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(57) Abrege/Abstract:
A method and apparatus Is disclosed for intelligently inverting

DC power from DC sources such as photovoltaic (PV) solar modules

to single-phase or three-phase AC power to feed the power grid for electricity generation. A number of smart single-input, dual-
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(57) Abrege(suite)/Abstract(continued):

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 Iinverter of this invention.
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Fig. 6

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 clectricity generation. A number of smart single-input, dual-mput, triple-
mput, quad-mmput, and multiple-input power inverters in a mixed variety
can easily connect to single, dual, triple, quad, and multiple DC power
sources, 1nvert the DC power to AC power, and daisy chain together to
generate a total power, which 1s equal to the summation of the AC power
supplied by each smart and scalable power mverter of this invention.
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Smart and Scalable Power Inverters

This application ciaims priority to U.S. Provisional Application No. §1/226,141,
filed on July 16, 2009,

1he subject of this patent relates to direct current {DC) to alternating current (AC)
power nverters that invert DC power from single or multiple DC power sources to single-
phase or three-phase AC power, where the DC power source includes but 1s not limiied (o
photovoltaic (PV) solar modules, fuel cells, batteries, and other DIC 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 1o
feed the power grid with both optimal efficiency and system scalability. The inventive
smatt and scalable power mverters include a novel and unigue scalable design so that the
DC to AC power wversion system can inchide as few as one inverter and one DC souwrce,
up to a selected number of mverters and multiple DC sources. A number of smart single-
input, dual-input, triple-input, quad-input, and muliiple-input power inverters in a mixed
variety can easily connect to single, dual, triple, quad, and muitiple 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
BOWEY IMVericr.

in the following, we will use a photovoltaic (PV) solar power svstem as an
exampie 10 describe this invention. Traditionally, in a PV solar power system, the DC
output irom each solar moduie is combined in a DC junction box. The final DC output
from the DC junction box is comnected to a large centralized DC-AC power inverter to
generate  electricity.  Using a  centralized power inverter includes the following
shortconnngs:

I. it the inverter fails, the entire solar power generation system shuts down;

2. The centralized power inverier requires a large space to install, generates
excessive heat and noise, and can be costly;

3. 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-

CA 2767867 2017-11-21
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uniformity of solar modules, sunlight variations or partial shading due to clouds, trees, dust on

the panel, etc.;

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 modules are

properly oriented 1n 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 to 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.

According to one aspect of the present invention, there is provided 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 power input port, an AC power input port, and an AC power
output port, said DC power input port having one DC power source connected thereto; b) said
AC power output port of each inverter being connected 1n 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 connected to a power service
panel of the power grid: ¢) each of said power inverters including: 1) a DC-DC boost converter
connected to said DC power source and arranged to convert the power source voltage to a
higher DC voltage suitable for inversion; 11) a DC-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; 111) an internal AC powerline that combines the generated
AC power with the external AC power from the power gnd; 1v) a load interface circuit
connected 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 inverter's
AC output; v) an MFA microcontroller connected to said DC-DC boost converter, DC-AC
inverter, and load interface circuit, said microcontroller arranged to monitor the DC boost
voltage, control the DC-DC boost converter, perform maximum power point tracking
(MPPT), pertorm DC-AC inversion and AC power synchronization, monitor AC current and

voltage for generated power amount and status, perform powerline communications, and
2
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perform logic controls; vi) 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; vi1) 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 viii) 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.
According to another aspect of the present invention there 1s provided 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 ot said
power inverters having two DC power input ports, 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 left open, and the AC power output port of the last inverter being connected to
a power service panel of the power grid; ¢) each of said power inverters including: 1) a pair of
DC-DC boost converters, one connected to each of said DC power sources, respectively, and
arranged to convert the power source voltage to a higher DC voltage suitable for inversion; i)
a DC power combiner connected to said DC-DC boost converters for combining 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; 1i1) a DC-AC inverter connected
to said DC power combiner and arranged to invert the DC power to AC power with voltage
higher than the incoming AC power voltage; iv) an internal AC powerline that combines the
generated AC power with the external AC power from the power grid; v) a load interface
circuit connected to said DC-AC inverter and to said internal AC powerline, said load
Iinterface circuit being arranged to filter high-tfrequency components out of the said DC-AC
inverter's AC output; vi) an MFA microcontroller connected to said DC-DC boost converters,
DC-AC 1nverter, and load interface circuit, said microcontroller arranged to monitor the DC
boost voltage, control the DC-DC boost converter, perform maximum power point tracking

(MPPT), pertorm DC-AC mversion and AC power synchronization, monitor AC current and

2a
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voltage for generated power amount and status, perform powerline communications, and
perform logic controls; 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; viii) 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 1x) a sohd 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.
According to still another aspect of the present invention, there 1s provided 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 m DC power input ports, where m is an integer greater than or equal to
one, an AC power input port, and an AC power output port, each of said DC power input ports
having onc DC power source connected thereto; b) said AC power output port of cach 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 connected to a power service panel of the power grid; ¢) each of said
power inverters including: 1) m number of DC-DC boost converters, one connected to each of
saild DC power sources, respectively, and arranged to convert the power source voltage to a
higher DC voltage suitable for inversion; 11) a DC power combiner connected to said m
number of DC-DC boost converters 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; 111) a DC-AC inverter connected to said DC power combiner and
arranged to invert the DC power to AC power with voltage higher than the incoming AC
power voltage; 1v) an internal AC powerline that combines the generated AC power with the
external AC power tfrom the power grid; v) a load interface circuit connected 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 inverter's AC output; vi) an MFA
microcontroller connected to said DC-DC boost converters, DC-AC inverter, and load

interface circuit, said microcontroller arranged to monitor the DC boaost voltage, control the

2b
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DC-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; 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; vii) a line sensing circuit connected to said internal AC
powerline and said microcontroller for detecting the phase and zero-crossing point ot the
incoming AC power from the power grid; and ix) 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.

The smart and scalable power inverters described in this patent overcome these
shortcomings and provide great scalability and flexibility to easily and cost-effectively install
a photovoltaic solar power system with optimal power generation efficiency.

In the accompanying drawing:

Figure 1 1s a block diagram illustrating a smart single-input power inversion and
optimization system where one power inverter inverts the DC power from one DC source to

single-phase AC power.

Figure 2 i1s a block diagram illustrating a 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 inverters daisy chain, each ot which

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

Figure 4 1s a block diagram illustrating a smart single-input three-phase power
inversion and optimization system where two or more smart power inverters daisy chain, each

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

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

2C
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Figure § is a block diagram ilustrating a smart muiti-input power inversion and

(g

optiunization system where two or more smart power wverters daisy chamn, each of which

-""‘(

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

Figure 7 is a block diggram illusirating a smart multi-input theee-phase power
mversion and optinuzation system where two or more smart power mverters daisy chain,
each of wihich wmverts the DC power from multiple BC sources to three-phase AC power.

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

mverts the DC power from one DC source 1o single-phase AC power.

