wo 2014/004423 A1 [N I NP0 O Y R O

(43) International Publication Date

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

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/004423 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

3 January 2014 (03.01.2014) WIPOIPCT
International Patent Classification: (81)
HO1L 31/02 (2006.01)
International Application Number:

PCT/US2013/047469

International Filing Date:
25 June 2013 (25.06.2013)

Filing Language: English
Publication Language: English
Priority Data:

13/538,473 29 June 2012 (29.06.2012) US

Applicant: EATON CORPORATION [US/US]; 1000
Eaton Boulevard, Cleveland, Ohio 44122 (US).

Inventors: NIRANTARE, Prasanna S.; Ruby -201, Gul-
mohar Orchids, Kharadi, Pune 411014 (IN). BHAVA-
RAJU, Vijay; N104 W14643 Heritage Hills Parkway, Ger-
mantown, WI 53022 (US). ZHAO, Tiefu; 500 W. Bradley
Road, Apt B207, Milwaukee, WI 53217 (US). XU, Jun;
RM?703, Building No. 89, Lane 1101, Ninghong, Shanghai,
201107 (CN). THOMPSON, Christopher Scott; 69
Sylvan Way, Kingston, RI 02881 (US).

Agents: ZIOLKOWSKI, Timothy J. et al.; 136 S. Wis-
consin Street, Port Washington, Wisconsin 53074 (US).

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: SYSTEM AND METHOD FOR CONNECTION OF PHOTOVOLTAIC ARRAYS IN SERIES AND PARALLEL AR-

RANGEMENTS
N ERTER START 10
SCT\Q?JWTP STOP STATUS
36
14
[ P -} 33 18 .
a T PV INVERTER s
i i mvl N
| COMBINER 1 || ‘
BOX !
M P el [ M |eaR] |
S
/16| BRERRER |
saraverven (1 |4
1 ==
i i L32
w0l | | .
1 1
A 5
o || eremert 11 ke ‘NVERLTég
et |0 70FE L | |conare | NVERT fG. 1
coMManDs | | conrol .
VOLTAGES L e
> PARALLEL CONTROLLER
“28

CONTROLLER
VDOLINK
38 > O
BREAKER
CONIGURAION LT CONTROL
30

MPPT VDC REF

(57) Abstract: A system and method for selectively connecting photovoltaic (PV) arrays (14, 16) of a PV power system in series and
parallel arrangements is disclosed. A DC-to-AC power inverter (18) in the PV power system is electrically coupled to a plurality of
PV arrays (14, 16) to receive a DC output therefrom and invert the DC output to an AC output, with the DC- to-AC power inverter
(18) including a DC link that receives the DC output from the plurality of PV arrays (14, 16). A contactor arrangement (34) is posi-
tioned between the plurality of PV arrays (14, 16) and the DC-to-AC power inverter (18), with the contactor arrangement (34) in-
cluding a plurality of contactors that are switchable between an on state and an off state to selectively connect the plurality of PV ar -
rays (14, 16) to the DC-to-AC power inverter (18) in a specified arrangement, so as to control a level of DC voltage received by the
DC-to-AC power inverter (18) from the plurality of PV arrays (14, 16).
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SYSTEM AND METHOD FOR CONNECTION OF PHOTOVOLTAIC ARRAYS
IN SERIES AND PARALLEL ARRANGEMENTS

BACKGROUND OF THE INVENTION

[0001] The present invention relates generally to photovoltaic (PV) power systems
and, more particularly, to a PV array that incorporates a set of contactors that are
selectively operated in order to provide an increased working voltage for a PV inverter

in the PV power system without the use of DC-DC converters.

[0002] PV power systems are power systems that employa plurality of solar
modules to convert sunlight into electricity. PV systems include multiple components,
including photovoltaic modules, mechanical and electrical connections and mountings,
and means of regulating or modifying the electrical output. One common arrangement
in PV systems is for several PV modules to be connected in series to form a PV string,
with multiple PV strings in a PV system then being combined in parallel to aggregate
the current in a PV array. The output of multiple PV arrays can then be combined by
way of a combiner box that aggregates the DC power from the PV arrays and provides a

connection point (i.c., a common bus) for the PV arrays.

[0003] In operation, PV modules generate direct current (DC) power, with the level
of DC current being dependent on solar irradiation and the level of DC voltage
dependent on temperature. When alternating current (AC) power is desired, an inverter
is used to convert the DC energy from the array into AC energy, such as AC energy
suitable for transfer to a power grid. Typical PV inverters employ two stages for power
processing. The first stage of the PV inverter is configured to regulate a widely varying
DC voltage from an array of PV cells, so as to provide a constant DC voltage output.
The second stage of the PV inverter is configured to convert the constant DC voltage to
AC current. Often, the first stage includes a boost converter, and the second stage

includes a single-phase or three-phase inverter system.

[0004] For converting the varying DC voltage of a PV array to the fixed frequency

AC voltage of the power grid, many PV inverters employ a two-stage conversion power



WO 2014/004423 PCT/US2013/047469

circuit that uses a DC link as an intermediate energy storage step, which means that the
converter first converts the varying PV array voltage to a stable DC voltage. The PV
AC-to-DC inverter then subsequently converts the stable voltage into an AC current that
can be injected into the grid. Alternatively, PV inverters can instead employ a single
stage conversion power circuit in which a transformer is employed to boost the AC

voltage.

