photosensor circuits



CA 02721802 2010-10-18
WO 2009/131648 PCT/US2009/002435

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 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 neutral bus that
controls the average voltage across the relay coil responsive to the pulse width
modulated signal. 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. A half-wave rectifier coupled to the power source is confi gured 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. The 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 li ght
detected by the phototransistor. A low pass filter circuit is coupled to the second
ferminal 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 is coupled between the second terminal of the phototransistor and
the neutral bus that modulates an amount of positive teedback 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.

[0024]  In other embodiments, the photosensor circuit does not include a charge
pump circuit coupled to the second terminal of the phototransistor. The pulse width
modulator circuit includes a Zener diode coupled between the first terminal of the
phototransistor and the neutral bus. 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 positive feedback signal generated across the Zener diode to provide
the positive feedback.

[0025] In further embodiments, the photosenéor circuit is a stre:et lighting photo
control device and the load is street lighting. The relay coil is configured to activate
to switch off the street lighting responsive to detection of light by the phototransiétor.

The one of the halves of the line cycle of the AC power source may be the positive
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half and the half wave rectifier may include 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.

[0026]  In other embodiments, the lowpass filter circuit includes a delay resistor
having a first terminal coupled to the second terminal of the photosensor and a delay
capacitor coupled between a second terminal of the delay resistor and the neutral bus.
The lowpass filter circuit may further include a discharge transistor coupled 1n parallel
with the delay capacitor that has a base coupled to the second terminal of the
photosensor. The discharge transistor discharges the delay capacitor to provide the
low pass filter circuit an asymmetric delay providing different turn off and turn on
times for the load. The discharge transistor may discharge the delay capacitor
responsive to a decrease in the level of light detected by the phototransistor while the
delay resistor discharges the delay capacitor responsive to an increase in the level of
light detected by the phototransistor. The photosensor circuit may be a street lighting
photo control device and the load may be street lighting. The photosensor circuit may
be configured to turn on the street lighting more rapidly than it turns off the street
lighting.

[0027]  In yet other embodiments, photosensor circuits include a first transistor,
having a base, an emitter, and a collector;. A first capacitor is coupled to said base of
said first transistor. A first resistor is coupled in series to said first capacitor. A
second resistor 1s covupled In series to said first resistor. A first diode is coupled in
parallel with said second resistor. A variable resistor is coupled in series with said
first diode and further coupled with said emitter of said first transistor. A third
resistor is coupled to said base of said first transistor. A Zener diode includes an
anode coupled with said third resistor and a cathode coupled with said first capacitor.
A second diode i1s coupled in series with said Zener diode. A fourth resistor is
coupled 1n series with a third diode. A relay coil is coupled in series with said fourth
resistor. The third diode is coupled in parallel with said relay coil. A second
capacitor 1s coupled in series to said fourth resistor. A fifth resistor is coupled in
series with said second capacitor. A plug includes a load, a neutral, and a line. The
load 1s coupled to said relay. The neutral is coupied to the emutter of said first

transistor and the line 1s coupled to said variable resistor. A photo control circuit is

also included.
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[0028]  The photo control circuit includes a photo transistor having a base, a
collector, and an emitter. The collector is coupled with the Zener diode. A second
transistor has a source coupled to said base of said first transistor. A sixth resistor is
coupled to said emitter of said photo transistor and to said anode of said Zener diode.
A third capacitor is coupled to said gate of said second transistor and to said anode of
sald Zener diode. A seventh resistor is coupled to said emitter of said photo transistor
and to said third capacitor. A third transistor is coupled in parallel with said third
capacitor and/or a fourth capacitor is coupled to said emitter of said photo transistor
and to said anode of said Zener diode.

[0029]  In some embodiments, the photosensor circuit includes said third transistor
and said fourth capacitor. In other embodiments, the photosensor circuit includes said
third transistor or said fourth capacitor. The photosensor circuit may include said
third transistor and said photosensor circuit further includes an eighth resistor coupled

to said collector of said photo transistor and to said cathode of said Zener diode.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030]  Figure 1 is a circuit diagram of a power regulator according to the prior
art.

