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verting DC power from DC sources such as photovoltaic (PV) solar mod-
= ules to single-phase or three-phase AC power to feed the power grid for
7 electricity generation. A number of smart single-input, dual-input, triple-
input, quad-input, and multiple-input power inverters in a mixed variety
can easily connect to single, dual, triple, quad, and multiple DC power
sources, invert the DC power to AC power, and daisy chain together to
generate a total power, which is equal to the summation of the AC power
supplied by each smart and scalable power inverter of this invention.
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Smart and Scalable Power Inverters

This application claims priority to U.S. Provisional Application No. 61/226,141,
filed on July 16, 2009, which is herein incorporated by reference.

The subject of this patent relates to direct current (D) to alternating current {AC)
power inverters that invert DC power from single or multiple DC power sources to single-
phase or thres-phase AC power, where the DC power source includes but is not limited to
photovoliaic (PV) solar modules, fuel cells, batteries, and other DC power generators.
More particularly, this patent relates to a method and apparatus that can intelligently invert
DC power from single or muitiple DC sources to single-phase or three-phase AC power to
feed the power grid with both optimal efficiency and system scalability. The mventive
smart and scalable power inverters include a novel and unique scalable design so that the
BC to AC power inversion system can inchude as few as one inverter and one DIC source,
up to a selected number of inverters and multiple DC sources. A mumber of smart single-
input, dual-input, triple-input, quad-input, and multiple-input power inverters in a mixed
variety can easily connect to single, dual, triple, quad, and multiple DC power sources,
mvert the DC power to AC power, and daisy chain together to generate a {otal power,
which is equal to the summation of the AC power supplied by each smart and scalable
power inverier.

in the following, we will use a photovoltaic (PV) solar power system as an

-~
3
i

example to describe this invention. Traditionally, In a PV solar power system, the DC
output from each solar module is combined in a DC junction box. The final DC output
from the DC junction box is connected to a large centralized DC-AC power inverter to

1
b
K

generate electricity. Using a centralized power taverter includes the following
shortcomings:

1. if the inverter fails, the entire solar power generation system shuts down;

2.

roed]

be centralized power inverier requires a large space fo install, generates
excessive heat and noise, and can be costly;
Since the performance of the entire solar power system is dictated by the

performance of the weakest solar module, power production is negatively affected by non-
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g due o clouds, trees,

uniformity of solar modules, suniight variations or partial shading
dust on the panel, ei¢,;

4. The Maximum Power Point Tracking {(MPPT) can only be applied to a system
level, not to each solar module;

5. A lot of design and installation effort must be made to assure the solar moduies
are properly oriented in respect to each other;

6. The DC power output from each solar module has to be wired to a DC power
junction box causing the wiring te be costly and labor intensive; and

7. Expensive large gauge DC power cables have to be used to connect the junction
box and the centralized power inverter to avoid excessive power loss.

The smart and scalable power nverters described in this patent overcome these
shortcomings and provide great scalability and flexibility to easily and cost-effectively

mnstall a photovoltaic solar power system with optimal power generation efficiency,

sang

11 the accompanying drawing:

Figure 1 s a block diagram illustrating a smart single-input power i

version and

it

optimization system where one power inverter mverts the DC power from one DC source
to single-phase AC power.

Figure 2 is a block diagram illustrating & smart single-input three-phase power
inversion and optimization system where one power inverter inverts the DC power from
one DC source to three-phase AC power,

Figure 3 is a block diagram illustrating a smart single-input power inversion and
optimization system where two or more smart power mverters daisy chain, each of which

inverts the BC power from one DC source to single-phase AC power.

p

igure 4 s a block diagram illustrating a smart single-input three-phase power

pesi

e

mversion and optimization system where two or more smart power inveriers daisy chain,

cach of which inverts the BC power from one DC source to three-phase AC power.

]

igure 5 is a block diagram illustrating a smart dual-input power inversion and
optimization system where two or more smart power inverters daisy chain, each of which

mverts the DC power from two DC sources to single-phase AC power.

N3
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Figure 6 is a block diagram illustrating a smart muiti-input power mversion and

ug

optimization system where two or more smart power mverters daisy chain, each of which
inverts the BC power from multiple DC sources to single-phase AC power
Figure 7 is a block disgram illustrating a smart multi-input three-phase power

mversion and optimization system where two or more smart power Inverters daisy chain,
each of which inverts the DDC power from multiple DC sources to three-phase AC power.

Figure 8 is a block diagram illustrating & smart single-input power inverter that
nverts the DC power from one DC source to single-phase AC power.

Figure 9 is a block diagram illustrating & smart dual-input power inverter that

porl

inverts the DC power from two DC sources to single-phase AC power.

Figure 10 is a2 block diagram illustrating a smart multi-input power nverter that
inverts the BC power from multiple DC sources to single-phase AC power

Figure 11 15 a block diagram illustrating a smart single-input three-phase power
mverter that inverts the DC power from one DC source to three-phase AC power
Figure 12 15 g block diagram illustrating a smart multi<input three-phase power

mverter that inverts the DC power from multiple DC sources to three-phase AC power.

yrpd

‘igure 13 is a block diagram illustrating a smart power inversion and optinization

=

system where one smart single-input power Inverter, one smart dual-input power inverter,
and a number of multi-input power inveriers in a mixed variety daisy chain to generate
single-phase AC power.

Figure 14 is a block diagram illustrating a smart three-phase power Inversion and
optimization system where one smart dual-input power inverter, one smart triple-input
power inverter, and a number of smart multi-mput power inverters in a mixed variety daisy
chain to generate three-phase AC power,

Figure 15 is a flow chart describing the main software program running in the

MEA microcontrolier,

3 1 &£

igure 16 is a flow chart describing the key components, functions, and steps in
the interrupt service routine embedded i the MFA microcontrolle
The term “mechanism™ is used herein to represent hardware, sofiware, or any

combination thereof,

Lo
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Description

Figure 1 is a block diagram illustrating a smart single-input powey inversion and
optimization system where one power Inverter inverts the DU power from one DC source
to single-phase AC power. The system comprises one power inverter 10, one DC power
source such as a solar module 28, an inverter’s AC power output port 12, an mverter’s
BC power port 14, a DC source’s DC power connector 16, a DC power cable 18, a
single-phase AC powerline 24, a power service panel 26, and the power grid 28. This is
the simplest case of the DC to AC power inversion and optimization system, where one
DC to AC power inverter connects to a DC source on one end, inverts the DC power to
single-phase AC power, and ocutputs the AC power to the power grid 28 via the AC

powerline 24 and the power service panel 26. If the DC source is a photovoltaic (PV)

i

X

solar module, this can be considered a personal solar power system that could be
potentially mstalled by a knowledgeable homeowner, provided certain permits are
obtained.