[0005] With respect to typical two stage PV inverters, one drawback is that such
inverters are inherently less efficient and more costly due to the second stage. That is,
the efficiency of the two-stage inverter is a multiple of the individual stage efficiencies,
with each stage typically causing one-half of the system losses. It would thus be
beneficial to eliminate one stage of the PV inverter, i.¢., eliminate the DC-DC converter,
so as to increase efficiency of the inverter. However, it is recognized that elimination of
the DC-DC converter would result in the inverter having a smaller DC operating
window, as single stage PV inverters are recognized as having a smaller DC voltage
operating window. Thus, in eliminating the DC-DC converter, a mechanism is needed

that minimizes variation of the output of the PV array(s) to the PV inverter.

[0006] Another recognized drawback with existing PV array and PV inverter
arrangements is that the DC power and voltage generated by the PV array groups can
widely vary, as the amount of DC power/voltage generated thereby is dependent on the
temperature at which PV arrays operate and the amount of solar irradiation received by
the PV arrays. Accordingly, the PV inverter may not always be operating at an optimal
working voltage if the amount of DC voltage received from the PV array is less than the
optimal working voltage level. This can occur during periods of cloudy weather or
carly/late in the day, as the level of solar irradiation received by the PV array may not
be adequate at these times. It would be beneficial if the variation of the DC voltage
received by the PV inverter from the PV array could be minimized and that sufficient
DC voltage could be provided from the PV array to allow the PV inverter to operate at
or close to an optimal working voltage, such that the PV inverter operates at a higher or

peak efficiency.



WO 2014/004423 PCT/US2013/047469

[0007] It would therefore be desirable to provide a PV array to a PV inverter that
employs a single stage topology, as compared to a traditional two-stage PV inverter, so
as to provide an increased working voltage and minimize system losses, while still
providing the larger DC operating window of a two-stage design. It would also be
desirable to provide a PV inverter, and technique for controlling thereof, that minimizes
variation of the output of the PV array(s) to the PV inverter and that ensures the PV

inverter is always operating at peak efficiency.
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BRIEF DESCRIPTION OF THE INVENTION

[0008] The present invention provides a system and method for system and method
for selectively connecting PV arrays in a PV power system in series and parallel
arrangements, so as to eliminate the need for a DC-DC conversion in a PV inverter and

improve efficiency in the PV power system.

[0009] In accordance with one aspect of the present invention, a PV power system
includes a plurality of PV arrays each configured to generate a DC output from received
solar irradiation and a DC-to-AC power inverter electrically coupled to the plurality of
PV arrays to receive the DC output therefrom and invert the DC output to an AC output,
the DC-to-AC power inverter including a DC link that receives the DC output from the
plurality of PV arrays. The PV power system also includes a contactor arrangement
positioned between the plurality of PV arrays and the DC-to-AC power inverter, the
contactor arrangement including a plurality of contactors that are switchable between an
on state and an off state to selectively connect the plurality of PV arrays to the DC-to-
AC power inverter in a specified arrangement, so as to control a level of DC voltage

received by the DC-to-AC power inverter from the plurality of PV arrays.

[0010] In accordance with another aspect of the invention, a method for controlling
the DC voltage provided to a PV inverter from a plurality of PV arrays is provided. The
method includes the steps of measuring a DC voltage on a DC link of the PV inverter or
from each of a plurality of PV arrays, comparing the DC voltage to one or more voltage
thresholds of the PV inverter, and controlling an operating state of each of a plurality of
contactors in a contactor arrangement based on the comparison of the DC voltage to the
one or more voltage thresholds of the PV inverter, with the contactor arrangement being
connected between the PV inverter and the plurality of PV arrays to control a level of
DC voltage received by the PV inverter from the plurality of PV arrays. In controlling
the operating state of each of a plurality of contactors, the method further includes the
steps of operating each of the plurality of contactors in an on state or an off state so as to
selectively connect the plurality of PV arrays to the PV inverter in a determined

arrangement, the determined arrangement comprising a determined number of PV
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arrays in a series arrangement and a determined number of PV arrays in a parallel

arrangement.

[0011] In accordance with yet another aspect of the invention, a PV power system
includes a plurality of PV arrays each configured to generate a DC output from received
solar irradiation and a PV inverter electrically coupled to the plurality of PV arrays to
receive the DC output therefrom and invert the DC output to an AC output usable by a
load connected to the PV inverter, with the PV inverter including a DC link that
operates at a variable DC link voltage that is determined by the PV inverter according to
a global maximum power point tracking (MPPT) algorithm. The PV power system also
includes a contactor arrangement positioned between the plurality of PV arrays and the
PV power inverter that includes a plurality of contactors that are switchable between an
on state and an off state to selectively connect the plurality of PV arrays to the DC link
and so as to control a level of DC voltage received by the PV inverter from the plurality
of PV arrays. The PV power system further includes a controller in operable connection
with the contactor arrangement, the controller being programmed to control operation of
the contactor arrangement so as to cause the DC output provided from the plurality of

PV arrays to the PV inverter to exceed a minimum PV inverter operation voltage value.

[0012]  Various other features and advantages of the present invention will be made

apparent from the following detailed description and the drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The drawings illustrate preferred embodiments presently contemplated for

carrying out the invention.
[0014] In the drawings:

[0015] FIG. 1 is a block schematic diagram of a PV power system incorporating a
selectively modifiable contactor arrangement according to an embodiment of the present

invention.

[0016] FIG. 2 is a block schematic diagram of a selectively modifiable contactor
arrangement included in the PV power system of FIG. 1 according to an embodiment of

the present invention.

