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cessor. The processor determines a voltage on
the variable voltage DC power bus and defines a
pulse-width modulate power control signal
based on the determined voltage. The at least
one switch is then operated based on the pulse-
width modulated power control signal to apply
DC power from the DC power bus to the DC
load at a first frequency.
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LIGHTING BALLAST FOR USE WITH VARIABLE DC POWER DISTRIBUTION

RELATED APPLICATIONS

o001} This application claims the benefit of U.S. Provisional Patent Application No.
617811206, filed April 12, 2013, the entire contents of which are mcorporated herein by

reference.
BACKGROUND

[0002] The present mvention relates to svstems and methods of distnibuting DC power
such as, for example, from solar panels to electrical devices. Traditional solar panel

mstallations use an AC inverter in order to convert the high voltage DC electricity supphied
from the solar panels mto 60Hz AC voltage that can then be directly tted to the ntility grid.

The AC voliage 15 then distributed to the loads withun the building or back {o the utility grid.
SUMMARY

[6083] Many electronic devices used today do not dwectly use the 60Hz AC voltage that
1s distributed throughout buildings and households through the power grid. Instead, the
devices first convert the 60Hz AC voltage into high voltage DC. The DC voltage 15 then used
to power the device. However, every tume elecirical power 1s transformed from DC 1o AC or
from AC to DC there are losses in efficiency that are given off m the form of heat. These
losses from DC 1o AC and from AC to DC conversions can add up fo between 8-12% of the

power that could have been delivered from a solar array.

[0004] The systems described bherein improve the efficiency of such power systems by
supplving the high volfage DC power generated from a solar panel array directly to DC-
powered devices. Thus type of DC nucrogrid mstaliation does not require an mverter as the
DC voltage 1s distiibuted directly to the loads {(1.e., the DC-powered devices), which reduces
overall system cost and complexity while also ehnunating a notable source of power loss.
However, the downside of not using an mverter 1s that modern inverters typically have
functionality buslt 1nto it them provide Maxumum Power Point Tracking ("MPPT™) for the
solar array. MPPT is used m order to maxumize the power supphied by the solar array by
adjusting the output voltage of the solar array m order o deliver the maxumum output power.

This functionality could be restored by adding mdividual MPPT modules on the solar arrays,
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but this would add to system cost, lowers efficiency due to a DC-to-DC conversion, and

reduces reliability by adding components.

[8085] Instead, varous embodiments described heremn provide a method of control for a
Lighting ballast to allow it to be used m a system with variable DC power distetbution. The
solar array MPPT functionality 1s realized by varving the loads in order to reach the optmmm
operating voltage of the solar array. A supplemental DC power supply s added to the system
i order to accomplish the MPPT function. This same power supply 15 used to power the
loads when the solar array can’t produce the necessary power requirements demanded by the
loads. Thus, MPPT functionality is provided without requiring a DC-io-AC mverfed or a
separate MPPT module for each solar array. Furthermore, svstem provides for consistent
load performance that 1s not affected by the varving DC voltage supplied to them. In thus
way, for example, the occupants of the butlding do not notice any change m behavior of thenr

surrounding enviromment.

[0006] In one embodiment, the wvention provides a microgrid system comprising a DC
power bus, a solar array, a controilable DC power supply, and a highting ballast. The solar
array 1s coupled fo the DC power bus and configured to provide DC power to the DC power
bus. The controllable DC power supply is configured to apply a varniable voltage to the DC
power bus. In some embodiments, the vartable voltage of the controllable DC power supply
is controlled to achieve a maxinmum power point. The lighting ballast 13 configured to control
an amount of power apphied to a DC load (such as, for example, a light source). The lighting

ballast monitors the variable volfage of the DC power bus and defines a pulse width

the DC power bus 1s controllable applied o the DC load based on the pulse-width modulated

power control signal.

{0007} In some embodiments, the amount of power applied from the DC power bus to the
DC load 15 adjusied by varying a frequency at which the DC power 15 apphed to the DC load.
In other embodments, the amount of power applied from the DC power bus to the DC load 1s

adjusted by varying a DC power duty cycle.