Figure 9 1s a block diagram illustrating a smart dual-input power inverter that

.lﬂ

30 power from two DU sources lo single-phase AC power.

.

nverts the
Figure 10 is a block diagram illustrating & smart multi-lnput power inverter that
mverts the DC power from multiple DC sources to single-phase AC power.

T Y
] A
1 b ]

Figure 11 15 a block diagram illustrating a smart single~input three-phase power

mverter that inverts the DBC power from one DC source to three-phase AC power.

Figure 12 18 a block diagram iiﬁf.ustratiﬂg 2 smart multi-<inpet threg-phase power

inverter that inverts the DC power from multiple DC sources to three-phase AC power.
'{:‘: _‘;‘ os 1 T} : , b«i ,»-I-,..J' _ d: . }§ o ' :L
Figure 13 15 a block diagram illustrating & smart power mversion and optimization

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

ure 14 is a block diagram illustrating a smart three-phase power inversion and
optimization system where one smart dual-input power nverter, one smart triple-input
power mverter, and a number of smart multi-imput power Inverters in a mixed variety daisy
chain tc generate three-phase AC power.

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

Figure 16 is a flow chart describing the key components, fumctions, and steps in

‘!

the mterrupt service routine embedded m the MFA microcontroller

the term "mechanism”™ 1§ used heremn to represent hardware, software, or any

combination thereof

Lo
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Deseription

Figure 1 1s a block diagram lusirating a smart smgle-imput power mversion and

optimization system where one power inverter fnverts the DC power from one DU source

to single-phase AC power. The system comprises one power nverter 10, one DC power

oL

source such as a solar module 280, an mwwverter’s AC power output port 12, an mverter's
DC power port 14, a DC source’s DC power connector 16, 2 DC power cabic 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 AU power inversion and optimization system, where one
2C 1o AC power inverter connects to a DC source on one end, inverts the BC power to
single-phase AC power, and outputs the AC power to the power grid 28 via the AC
powerline 24 and the power service panel 26. If the DC source s & photovoltaic (PV)

1

Q¢

C.)..{

solar module, this can be considered a personal solar power system that could

W

pbtained.

""[’j

Figure 2 is a block diagram illustrating a smart single-input three-phase power

imversion and optimization system: where one power inverter nverts the DC power from

yr>

one DU source to three-phase AU power. The system comprises one power wverter 30,
one DC power source such as a solar module 40, an mverter’'s AC power output port 32,
an inverter’s DC power port 34, a DC power comnector of the DC source 36, a DO power
cable 38, a thres-phase AC powerline 44, a three-phase power sérvice panel 46, and the
three-phase power grid 48. The DC to AC power inverter connects to a DC source on one
end, mnverts the DU 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 sing'ie-finput power nversion and
optimization system where two or more power verters daf sy chain, each of which mverts
the DC power from one DC source to single-phase AC power. The sysiem cos Mprises o

smari power wmveriers 50 and ihe same number of DC power sources 60. Each smart

power inverier wmprises an AC power input port 31, an AC power output port 32, and 2

'J

T

DC power port 54. Each DC power source such as a solar module 60 comprises a DC
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power connector 36 and is comnected to its correspending power inverier via a DC power

!

cable D8, respectively. All the smart power mverters 50 daisy chain, where the {irst power

T

mverter's AC mput port 533 18 lefi

.P

- open, and the last power mverter's AC outpuat port 35 18

A

connected o a power service panel 66 via the single-phase AC poweriine 64, The AU

power generated by the system is s‘upplieé to the power grid 68,

Throughout this document, n=1, 2, 3, ... . as an nteger. Based on the design of
the smart and scalable power mverter, there could be a limit to the actual number of

mverters that can daisy chain. This s because the total generated AC cwrreni cannot

.-. -—

exceed the lmit of the connected branch circuit breaker in the power service panel For

each power service panel, mulliple branch circuiis can be added based on the desired

power gensration requirernents of the application.

‘b-\

Without losing generality, iet us say n=16 as an example. That means, {6 smart
power mverters can daisy chain, where the AC output port of a smart power inverter
connects to the AC mput port of the next smart power inverter, and 50 The first power

>

mverter’s AC mput port is leff open, and the last power nverter’s AC output port is

rws#

connected to an AC power service panel so that the generated AC power can be sent to
the power grid. This method greatly simplifies the wiring job when installing a PV solar
power systent.

Although we say the power inverters daisy chaln, where the cutput port of each

power mverier i connected to the mput port of the next power mverter, the actual

connection of the mverters is pass-through. That means, the generated AC power {rom

(

cach power inverter is added in paralie 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 mwverter will be
swiched off actomatically 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
will continue to work.
Figure 4 is a block diagram illustrating a smart single-input t.hrfe'e:-_'p}mjs e pawer

1

mversion and optinuzation system where two or more power nverters daisy chain, each of

1\

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

LA
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comprises v smart power inverters 70 and the same number of DC power sources 8(.
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 a solar moduie §0 -C'*C}mpf.’iSC'S 2

CJ

B power connector 76 and 15 connecied to s corresponding power inverter via a i

’I .

4 +

power cable 78, respectively. All the smart power mverters 70 chai, where the iirs

'

power mverier’'s AC mput port 73 is left open, and the last power inverter’s AC output

."..

port 75 is connected to a three-phase power service panel 86 via the three-phase AC
nowerime 84, The AL power generated by the system is supplied to the three-phase
power grid 88,

Pigure 5 15 a block diagram dlustrating a smart dual-input power inversion and

opimmization 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

comprises n smart dual-input power inverters 90 and two times more of the DC vower

sources 181, so the total number of DC power sources is 2xn (2 times n). Each IDC power
source such as a solar module 100 comprises a DC power connector 96. Each smart dual-
mput power mverter has two DC power ports 94 and 95 commecting to thekr
corresponding DC sources via DC power cables 98 and 99, respectively. Fach smart
power mverter comprises an AC power input port $1 and an AC power output port 92,
All the smart power inverters 90 daisy chain, where the first power inverter’s AC input
port 101 - ieft 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 @ block diagram ilfustrating a smart multi-input power inversion and
optimmzation system where two or more power inverters daisy chain, each of which inverts

]

the DC pcw° from multiple DC sources to single-phase AC power. Without losing

generality, tne system comprises n smart multi-input power inverters 110, each of which

{20 has a DC

e rwrh

has multiple DC power input ports 113, 114,..., 115, Each DC source

power connecter 116, For each smart multi-input power nverter, m DC sources 120 are

connected to thew corresponding power inverter via DC power cables 117, 118, ..., 119,

4 1 4
)

respectively. Each smart power inverter comprises an AC power input port 111 and an
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AC power output port 112. All the smart power inverters 110 daisy chain, where the first
power nverter’'s AC mput port 121 15 left open, and the last power mverter’'s AC output

port 123 s connected to a power service panel 126 via the single-phase AC powerline

124 The AC power generated by the system is supplied to the power grid [28. With this
scalable scheme, there are nxm (o times m) DC power sources such as PV solar modaules
1 : i SR 2 o w et
120 m 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,
Throughout this document, m=1, 2, 3, ... as an integer. The smart and scalable
nower invertier can be designed with single-input (m=1), dualanput (in=2), triple-mput

{m=3), quad-input {(m==4), and so on. Practically, various smart power inverter products

ik,

ally useful, meet

‘F’ﬂ‘u

,’

can be designed with a different number of inputs. They have {o be practic
branch circuit Hmit requirements, and make economic sense depending on the applications.
Swice cach smart multi-input power mverter can handle m DC power sources, i is much
more cost effective than the one-on-one design where a power mverier is reguired for

A

cach DU source. In addition, n smart multi-input power inverters can daisy chain through

.i.i
-~

thewr AC power ports so that the wiring job can be significantly reduced during the

C -

instatiation of the solar power system.