Figure 2 is a block diagram iflustrating a smart single-input three-phase powe
inversion and optimization system where one power inverter nverts the DC power from
one DC source to three-phase AT power. The system comprises one power inverter 30,
one DC power source such as a solar module 40, an inverter’s AC power output port 32,
an mverter’s DC power port 34, a DC power connector of the DC source 36, 2 DC power
cable 38, a three-phase AC powerline 44, a three-phase power service panel 46, and the
three-phase power grid 48. The DC to AC power inverter connects to a DC source on one
end, inverts the DT power to three-phase AC power, and outputs the AC power to the
power grid 48 via AC powerline 44 and power service panel 46

Figure 3 is a block diagram illustrating a smart single-input power mversion and
optimization system where two or more power inverters daisy chain, cach of which inverts
the DC power from one DC source to single-phase AC power. The system comprises n
smart power mverters 50 and the same number of DC power sources 60. Fach smart
powert inverter comprises an AC power input port 31, an AC power output port 52, and a

™ 1,

DC power port 54, Each DC power source such as a solar module 60 comprises a DC
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power connector 56 and is connected to s correspending power inverter via a DC power
cable 58. respectively. All the smart power inverters 50 daisy chain, where the first power
mverter’s AC input port 53 is lefl open, and the last power inverter’s AC output port 55 18
connected to a power service panel 66 via the single-phase AC powerline 64. The AC
power generated by the system is supplied to the power grid 68.

Throughout this document, r=1, 2, 3, ... . as an integer. Based on the design of
the smart and scalable power inverter, there could be a limit to the actual number of
mverters that can daisy chain. This is because the total generated AC current cannot
exceed the limit of the connected branch circuit breaker in the power service panel. For
each power service panel, multiple branch circuits can be added based on the desired
power generation requirements of the application.

Without losing generality, et us say n=16 as an example. That means, [6 smart
power inverters can daisy chamn, where the AC output port of a smart power inverter
connects to the AC input port of the next smart power mverter, and so on. The first power
mverter’s AC input port is left open, and the last power nverter’s AC output port is
connected to an AC power service panel 5o that the generated AC power can be sent to

DY/

the power grid. This method greatly simplifies the wiring job when nstafling a PV solar

power system

Although we say the power inverters daisy chain, where the output port of each
power inverter is connected to the input port of the power fnverter, the actual

connection of the inverters is pass-through. That means, the generated AC power from
each power inverter is added in parailel onto the AC powerline. In this scheme, a defective
or low-producing power inverter will not interfere with other power inverters that are able
to generate usable AC power. A defective or low-producing power verter will be
switched off’ automatically by a solid-state switch mechanism in the inverter. Therefore,
unless the AC powerline is broken, all the healthy power inverters on the AC powerline
wiil continue to work.

Figure 4 is a block diagram illustrating a smart single-input three-phase power
inversion and optimization system where two or more power inverters daisy chain, each of
Th

which inverts the DC power from one DC source to three-phase AC power. The system

1941
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comprises v smart power inverters 70 and the same number of DC power sources 80

Each smart power inverter comprises an AC power input port 71, an AC power output
port 72, and a DC power port 74. Each DC source such as 2 solar module 80 comprises a
3C power connector 76 and is connecied to its corresponding power inverter via a DC
power cable 78, respectively. All the smart power mverters 70 daisy chain, where the first
power inverter’s AC input port 73 is lefl open, and the last power inverter’s AC output
port 75 is comnected to a three-phase power service panel 86 via the three-phase AC
powerline 84. The AC power generated by the system is supplied to the three-phase
power grid §8.

Figure 5 15 a block diagram illustrating a smuart dual-input power inversion and
optimization system where two or more smart power inverters daisy chain, each of which
mverts the DC power from two DC sources to single-phase AC power. The system
commprises n smart dual-input power inverters 90 and two times more of the DC power
sources 198, so the total number of DC power sources is 2xn (2 times n}. Fach DC power
source such as a solar module 100 comprises a DC power connectos 96. Each smart dual-
mput power wmverter has two DC power ports 94 and 95 commecting to their
corresponding DC sources via DC power cables 98 and 99, respectively. Each smart
power mverter comprises an AC power input port 91 and an AC power output port 92.
All the smart power inverters 90 daisy chatn, where the first power inverter’s AC input
port 101 is left open, and the last power Inverter’s AC output port 103 is connected to a
power service panel 106 via the single-phase AC powerline 104. The AC power generated
by the system is supplied to the power grid 108.

Figure 6 is a block diagram iHlustrating a smart multi-input power inversion and
optimization system where two or more power inverters daisy chain, each of which inverts
the DC power from multiple DC sources to single-phase AC power. Without losing
generality, the system comprises n smart multi-input power inverters 110, each of which
has muitiple DC power input ports 113, 114,..., 115, Each DC source 120 has a DC
power conngctor 116, For each smart multi-iaput power tverter, m DC sources 120 are
comnected to their corresponding power inverter via DC power cables 117, 118, ..., 119,

respectively. Each smart power inverter comprises an AC power input port 111 and an
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AL power output port 112, All the smart power inverters 110 daisy chain, where the first
power inverter’s AC Input port 121 is left open, and the last power inverter’s AC output

»

is connected to a power service panel 126 via the single-phase AC powerling

pa ¢
*
(OS]

OF

124 The AC power generated by the system is supplied to the power grid 128, With this
scalable scheme, there are nxm (n times m) DC power sources such as PV solar modules
120 in the system, where n is the total mumber of power inverters, and m is the total
number of DC sources connected to each power inverter,

hroughout this document, m=1, 2, 3, ... as an integer. The smart and scalable
power inverter can he designed with single-input (me=1), dualdnput (m=2), triple-input
(m=3), quad-input {n¥=4), and so on. Practically, various smart power inverter products
can be designed with a different number of inputs. They have to be practically useful, meet
branch circuit limit requirements, and make economic sense depending on the applications.
Swnce each smart multi-input power inverter can handle m DC power sourees, i is much
more cost effective than the one-on-one design where a power fverter is reguired for
each DT source. In addition, n smart multi-input power inverters can daisy chain through
their AC power ports so that the wiring job can be significantly reduced during the
mstallation of the solar power system.