[0017] FIG. 3 is a block schematic diagram of a selectively modifiable contactor
arrangement included in the PV power system of FIG. 1 according to another

embodiment of the present invention.

[0018] FIG. 4 is a block schematic diagram of a PV power system incorporating a
selectively modifiable contactor arrangement and partial rating DC-DC converter

according to an embodiment of the present invention.

[0019] FIG. 5 is a block schematic diagram of a selectively modifiable contactor
arrangement and partial rating DC-DC boost converter included in the PV power system

of FIG. 4 according to an embodiment of the present invention.

[0020] FIG. 6 is a block schematic diagram of a selectively modifiable contactor
arrangement and partial rating DC-DC boost converter included in the PV power system

of FIG. 4 according to another embodiment of the present invention.

[0021] FIG. 7 is a graph illustrating the voltage distribution for the contactor

arrangements, with and without a DC-DC converter, shown in FIGS. 3, 5, and 6.
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[0022] FIG. 8 is a block schematic diagram of a selectively modifiable contactor
arrangement and partial rating DC-DC buck converter included in the PV power system

of FIG. 4 according to another embodiment of the present invention.

[0023] FIG. 9 is a graph illustrating PV array voltages and DC link voltages for a PV

power system connected to a single phase 240 VAC system.

[0024] FIG. 10 is a graph illustrating PV array voltages and DC link voltages for a
PV power system connected to a single phase 277 VAC system.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0025] The embodiments of the invention set forth herein relate to a system and
method for selectively connecting PV arrays in a PV power system in series and parallel
arrangements, so as to eliminate the need for a DC-DC conversion in a PV inverter and

improve efficiency in the PV power system.

[0026] Referring to FIG. 1, a photovoltaic (PV) power system 10 is illustrated
according to an embodiment of the invention. The PV power system 10 includes a
plurality of PV arrays 12, with each of the PV arrays 12 being configured to generate a
DC power responsive to received solar irradiation. Each of the PV arrays 12 is
composed of a plurality of parallelly connected PV strings (not shown), with each of the
PV strings including a plurality of modules (not shown) therein that are connected in
series to generate a DC power. While only a first PV array 14 and a second PV array 16
are shown in FIG. 1, it is recognized that the number of PV arrays in PV power system
10 can vary, with two, three, four or more PV arrays 12 (e.g., cight PV arrays) being

included in the PV power system 10, for example.

[0027] Also included in PV power system 10 is a PV inverter 18 (i.e., DC-to-AC
power inverter) configured to convert a varying DC voltage received from PV arrays 12
to a fixed frequency AC current (i.e., a DC-to-AC conversion) for use by an AC load,
such as a power grid 20. The PV inverter 18 includes an input 22 electrically coupled to
the PV array groups 12 to receive a DC voltage therefrom, a plurality of switches (not
shown) that convert the DC power to an AC power, and an output 24 to transfer the AC
power through a filter 26 (e.g., LC filter, LCL filter, etc.) and to the AC power grid 20.
An inverter controller 28 associated with PV inverter 18 functions to control switching

of the plurality of switches in the PV inverter 18 in order to output a desired AC power.

[0028] According to an exemplary embodiment of the invention, PV inverter 18 is
configured to perform a system level (i.e., “global”) maximum power point
tracking (MPPT) in PV power system 10 according to an array power algorithm

implemented thereby, indicated at 30. In performing such a global MPPT, PV inverter
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18 functions to get the maximum possible power from the PV array 12 by dynamic
loading of the PV array to obtain maximum power for any given environmental
conditions. One embodiment of the PV inverter 18 functions is to control the voltage on
the DC link 32, Vp¢, according to the MPPT instituted by the array power algorithm
based on the desired or required power to be output from the PV power system 10, and
essentially defines the current that the inverter 18 should draw from the PV arrays 12 in
order to get the maximum possible power (since power equals voltage times current) for

the PV system 10.

[0029] As shown in FIG. 1, according to an exemplary embodiment of the invention,
the PV arrays 12 are electrically coupled to PV inverter 18 by way of a combiner box 34
positioned therebetween. The combiner box includes therein a contactor arrangement or
circuit breaker arrangement 36 that functions to selectively connect the PV arrays 12 to
the PV inverter 18 in a desired/specified arrangement. While the contactor/circuit
arrangement 36 is referred to hereafter as a contactor arrangement, it is recognized that
the arrangement can include any of a number of suitable switching devices therein (not
just contactors), including IGBTs, SCRs, circuit breakers, and/or relays, for example,
and thus the term “contactor” as used here below is meant to encompass each of the
above identified switching devices. The contactor arrangement 36 is controlled to
selectively connect a desired number of the PV arrays 12 in a specified series
arrangement or parallel arrangement, so as to control a level of DC voltage received by
DC link 32 of the PV inverter 18 from the PV arrays 12. While the contactor
arrangement 36 is shown in FIG. 1 as being incorporated into combiner box 34, it is
recognized that the contactor arrangement 36 may be integrated into PV inverter 18,
according to another embodiment of the invention. According to yet another
embodiment of the invention, in a high power system, contactor arrangement 36 may be
integrated into a re-combiner box that receives the output of multiple combiner boxes,

with the output of the re-combiner box being provided to DC bus 32 and PV inverter 18.