%
A=y .
Y

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

is limited by the total power generated by alf the DC sources connecied in 2 sub-system

4
o
1741
Lo
}-‘
yod

sources. I & branch circuit can take the total power generated by 16 DC sources a

example, we can daisy chain § dual-input power lnverters or 4 quad-input power inverters
1o meet this requirement. More branch civeuits can always be added to a power service
panel if there are a large number of DC sources in the system. In this case, the solar power

system will include a number of sub-systems, cach of which includes nxm DC sour CES.

’.'

Figure 7 is a block .di;agmm ithustrating & smart muiti-input three-ph

phase power

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

Without losmg generality, the system comprises n smart multi-input power mverters 130,
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each of which has m DC power input ports 133, 134,..., 135, Each BXC power source 140
has a DC power connector 136. For each smart multi-input power inverter, m DC sources
140 are connecied to thewr corresponding power mverter via DT power cabies 137, 138,

39, respectively. Bach smart power tnverter comprises an A AL power foput port 131

and an AC power output port 132, The n smart power Inverters 130 daisy chain, where

the first power inverter's AC mput port 141 1s lefi open, and the last power inverter’s AC

power grid 148,

Figure § is a block diagram illustrating a smart single-input power inverter that
mverts the BC power from one DC source to single-phase AC power. The smarst single-
mput power inverter 150 comprises a BC-BC boost converter 154, a DC-AC inverter
156, a load interface circuit 158, a solid-state switch civcult 166, an MFA microcontrofler
162, a line sensing circuit 164, an interface circuit for powerline communications 166, a
powerling communications Modent 168, and a DC power supply 170.

The MFA microcontroller 167 as well as the ones to be described in Figures 9, 10,

oAy

H, and 12 are small computers on a single integrated circuit ({C) or a set of ICs that

consists of a central processing unit {CPU) combined with fanctions and peripherals

mciuding a crystal osciliator, timers, watchdog, serial and analog I/Os, memory modules,
pulse-width-modulation (PWM) generators, and user software programs. A 32-bit high-

performance floating-point microcontroller is selected for this application. The MFA

microcontrolier performs real-time control and optimization functions for the smart and

"‘l

scalable power mverter, in which Model-Free Adaptive (MFA) controllers are used to
control the 13U-DC boost converter, and MFA optinuzers provide maximum power point
tracking (MPPT} to allow the power inverter to achieve optimal power production. The
MEA control and optimization technologies have been described i U.S. patents

6,055,524, 6,556,980, 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.
3 I

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

converter 194, As an cxampie, a standard 24V PV solar module will produce a usable DC
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power in the range of 24V to 40V DC up 10 &A. In order to produce commercial 240V
AC power, the incoming D voltage needs to be boested to a minimal usable value such

as 176V D, Inauctors, capacitors, diodes, switches, and controlied PWNM (pulse width

modulation) signals are used to perform the DBC voltage boost. The BC power is then
mverted 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 10 be combined with the
AC power it the miemal AC powerline 159, The high frequency components of the

generated AC power are being filtered by the load interface circuft 138. A solid-state
switch 160 controlied by the MFA microcontroller 182 is used to isolate the internal AC

poweriine 159 from the external AC powerline 172 when solar power s not being

generated. This way, consumption of AC power from the power grid by the solar power

R

unit will be minimized during the non-generation time. A line sensing circuil 164
connected to the AU powerline 1359 s uwsed to deteet the phase and zero~crossing point of
the ncoming AC power from the power grid. The phase and zero-crossing point signals
are sent to the MEA microcontroller 162 for AC power synchronization (o assure that the
power mverter provides high quality synchronized power to the grid. A powerline
communications Modem 168, which s isolated by an wnter{ace circuit 166, {s used to

\

cstablish a 2-way mt‘xtai wnal communication between the MEFA microcontroller 162 an

d

the outside world through the AC powerline. This wayv, no extra digital signal lines are
ngeded since the digital signals are embedded inside the AC power signal. The external AC
powerine 172 is tapped by a power supply 170 to supply DC power to the electronic

componets of tive power inverfer.

The MIEA microcontroller 162 is used to perform a mumber of tasks including (i)

monitormg the DU boost voltage, (if) controlling the DC-DC boost converter, (i)
performing maximum power point tracking (MPPT), (v} performing DC-AC inversion
and AU power synchronization, {v) monitoring AC carrent and voltage for generated
power amount and status, (vi} performmg powerline communications, (v} performing
logic controls such as AC powerline switching and isolation.

Figure 9 15 a block diagram illusirating a smart dual-input power nverter that

mverts the DO power from two DC sources to smgle-phase AC power. The smart dual-
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wmput power inverter 180 comprises 2 DC-DC boost converters 183, 184, a2 IXC power

combiner 185, a DC-AC Inverier 186, a load interface circuit 188, a solid-staie switch
civcuit 190, an MFA microcontrolier 192, a line sensing circuit 194, an inferface civeuit for
powerline communications 196, a powerline communications Modem 198, and a DC
power supply 200. The power from DC sources 181, 182 is delivered to the
corresponding DC-DC boost ¢o ers 183, 184, respectively. The DXC power is then

combined in the DC power combiner 185. The total combined DC power is inverted to

AL power with voltage larger than 240VAC by the DC-AC inverter 186. The generated
AL power goes through the load interface circuit 188 to be combined with the AC power
in the internal AC powerline 189, A solid-state switch 190 coniroiled by the MFA
muicrocontrolier 192 is used to isolate the nternal AC powerline 189 from the external AC

powerime 2(2 when soelar power is nel being genierated. A Hine semsing circuit |94

.'i
N

comnected to the AU powerline 189 is used to detect the phase and zero~crossing point of
the ncoming AC power from the power grid. The phase and zero-crossing point signals
are sent to the MEA microcontrolier 192 {or AC power synchronization to assure that the
power nverter provides high quality synchronized power to the grid. A powerling
conununications Modem 198, which is isolated by an interface circuit 196, is used to
establish a 2-way digital signal communication between the MFA microcontrolier 197 and
the outside world through the AC powerline. The external AC powerlite 202 is tapped by
a power supply 200 to supply DT power to the electronic components of the power
inverter. The MFA microcontrolier 192 is used to perform a number of tasks including (§)
monitering the DC boost voltage from each DC-DC boost converter, (ii) controlling the
DC-BC boost converters, (i) performing maximum power point tracking (MPPT) for

cach DC source, {(iv) performing DC-AC inversion and AC power synchronization, (v)

monitoring AU current and voltage for generated paiwm amount and status, (Vi)

X.