For multi-input power inverters, the actual number of inverters that can daisy chain

A
v
P
o]
[
e}

is fimited by the total power generated by all the DC sources connected in a sub-sy
for a specific branch circuit. In this configuration, there are a total mum (n times m) DC
sources. If' a branch circuit can take the total power generated by 16 DC sources as an
example, we can daisy chain 8 dual-input power inverters or 4 quad-input power inverters
to meet this requirement. More branch circuits can always be added to a power service
panel if there are a large number of D sources in the system. In this case, the solar power
system will include a number of sub-systems, each of which includes nxm DC sources, n

3

smart and scalable power inverters, and one branch cireuit.

igure 7 15 a block diagram illustrating a smart multi-input three-phase power

hain,

o

v

inversion and optimization system where two or more smart power inverters daisy
each of which inverts the DC power from multiple DC sourees to three-phase AC power.

Without losing generality, the system comprises n smart multi-input power inverters 130,
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each of which has m DC power input ports 133, 134,..., 135, Each 3T power source 140
has a DC power connector 136, For each smart multi-input power inverter, m DC sources

140 are comnected to their corresponding power mnverter via DC power cables 137, 138,

ey

... 139, respectively. Each smart power inverter comprises an AC power fnput port 131
and an AC power output port 132. The n smart power inverters 130 daisy chain, where
the first power inverter’s AC input port 141 is left open, and the last power inverter’s AC

output port 143 is connected to a power service panel 146 via the three-phase AC

ﬂo

powerline 144, The AC power generated by the system is supplied to the three-phase

power grid 148
Figure 8 is a block diagram illustrating a smart single-input power inverter that

mverts the DC power from one DC source to single-phase AC power. The smart single-
mput power inverter 150 comprises a DC-BC boost converter 154, a DC-AC inverter
156, a load interface circuit 138, a solid-state switch circuit 160, an MFA microcontroller
162, a line sensing circuit 164, an interface circuit for powerline communications 166, a
powerline communications Modem 168, and a DC power supply 170,

The MFA microcontroller 162 as well as the ones to be described i Figures 9, 10,
11, and 12 are small computers on a single integrated circuit {IC) or a set of ICs that
consists of & central processing unit {(CPU)} combined with functions and peripherals

inchuding a crystal oscillator, timers, watchdog, serial and analog I/Os, memory modules,

{3

pulse-width-modulation (PWM) generators, and user software programs. A 32-bit high-
performance floating-point microcontroller is selected for this application. The MFA

3
i

microconirolier performs real-time control and optimization functions for the smart and
scalable power mverter, in which Model-Free Adaptive (MFA) controllers are used to

o~

control the I3C-DC boost converter, and MFA optimizers provide maximum power point

tracking (MPPT) to allow the power inverter to achieve optimal power production. The

o
ot
D
=
oy
7]

MFA conirol and optimization iechnologies have been described W US. p
6,055,524, §,556,980, 6,360,131, 6,684,115, 6,684,112, 7,016,743, 7,142,626,
7,152,052, 7,415,446, related international patents, and other pending patents.

in Figure &, the power from a DC source 152 is deiivered to a DC-DC boost

converter 154. As an example, a standard 24V PV solar module will produce a usable DC
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power in the range of 24V to 40V DT up to 8A. In order to produce commercial 240V
AL power, the incoming DU voltage needs to be boosted to a minimal usable value such
as 170V DC. Inductors, capacitors, diodes, switches, and controlled PWM {pulse width
modulation) signals are used to perform the DC voltage boost. The DC power is then
inverted to AC power with voltage larger than 240VAC by the DC-AC mverter 156, The
generated AC power goes through the load interface circuit 158 to be combined with the

™% 1
i

AC power in the internal AC powerline 159. The high frequency components of the

generated AC power are being fiitered by the load interface civcuft 138, A solid-state
switch 164 controlled by the MFA microcontroller 162 is used to isolate the internal AC
powerline 139 from the external AC powerline 172 when solar power is not being
generated. This way, consumption of AC power from the power grid by the solar power

1

unit will be minimized during the non-generation time. A line sensing circuit 164

connected to the AC powerline 159 is used to detect the phase and zero-crossing point of

h

F

L¢]

mcoming AC power from the power grid. The phase and zero-crossing point signals
are sent to the MFA microcontroller 162 for AC power synchronization (o assure that the
power inverter provides high quality synchronized power to the grid. A powerline
copwmunications Modem 168, which is isolated by an interface circuit 166, is used io
establish a 2-way digital signal communication between the MFA microcontraller 162 and
the outside world through the AC powerline. This way, no extra digital signal lines are

1

needed since the digital signals are embedded inside the AC power signal. The external AC
powerline 172 is tapped by a power supply 170 to supply DC power to the electronic
components of the power inverter.

The MFA microcontroller 162 is used to perform a mumber of tasks including (i)
monitoring the DU boost voltage, (if} controlling the DC-DC boost converter, (fii)
performing maximum power point tracking (MPPT), (iv} performing DC-AC inversion
and AC power synchronization, {v) monitoring AC current and voltage for generated
power amount and status, (vi} performing powerline communications, (vil} performing
logic controls such as AC powerline switching and isolation.

.