[0030] By seclectively connecting the PV array groups 12 to the PV inverter 18 in a

specified series arrangement or a parallel arrangement, the amount/level of voltage
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provided from the PV array groups 12 to the DC link 32 of PV inverter 18 can be
controlled. For example, with respect to the first and second PV arrays 14, 16 in FIG. 1,
connecting the PV arrays to the PV inverter 18 in the series arrangement serves to
“double” the level of the voltage on the DC link 32 and received by the PV inverter 18
as compared to the level of DC voltage received by the PV inverter 18 when the first
and second PV array groups 14, 16 are connected in the parallel arrangement. As used
herein, the term “double” is meant to encompass an actual doubling of the DC link
voltage and also an approximate doubling of the DC link voltage provided by the series
arrangement as compared to the DC link voltage achieved in the parallel arrangement,
since it is recognized that the voltage output of the first PV array 14 and the second PV
array 16 may not be identical and that the arrangement thereof in a series arrangement

may thus not be exactly double that of the parallel arrangement.

[0031]  Such a controlling of the working voltage of the PV inverter 18 is especially
beneficial for operation of a PV power system 10, as it is recognized that the DC power
and voltage generated by PV arrays 12 is dependent on the amount of solar irradiation
received by the PV arrays and is thus highly variable. Accordingly, the selective
connecting of the PV arrays 12 to the PV inverter 18 in a specified series arrangement
or parallel arrangement that is provided by contactor arrangement 36 in combiner box
34 allows for controlling of the working voltage at which the PV inverter 18 operates.
The variation of the DC voltage received by the PV inverter 18 from the PV arrays 12
can thus be minimized and the PV inverter 18 can be operated at an optimal working
voltage within a DC voltage operating window, such that the PV inverter 18 operates at
a higher or peak efficiency. In selectively connecting the PV arrays 12 to the PV
inverter 18 in a specified series arrangement or parallel arrangement via contactor
arrangement 36, it is recognized that the range of DC voltages for maximum power
point (MPP) voltage of the PV array is predefined and that the control and management
of the contactor arrangement 36 is based on observed voltages and powers for a given

PV array size.
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[0032] To control actuation/switching of contactor arrangement 36, and the
corresponding amount/level of voltage provided from the PV arrays 12 to the PV
inverter 18, a series/parallel controller 38 is provided in PV system 10 that is
operationally coupled to the contactor arrangement 36. According to an exemplary
embodiment of the invention, series/parallel controller 38 is in the form of a separate
dedicated controller for contactor arrangement 36. It is recognized, however, that
series/parallel controller 38 could be integrated into inverter controller 28, such that a
single controller would control functions of PV inverter 18 along with the controlling of
contactor arrangement 36. The series/parallel controller 38 develops and implements a
switching strategy to control switching of contactor arrangement 36 such that the PV
inverter 18 is operated within a pre-determined voltage operating window, between a
minimum voltage value and a maximum voltage value (i.e., upper and lower voltage

limits).

[0033] According to one embodiment of the invention, the series/parallel controller
38 is configured to measure the DC voltage output from the PV arrays 12 and, as such,
the series/parallel controller 38 may include voltage sensors 40 to measure the DC
voltage, with the DC voltage being measured on a continuous basis or on a periodic
basis at certain pre-determined intervals, such that the contactor arrangement 36 is
dynamically controlled during operation of the PV arrays 12 and the PV inverter 18.
Alternatively, and according to another embodiment of the invention, the series/parallel
controller 38 is configured to measure the DC voltage on the DC link 32. In either
embodiment, the series/parallel controller 38 compares the measured DC voltage to one
or more pre-determined voltage thresholds. According to embodiments of the
invention, the voltage thresholds may be set as the minimum operating voltage of DC
link 32 (i.e., minimum safe or rated DC link voltage), as determined by the AC load 20
connected to PV inverter 18 and/or the MPPT algorithm applied by the PV inverter 18,
and as a maximum voltage rating of the PV inverter 18 or maximum safe operating
voltage of DC link 32. Based on this comparison, the series/parallel controller 38
controls the contactor arrangement 36 to connect PV array groups 12 in one of a

specified series arrangement and the parallel arrangement in order to operate the PV
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inverter 18 in the most efficient manner possible. That is, the series/parallel controller
38 determines if the level of DC voltage to be received by the PV inverter 18 from the
PV arrays 12, with the contactor arrangement 36 switched to connect the PV arrays 12
to the PV inverter 18 in a parallel arrangement, meets a minimum PV inverter operation
voltage value. If so, the series/parallel controller 38 functions to control the contactor
arrangement 36 to connect specified PV arrays 12 in a parallel arrangement. Otherwise,
the series/parallel controller 38 functions to control the contactor arrangement 36 to
connect a specified number of PV arrays 12 in a series arrangement as is deemed
necessary to meet the minimum PV inverter operation voltage value. That is, the
series/parallel controller 38 functions to control the contactor arrangement 36 to connect
the minimum number of PV arrays 12 in a series arrangement that is needed to provide
a level of DC voltage to the DC link 32 that exceeds the minimum PV inverter operation
voltage value (i.e., the minimum DC link voltage). In switching/operating of the
contactor arrangement 36 to connect PV arrays 12 to the PV inverter 18 in a specified
arrangement, it is noted that the PV arrays 12 continue to operate at their maximum
power point (MPP) voltage when connected in the specified arrangement, such that the

efficiency of the PV inverter 18 is optimized.