7o,

performmg powerline communications, (Vi) performing losic econtrols such as A
poweriine switching and isolation.

. N

igure 10 18 a block diagram Hlustrating a smart multi-input power inverter that

mverts the 1O power from multiple DC sources to smgle-phase AC power. The smart
muiti-mput power mverter 206 comprises m DC-DC boost converters 212, 213,..., 214, a
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DC power combiner 213, a DC-AC inverter 216, g load interface circuit 218, a solid-state
switch crcuit 220, an MEFA microcontroller 222, a line sensing circuit 224, an mierface
civeult for powerline commuunications 226, a powerline communications Modem 228, and

a DC power supply 230. The power from DC sources 208, 209,. .., 210 is delivered to the

-~

corresponding DC-DC boost converters 212, 213.,..., 214, respectively. The DC power is
then combined in the DC power combiner 213. The total combined DC 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 ¢

AU power m the miernal AC powerline 219, A solid-state switch 220 controlled by the
MEA mucroconirolier 222 15 used to isolate the internal AC powerline 219 from the
external AU powerline 232 when solar power is not being generated. A line sensing cireuit

224 connected to the AC powerline 219 is used to detect the phase and zero-crossing

pomt of the meoming AC power from the power grid. The phase and zero-crossing point
signais are sent to the MFA microcontroller 222 for AC power synchronization io assure
that the power inverter provides high quality synchronized power o the grid. A powerline

communications Modem 228, which is isolated by an interface circuit 226, is used to

&a
(i

establisih a 2-way digital signal comumunication between the MFA microcontrolier 222 an

Y

the cutside world through the AC powerline. The external AC powerline 232 is tapped by

‘g

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

wmverter. The MEA microcontroller 222 is used to perform a number of tasks including ()

monitoring the DC boost voltage from gach DC-DC boost converter, (i) contreliing the
DC-DC boost converters, (il performing maximum power point tracking (MPPT) for
each DC source, (v} performing DC-AC inversion and AC power synchronization, (v}
monitoring AT current and voltage for generated power amount and status, (vi)
performing powerline communications, (vii) performing logic controls such as AC
powerhne switching and isolation.

Figure 11 is a block diagram illustrating a smart single~input three-phase power

miverter that wverts the DU power from one DC source to three-phase AC power. The

smart taree-phase single-input power inverter 236 comprises a DXC-DC boost converter

247, a DC-AC inverter 246, s load interface circutt 248, a solid-state switch circuit 250

-
>
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an MU'A microcontroller 252, a line sensing circuit 254, an interface circuit for powerline

communcations 2536, 4 powerline communications Modem 258, and a DC power supply

260. The power from the DC source 238 is delivered to the DC-DC boost converter 242
and s voilage s mncreased to a certam value. The DC power s then mverted to three-
phase AC power with vollage 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
AL power in the internal three-phase AC powerline 24%. A solid-state switch 250

%

controlied by the MFA microcontrolier 252 is used 1o isolate the internal three-phase A

.

powerine 249 from external thre -nhase AC powerline 262 when solar power is not being
generated. A line sensing circuit 254 connecied io the AC poweriine 249 is used o detect
the phase and zero-crossing point of the incoming three-phase AC nower from the power
grid. The phase and zero-crossing point signals are sent to the MFA microcontroller 252
for AU power synchronization to assure that the power verter provides high guality

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

238, which s soiated by an interface circuit 256, is used to establish a 2-way digital signal

('

comnuuication between the MFA microcontroiler 252 and the outside world through the

E

'

AC powerline. The external three-phase AC powerline 262 is tapped by a pOWeEY Su;

"('.5

260 to supply DU power to the clectronic components of the power fnverter. The MFA
microcontrolier 252 is used to perform a number of tasks inchiding (i) monitoring the DC

/'q -

boost voitage from the DC-DC boost converter, (i) controlling the DC-DC boost
converter, (i) performing maximum power point tracking (MPPT) for the DC source, (iv)
performing DC-AC inversion and three-phase AC power synchronization, (V) monitoring
the three-phase current and voltage for generated power amount and status, (vi)
performing powerline communications, {(vii) performing logic controls such as three-phase
AL poweriine switching and isolation.

Figure 12 is a block diagram illustrating a smart multi<input three-phase powes
mverter that inverts the DC power from multiple DC sources to three-phase AC power.

ihe smart mult-input threc-phase power inverter 266 comprises m DC-DC boost

Juch

converters 272, 273,..., 274, a DC power combiner 275, a DC-AC tnverter 276, 2 load

tterface circuit 278, a solid-state switch circuit 280, an MFA microcontrolier 282, u line

-3
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sensing ciwcuit 284, an interface circuit for powerline conununications 286, a powerling
communications Modem 288, and a DC power supply 290. The power from DC 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 s mverted to three-phase AC power with voltage larger than
208VAC by the DC-AC inverter 276. The generated AC power goes through the lfoad
interface ciroutt 278 to be combined with the AC power in the internal three-phase AC
powerline 279. A solid-state switch 280 contrelled by the MFA microcontrolier 282 is
used to solate the internal three-phase AT powerline 279 from the external 'rth.me-ph-a‘se

AL powerime 292 when solar power is not being generated. A line sensing circuit 284

(

connecied to the AC powerline 279 is used to detect the phase and zero-crossing point of
the meoming three~-phase AC pOWer from the power g orid. The phase and zerc -CrOSSing
pomt signals ave sent to the MiA microcontroller 282 for AC power syn.ehronizrat:ien {o
assure that the power mverter provides high quality syachronized power to the grid
powerline communications Modem 288, which is isolated by an interface circuit 286, is
used to estabiish a 2-way digital signal communication between the MFA microcontroller
282 and the outside world through the AC powerline. The external three-phase AL
poweriine 292 1s tapped by a power supply 290 to supply DC power o the electronic
components ot the power mverter. The MFA microcontrolier 282 is used to perform a
number of tasks including (i) monitoring the DC boost voltage from each DC-NC boost

converter, (it} controling the DC-DC boost converters, {iii} performing maximum power

point tracking {(MPPT) for cach BC source, {iv) performing DC-AC inversion and three-
piﬂasa At ._,k)\xf'{:i‘ bynehronzatrgn$ (V} mﬂnlfomnff -ﬁhﬁ t}ﬁ“eefphasc current c@d Ve it-age, for
generated power amount and status, (vi) performing powerline communications, (vii)
performing logic controls such as three-phase AC powerline switching and isolation.