Figure 9 is a block diagram illustrating a smart dual-input power verter that

inverts the BC power from two DC sources to single-phase AC power. The smart dual-
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mput power inverter 180 comprises 2 DC-DC boost converters 183, 184, a DBC power
combiner 185, a DC-AC inverter 186, a load interface circuit 188, a solid-state switch
cireuit 190, an MFA microcontrolier 192, a line sensing circuit 194, an interface civeuit for
powerline communications 196, a powerline communications Modem 19§, and a DC
power supply 200. The power from DC sources 181, 182 is delivered to the
corresponding DC-DC boost converters 183, 184, respectively. The DC power is then
combined in the DC power combiner 185. The total combined DC power is inverted to
AC power with voltage larger than 240VAC by the DU-AC inverter 186. The generated
AL power goes through the load interface circuit 188 to be combined with the AC power
n the internal AC powerline 189, A solid-state switch 190 controlled by the MFA
microcontrolier 192 is used to isolate the internal AC powerline 189 from the external AC
powerline 202 when solar power is not being generated. A line semsing circuit 194
connecied to the AC powerline 189 is used to detect the phase and zero-crossing point of
the incoming AC power from the power grid. The phase and zero-crossing point signals
are sent to the MFA microconiroller 192 for AC power synchronization to assure that the
power inverter provides high quality synchronized power to the grid. A powerling
conwnunications Modem 198, which is isolated by an interface circuit 196, is used to
establish a 2-way digital signal communication between the MFA microcontrolier 192 and
the outside world through the AC powerline. The external AC powerline 202 is tapped by

a power supply 200 to supply DC power to the electronic components of the power

iy

b

nverter. The MFA microcontroller 192 is used to perform a number of tasks including (i

14

monitering the DC boost voltage from each DC-BC boost converter, (i) controlling th
BC-BC boost converters, (iit) performing maximum power point tracking (MPPT) for
each DC scurce, {iv) performing DC-AC inversion and AC power synchronization, (v)

» UV g i » AV)

monitoring AC current and voltage for generated power amount and status, (vi)

performning powerline communications, (vii) performing logic controls such as AC
poweriine switching and isolation.

Figure 10 is a block diagram illustrating a smart multi-input power inverter that

mverts the 13C power from multiple DC sources to single-phase AC power. The smart
multi-input power inverter 206 comprises m DC-DC boost converters 212, 213,..., 214, a
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BC power combiner 215, a DC-AC inverter 216, & load interface circuit 218, a solid-state
switch circuit 220, an MFA microcontroller 222, a line sensing circuit 224, an interface

circyit for powerline communications 226, a powerline commiunications Modem 228, and
a DC power supply 230. The power from DC sources 208, 209,..., 210 i delivered to the

ey

corresponding DC-BC boost converters 212, 213,..., 214, respective’i;. The DC power is

then combined in the DC power combiner 215. The total combined DDC power is inverted
to AC power with voliage larger than 240VAC by the DC-AC inverter 216. The

generated AC power goes through the load interface circuit 218 to be combined with the

¥

AC power in the internal AC powerline 219, A solid-state switch 220 controlled by the
MFA microcontroller 222 is used fo isolate the internal AC powerline 219 from the
external AC powerline 232 when solar power is not being generated. A fine sensing circuit
224 connected to the AC powerline 219 is used to detect the phase and zero-crossing

pomt of the incoming AC power from the power grid. The phase and zero-crossing point

o

signals are sent to the MFA microcontroller 222 for AC power synchronization io assure
that the power inverter provides high quality synchronized power to the grid. A powerline
communications Modem 228, which is isolated by an interface cireuit 226, is used to

establish a 2-way digital signal communication between the MFA microcontrolier 222 and

N

the outside world through the AC pow erline. The external AC powerline 232 is tapped by

ey

a power supply 230 to supply DC power to the electronic components of the power

81

RS

iverter. The MFA microconiroller 222 is used to perform a number of tasks including (i}
monitoring the DC boost voltage from gach BC-DC boost converter, (i) controlling the

i~

BC-DC boost converters, (iii) performing maximum power point tracking (MPPT) fo

a3

each DC source, (iv) performing DC-AC inversion and AC power synchronization, (v)
monitoring AC current and voltage for generated power amount and status, {vi)
performing powerline communications, (vil) performing logic controls such as AC
powerline switching and isclation.

1

Figure 11 is a block diagram illustrating a smart single~-input three-phase power
inverter that inverts the DU power from one DC source to three-phase AC power. The
smart three-phase single-input power inverter 236 comprises a DC-DC boost converte:

247, a DC-AC inverter 246, a load interface cireunit 248, a solid-state switch cireuit 250

3
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o~

an MVA microcontroller 252, a line sensing circuit 254, an interface cirenit for powerline
commuynications 256, a powerline communications Modem 238, and a BC power supply
260. The power from the DC source 238 is delivered to the DC-DC boost converter 242
and its voilage is increased to a certain value. The DC power is then inverted to three-
phase AC power with voltage larger than 208VAC by the DC-AC inverter 246, The
generated AT power goes through the load interface circuit 248 to be combined with the

h

power i the internal three-phase AC owerline 249. A solid-state switch 250
p p
e

controfled by the MFA microcontrolier 252 is used to isolate the internal three-phase AC

powerline 248 from external three-phase AC powerline 262 when solar power is not being

the phase and zero-crossing point of the incoming three-phase AC power from the power
grid. The phase and zero-crossing point signals are sent to the MFA microcontroller 252
for AC power synchronization to assure that the power inverter provides high quality

synchronized three-phase AC power to the grid. A powerline communications Modem

o

258, which is isolated by an interface circuit 256, is used to establish a 2-way digital signal
communication between the MFA microcontroiler 252 and the outside woeld throue

AL powerline. The external three-phase AC powerline 262 is tapped by a power supply

microcontrolier 252 is used to perform a number of tasks inchidin g {1} monitoring the DC
boost voltage from the DC-DC boost converter, (if} controfling the DC-DC boost
converter, {iif) performing maximum power point tracking (MPPT) for the DC source, (iv)
performing DC-AC inversion and three-phase AC power synchronization, (v} momtoring
the three-phase current and voltage for generated power amount and status, (vi)
performing powerline communications, (vil) performing logic controls such as three-phase
AC powerline switching and isolation.