[0034] According to embodiments of the invention, the switching of contactors in
contactor arrangement 36 to connect the PV array groups 12 in one of a specified series
arrangement or parallel arrangement can be done online or at zero current. When the
altering of the contactor arrangement 36 occurs while PV power system 10 is online, the
series/parallel controller 38 commands switching of contactors in contactor arrangement
36 upon the threshold voltage being reached, thereby causing the voltage level on DC
link 32 to be altered. In altering the voltage level on DC link 32, the DC link capacitors
42 prevent a step change in the DC link voltage and allow the PV inverter control to
react to the change in DC link voltage without affecting the operation thereof. In
addition to functioning to alter of the contactor arrangement 36, the series/parallel
controller 38 also communicates this switching of contactors in the contactor
arrangement 36 to the MPPT algorithm 30. Based on this communication, the MPPT

algorithm 30 corrects the Vpc reference as per the new voltage levels on DC link 32
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caused by the new contactor arrangement, so as to help correct the voltage regulation of

DC link voltage close to the MPPT point on PV inverter start-up.

[0035] When the altering of the contactor arrangement 36 is done at zero current, the
series/parallel controller 38 sends a command to PV inverter 18 to shut down upon the
threshold voltage being reached. As the PV inverter 18 is switched off, the current
through the contactor arrangement 36 in combiner box 34 is zero. The series/parallel
controller 38 then commands switching of contactors in contactor arrangement 36, such
that the transition of the contactors in contactor arrangement 36 is performed/occurs at
zero current. In addition to functioning to alter the contactor arrangement 36, the
series/parallel controller 38 also communicates this switching of contactors in the
contactor arrangement 36 to the MPPT algorithm 30. Based on this communication, the
MPPT algorithm 30 corrects the Vpc reference as per the new voltage levels on DC link
32 caused by the new contactor arrangement, so as to help correct the voltage regulation

of DC link voltage close to the MPPT point on PV inverter start-up.

[0036] In altering the contactor arrangement 36 at zero current, a start-up circuit 44
is employed in PV power system 10 to pull down the PV open circuit voltage below the
maximum safe operating voltage of the PV inverter 18, according to an embodiment of
the invention. If the DC link voltage at PV open circuit is determined to be greater than
a safe operating voltage present on PV inverter 18 upon switching to the new contactor
arrangement, the start-up circuit 44 loads the PV arrays 12 to bring down the DC link
voltage. The series/parallel controller 38 then sends an inverter start command to PV
inverter 18 so as to initiate normal operation therecof. The MPPT control algorithm 30
will generate the PV voltage reference to draw maximum power from the PV power
system 10. According embodiments of the invention, the startup circuit 44 may be a
contactor based circuit that provides a fixed load to PV array 12 or may be a DC-DC
converter based circuit where the load on the PV array 12 could be controlled depending

on the voltage requirements.

[0037] Referring now to FIGS. 2 and 3, exemplary contactor arrangements that can

be implemented in combiner box 34 are shown according to embodiments of the
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invention. It is recognized that the exact construction of contactor arrangement will
vary and is dependent on the voltage requirements of the PV power system 10 and the
number of PV arrays utilized in PV power system 10. Referring first to FIG. 2, an
architecture of a contactor arrangement 50 is provided for selectively switching two PV
arrays 52, 54 into series and parallel arrangements. The contactor arrangement 50 could
be implemented in combiner box 34 for a PV system connected to a 208 VAC grid, in
which the minimum PV inverter DC link voltage required is 320 V. The contactor
arrangement 50 includes three contactors B1, B2, B3 therein that are selectively altered
to an On or Off state, such as by way of series/parallel controller 38 in FIG. 1, for

example.

[0038] The state of contactors B1, B2, B3 is selectively altered to control the voltage
provided to DC link 32 from first and second PV arrays 52, 54. When contactors B1,
B2 are operating in the On state and contactor B3 is in the Off state, first and second PV
arrays 52, 54 are arranged in a parallel arrangement. Conversely, when contactors B1,
B2 are operating in the Off state and contactor B3 is in the On state, first and second PV
arrays 52, 54 arc arranged in a series arrangement, such that a PV array arrangement
with two series stages is provided. In operation, the state of contactors B1, B2, B3 is
controlled (by series/parallel controller 38) in order to keep the voltage provided to the
DC link 32 (of PV inverter 18, FIG. 1) above the minimum required inverter DC link
voltage of 320 V. This arrangement widens the operating voltage range from 160V-
500V instead of 320V-500V. Thus, the arrangement of contactors B1l, B2, B3 in
contactor arrangement 50 at various PV array voltages for maintaining the DC link

voltage above 320 V is summarized in Table 1 as follows:
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PV Array Voltage Number of Series DC Link Voltage ON
(Vev) Stages (Vpe) Contactor
200 2 400 B3
250 2 500 B3
300 2 600 B3
320 2 640 B3
375 1 375 B1, B2
400 1 400 B1, B2
450 1 450 B1, B2
500 1 500 B1, B2
TABLE 1

[0039] In operation of the PV inverter 18 (FIG. 1), it is recognized the positive and
negative DC buses of DC link 32 should not go outside the range of +/- 600 V DC with
respect to ground, such as might occur as indicated in Table 1 when the PV array
voltage is 320 V and the PV arrays 52, 54 are connected in series to generate a DC link
voltage of 640. In such a scenario, secondary contactors Kp, Kn, and resistors Rp, Rn
included in contactor arrangement 50 are implemented to momentarily load the PV
arrays 52, 54 during transition to maintain the voltage within the required voltage range.
The contactors Kp, Kn, and resistors Rp, Rn also help to reduce the DC link voltage of
the PV inverter during inverter start-up, with the PV inverter 18 also functioning to vary

the DC link voltage to match the PV array voltage at start-up.