The DC-DC boost converters that can be used in this embodiment are any of a

aumber of well known converters described in the “Power Electironics Handbook” edited
by Muhanunad H. Rashid, published by Academic Press in 2007, including Buck
Converter, Boost Converter, Buck-Boost Converter, Super-Lit Luo Converter, and

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

Hali-Bridge Inverter, Tull-Bridge Inverter, Bifpofiar- PWM  Inverter, Unipolar PWM

b,

Inverter, and Stnusoidal PWM Inverter. The DC combiners used inn this embodiment can
be designed with a circuit that allow the output from all DC-DC boost converters to
connect m paraliel so that all DC currents will be added together. The Powerline Modem
that can be used in this embodiment can be any of a number of commercially available
miegraiec cwouits capable of providing 2-way digital communications through a
poweriine. Other modules discussed in this embodiment including load interface, sofid

¥

state swiich, line sensing circuit, powerline interface cirealt, and DC power supply can be

.l.

impiernented using one or more known combinations of convesntional electronic
components such as resisters, capacitors, inductors, sclid-state switches, transformers,
diodes, transistors, operational amplifiers, and ceramic filters, ete.

rigure 12 13 a block diagram dlustrating a smart power tnversion and optimization

f.ii

system, where one smart single-input power inverter, one smart dual-i -input power nverter,
and a namber of multi-input power inverters in a mixed variety daisy chain to generaie

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 t¢ AC power: the
dual-input power inverter 302 mverts 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 1o AC power. The single-mput power inverter 300 connects to BC source

330 through s U power port 318, DU source’s DC connector 342, and a DC cable 348.

o3
03

The dual-input power Inverter 302 connects to DC scurces 332 and 334 through its DO
power ports 324 and 322, D sources” DT connectors 344, and DC cables 350 and 352,
respectively. The multi-nput power inverter 304 connects to DC sources 336, 338, a:

an
340 through s DU power ports 324, 326, and 328, DC sources’ DU connector 346, and

DC cables 354, 356, and 338 resp fvely.

'.93-

The smart single-mput 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 310 an

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

Yomlm
,_{:.x
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port 306 and an AT output port 308. Without losing generality, within the system, there

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

X i

md scalable power inverters daisy chain, where the first power inverter's AC input port

f":..')

g

306 1s ieft open, and the last power inwverter’s AC output port 3186 is connected to a power

service panel 366 via the single-phase AC powerline 364, The AC power generated by the
L Lo R LN o1 | v .
system is supphied to the power grid 368
Figure 14 15 a block diagram illustrating a smart power inversion and optimization

system where one smart deal-input power inverter, one smart triple-input power inverter,
and a number of smart multi-input power inverters in a mixed variety daisy chain to
generate three-phase AC power. The system comprises a smart dual-input power wmverler
370, a smart triple-input power inverter 372, and n-2 smart multi-input power inveriers
374, 'The dual-input power mverter 370 mnverts DC from two DI sources 378 to AC
power; the triple-mput power inverter 372 mverts D from three DC sources 37R to AC

DOWer; and ewuilti-input power Inverter 374 inverts DC from nuitiple DC sources 38¢

to AC power. Without losing generality, within the system, there could be a number of

smart power nverters having a mixed variety of inputs. All the smart and scalable power

mverters daisy chain, where the first power nverter’s AC input port is left open, and the

N

last power imverter’s AU output port is connected to a power service panel 386 via the
three-phase AC powerline 384. The AC power generated by the system is supplied to the
power grid 38%.

o

igure 15 is a flow chart describing the main software program running n the

e

MEA mucrocontrolier, At Block 390, initialization is taking place in the microcontrolier

device level, peripheral level, system level, and for the interrupt service routine and analog

ana digital control routines. More specifically, mitialization will inclode but is not lmite
to sefting up registers, I/Os, and timers and enabling interrupts for the interru upt service

routine. At the end, it will set Task=1.

N 3

in the main program, there arg two major tasis. Task 1 is related to the control

ang management of the smart and scalable power mverter. Task 2 is related to the

commumcations of the power inverter to the outside world through the vowerline

kv
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Modem. After mitialization, the main program enfers the main loop entry point 392 and

then goes to Block 394,

At Block 394, the program checks to see if Task 1 is scheduled to sun. I the
answer 18 Yes, the program will execute the functions in Biock 396 to (i} turn on/off the
power generation circuit based on the DU power source input and conditions of the power
mverter and AC powerhline, (1) caleulate power statistics such as the amount of power

generated during a certain pertod of time, and (i) perform system diagnosis. Then, it sets
¥

ask=2 and returns to Block 392, which is the entry of the maim loop. When the program

;-

contmues, 1 wili go through Block 394, and reach Block 398. At Block 398, the program
checks to sce if Task 2 is scheduled to run. If the answer is Yes, the program will execute
the functions in Block 4060 to {1} set the unit address for the power mverter, and {1y}
respond to gueries from data gathering or acquisition devices to report the power

3

and returns to Block 392, The mam program runs

el

stafistics. Then, £ sets fask=
continuously based on a preset loop rate to execute the scheduled tasks. At any time an

inferrupt is triggered, the microcontroller immediately processes the pending interrupt

S’ N

Service roufine.

~:a

Figure 16 is a flow chart describing the key components, functions, and steps in
the mnterrupt service routine embedded in the MFA microcontroller. Block 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 ngeds to execute are put nside the ISR to assure these functions are

executed i reai time. At block 404, the ISR saves the current context of the main

program. At Block 436, the ISR reads analog and digital inputs inchuding but not Immuted

:u.

te the voltage and current signals from the DC source, DC-DC boost converter, DC-AQ
mversion circurt, 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 contro! signals are sent out through

the digital output ports to the corresponding DC-DC boost converter(s) and DC-AC

mverter. At Block 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. Afler the TSR exits, the main program

S

contiues from the pomt where it was branched out to execuie the mterrupt service

routine.

L4

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

...... . .
b

4, demonstrate the essence of the scalability of this mvention. Orne can build a smali-scale

1 3

y large-scale PV sclar power system with various numbers and sizes of the smart

'"'C

adVve

-

| 4

and scalabie power inverters of this invention. Regardless of the number and tvpes of DC
sources that cach power inverter can handle, the smart power inverters in the same family

is the summation of the AC power

"qro’h

can ¢aisy cham producing a total AC power that

supplied by each smart power inverter. This “anything goes™ design significantly improves

-~

labiiity, flexibility, user-friendiiness, and return-on-investment (ROY) of renewable

encrgy power generation systems including photovoitaic solar power systems. In addition,
R

an ¢xisting sysiem can be casily expanded by mstalling more solar modules and smart

nower fmverters. This makes the solar power systems attractive to both homeowners and

,’

businesscs where only limited budgets are available and continued investments can be

«

the system over tume. The disclosed mvention couid have stratesic

£

made 1o expan

mporiance (o the renewable energy industry and society.