Figure 12 is a block diagram illustrating & smart multi-input three-phase power
mverter that inverts the DC power from multiple DC sources to three-phase AC power.
The smart nulti-input three-phase power inverter 266 comprises m DC-DC boost

converters 272, 273,..., 274, a DC power combiner 273, a DC-AC inverter 276, a load

mterface circuit 278, a solid-state switch circuit 280, an MFA microcontrolier 282, & line
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sensing eircuit 284, an interface circuit for powerline communications 286, a powerline
communications Modem 288, and a DU power supply 290. The power from IC sources
268, 26%...., 270 is delivered to the corresponding DC-DC boost converters 272, 273,...,

274, respectively. The DC power is then combined in the DC power combiner 275, The

total combined DC power is inverted to three-phase AC power with voltage larger than
208VAC by the DC-AC mverter 276. The generated AC power goes through the foad

interface circuit 278 to be combined with the AC power in the intemnal three-phase AC
powerline 279. A solid-state switch 280 controlled by the MFA microcontrolier 282 is
used to isolate the internal three-phase AT powerline 279 from the external three-phase
AC powerline 292 when solar power is not being generated. A line sensing circuit 284
connecied t AC powerline 279 is used to detect the phase and zero-crossing point of
the incoming three-phase AC power from the power grid. The phase and zero-crossing
point signals are sent to the MFA microcontroller 282 for AC power synchronization to
assure that the power nverter provides high quality synchronized power to the grid.
powerline communications Modem 288, which is isolated by an interface circuit 286, is
used to establish a 2-way digital signal communication between the MFA microcontroiler
282 and the outside world through the AC powerline. The external three-phase AC
powerline 292 is tapped by a power supply 290 to supply DC power to the electronic
components of the power inverter. The MFA microcontroller 282 is used to perform a
number of tasks including (i) monitoring the DC boost voltage from each DC-DC boost
converter, (i) controlling the DC-DC boost converters, (iii} performing maximum power
point tracking (MPPT) for cach DC source, (iv) performing DC-AC inversion and three-
phase AC power synchronization, (v} monitoring the three-phase current and voltage for
generated power amownt and status, (vi) performing powerline communications, (vil)
performing logic controls such as three-phase AC powerline switching and isolation,

The DC-BC boost converters that can be used in this embodiment are any of a
number of weli known converters described in the “Power Electronics Handbook™ edited
by Muhanumad H. Rashid, published by Academic Press in 2007, including Buck
Converter, Boost Converter, Buck-Boost Converter, Super-Lift Luo Converter, and

Cascade Boost Converter. The DC-AC inverters that can be used in this embodiment are
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any of a number of well known DC-AC inverters deseribed in the same book mnchuding

Ty

alf-Bridge Inverter, Full-Bridge Inverter, Bipolar PWM Inverter, Unipolar PWM

(=

Inverter, and Sinusoidal PWM Inverter. The DC combiners used in this embodiment can
be designed with a cireunit that allow the output from all DC-DC boost converters to
connect in parallel so that all DC currents will be added together, The Powerline Modem
that can be used i this embodiment can be any of a number of commercially available
itegrated cirenits capable of providing 2-way digital communications through a
powerline. Other modules discussed in this embodiment ncluding load interface, solid
state switch, line sensing circuit, powerline interface circuit, and DC power supply can be
implernented  using one or more known combinations of conventional electronic
components such as vesisters, capacitors, inductors, solid-state switches, transformers,

diodes, transistors, operational amplifiers, and ceramic filters, etc.

Figure 13 is a block diagram illustrating a smart power nversion and optimization

system, where one smart single-inpit power inverter, one smart dual-input rinverter,
and a pumber of multi-input power inverters in a mixed variety daisy chain to generate
single-phase AC power. The system comprises a smart single-input power inverter 300, a
smart dual-input power inverter 302, and n-2 smart multi-input power inverters 304. The
single-tput power inverter 300 inverts DC from one DC source 330 to AC power; the
dualk-input power Inverter 307 inverts DC from two DC sources 332 and 334 to AC
power; and the multi-input power inverter 304 inverts DC from multiple DC sourees 336,
338, and 340 10 AC power. The single-input power inverter 300 counects to DC soure

330 through s DT power port 318, DC source’s DC connector 342, and 2 BC cable 348,
The duakinput power inverter 302 connects to DC sources 332 and 334 through its DC
power ports 328 and 322, BC sources” PBC connectors 344, and DC cables 350 and 352,
respectively. The multi-input power inverter 304 connects to DC sources 336, 338, and

8

340 through its DC power ports 324, 326, and 328, DC sources’” DT connector 346, and

DC cables 354, 356, and 358, respectively.

The

@

mart single-input power inverter comprises an AC input port 314 and an AC
output port 316; the smart dual-input power inverter comprises an AC input port 318 and

an AC output port 312; and the smart multi-input power inverter comprises an AC input

st
B>y
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306 and an AC output port 308. Without josing generality, within the system, there

P

g

OF

could be a number of smart power inverters having a mixed variety of inputs. Afl the smart

S

and scalable power inverters daisy chain, where the first power inverter’s AC input port
306 is left open, and the last power inverter’s AC output port 316 is connected to a power
service panel 366 via the single-phase AC powerline 364, The AC power generated by the
system is supplied to the power grid 368.

s

igure 14 is a block diagram illustrating a smart power iversion and optimization

system where one smart dual-input power inverter, one smart triple-input power inverter,

@

and a number of smart multi-input power Inverters iIn a mixed variety daisy chain to
generate three-phase AC power. The system comprises a smart dual-input power nverter
370, a smart triple-input power inverter 372, and n-2 smart multi-input power Inverters
4. The dual-input power mverter 370 inverts DC from two DC sources 376 to AC
power; the triple-input power inverter 372 inverts DC from three DC sources 378 to AC
power; and the puilti-input power nverter 374 mverts DC from muitiple DC sources 380
to AC power. Without losing generality, within the system, there could be a number of
smart power inverters having a mixed variety of inputs. All the smart and scalable power
inverters daisy chain, where the first power inverter’s AC input port is left open, and the
last power mverter’s AC output port is connected to a power service panel 386 via the

s

tem 1s supplied to the

ol

Iy

three-phase AC powerline 384. The AC power generated by the sys

power grid 388.

f’]

gure 15 is a flow chart describing the main software program running in the
MEFA microcontrolier. At Block 390, initialization is taking place in the microcontrolier
device level, peripheral level, system level, and for the interrupt service routine and analog
and digital control routines. More specifically, initialization will inciude but is not limite
to setting up vegisters, I/Os, and timers and enabling interrupts for the interrupt service
routine. At the end, it will set Task=1.