[0031]  Figure 2 is a circuit diagram of a photo-controlled power regulator
according to the prior art.

[0032]  Figure 3 is a circuit diagram of a photosensor circuit according to some
embodiments of the present invention.

(0033] Figured4isa circuit diagram of a photosensor circuit according to further
embodiments of the preseni invention.

[0034]

[0035]  Figure S is a circuit diagram of a photosensor circuit according to further

embodiments of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION
[0036] The present invention now will be described more fully hereinafter with
reference to the accompanying drawings, in which illustrative ernb‘odiments of the
invention are showﬁ. In the drawings, the relative sizes of regions or features may be’
exaggerated for clarity. This invention may, howev'er, be embodied in many different

tforms and should not be construed as limited to the embodiments set forth herein;
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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.

[0037}] 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, regions, layers and/or sections should not be limited 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.

[0038]  Spatially relative terms, such as "beneath”, "below", "lower", "above",
‘upper"” and the like, may be used herein for ease of description to describe one
element or feature's r‘elationship 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 operation 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 encompass 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.

[0039]  As used herein, the singular forms "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 presence of stated features, integers, steps,
operations, elements, and/or components, 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.



CA 02721802 2010-10-18
WO 2009/131648 PCT/US2009/002435

[0040]  Unless otherwise defined, all terms (including technical and scientific
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 their meaning in the context of this
specification and the relevant art and will not be interpreted in an idealized or overly
formal sense unless expressly so defined herein.

[0041]  As described in the '942 patent, the power regulator 1llustrated 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
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 switching back until voltage drops to a lower threshold voltage.

[0042]  The voltage at the relay coil K1 is converted from 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 operate correctly. The regulated power
supply circuit shown in FIG.1 supplies this regulated direct current to the relay coil
K1. 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 through resistor R4.

[0043]  The current of phototransistor Q1 increases with an increase of ambient
light intensity and decreases with a decrease of ambient light intensity. The current
~ from phototransistor Q1 passes through and causes a voltage across resistors R1 and
R2. This voltage 1s proportional to the ambient light level and is referred to as the
light signal. As phototrénsistor Ql's output is a cﬁrrent, the resistor R2, is used to
transtorm 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 adjuéting the

resistance value of R1 the amount of feedback can be adjusted. This resistor could be
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called a hysteresis control. In most photo control circuits used in street lighting, it is
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.

[0044]  As the phototransistors may vary, R2 is usually adjusted to normalize the
sensibility to the desired level. R2 may be called the "gain resistor".

[0045]  Capacitor C1 filters the light signal, removing high 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. The low pass filter or time delay circuit, comprising resistor R3 and
capacitor 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 car
headlights or a lighting flash causing the lamp to blink on and off. The output of the
low pass filter is applied to the gate of phototransistor Q2, which is commuted on or
off by the light signal, turning 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 the lamp off oron. A
diode may be provided in parallel with resistor R3 to provide an asymmetric delay,
allowing turn off and turn on times for street lighting or the like to differ.

[0046]  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 art, it is not necessary. For example, diode D4 can be replaced with a short
circuit, and the circuit should continue to function properly.

[0047]  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 electromagnetic influences such as radio interference or
electromagnetic pulses as caused by lightning, C4 may not be necessary.

[0048]  Diodes D2 and D3 and capacitor C2 form a charge pump circuit. The
charge pump circuit converts peak-to-peak alternating current voltage found across
~ resistor RS mto 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 i:rigger input to the phototransistor
Q1 helps provide stability.
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[0049]  The transistor Q3 commutes the power to the relay, allowing the addition
of only one transistor to the circuit to provide photo control. Positive voltage 1s
denived from the low voltage end of resistor R4.