[0040] Referring now to FIG. 3, an architecture of a contactor arrangement 56 is
provided for selectively switching four PV arrays 58, 60, 62, 64 into series and parallel
arrangements. The contactor arrangement 56 could be implemented in combiner box 34
for a PV power system connected to a 480 V three phase grid, in which the minimum
inverter DC link voltage required is 750 V. The contactor arrangement 56 includes
three contactors B1, B2, B3 therein that are selectively altered to an On or Off state,

such as by way of series/parallel controller 38 in FIG. 1, for example.

[0041] In the architecture of contactor arrangement 56 of FIG. 3, the first and second
PV arrays 58, 60 are always connected in series and the third and fourth PV arrays 62,
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64 are always connected in series. The state of contactors B1, B2, B3 is thus controlled
to selectively provide a PV array arrangement with two series stages or four series
stages. When contactors B1, B2 are operating in the On state and contactor B3 is in the
Off state, the series of the first and second PV arrays 58, 60 is arranged in parallel with
the series of the third and fourth PV arrays 62, 64, such that a two series stage for the
PV arrays is provided. When contactors B1l, B2 are operating in the Off state and
contactor B3 is in the On state, the series of the first and second PV arrays 58, 60 is
arranged in series with the series of the third and fourth PV arrays 62, 64, such that a
four series stage for the PV arrays is provided. In operation, the state of contactors B1,
B2, B3 is controlled in order to keep the voltage provided to the DC link 32 of PV
inverter 18 (FIG. 1) above the minimum required inverter DC link voltage of 750 V,
while desirably staying below a safe DC voltage. Thus, the arrangement of contactors
B1, B2, B3 in contactor arrangement 56 at various PV array voltages for maintaining

the DC link voltage above 750 V is summarized in Table 2 as follows:

PV Array Voltage Number of Series DC Link Voltage ON
(Vpv) Stages (Vbe) Contactor
200 4 800 B3
250 4 1000 B3
300 4 1200 B3
350 4 1400 B3
375 2 750 B1, B2
400 2 800 B1, B2
450 2 900 B1, B2
500 2 1000 B1, B2
TABLE 2

[0042] As shown in FIG. 3, contactors Kp, Kn, and resistors Rp, Rn are included in
contactor arrangement 56 and are implemented to momentarily load the PV arrays 58,
60, 62, 64 during transition to maintain the voltage within the required voltage range.
The contactors Kp, Kn, and resistors Rp, Rn also help to reduce the DC link voltage of

the PV inverter during inverter start-up.
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[0043] Referring now to FIG. 4, a PV power system 70 is shown according to
another embodiment of the invention. The PV power system 70 is similar to the PV
power system 10 of FIG. 2, except that a partial rating DC-DC converter 72 is provided
in the PV power system 70. According to an exemplary embodiment, DC-DC converter
72 is incorporated into a combiner box 74 in conjunction with a contactor arrangement
76; however, it is recognized that the DC-DC converter 72 could also be placed outside
the combiner box 74 as well, according to another embodiment of the invention. The
DC-DC converter 72 is connected to one or more of PV arrays 12 in PV power system
10, such as the PV array 78 shown in FIG. 4. According to embodiments of the
invention, and depending on the architecture of contactor arrangement 76, the DC-DC
converter 72 can be in the form of a boost converter that functions to boost the voltage
of a PV array to the higher voltage of the DC link 32 or can be in the form of a buck
converter that functions to step-down the voltage of a PV array. It is recognized,
however, that the DC-DC converter 72 could also have a different topology other than a
traditional boost or buck converter topology, with the DC-DC converter 72 having any
topology that provides for the stepping-up or stepping-down of voltage.

[0044] Beneficially, the inclusion of DC-DC converter 72 in combiner box 74 in
conjunction with contactor arrangement 76 provides for greater flexibility in the PV
power system 70. For example, the inclusion of DC-DC converter 72 in combiner box
74 in conjunction with contactor arrangement 76 enables having any number of PV
arrays 12 in series, and hence enables controlling of the DC link voltage more precisely
and without having unnecessarily high voltage on the DC link 32. When functioning as
a boost converter, the partial rating DC-DC converter 72 provides for the delivering of
power from those PV arrays 12 not included/used in the series or parallel arrangement
of PV arrays achieved via contactors in contactor arrangement 76, and boosts the
voltage of such a PV array to the DC link voltage. As another example of the flexibility
provided by DC-DC converter 72, the converter can function as a buck converter to
address the unequal power outputs of PV arrays 12 in PV power system 10, such as may
be caused by irradiance variation, shadowing, temperature, etc., that would cause power

to vary unequally between PV arrays.
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[0045] According to an exemplary embodiment of the invention, DC-DC converter
72 is controlled to perform the MPPT for the PV arrays 12 connected at the input of the
DC-DC converter 72. That is, the DC-DC converter 72 does a localized MPPT for the
PV array(s) 12 connected thereto (e.g., PV array 78), such that a better yield can be
achieved as compared to the global MPPT performed by PV inverter 18. This localized
MPPT performed by the DC-DC converter 72, indicated at 80, helps to offset any loss

of yield that is experienced due to losses associated with the DC-DC converter 72.