In the main program, there are two major tasks. Task 1 is related to the control
and management of the smart and scalable power inverter. Task 2 is related to the

communications of the power inverter to the outside world through the powerline



WO 2011/008944 PCT/US2010/042123

Modem. After itialization, the main program enters the main loop entry point 392 and

At Block 394, the program checks to see if Task I is scheduled to run. If the
answer is Yes, the program will execute the functions in Block 396 to (i) turn on/off the
power generation circuit based on the DC power source input and conditions of the power
inverter and AC powerline, {11} calculate power statistics such as the amount of power
generated during a certain period of time, and (i} perform system diagnosis. Then, # sets
Task=2 and retumns to Block 392, which is the entry of the main loop. When the program
continues, it will go through Block 394, and reach Block 398. At Block 398, the program
checks to see if Task 2 is scheduled to run. If the answer is Yes, the program will execute
the functions in Bloek 400 to (i} set the unit address for the power inverter, and (ii)
respond to queries from data gathering or acquisition devices to report the power
statistics. Then, it sets Task=1 and returns to Block 392. The main program runs
continuously based on a preset loop rate to execute the scheduled tasks. At any time an
interrupt is triggered, the microcontroller immediately processes the pending imterrupt
service routine,

Figure 16 is a flow chart describing the kev components, functions, and steps in

UQ

the nterrupt service routine embedded in the MFA microcontroller. Rlock 402 is the entry
of the interrupt service routine (ISR). An interrupt service routine is a software routine
that the microcontroller invokes in response to an interrupt. All the time-critical functions
the microcontroller needs to execute are put inside the ISR to assure these functions are
executed in real time. At block 404, the ISR saves the current context of the main
program. At Block 406, the ISR reads analog and digital inputs including but not limited
to the voitage and current signals from the DC source, DC-DC boost converter, DC-AC
nversion circuit, and phase and zero-crossing point of the AC Powerline. At Block 408,
the ISR runs the MFA Optimizer to perform Maximum Power Point Tracking (MPPT) for
each DC power source. At Block 410, the ISR performs DC-AC inversion and AC
synchronization functions. At Block 412, the PWM control signals are sent out through
the digital ouiput ports to the corresponding DC-DC boost converter(s) and DC-AC

inverter. At Rlock 414, the ISR restores the saved context of the main program so that the
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execution of the main program can be resumed. Afer the ISR exits, the main program
continues from the point where it was branched out to execute the interrupt service
routine.

The systems described in all the figures of this patent, especially in Fig 1, 2, 13 and

1

j4, demonstrate the essence of the scalability of this nvention. One can build a smali-scale

3

or a very large-scale PV solar power system with various numbers and sizes of the smart

o

and scalable power inverters of this invention. Regardless of the number and tvpes of BC

sources that each power inverter can handle, the smart power inverters in the same T"ami}y

ach smart power inverter. This “anything goes™ design significantly improves

w2
o
=]
2.
&
i
g
(o}
[¢]

the scalabiiity, flexibility, user-friendliness, and return-on-investment (ROT) of renewable
energy power generation systems including photoveltaic solar power systems. In addition,
an existing system can be easily expanded by installing more solar modules and smart
power verters. This makes the solar power systems attractive to both homeowners and
businesses where only limited budgets are available and continued invesiments can be
made to expand the system over time. The disclosed invention could have strategic

importance to the renewsable energy industry and society.

i
~3
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Claims

1. A system for providing AC power to a power grid from a plurality of individual DC
power sources each having a DC power output port, comprising:

a} a plurality of power inverters, each of said power inverters having one DC

et
=

power input port, an AC power input port, and an AC power output port, said DC power

5

input port having one DC power source connected thereto;

bt} said AC power output port of each inverter being connected i a daisy chain to
the AC power input port of the next inverter, except for the AC power input port of the
first verter being left open, and the AC power sutput port of the last inverter being
connected to a power service panel of the power grid;
c) each of said power inverters inchiding:

7} a DC-DC boost converter connected to said DC power source and

£

wranged to convert the power source voltage to a higher DC voltage suitable for
VErsion;

H) a DC-AC inverter comnected to said DC-DC boost converter and
arranged to invert the DC power to AC power with voltage higher than the incoming AC
power voltage;

it} an internal AC powerline that combines the generated AC power with
the external AL power from the power grid;

v} a load interface circuit conmected to said DC-AC inverter and to said
mternal AC powerline, said load interface circult being arranged to filter high-frequency
components out of the said DC-AC inverter’s AC output;

vy an MFA microcontrofier comnected to said DC-DC boost converter,
DC-AC inverter, and load interface circuit, said microcontroller arranged to monitor the
DC boeost voltage, control the DC-DC boost eonverter, perform maximum power point
tracking (MPPT}, perform DC-AC inversion and AC power synchronization, monitor AC

current and voltage for generated power amount and status, “erro"m powerline
conunumications, and perform logic controls such as AC powerline switching and

isolation;

18
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vi) a powerline modem connected to said mierocontrolier and said internal
AC powerline through an interface circuitry for transmitting and receiving performance

X Ry

data between said microcontroller and said power grid;

viiy a line sensing circuit connected to said internal AC powerline and said
nicrocontroller for detecting the phase and zero-crossing point of the ncoming AC power
from the power gnid; and

ch connected to said intermal AT powerline and

viily a solid state swit
external AC powerline, and arranged to disconnect said internal AC powerline from the

AC grid during the non-generation time.

. The system of Claim 1, in which the output of each of said power inverters is single-
Y 5

phase AC.

3. The system of Claim 1, in which the output of cach of sald power inverters is three-

phase AC

4. The system of Claim 1, in which said MFA microcontrolier includes Model-Free
Adaptive (MFA} controllers which control the DC-DC boost converter, and MFA
optimizers which provide maximum power point tracking (MPPT) to aflow the power

mverter to achieve optimal power production.