[0050] Embodiments of the present invention that may provide advantages over
the circuit of Figure 2 will now be described with reference to the circuit diagrams of
Figures 3 through 5. Figure 3 illustrates embodiments of a photosensor circuit in
which the charge pump circuit of the circuit of Figure 2 is not used for the positive
feedback, allowing a reduction in the components of the circuit and a resultant cost
savings. Figure 4 illustrates embodiments of a photosensor circuit in which a
transistor, instead of a diode, is used to discharge the low pass filter capacitor of the
circuit of Figure 2 to provide different turn on and turn off times for the load. FIG. 5
illustrates embodiments of a photosensor circuit combining the teachings of Figures 3
and 4 to provide both the reduced component count of Figure 3 and the different turn
on and turn off times for the load of Figure 4. Common components of the circuit of
Figure 2 and the circuits of Figures 3 through 5 operate as described above with
reference to Figure 2 except as specifically described with reference to Fi gures 3
through S.

[0051]  As seen in the embodiments of FIG. 3, the charge pump circuit of the
circuit of FIG. 2, including diodes D2 and D3 and capacitor C2 , is not used. In
addition, the gain resistor R2 of the circuit of FIG. 2 is not included in the
embodiments 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 embodiments of FIG. 3 obtain 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 diode DS.
As a result, three or more components may be eliminated to reduce the cost of the
photosensor circuit.

[0052]  As seen in the embodiments of FIG. 3, the photosensor ciruit, includes a
- relay coil K1. The relay coil K1 controls application of an alternating current (AC)
power source LINE from input J1, which carries both negative half and a positive half
of a line cycle, to a load LOAD, such as a street light, coupled to input J2. A second
reference polarity NEUTRAL is also provided through input J3. The illustrated relay
coil K1 operates a normally closed switch so that the default state for the street

lighting 1s turned on and application of a sufficient average voltage to the relay coil
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K1 turns off the street lighting in the illustrated embodiments. However, the present
Invention is not limited to such configurations.

[0053]  As discussed with reference to FIG. 1 above, a pulse width modulator
circuit, including components C6, D1, R4 and 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 controls the average voltage across the relay coil K1
responsive to the pulse width modulated signal input to the gate of the transistor Q3.

[0054]  For the embodiments illustrated in FIG. 3, a photo control circuit 1s
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, including
components D7 and RS, 1s coupled to the power source and provides 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 LINE.

[0055]  As seen in the embodiments 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 a level of light detected by the phototransistor Q1. A low pass filter
circuit, including components R3 and C3, is coupled to the second terminal of the
phototransistor Q1. The low pass filter circuit filters the output current of the
phototransistor Q1 to provide a light level signal voltage. 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 passed by the diode
D7 responsive to the light level signal voltage having a selected level input to the gate
of the transistor Q2.

[0056]  For the embodiments of FIG. 3, a capacitor C1 is used to adjust the amount
of positive 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.

- 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
capacitor 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. This

alternating current feedback signal is converted to the required direct current signal by

the diode DS.
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[00S7]  As seen in the embodiments of FIGS. 4 and 5, the low pass filter circuit
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 between a second
terminal of the delay resistor R3 and the neutral bus NEUTRAL.. A discharge
transistor Q4 is coupled in parallel with the delay capacitor C3 and has a gate coupled
to the second terminal of the photosensor Q1. The discharge transistor 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.

[0058]  Thus, for the embodiments of FIG. 4, the transistor Q4 is illustrated as a
PNP transistor is used to provide different tum-off and turn-on times, rather than a
diode. 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 embodiments. By replacing a
diode with the transistor Q4, the turn-on delay may be decreased to a greater degree.
Also shown 1n the embodiments of FIG. 4 is an additional resistor R9. Resistor R9
may operate to limit or even prevent the Vgpo of the phototransistor Q1 from
exceeding 1ts maximum rating.

[00S9]  More generally, with respect to the embodiments of Figs 3-5,
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 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 capacitor C1 may have a value selected so as to modulate the
amount of positive feedback, which feedback in turn determines the amount of
hysterisis provided by the Schmitt Trigger aspect of the photosensor circuit.

[0060]  The inventor of the present application has determined that the removal of
the charge pump components as shown for the embodiments of F ig_ures 3 and 5 may
not prevent desirable Schmitt trigger operations and further may not substantially
atfect the instant-on operation of the photosensor circuit in some embodiments of the

present mvention.
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[0061]  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 Q1.