."‘ .
~J
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CLAIMS:

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

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

left open, and the AC power output port of the last inverter being connected to a power service

panel of the power grid:
c) each of said power inverters including;:

1) a DC-DC boost converter connected to satd DC power source and arranged to

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

11) a DC-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;

i) an internal AC powerline that combines the generated AC power with the

external AC power trom the power grid;

1iv) a load interface circuit connected to said DC-AC inverter and to satd internal

AC powerline, said load interface circuit being arranged to filter high-frequency components out

of the said DC-AC inverter's AC output;

v} an MFA microcontroller connected to said DC-DC boost converter, DC-AC
inverter, and load interface circuit, said microcontroller arranged to monitor the DC boost voltage,
control the DC-DC boost converter, perform maximum power point tracking (MPPT), perform
DC-AC inverston and AC power synchronization, monitor AC current and voltage for generated

power amount and status, perform powerline communications, and perform logic controls;

18
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vi) a powerline modem connected to said microcontroller and said internal AC

powerline through an interface circuitry for transmitting and receiving performance data between

sald microcontroller and said power grid;

vil) 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

viil) 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.

2. The system of Claim 1, in which the output of each of said power inverters is single-phase AC.
3. The system of Claim I, in which the output of each of said power inverters is three-phase AC.

4. The system of Claim 1, in which said MFA microcontroller includes Model-Free Adaptive (MFA)
controllers which control the DC-DC boost converter, and MFA optimizers which provide maximum

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

5. A system for providing AC power to a power grid from a plurality of individual DC power

sources ¢ach having a DC power output port, comprising:

a) a plurality of power inverters, each of said power inverters having two DC power

input ports, 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

left open, and the AC power output port of the last inverter being connected to a power service

panel of the power grid;

c) each of said power inverters including:

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

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

suitable for inversion:
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i) a DC power combiner connected to said DC-DC boost converters for
combining the DC output from both DC-DC boost converters and allowing said DC-DC boost

converters to connect 1n parallel so that all DC currents are added together;

it1) a DC-AC inverter connected to said DC power combiner and arranged to invert

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

iv) an mnternal AC powerline that combines the generated AC power with the

external AC power from the power grid;

v) a load interface circuit connected 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 nverter's AC output;

vi} an MFA microcontroller connected to said DC-DC boost converters,
DC-AC mverter, and load interface circuit, said microcontroller arranged to monitor the DC boost
voltage, control the DC-DC boost converter, perform maximum power point tracking (MPPT),
perform DC-AC version and AC power synchronization, monitor AC current and voltage for

generated power amount and status, perform powerline communications, and perform logic

controls:

vil) 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;

vill) 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

1x) 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.

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

7. The system of Claim 5, in which the output of each of said power inverters is three-phase AC.
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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 inverter to achieve optimal

power production.

9. 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 m DC power input
ports, where m 1s an integer greater than or equal to 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

left open, and the AC power output port of the last inverter being connected to a power service

panel of the power grid;

c¢) each of said power inverters including:

1) m number of DC-DC boost converters, one connccted to each of said DC power

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

suitable for inversion;

11) a DC power combiner connected to said m number of DC-DC boost converters
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;

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

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

iIv) an internal AC powerline that combines the generated AC power with the

external AC power from the power grid;

v) a load interface circuit connected 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 inverter's AC output;
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vi) an MFA microcontroller connected to said DC-DC boost converters,
DC-AC inverter, and load interface circuit, said microcontroller arranged to manitor the DC boost
voltage, control the DC-DC bhoost 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;

vil) 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;

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

ix) 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.
10. The system of Claim 9, in which the output of each of said power inverters is single-phase AC.
11. The system of Claim 9, 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 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 inverter to achieve optimal

power production.

13. The system of Claim 9, in which the said MFA microcontroller is programmed with a main

program to iteratively:

a) turn on and off the inverter's generation circuit based on the DC power source tnput

and conditions of the mverter and AC powerline,
b) calculate the inverter's power statistics;

¢) perform diagnostics for the inverter's status and operation;
22
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d) set the inverter's unit address;

¢) perform powerline communications; and

f) respond to queries from data gathering or acquisition devices to report the power

statistics.

14. The system of Claim 13, in which said MFA microcontroller is further programmed with an

iterrupt service routine (ISR) to:
a) respond to an interrupt;
b) save the current context of the main program;

¢) read voltage and current signals from the DC source, DC-DC boost converter, and

DC-AC inverter;
d) read phase and zero-crossing point data of the AC powerline;

e) perform maximum power point tracking (MPPT) for each DC power source connected

to the inverter;
f) perform DC-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

program can be resumed.

23

CA 2767867 2017-11-21



CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
1/15

........................... i Power §
Service §

---------------------------------------------

''''''''''''''''''''''''''''''

i} Inverter '

T 20
- DC Power

Source

¥io, §

30 f'v) 46
. 32 e |
| Power '

f )

Inverter

- DC Power | |

Source

AR B i 2

¥ig. 2



CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
2/15

...........
AN, L BN AN NI NI L RS AR XX TR Y R,

R S PR e R

48 LA ESLAPEIEIAINOEIBRIYT LI+t rtiSvarryrenaandsdarvraaasnsnssae b b

......
......

vt e e

A
R e e e e e et e

Power

. . .
IIIIIIIIIIIII

- ST - | Inveﬁer 1

tnverter n

/ -

34 ’ 58
56

ir‘& L
I
i

Inverter 2

- r R .

DC Power r

Sotiree n

Source b | | | Source2 | |

—- 3

Fig. 3



CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
3/15

...............................

T T e i i Tt o T e e T T T N Y S Y Y N D Y i, G i e 0

Bo o =2t na A A A R N A R AT gttt T et T e Te T e i'e' et 1 s ' e q L e R AgAnTE 84 ERW P LERE S PR PSR e d ot B g heomPommom o=y

....... Power Power Power

.............

AL LS A, A

P v 4 & = 2 ¥ % vy v vy9 1 m = wwnun-

inverter 2

{ L IEEN -_~-\\I-' - N ... e ' 17" e
V. - '
b N 4
- [ 3 . o |
1 . 1
. :I
o |
{
.

(72y 74 78 74 | 738 74 1 78

Inverter 1

{

} -
? g0 | - 30 L 30
Ny Y Ny Ny T

1

Source i

Source 1| Souarce 2

: l I

| DC Power 1 :é DC Power | ’ DC Power | |

: i Co N
i

o ww




CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
4/15

o s T N o e N M e e Ny e ey - Sm e M Ny et et e e ta ng = o4 4 e ol s 4 aea. 2% 24 A B emhatagaTm e,
L] .

L] - .
-----------------------------------------------------------------------------------------

--------------

..................

Inverter |

Inverter 2 | =t === Invertern

 —

95/‘-.—’ L.J\% ds i L 94

4
' .
¢

N 100 - - 100

{
»

DC Power | | {1 | DC Power | |

| l : . BB ]
i Source 21 | 1 | Sourceni | |

Source 12 Source 22 | | i { Source n2

I .
i : | [

.