[0046] Referring now to FIGS. 5 and 6, exemplary contactor arrangements are
shown, according to embodiments of the invention, that can be implemented in
combiner box 74, with a partial rating DC-DC boost converter 72 (or another DC-DC
converter with a topology that provides for the stepping-up of voltage, such as an
isolated DC-DC converter, basic boost, etc.) being incorporated into combiner box 74
along with the contactor arrangement. It is recognized that the exact construction of
contactor arrangement and positioning of boost converter 72 will vary and is dependent
on the voltage requirements of the PV power system 10 and the number of PV arrays 12
utilized in the PV power system. Referring first to FIG. 5, an architecture of a contactor
arrangement 82 and incorporated boost converter 72 is provided for selectively
switching four PV arrays 84, 86, 88, 90 into series and parallel arrangements. The
contactor arrangement 82 could be implemented in combiner box 74 for a PV power
system connected to a 480 V three phase grid, in which the minimum inverter DC link
voltage required is 750 V. The contactor arrangement 82 includes six contactors B1,
B2, B3, B4, B5, B6 therein that are selectively altered to an On or Off state, such as by
way of series/parallel controller 38 in FIG. 4, for example. A partial rating DC-DC
boost converter 72 is provided on the fourth PV array 90, as shown in FIG. 5, to boost
the voltage of that PV array to the higher voltage of the DC link 32.

[0047] The state of contactors B1, B2, B3, B4, B5, B6 is selectively altered to
control the voltage provided to DC link 32 from the four PV arrays 84, 86, 88, 90. In
the architecture of contactor arrangement 82 of FIG. 5, the first and second PV arrays

84, 86 are always connected in series, with the state of contactors B1, B2, B3, B4, B5,
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B6 being controlled to selectively connect the third and/or fourth PV arrays 88, 90 in
series or parallel to the first and second PV arrays 84, 86, so as to provide a PV array
arrangement with two series stages, three series stages, or four series stages.
Additionally, contactor B6 is controlled to selectively connect the fourth PV array 90 to
boost converter 72, such that the boost converter 72 can be bypassed or operating to

condition/boost the power received from the fourth PV array 90.

[0048] When contactors B5, B6 are operating in the On state and contactors B1, B2,
B3, B4 are in the Off state, the series of the first and second PV arrays 84, 86 is
arranged in series with both the third and fourth PV arrays 88, 90, such that a four series
stage for the PV arrays is provided and such that boost converter 72 is bypassed. When
contactors B1, B2, B6 are operating in the On state and contactors B3, B4, B5 are in the
Off state, the third and fourth PV arrays 88, 90 are connected in series, with the series of
the third and fourth PV arrays 88, 90 being connected in parallel with the series of the
first and second PV arrays 84, 86, such that a two series stage for the PV arrays is
provided and such that boost converter 72 is bypassed. When contactors B3, B4, B5 are
operating in the On state and contactors B1, B2, B6 are in the Off state, the series of the
first and second PV arrays 84, 86 is arranged in series with the third PV array 88, such
that a three series stage for the PV arrays is provided. Additionally, when contactors
B3, B4, BS5 are operating in the On state and contactors B1, B2, B6 are in the Off state,
the fourth PV array 90 is left out of the series arrangement of the first, second, and third
PV arrays 84, 86, 88, with the fourth PV array 90 being connected to boost converter 72
such that the boost converter 72 is operational. The boost converter 72 boosts the

voltage received from the fourth PV array 90 to a level of the voltage on DC link 32.

[0049] Thus, the arrangement of contactors B1, B2, B3, B4, B5, B6 in contactor
arrangement 82, and the status of boost converter 72, at various PV array voltages for

maintaining the DC link voltage above 750 V is summarized in Table 3 as follows:
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PV A . Boost
rray Voltage | Number of ON DC Link Voltage

(Vpy) Series Stages Contactors (Vbe) Converter

Status
220 4 BS5, B6 880 Bypassed
260 3 B3, B4, B5 780 Operating
300 3 B3, B4, B5 900 Operating
350 3 B3, B4, B5 1050 Operating
416 2 B1, B2, B6 832 Bypassed
480 2 B1, B2, B6 960 Bypassed

TABLE 3

[0050] For the architecture of contactor arrangement 82 and incorporated partial
rating DC-DC boost converter 72 shown in FIG. 5, the power rating of the boost
converter 72 is 25% of the total power. The arrangement of contactors B1, B2, B3, B4,
B5, B6 and boost converter 72 allows for putting three PV arrays in series, with the
boost converter 72 then boosting the voltage of the fourth PV array to the DC link
voltage. By way of the boost converter 72 implementing a localized MPPT for the
fourth PV array 90, a better overall system efficiency can be achieved as compared to a
PV power system that utilizes a conventional two stage PV inverter that includes a DC-
DC stage. That is, as compared to a conventional two stage PV inverter that includes a
DC-DC stage that provides an overall system efficiency of 98.5%, the contactor
arrangement 82 and boost converter 72 shown in FIG. 5 provide an overall system
efficiency of 99.62% when the state of the contactors is set to put three PV arrays in
series and when the partial rating DC-DC boost converter 72 is used to boost one PV
array (i.c., fourth PV array 90). When two or four PV arrays are in series, the efficiency

1s 100%.