[0062]  The transistor Q4 in the illustrated configurations, in response to
decreasing light levels, may be used to rapidly discharge capacitor C3 to cause the
photosensor circuit to substantially instantly (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 detect negative peaks
of a positive feedback ripple signal creating a direct current positive feedback signal.
The transistor Q2, in response to a detected light level generated voltage signal
applied to its gate, may be used to turn the photocontrol relay K1 on and off. Zener
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 operation 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.

[0063] In some embodiments, for the circuit including the transistor Q4, a turn on
delay of 20 milliseconds may be provided for substantially instant turn on while a turn
oit 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 increased. If the
turn otf delay becomes to short, the capacitance of capacitor C3 may have its value
increased. In particular embodiments, resistor R9 has a 4.3 MQ resistance, capacitor
C1 has a 2200 picofarads capacitance and transistor Q4 comprises a part number
2N3906 transistor available from Fairchild Semiconductors, Inc. In addition, the
phototransistor Q1 in some embodiments may be Model LTR309-R available from
- LiteOn Corporation of Freemont California.

[0064]  As described above, the pulse width modulator circuit may include the
Zener diode D1 coupled between the first terminal of the phototransistor Qland the
neutral bus NEUTRAL. The pulse width of the pulse width modulated signal varies
proportionally with a difference between a Zener voltage of the Zener diode D1 and

the average voltage across the relay coil K1. The phototransistor Q1 defines a current
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path for a positive feedback signal generated across the Zener diode D1 to provide the
positive feedback.

[0065]  The photosensor circuit of any of FIGS. 3-5 may be a street lighting photo
control device and the load may be street lighting. The relay coil K1 may be
configured to activate to switch off the street lighting responsive to detection of light
by the phototransistor Q1. The one of the halves of the line cycle of the AC pOWEr
source LINE may be the positive half and the half wave rectifier may include the
resistor R8 coupled to the AC power source LINE that provides a negative current
that activates the drive transistor Q3 during the negative half of the line cycle.

[0066] The lowpass filter circuit as described above includes the delay resistor R3
having a first terminal coupled to the second terminal of the photosensor Q1 and the
delay capacitor C3 coupled between a second terminal of the delay resistor R3 and the
neutral bus NEUTRAL. The lowpass filter circuit may further include the discharge
transistor Q4 coupled in parallel with the delay capacitor C3 with a base of the
transistor Q4 coupled to the second terminal of the photosensor Q1. The discharge
transistor 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 LOAD.
The discharge transistor Q4 may discharge the delay capacitor C3 responsive to a
decrease 1n the level of Iight detected by the phototransistor Q1 while the delay
resistor R3 discharges the delay capacitor C3 responsive to an increase in the level of
light detected by the phototransistor Q1. The photosensor circuit may be a street
lighting photo control device and the load may be street lighting. The photosensor
circuit may be configured to turn on the street lighting more rapidly than it turns off
the street lighting.

[0067]  The foregoing is illustrative of the present invention and is not to be
construed as hmiting 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 the exemplary embodiments without materially
~ departing from the novel teachings and advantages of this invention. Accordingly, all
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 understdod

that the foregoing is illustrative of the present invention and is not to be construed as
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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 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 cbntrols
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 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
duning 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 outpuf current of the phototransistor to provide a light level signal
voltage;

a select transistor that 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; and

a capacitor coupled between the second terminal of the phototransistor 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.

2. The photosensor circuit of Claim 1, wherein the photosensor circuit
does not include a charge pump circuit coupled to the second terminal of the

phototransistor.
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3. The photosensor circuit of Claim 2, 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 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.

4. The photosensor circuit of Claim 3, 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 off the street lighting responsive

to detection of light by the phototransistor.

. The photosensor circuit of Claim 4, 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.

6. The photosensor circuit of Claim 1, wherein the lowpass filter circuit
comprises a delay resistor having a first terminal coupled to the second terminal of the
photosensor and a delay capacitor coupled between a second terminal of the delay

resistor and the neutral bus.