[o008] In another embodiment, the mvention provides a ballast for selectively applying
DC power from a variable voltage DC power bus to a DU load. The ballast includes at least

one switch coupled between the DC power bus and the DC load. A processor is coupled to

[
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the at least one swiich and controls the operation of the at least one switch. A non-fransient
conyputer-readable memory stores mstructions that are executed by the processor to control
the operation of the processor. The processor determines a voliage on the vartable voltage
D} power bus and defines a pulse-width modulate power control signal based on the
deternuned voltage. The at least one switch 1s then operated based on the pulse-width
moduiated power control signal to apply DC power from the DC power bus to the DC load at

a first frequency.

[8009] Other aspects of the mvention will become apparent by consideration of the

detailed description and accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS

{0010} Fig. 1 1s a block diagram of a DC distribution system according to one

embodiment.

[0011] Fig. 2 1s a flowchart of a method for controllmg the power provided to a light in

the system of Fig. 1.

[0012] Fig. 3 1s a schematic diagram of a ballast cueut configured to implement the

method of Fig. 2 m the DC distribution arrangement of Fig. 1.
DETAILED DESCRIPTION

[8013] Before any embodiments of the invention are explamed n detail, 1t 1s to be
understoed that the mwvention is not lnnited 1 1ts application to the details of constrmction and
the arrangement of components set forth m the followmg description or illustrated n the
followmg drawigs. The mvention is capable of other embodiments and of bemg practiced

or of being carried out in various ways.

[0014] Fig. 1 illustrates a power distribution system 100 that includes a DC power supply
103 and a selar array 105, The DC power supply 103 may be configured to convert from the
public 60Hz AC grid mto DC power. Alternatively, the DC power supply 103 can mclude
any power source that 1s capable of providing DC power to the systemn at a specified voltage
mclnding, for example, a UPS supply, micro turbme, generator, fuel cell, or wind generafor.
The power from the DC power supply 103 is combined with the power output from a solar

array 105 on a DC power bus. Although the examples discussed heremn specifically address a

tad
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solar array, the power management mechanisms and ballast circuits described below can be
adapted to regulate varying DC power provided by another source that would benefit from

MPPT tracking functionality.

[0015] One or more DC loads 101 draw power from the DC power supply 103 and the
solar array 103 through the DC bus. The DC load{s} 101 mchude an electronic ballast circuit
to provide signal condifionung for an applicable hight source such as, for example, mduction,
fluorescent, and LED hight sources. In other constructions, other types of DC loads, such as,
for example, HVAC equipment, pumps, fans, compressors, and mverters, are included in

addifion to or instead of the light source.

[0016] A control system 107 monitors one or more system voltages and one or more
system currents and provides a control signal to regulate the operation of the DC power
supply 103, In the example of Fig. 1, the control system 107 monitors the voltage provided
to the DC load 101, the cwrrent output from the DC power supply 103, and the current outpwt
from the solar array 105, In some constructions, the control svstem 107 defermines a
required operating voltage of the system using an MPPT algorithm and the various input
voltages and currents of both the solar arvay 105 and the DC power supply 103, As a result,
the DC voltage provided to the DC loads 101 15 vartes. Without further mitigation, this
varying DC voltage would cause the light output {e.g., of the DC load 101} 1o raise or lower
as a function of the mput voltage. This varvimg hight output would produce an undesirable

effect to the occupants of the butlding (e.g., flickering lights).

[6017] To prevent this undesirable effect, the DC electronics ballast m the DC load 101
compensates for this varving DC svstem voltage n such a way that output power provided to
the lanip remains constant regardless of the mput DC voltage. In some constructions, the
ballast 1s configured to operate one or more swiiches (e.g. FETs) that control whether power
is apphied to the lamp. The frequency at which the switches are operated can be controllably
adjusted such that the resonant tank circuit of the lanip shifis awayv from its resonant point.
This can be done by increasing or decreasing the frequency depending on the resonant point
set by the ballast cirewit. By varyving this frequency as a function of the DC mput voltage, the
output power can be maintained at a relatively constant level thus not changing the hight

output of the lamp for different DC mput voltages.
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[0018] In other constructions, the ballast pulse-widih modulates the onipuf with a varyving
duty evele that is a function of the DC mput voltage. Higher DC mput voltages results in
lower duty cyching of the fundamental frequency m order 1o achieve the same overall average
light output. One advantage of this method 15 that 1t 18 more easily applied to LED lamp
outpuis than the method described above. This method also makes 1t easter to optunize the

electronics for a given fundamental frequency.