V=



CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
S5/15

: [N .
. ™ A
4 - . .
2 . . y . r y
. :
. J . . . v .
L] f .
. . . . . : . . A
. .« . . . . . . w ip " n » SR
........ A o — - ® P . . A | . / g . L8 . . Pl
. pE =g =, =g g =tEsyEY = =y = iyt - A L T i T A A i T T T T e e T e e T . . e e L I I I I T L T T I B I N “ . . A G R 4 v v ¢+ = % v v =W Y v WY YRR OCoow NIRRT O L™ %W Y s 8 mamwwwRs b x LI -
. - 4 . . . )
. .
g "
v .
D . - .
. N . 3 . "y
. oo | ) g L . S k -
-~ 2 RN . T -4 - Pm s A= L I R S "t vy vya et e s At ey Ry d ey s rasndasese W
. -
(8 .. . v E
= 8 . . .
- P . . . . B
0 > .
-
+
L e

..................
1% e T ety ettt tg Ny Wy Yy e '.‘:_

4% 4 v am g sa 4R YA PP RS E P ENTANY P SRR L PRy NS et - vy P AL s AT A R Y YYA ety mrYe s tEm WY ®EM R4 Ay UM WM AT WL W AYW LT PEYY LYY ooy

Power |}

Invertern

TETT

Inverter 2

1157 ]

%,

et b & 4 £ L J

P I R — .

DC Power o - : E DC Power
: } 4 < * LY ’ E l : E

Source 21 1 | | Sourcenl

DC Power :

Source 11 |

oo o

WEPBREEREEE PN

= 118 | - 118
116 ~ 120 :

i .

| DC Power | | | { DC Power| | | | DC Power |

Source n2 |

|

| Source12 |} | | | Source?22 |

1 5 . ' 9 %
I . 3 |
J 1 A £ : '
) - - . S . . i { L [
s 1 e S o 3
\

119 {9 ! 119 | "

T:‘ g
F
I
|

{

120 16 | 120

N N S

DC?POW@*I; | DC Power | | | DC Power |

116 1200 116

]

- Souree Im | { | Source2m | | 77 1 Souree nm

L b 4
P,
4

)

E

—
L o Wi
w——r
"
Ml L e e g

Fig. 6



WO 2011/008944

DC Power

b Source 11

139

|
j ¢ D Power

a 2 Source 12 |
l

176

\\;‘j

DC Power

- Source im

b A o a o o o o o

CA 02767867 2012-01-11

6/15

Power

inverter 7

DC Power |

Source 21 |

T S o S S S S

DC Power

Source 22

DC Power

Source 2m

iig. 7

PCT/US2010/042123

| DC Power L]
j E Source ni j
|

136 E_,/‘

DC Power

|
Source n? !
|

E

DC Power

Source nm

o -
el
2
L-'m"mm-"—uu‘"""‘—-




CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
7/13

\;;MA

Powerline | |

£62

166
— Line
- Sensing

MFA

- .
S
N
oo
I
]
t
t
B A I R I :::‘;‘ ' § - .{
- (D i .‘
~
4
2
€
W
W W W TN W 0 S A ol 0 (s 8 gl O A gl 2 s B 2o W O SOAS 2 SRS 20 g il B g g g, g i g gl Nk i) g i~ gt ogit-aririog?

DC-DC r‘—ib{ DOAC b=

': S
LS
-
< S
4
N .
-
- - - ‘
o : . @ : N
-8 "
' ;) r . = S
."._. p— . L =Y . . ‘\‘q Fop e i ) g )
: S e ..','." YT, GEEN & . v « v v v - cwpw e Y T pavmamaleamauwudnr e b = AP
. ' 5 " by
: : :- -
|. “ .
' n o :
:‘ ‘. \ a
e » | A VA .
. ¥ -
Y A 2: .
J 3 In‘ter 51 it S >
- ' ,' . A ‘. . "
------ NCRL AN i 2 ECREICR i b T PR PR P B, ) .
" . gl . ] R,

: - Inverter e BRI

\;1 56 N 159 160"/ |

158

Boost

APl o Yl

o
G2
o

.....




CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
8/15

Py ey o s
halie el bl .

- * s . ~”s
- Modem | oy, |

N S NN N WA A W it vttt ey

bufle

1
et —— 4

MFA  ——] Lin

N A e | ~ Qancino
Microcontroller < / Sensing

L]
-
-
.
.. PR e . " i o
‘-“- .’ b .
i 1 'Y : L]
» . 'Y
1] -. -
‘> iy Ll
o K Iy
L3 ': .
"N B K h
h - d. .
o - ™ A -
. . - - .'s . L]
F . . 3 . . N - . ! B
. - B LS L)
4 : LY v . L I:
. ' [ Y L)
. | Y .- i . hy
: : "y . d .
. *s X " etn
] . . . . . . > ~ -3 . \‘\'
. ’ — . Wt . \
M - , o> Koy : .
. ) . - 1 <
' . 1 . e e s . . ." .
- o f p‘ L
00 . I~ .
v, A" \.-;lr 4 .“ by
) I
]

Converter |1 | Inverter lLe.gd Inferface ugs
. 1 l | | E .

: — : —- f ™ "/ R E i E }.
\'\_' \\\_ N } )
' Y N PPN : -
T ' ~188 190 P
;
. L | 1
. ,i. ‘

LAl AT o

N A
8 o Solid
Bremecn SWHCH ot

oo LA LA LA A A A A »

el

136

— /__ 185 ;’
Combiner

B
- DC-DC

Boost
{ Converter
2

¥

. SIR U Y P .

]
!
J'
|
|




CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
9/15

C e IR . . . ( - N P N . N X ) ) ) L n . - ——

bl e e B e r g Lo e i o warir e o
- - r-v w " VWY TR RTT Y RTY Y RS Y N L - Lo 4 — ML L yrigereny - L= 3

. A "l A
L e e e e o

Powerhine

r——h‘ i Interface|

}

prpr oy
L L

pr——

o
'

r
4.
[ & . .
L . s
:‘ - - -
. -
]
.‘
A
A
K
- .
3
LA a4 L 2 4 o 4 o 2 4 o & & 2 o o & o & & x 4
WPl Tl Wl B . @ v Gt R & A TN I SV S B ol B g g g L A N i Pl Oy i i v el N N T WA WA By A R J

Lan 4

222
I

|
|
|
|
:

—
. |

:\
- 9 Y . )
P E . i n
E Ae 1} X N I
4 S |
1 )
4 .
- .I

- W -

226
MFA  —— Line
Microcontrolier | /7| Sensing.

Rl D-t 1 L’Q | o ; '
“PY e | peac L-J ;

A ’ WE

Boost i A e . E-
DU B - L [ State | | {1

1 1E '1'} .

-—— e ————— [ ap—
w

-

------------------------

. 1
S i o i Pl - - S S W S-S A S P . g (P, o gy a

.