5. A system for providing AC power to a power grid from a plurality of individual DC
power sources each having a DC power output port, comprising:

a) a plorality of power inverters, each of said power inverters having two DC
power mput ports, an AC power input port, and an AC power output port, each of said

ra

thereto;

3

DT power mnput ports having one DC power source connected

b) said AC power output port of each inverter being connected in a daisy chain to
the AC power input port of the next inverter, except for the AC power input port of the
first inverter being left open, and the AC power output port of the last inverter being

conneeied to a power service panel of the power grid;
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c} each of said power tnverters including:

o

i) a pair of DC-DC boost converters, one connected to each of said DC

1

power sources, respectively, and arranged to convert the power source voltage to a highe

oy

DL voltage suitable for inversion;
it} a DC power combiner connected to said BC-DC boost converters for
combiming the DC output from both DC-DC boost converters and allowing said DC-DC

~

boost converters to connect in parallel so that all DC currents are added together;

3

i) a DC-AC inverter connected to said DC power combiner and arranged

ey

to mvert the DU power to AC power with voltage higher than the incoming AC power
voltage;

v} an internal AC powerline that combines the generated AT power with
the external AC power from the power grid;

v} a load interface circuit connected to said DC-AC inverter and to said
mternal AC powerling, said Joad interface circuit being arranged to {ilter high-freguency
components out of the said DC-AC inverter’s AC output;

viy an MFA microcontroller connected to satd DC-DC boost converters,
DC-AC wmverter, and load interface circuit, said microcontroller arranged to mouttor the
DC boost voltage, control the BDC-DC boost converter, perform maximum power point
tracking (MPPT), perform DC-AC inversion and AC power synchronization, monitor AC
current and voltage for generated power amount and status, perform powerline
communications, and perform jogic conirols such as AC powerline switching and
isolation;

vii} a powerline modem connected to said microcontroller and said internal

AC powerline through an interface eircuitry for transmiiting and receiving performance

data between said microcontroller and said power grid;
viil} a line sensing circuit connected to said internal AC powerline and said
microcontroller for detecting the phase and zero-crossing point of the incoming AC power

from the power grid; and
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X} a solid state switch connected to said mternal AC powerline and

-

external AC powerline, and arranged to disconnect said internal AC powerling from the

AL grid during the non-generation time.

6. The system of Claim 5, in which the output of each of said power mverters is single-

7. The system of Claim 5, in which the output of each of said power nverters is three-

phase AC.

8. The system of Claim 5, in which said MFA microcontroller includes Model-Free
Adaptive {MFA} controllers which control the DC-DC boost converters, and MFA
optimizers which provide maximum power point tracking (MPPT) to allow the power

nverter to achieve optimal power production.

5. A system for providing AC power to a power grid from a plurality of individual DC
power sources each having a DC power output port, comprising:

a} a plurality of power inverters, each of said power inverters having w DT power
input ports, where m is an integer greater than or equal (o one, an AC power input port,
and an AC power output port, each of said DC power input ports having one DC power
source connected thereto;

b} said AC power output port of each inverter being connected in a daisy chain to
the AC power input port of the next inverter, except for the AC power input port of the

first inverter being lefl open, and the AC power output port of the last inverter being
connecied to a power service panel of the power grid;

¢} each of said power inverters including

i} wm number of DC-DC boost converters, one connected to each of said
BC power sources, respectively, and arranged to convert the power source voltage to a

higher DC voltage suitable for inversion;
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ity a DC power combiner connected to said m number of DC-DC boost
converiers for combining the DC output from all DC-DC boost converters and allowing
said DC-DC boost converters to connect in parallel so that all DC currents are added
together;

ui} a DC-AC mverter comnected to said DC power combiner and arranged

”
_{

i3

BC power 1o AC power with voltage higher than the incoming AC power

-

) an internal AC powerline that combines the generated AC power with
the external AC power from the power grid;

v} a load interface circuit connecied to said DC-AC inverter and to said
internal AC powerline, said load interface circuit being arranged to filter high-frequency
components out of the said DC-AC fnverter’s AC output;

vi) an MFA microcontrolier connected to said DC-DC boost converters,
DC-AC inverter, and load interface circuit, said microcontroller arranged to monitor the
T boost voltage, conirol the DC-DC boost converter, perform maximum power pok
tracking {MPPT), perform DC-AC inversion and AC power synchronization, monitor AC
current and voltage for generated power amount and status, perform powerline
conununications, and perform logic controls such as AC powerline switching and
isolation;

vii} a powerline modem connected to said microcontroller and said internal
AC powerline through an interface circuitry for transmitting and receiving performance
data between said microcontroller and said power grid;

viit} a line sensing circuit connected to said internal AC powerline and said
microcontroller for detecting the phase and zero-crossing point of the incoming AC power
from the power grid; and

X} a solid state switch connected to said iternal AC powerline and
external AC powerline, and arranged to disconnect said internal AC powerline from the

AC grid during the non-generation time.
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16. The system of Claim 9, in which the output of each of said power inverters is single-

phase AL

1. The system of Claim 8, in which the output of each of said power inverters is three-

phase AC.

12. The system of Claim 9, in which said MFA microcontroller inciudes Model-Free
Adaptive {(MFA) controllers which control the DC-DC boost converters, and MFA
Optimizers which provide maximum power point tracking (MPPT) to allow the power
inverter to achieve optimal power production.
130 A DC-to-AU power inverter, comprising:

a} one DC power input port having one DC power source connected thereto;

b) one AU power output port arranged to supply AC power to the AC power grid;

¢} a DC-DC boost converter comnected to said DT power source and arranged to
convert the power source voltage to a higher DC voitage suitable for mversion;

dy a BC-AC inverter connected to said DC-DC boost converter and arranged to
invert the DC power to AC power with voltage higher than the incoming AC power
voltage;

e} an internal AC powerline that combines the generated AC power with the
external AC power from the AC power grid;

) 2 load interface circuit connected to said DBC-AC inverter and to said internal
AC powerline, said load interface circuit being arranged to filter high-frequency
components out of the said DC-AC inverter’s AC output;

g} an MFA microconirolier connected to said DC-DC boost converter, DC-AC
nverter, and load interface circuit, said microcontroller arranged to monitor the DC boost
voitage, control the DC-DC boost converter, perform maximum power point tracking
(MPPT), performy DC-AC inversion and AC power synchronization, monftor AC current
and voltage {or generated power amount and status, perform powerline communications,

and perform logic controls such as AL powerline switching and isolation;

el
L
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1) & powerline modem connected to said microcontroller and said intermal AC

powerline through an interface circuitry for {ransmitting and receiving performance datg
¢ . & r

between said microcontroller and said power grid;

i} a hne sensing circuit connected to said internal AC powerline and said
microcontroller {or detecting the phase and zero-crossing point of the incoming AC power
from the power grid; and

1) a solid state switch connected to said internal AC powerline and external AC
g

poweriine, and arranged to disconnect said internal AC powerline from the AC grid during

the non-generation time.