[8019] Fig. 2 illustrates a method of controlling a lamp based on the DC input voltage
provided to the DC load 101, As described m further detail below, thus method 15
unplemented by the ballast circuit of the DC load 101, When a “lamp ON™ 1s reguested (e.g.,
a wall switch 1s furned to the “ON posttion™ or a home autonation system calls for a light to
be turned on} (step 201), the ballast system samples the DC mput voltage provided to the load
{step 203}. If the DC voltage 1s below a lower linmt (step 203} or above an upper himit {step
207}, the lamp 1s etther turned off or remains in the “off” state {step 209). This ensures that

the voltage provided to the lamp 1s within a defined range of operable voltages.

[6020] I the DC mpt voltage provided to the load 15 within the defined range, the ballast
cicntf samples the lamp output (step 211) and determines whether the lamp 1s Itf (step 213).
If the lamp 1s not already iit, the ballast control circutt executes a lamp strike sequence (step
215) to hight the lamp. If, bowever, the lamp 15 already lit, the ballast control system uses
pudse width modulation to adjust the output of the lamp based on the DC mput voltage {step
217). The ballast control system then agamn samples the DC input voltage (step 203} and
continues to adjust the lamp output based on the DC mput voltage untd the lamp 1s turned off

or until the DC mput voltage leaves the defined range.

[8021] Fig. 3 illustrates the DC microgrid system 100 of Fig. 1 in further detail. The DC
power supply 103 couples a DC voltage source (1.e., the DC converted power from the public
power grid or another source) to a voltage clamp 301 to mamntam the output power at a
constant voltage. An EMI filter 303 filters any electromagnetic miterference/noise and the
filtered DC power 1s provided through a reverse polanity protection module 305 to a DC
power bus 306. The DC power bus 306 also recerves DC power from other sources, such as
the solar array (not pictured}, as discussed above m reference to Fig. 1. The reverse polarnity
protection module 303 {such as, for example, a diode) prevents DC power from the DC

power bus 306 from flowng the opposite divection tnto the DC power supply 103,
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{0022} An auxihary power supply module 307 draws power from the DC power bus 306
and produces a 12V anxihiary power source 309 and a 3.3V awxiliary power source 311 which
are used to operate portions of the ballast control system as described i further detail below,
In some constrictions, a separate awaliary power supply module 307 15 connected directly to
the DC power bus 306 and provides operating power to each ballast systen: counected to the
DC power bus 306. In other constructions, the anxiliary power supply module 307 is

meorporated nfo the same hardware {1.¢., housing) as a single ballast control system 300

8023} The ballast control system 360 1s operated by a mucroprocessor 315, The
nucroprocessor 315 15 powered by the 3.3V auxihiary power source 311 and executes
mstructions stored on a memory umt such as EEPROM 317, In this example, EEPROM 317
is also powered by the 3.3V auxiliary power source 311, In this example, the microprocessor
315 provides three pulse-width modulated control outputs — a high-side PWM signal 319, a
low-side PWM signal 321, and a dimming PWM signal 323, The three PWM control ouipuis
are provided to a pair of AND gates 323, 327. The first AND gate 325 produces a high-side
FET control signal 329 based on the high-side PWM signal 319 and the dunnung PWM
stgnal 323, Sinularly, the second AND gate 327 produces a low-side FET control signal 37

based on the low-side PWM signal 321 and the dimming PWM signal 323,

[0024] The high-side FET conirol signal 329 and the low-side FET confrol signal 331 are
both provided to a FET driver module 333 which operates a plurality of switches within a
half-bridge module 313, The FET driver 333 receives power from the 12V awsahiary power
source 309 and opens the high-side switch(es) of the half bridge module 313 based on the
high-side FET control signal 329. Simlarly, the FET driver 333 opens the low-side

switch({es) of the half bridge module 313 based on the low-side FET contrel signal 33