7. The photosensor of Claim 6, wherein the lowpass filter circuit further
comprnses a discharge transistor coupled in parallel with the delay capacitor and
having a base coupled to the second terminal of the photosensor, wherein the
- discharge transistor discharges the delay capacitor to provide the low pass filter circuit

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

8. The photosensor of Claim 7, wherein the discharge transistor
discharges the delay capacitor responsive to a decrease in the level of light detected

by the phototransistor while the delay resistor charges the delay capacitor responsive
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to an increase in the level of light detected by the phototransistor.

9. The photosensor of Claim 8, 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 lighting more

rapidly than it turns off the street lighting.

10. A photosensor circuit, comprising:

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 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 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, wherein the low pass filter circuit comprises:

a delay resistor having a first terminal coupled to the second terminal

of the photosensor;

a delay capacitor coupled between a second terminal of the delay

resistor and the neutral bus; and

a discharge transistor coupled in parallel with the delay capacitor and

having a base coupled to the second terminal of the photosensor, wherein the
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discharge transistor discharges the delay capacitor to provide the low pass

filter circuit an asymmetric delay providing different turn off and turn on times

for the load; and

a select transistor that 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.

11. The photosensor circuit of Claim 10, 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 pulse width of the pulse width
modulated varies proportionally with a difference between a Zener voltage of the
Zener diode and the average voltage across the relay coil and wherein the photosensor
circuit includes a positive feedback proportional to a current flowing through the relay

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

12. The photosensor circuit of Claim 10, 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 off the street lighting responsive

to detection of light by the phototransistor.

13. The photosensor circuit of Claim 10, 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.

14.  The photosensor of Claim 10, wherein the discharge transistor
discharges the delay capacitor responsive to a decrease in the level of light detected
~ by the phototransistor while the delay resistor charges the delay capacitor responsive

to an increase 1n the level of light detected by the phototransistor.

15. The photosensor of Claim 14, 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 lighting more
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rapidly than it turns off the street lighting.

16. A photosensor circuit, comprising:

a first transistor, having a base, an emitter, and a collector;

a first capacitor coupled to said base of said first transistor;

a first resistor coupled in series to said first capacitor;

a second resistor coupled in series to said first resistor:;

a first diode coupled in parallel with said second resistor:

a variable resistor coupled in series with said first diode and further coupled
with said emitter of said first transistor:

a third resistor coupled to said base of said first transistor:;

a Zener diode, comprising an anode coupled with said third resistor and a
cathode coupled with said first capacitor;

a second diode coupled in series with said Zener diode:

a fourth resistor coupled in series with a third diode;

a relay coil coupled in series with said fourth resistor, said third diode coupled
in parallel with said relay coil;

a second capacitor coupled in series to said fourth resistor;

a fifth resistor coupled in series with said second capacitor; |

a plug, comprising a load, a neutral, and a line, wherein said load is coupled to
said relay, said neutral is coupled to the emitter of said first transistor, and the line 1s
coupled to said varable resistor; and

a photo control circuit, wherein said photo control circuit comprises:

a photo transistor having a base, a collector, and an emitter: said collector
coupled with said Zener diode;

a second transistor, having a source coupled to said base of said first transistor:

a sixth resistor coupled to said emitter of said photo transistor and to said

anode of said Zener diode;

a third capacitor coupled to said gate of said second transistor and to said

anode of said Zener diode;

a seventh resistor coupled to said emitter of said photo transistor and to said

third capacitor; and
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a third transistor coupled in parallel with said third capacitor and/or a fourth
capacitor coupled to said emitter of said photo transistor and to said anode of said

Zener diode.

17. The photosensor circuit of Claim 16 wherein the photosensor circuit

includes said third transistor and said fourth capacitor.

18. The photosensor circuit of Claim 16 wherein the photosensor circuit

includes said third transistor or said fourth capacitor.

19. The photosensor circuit of Claim 16 wherein the photosensor circuit
includes said third transistor and said photosensor circuit further comprises an eighth
resistor coupled to said collector of said photo transistor and to said cathode of said

Zener diode.
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