14, The inverter of Claim 13, in which the output of sald inverter is single-phase AC.

15, The inverter of Claim 13, in which the output of said inverter is three-phase AC.

16. The mverter of Claim 13, in which said MFA microcontrolier includes Model-Free
Adaptive (MFA) controllers which control the BDC-DC boost converter, and MFA

optimizers which provide maxinmum power point tracking (MPPT) to allow the power
4 o B

wwverter to achicve optimal power production.

7. A DBC- 10-AC power inverter, comprising:
a} at least two DT power input ports, each of said DXC power input ports having

one DU power source connected thereto;

o
o

b} one AC power output port arranged to supply AC power to the AC power grid;

~

¢} for each DC power source, a DC-DC boost converter connected to said DC
power sources and arranged to convert the power source volage to a higher BC voltage
suttable for inversion;

d} a BT power combiner connected to said DC-DC boest converters for
combining the DC output from all DC-DC boost converters and allowing the said DC-DRC

boost converters to connect in parallel so that all DC currents are added together;
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"

} a BC-AC inverter connected to said DC power combiner and arranged to inver

s
pct

the DT power to AC power with voltage higher than the incoming AC power voltage;

§ an internal AC powerline that combines the generated AC power with the
external AC power from the power grid;
g} a Joad interface circuit connected to said DC-AC inverter and to said iternal

o

AC poweriine, said load interface circuit being aranged to filter high-frequency
components ot of the said DC-AC inverter’s AC output;

i) an MEA microcontrolier connected to said DC-DC boost converters, DC-AC
mverter, and load interface civeuit, said microcontrolier arranged to monitor the DC boost
voltage, control the BC-DC boost converter, perform maximum power point tracking
{(MPPT}, perform DC-AC inversion and AC power synchronization, monitor AC current
and voltage for generated power amount and status, perform powerline communications,
and perform logic controls such as AC powerline switching and isolation;

i} a powerline modem connected to said microcontrolier and said internal AC

powerine through an interface circuitry for transmitting and receiving performance data

between said microcontroller and said power grid;

o

i) a line sensing circuit connected to said nternal AC powerline and sai
microcontroller for dctcctm& the :mase and zéro- crossme pozm of the mcom;rg AC power
from the power grid; and

k) a solid state switch connected to said internal AC powerline and external AC

~

powerline, and arranged to disconnect said internal AC powerline from the AC grid during

the non-generation time.

18. The inverter of Claim 17, in which the output of said inverter is single-phase AC.

19, The inverter of Claim 17, in which the output of said inverter is three-phase AC.

20, The mverter of Claim 17, in which said MFA microcontroller includes Model-Free

Adaptive (MFA)} controllers which control the DXC-DC boost converters, and MFA
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optimizers which provide maximum power point tracking (MPPT) to allow the power

mverter to achieve optimal power production.

21, A scalable DC to AC power inversion system for providing AC power to & power
grid from a plurality of individual DT power sources cach having 2 DC power output port,
comprismg: |

a) a plurality of power inverters, each of said power inverters having at least one
DU power input port, an AC power input port, and an AC power output port, each of said
BT power mput ports having one BC power source connected thereto;

b) said AC power output port of each inverter being connected in a daisy chain to
the AC power input port of the next inverter, except for the AC power input port of the

x

the last inverter being

1 P
iy

first mnverter being left open, and the AC power output port of
connected to g power service panel of the power grid;

¢} whereby said system is incrementally scalable by adding or subtracting DC
power sources and daisy-chained inverters; and

3 1

d} whereby an optimal amount of AC power is generated and supplied to said

power grid regardless of the periormance of any individual power seurce.

3

22. The system of Claim 21, in which the output of each of said power inverters is single-

23. The system of Claim 21, in which the output of each of said power inverters is three-

1

The system of Claim 8 or 17, in which the said MFA microcontroller is programmed

[\
P

with a main program to iteratively:
a) turn on and off the Inverter’s generation circuit based on the DC power source

input and conditions of the nverter and AC powerline,

patsay

b} calculate the inverter’s power statistics such as the amount of power generated

during a certain period of time;
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¢} perform diagnostics for the inverter's status and operation;

d) set the inverter’s unit address;

e} perform powerline communications; and

f} respond to gueries from data gathering or acguisition devices {o report the

power statistics.

25. The system of Claim 24, in which said MFA microcontroller is further programmed
with an interrupt service routine {I8SR) to:
ay respond to an interrupt;

L)

b} save the current context of the main program;

¢} read voltage and current signals from the BC source, DC-DXC boost converter,
and DC-AC wwerter;

d} read phase and zero-crossing point data of the AC poWeriins;

¢} perform maximum power point tracking (MPPT) each DC power source
conneeted to the inverter

)} perform BC-AC inversion and AC synchronization;

g} send out PWM control signals through the digital output ports; and

h} restore the saved context of the main program so that the execution of the main

progrant can be resumed.

26. A method of making a DC to AC power conversion system incrementally scalable,
comprising:

a} providing a plurality of DC power sources and a plurality of DC to AC power
inverters, said inverters each having an AC input port, an AC output port, and at least one
DC input port;

b} connecting at least one of said DC power sources, respectively, to at Jeast one
of said DC input ports;

¢} daisy-chaining at least two of said inverters, said AC power output port of each
inverter being connected in a daisy chain to the AC power input port of the next inverter,

except for the AC power mput port of the first inverter being left open, and the AC power
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output port of the last inverter being connected to a power service panel of the power
grid; and

d} producing a total AC power that is the summation of the AC power supplied by

27. The method of Claim 26, in which the output of each of said power inverters is single-

phase AC.

28. The method of Claim 26, in which the output of each of said power mverters is three-

phase AC.
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