[0025] The state of the high-side and low-side switches of the half bridge module 313
control whether (and how)} power is provided from the DC power bus 306 to the ballast
network 335 and, subsequently, to the lamp itself. As described above m reference {o Fig. 2,
the microprogessor 315 adpusts tts output PWM signals based on the observed voltage on the
DC power bus 306. In this example, the high-side PWM signal 319 and the low-side PWM
signal 321 are generated to operate the half bridge to provide DC power from the DC power
bus 306 to the ballast network (and the lamp) af a given freguency. The dinming PWM

signial 323 1s then used 1o adjust the duty cyele of the ballast svstem. Because of the AND

fl f:‘

ate configuration, the high-side PWM signal 319 15 only passed through to the FET drtver

&
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333 {as the hugh-side FET conirol signal 329} when the dumnung PWM signal 323 15 lugh.
Sifarly, the low-side PWM signal 321 is only passed throngh to the FET drrver 333 (as the
low-side FET control signal 331) when the dimming PWM signal 323 1s hugh. As a result,
the switches of the half bridge module 313 operate to provide DC power fo the lamp at a
given frequency when the dunming PWM signal 323 1s lugh. When the dununming PWM
stgnal goes low, the switches of the half bridge module are opened and DC power is not
delivered from the DC power bus 306 to the lamp. In this way, the tofal power provided to
the lamp 15 confrolled by using the dimuning PWM signal 323 fo control the duty cycle of the

half-bridge module 313.

[6026] The same circuit can be used to control the power provided to the lamp by
adjusting the fundamental frequency of the hugh-side PWA signal 319 and the low-side
PWM signal 321. Instead of using the dimmng PWM signal 323 to adjust the duty cycle, the
dimmng PWM signal 323 15 held high. The microprocessor 3135 then adjusts the frequency
of the high-side PWNM signal 319 and the frequency of the low-side PWM signal 321 to
control the power applied fo the lamp. This secondary control mechanism can aso be

2

mplemented by a sumphfied version of the cirewt tllustrated m Fig. 3. In the sumplified
cireuit, the AND gates 323, 327 and the dumnung PWM signal 323 can be onutted entirely
such that the microprocessor 315 provides the ligh-side PWM signal 319 and the low-side

PWNM signal 321 direcily to the FET driver 333,

[6027] Thus, the ivention provides, among other things, a power distribution system for
providing DC power directly from a solar array to a load {(such as, for example, a hight
source} aixd a ballast control system that operates to provide consistent power to a load
despite a varving DC voltage on a DC power bus. Various features and advantages of the

invention are set forth in the following claims.
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What 1s clammed 15
i A microgrid system comprising’

a DC power bus;
a solar array coupled to the DC power bus and configured to provide DC
power fo the DC power bus;
a controllable DC power supply configured to apply a variable voltage to the
DC power bus; and
a hghting ballast configured to control an amount of power applied to a DC
{oad by
monttoring the variable veltage of the DC power bus,
defining a pulse width modulated power control signal based on the
voliage of the DC power bus, and
controtlably applving the voltage of the DC power bus to the DC load
based on the pulse width modulated power confrol signal.
2. The micrognid system of clamm 1, wheremn the controllable DC power supply 15 further
confisured to
monitor a current of the solar array;
monitor a current of the controllable DC power supply;
monitor the voltage of the DC power bus;
determine a maximum power point voltage for the DC bus; and
adjust the voltage output of the DC power supply based on the determined

maximum power pout voltage.

"ad

The micrognid system of clamm 1, wherein the lighting ballast 1s further configured to
deternune whether the variable voltage of the DC power bus exceeds a
maximum bus voliage threshold; and
twrn off the DC load when the variable voltage of the DU power bus exceeds

the maxumum bus voltage threshold.