! /“213 | | 218 <17 220

{ - { i ~ > ' . —
:w: . . e ;’ i : ? 215 | TN N

7 M | . | % E [ - g KC ¢ D(; h :

U DCDC e ) + Power *i

Boost DC Power | | Supply

Converter | —

P | P Combiner | k\z 30

-
b & b A K )
4

e Al Pl wff Pyl el o wOut B whP & W wECE W on L ——t & -

' | ] E Boost
- d { Converter | i

Ak
e el e e

r—ﬁmﬂ- -
E
1
:
i
1
I
i
1




CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
10/15

-----------------

| . fl —
: ;
[ Pewerl ine ‘4——41 e P
- 4*] ¢ Interface » |
1 Modem ace . & 3
i N -0 i
E

B
-
Rale o gl s o Ny N Lt

e T —v—vvﬁ*O.va"--;---\-u'.—-';‘-
s

| MFA ¢——of Line
- Microcontroller --

. Y
e " A A A 4 -

DC-DC e

|
I
. !
- Boost | p%
|
t

r
. 4 [ ] a > "
' N ot ., e N ' - PR . A
- 0 2 .4
"
L
1
W
. -
ot
l ol
[
' 1
' . A
R e T
A
..
.
.
-
v
...... '

-
A L T O L e R I D L R T T T A
‘ +
L
+

238

!.
’- N |
| o Converter |
> =
|
|

AL AN A A - = =
- -

Fig. 11



CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
11/15

t Powerline |

| Modem |
282‘\ | | : S o
N w

MEA
Microcontroller

-~ *vmwﬁvmﬁ-'m-h'a'm-ﬂm‘.mmdﬁ-m .

DC-DC g 4
i Boost | |
| {Converter |—— | Inverter

| y R
N | ~276

~ 275
e

- DC Power | '

Power i ’
, Supply i . |
Combiner | ]

o

i T
| T&“’ DC-DC el |
~y1 | Boost |
{ Converter |
i +




CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
12/15

...............
|T = -7 4 ML PFRE . A ER R Y R R Y AT R P EY AN PR Y Y A Y Y Y WYY Y EYYYY YTY EBYYYY WY ESNS .Y - " - e, = -~ .1...\1.‘ .......................
. - . . - - . - . . R O R I Y Y Y Y O o e e e e v N S
----------

-------------------------------------------------------------

. RN R R LYY YT OO EEEESS W TEE it e e e e S e S e
- ' . N N AL TP T B A R i R A I O RSO

Power hr/j

-t | Inverter n JE’[
|

Inverter 1

.31‘6 T
]

318 | 348
R
L

| | I .E. .
| DCPower{ | ||| DCPowerj | | ||| DCPower

|

b o £k A L o

Source il

Source 11 Source 21

o W W N
Wil
. .

352 344 | 334 REREYPI I aaet

| DC Power | || DC Power |

F Source 22 | | | | Source n?

i : { l
Y

. rnrcvm__

{ DC Power .

Source pm

ad bl e e b o




CA 02767867 2012-01-11

WO 2011/008944 PCT/US2010/042123
13/15

LR R R R R R I R T T T S T N L R e N = b

Y m W E Yl mYEEYYWWEA LW S PN M - mE b on % YA L AR o ko= o= Bt e dos oo e BT

...............
I TN T Tt ety Ty a e e r e e e M M Y B Y PR R s s mmm s Ay A M e =R LA Ar o b ¥y A F+E Y Y rr o hrmt v ovevYmmoum mEE w wmovEomoEo.wmomowrtma ey TV LR P, s RN RN, NN W SRR AR ARG A Y
............................................

L

bl sk

---------

Power I Power

et | Irverter 1 | Inverter o

{

\
'y »
1 )
)

N
) y - h
; t :
} 3
. - ey "

- - . * .. ’ . 1

. . 1 “\
" ‘ . . ' b b : .
' A 8 3 y { . 3 .
3 p : .
: I K
! \ : ¢

. . o _ . . " " . R i
o ) R . 1 - : g e ey

. ] . }

. 1

. ] 1
= 1 3

DC Power

;

-t - [ A A S S A . N R
: . S S A A

! DC Power | _ - DC Power
| | Source 11 ¢ 1 | | | | Source2l | | i | Sourcenl |
J | A I | S -
- ] = i ] ;-

Ei A ' e bl “‘t

E
:
E
E

e ot

"p‘_._..‘n*n--------------- .

AN ' , ]

ji_ f}76 | . l /378 : B ....._ C;SO

DC Power | ! DC Power |

: 1 i 4 I 1 I X .. e Yo 3 i
t Source 12 ; - Source 22 |

| ] 1 i _' | :

DC Power

Source n2

_——
’
i WO i & P o i
e el

B I u e L |
| I , o ' |
i { ' g
[J'l /378 N
— : ';L e ,w‘v, l //80
) -

' b
! }” b g J‘
3
p
+
3

DC Power |
N SR
| Source 23 | | DC Power

| - a |
N B L Source nim

L |

i

-
e el o el el e el i e

ol

2
h'm"'“.'-?'"-m—_. -—li.
A




WO 2011/008944

e s 4 e
1

CA 02767867 2012-01-11

14/15

< Mar )

Initialization

Microcontroller Device [evel
' Peripheral Level
System Level
Interrupt Service Routine
Analog to Digital Control

PCT/US2010/042123

Set Task = |

WA o T R

st S v W ey

N i s, S —

Control & Management

- Turn On/Off Power
Generation Circuits.,

B

| Calcuiate Power Statistics.
Perform Diagnosis.

Set Task = 2.

e o it : — N

[ttt e —— e e
)

Communications

b : —
>
r

Set Unit Address.

"| Respond to Queries from

Data Gathering Devices.
Set Task =1,

Fig. 15




WO 2011/008944

CA 02767867 2012-01-11

15/15

i; Enter ISR
Interrupt Service 1/40
Routine (ISR}

1 .
:
-y o sl sl i b g *- = .d

-

X 404
Save Context. r

Read 1/406

Analog and Digital Inputs.

o . o a4 WA S ale
BB S A - l e iy h b —:'

i Perform Maximum Power "

[ Point Tracking (MPPT).

—— ¥ .

| Perfbm_ DC~AC Inversion ] /4 10
and AC Synchronization |
Functions, J

!

| Write Digital Outputs.
L

412

‘ T"m"- : et

- Restore Context. |

?
i’ Exit ISR

Fig. 16

PCT/US2010/042123



118

Power

Inverter 1

iid.

116

Power
Inverter 2

| Souree I1 |

- DO Pawer

118

116

120

DC Power

Source 12

116

119

113 |

116

DC Power
Source 21

116

118
120

“r

| Source 22

D¢ Power |

120

£

DC Pawer

Source 1z |

116

-

120

{1 Soirce 2m

D¢ Power

Y

- -

- - v

119

D Power

Source nl

\,._.__.,,.,.'

118

116 .7 128
ST

| De Power-
| Sourcen2 | |

§

116

120

DT Power

Sotrge nm

>




	Page 1 - abstract
	Page 2 - abstract
	Page 3 - abstract
	Page 4 - abstract
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - abstract drawing