[#4]
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4. The micrognid system of clamm 1, wherein the lighting ballast 1s further configured to
deternune whether the variable voltage of the DC power bus does not exceed a
nunimum bus voltage threshold; and
fwrn off the DC load when the variable voltage of the DU power bus does not

exceed the munimum bus voltage threshold.

hs The nucrognd system of claim 1, wherein the highting ballast includes at least one

switch coupled between the DC power bus and the DC load.

6. The micrognid system of clasm 5, wherein the lighting ballast
defines the pulse width meodulated power control signal based on the voltage
of the DC power bus by defining a switching frequency for the af least one switch
based on the monitored vartable voltage of the DC power bus, and
controllably apphes the voltage of the DC power bus to the DC load by

operating the at least one switch according to the switching frequency.

el

The microgrid system of clain 6, wherein the lighting ballast 1s further confisured to
detect a change 1 the voltage of the DC power bus, and
adjust the amount of power applied to the DC load by adjusting the switching

frequency based on the change m the voliage of the DC power bus.

8. The microgrid system of claim 5, wherein the lighting ballast
defines the pulse width modulated power control signal based on the voliage
of the DC power bus by defining a DC power duty cyele for the DC load, and
controllably applied the voltage of the DC power bus to the DC load by

operating the at lest one switch according to the DC power duty cycle.

9. The nucrogrid system of clamm R, wherein the hghting ballast 15 further configured to
detect a change m the voltage of the DC power bus, and
adjust the amount of power applied to the DC load by adpsting the DC power

duty cvele based on the change in the voltage of the DC power bus.

Q
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10, The microgrid system of claim 1, wherein the lighting ballast includes a processor and

non-fransient computer-readable memory stormg mstractions executable by the processor.

11, The microgrid system of claim 1, wherein the lighting ballast mcludes:

a high-side switch conplable between the DC bus and the DC load;

a low-side switch couplable between the DC bus and the DC load;

a processor; and

a non-transient computer-readable memory storing mstructions that, when

executed by the processor, cause the highting ballast to

generate a pulse-width modulated high-side switch control signal,
generate a pulse-width modulated low-side switch control signal, and
selectively couple the DC power bus to the DC load such that DC

power from the DU power bus is apphied fo the DC load by operating the haglh-

side switch based on the pulse-widih modulated high-side switch conirol

signal and operating the low-side switch based on the pulse-width modulated

low-side switch control signal.

12, The micrognd system of clamm 11, wherem the non-transient computer-readable
memory stores mstructions that, when execuied by the processor, further cause the hghting
ballast to
generate a pulse-width modulated dimming control signal, wherein the pulse-
width modulated dimiming control signal defines a DC power duty cycle based on the
monitored voltage of the DC power bus, and
wherein the lighting ballast 13 configured to close the high-side switch only
when the pulse-width modulated high-side switch contrel signal and the pulse-width

modulated dimming control signal are both high.

13. A ballast for selectively applving DC power from a variable voltage DC power bus to
a DC load, the ballast inchading

at least one swiich coupled between the DC power bus and the DC load;

a processor coupled to the at least one switch to control the operation of the at

least one switch; and

10
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a non-fransient computer-readable memory stormg ostructions that, when
executed by the processor, cause the processor to
deternuine a voltage on the variable voltage DC power bus;
define a pulse-width modulated power control signal based on the
determined voltage; and
operate the at least one switch based on the pulse-width modulated
power control signal to apply DC power from the DC power bus to the DC

load at a first freguency.

14, The ballast of claxm 13, wherein the mstiuctions, when executed by the processor,
further cause the processor to
detect a change m the voltage on the variable voltage DC power bus,
adjust the frequency of the pulse-width modulated signal based on the detected
change in the voltage, and
operate the at least one switch based on the adjusted pulse-width modulated
power confrol signal to apply DC power from the DC power bus to the DC load at the

adpusted frequency.

1S, The ballast of clamm 13, wherein the mstiuctions, when executed by the processor,
further cause the processor to
detect a change m the voltage on the variable voltage DC power bus,
adjust a DC power duty cycle based on the detected change 1 the voltage, and
operate the at least one switch based on the adjusted DC power duty cvele to

contro} an amount of power apphied to the DC load from the DC power bus.

11
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