[0051] Referring now to FIG. 6, an architecture of a contactor arrangement 92 and
incorporated boost converter 72 is shown according to another embodiment of the
invention. The contactor arrangement 92 and incorporated boost converter 72 are
provided for selectively switching eight PV arrays 94-108 into series and parallel
arrangements. The contactor arrangement 92 could be implemented in combiner box 74

for a PV power system connected to a 480 V three phase grid, in which the minimum
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inverter DC link voltage required is 750 V. In the embodiment of FIG. 6, the eight PV
arrays 94-108 are lower voltage arrays that give better control range of the DC link
voltage, as compared to the four “higher” voltage PV arrays of FIG. 5 that also provided
power for a 480 V three phase grid in which a 750 V minimum inverter DC link voltage
was required. For example, the PV arrays 94-108 could be configured as 300 V PV
arrays (e.g., a standard 600V array with a midpoint disconnected), with the 300 V PV

arrays being utilized to achieve a more precisely controlled DC link voltage.

[0052] As shown in FIG. 6, the contactor arrangement 92 includes fourteen
contactors B1-B14 therein that are selectively altered to an On or Off state, such as by
way of series/parallel controller 38 in FIG. 4, for example. A partial rating DC-DC
boost converter 72 is provided on the eighth PV array 108 to boost the voltage of that
PV array to the higher voltage of the DC link 32. The states of contactors B1-B14 are
selectively altered to control the voltage provided to DC link 32 from the eight PV
arrays 94-108. In the architecture of contactor arrangement 92 of FIG. 6, the first,
second, third and fourth PV arrays 94, 96, 98, 100 are always connected in series, with
the state of contactors B1-B14 being controlled to selectively connect the fifth, sixth,
seventh, and/or eighth PV arrays 102, 104. 106, 108 in series or parallel, so as to
provide a PV array arrangement with four series stages, five series stages, six series
stages, or seven series stages. Additionally, the contactor arrangement 92 is controlled
to selectively connect some combination of the fifth, sixth, seventh, and eighth PV
arrays 102, 104. 106, 108 to boost converter 72, such that the boost converter 72 can be

operating to boost the power received therefrom.

[0053] When contactors B9, B10, B11, B5, B6 are operating in the On state and the
remaining contactors are in the Off state, the series of the first through fourth PV arrays
94, 96, 98, 100 is arranged in series with the fifth, sixth, and seventh PV arrays 102,
104. 106, such that a seven series stage for the PV arrays is provided and such that the
cighth PV array 108 is left out of the series/parallel arrangement and is connected to
boost converter 72 such that the boost converter 72 is operational. When contactors B9,

B10, B4, B8, B14, B6 are operating in the On state and the remaining contactors are in
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the Off state, the series of the first through fourth PV arrays 94, 96, 98, 100 is arranged
in series with the fifth and sixth PV arrays 102, 104, such that a six series stage for the
PV arrays is provided. Additionally, when contactors B9, B10, B4, B8, B14, B6 are
operating in the On state, the seventh and eighth PV arrays 106, 108 are connected in
parallel and the voltage therefrom is passed to boost converter 72, with the boost
converter 72 operating to boost the voltage therefrom to the voltage level of the DC link
32. When contactors B9, B3, B7, BS, B6, B13, B14 are operating in the On state and
the remaining contactors are in the Off state, the series of the first through fourth PV
arrays 94, 96, 98, 100 is arranged in series with the fifth PV array 102, such that a five
series stage for the PV arrays is provided. Additionally, when contactors B9, B3, B7,
B8, B6, B13, B14 are operating in the On state, the sixth, seventh, and eighth PV arrays
104, 106, 108 are connected in parallel and the voltage therefrom is passed to boost
converter 72, with the boost converter 72 operating to boost the voltage therefrom to the
voltage level of the DC link 32. When contactors B1, B2, B10, B11, B12 are operating
in the On state and the remaining contactors are in the Off state, the fifth through eighth
PV arrays 102, 104, 106, 108 are connected in series, with the series of the fifth through
eighth PV arrays being connected in parallel with the series of the first through fourth
PV arrays 94, 96, 98, 100, such that a four series stage for the PV arrays is provided and
such that boost converter 72 is bypassed.

[0054] Thus, the arrangement of contactors in contactor arrangement 92, and the
status of boost converter 72, at various PV array voltages for maintaining the DC link

voltage above 750 V is summarized in Table 4 as follows:
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. Boost
PV Array Voltage | Number of ON DC Link Voltage
(Vev) Series Stages Contactors (Vo) Converter
Status
B9, BI0, BI1, _
110 7 B5, B6 770 Operating
B9, B10, B4, _
130 6 B8,B14, B6 780 Operating
B9, B3, B7, BS, ‘
10 > B6, B13 , B4 750 Operating
B9, B3, B7, BS, ‘
' > B6, B13, B14 875 Operating
B1, B2, BIO,
208 ! B11, BI2 832 Bypassed
B1, B2, BI0,
49 4 B11, B2 960 Bypassed
TABLE 4

[0055] For the architecture of contactor arrangement 92 and incorporated partial
rating DC-DC boost converter 72 shown in FIG. 6, the power rating of the boost
converter 72 is 37.5% of the total power. By way of the boost converter 72
implementing a localized MPPT for the one or more PV arrays connected thereto, a
better overall system efficiency can be achieved as compared to a PV power system that
utilizes a conventional two stage PV inverter that includes a DC-DC stage. That is, as
compared to a conventional two stage PV inverter that includes a DC-DC stage that
provides an overall system efficiency of 98.5%, the contactor arrangement 92 and boost
converter 72 shown in FIG. 6 provide an overall system efficiency of 99.44% for five
PV arrays in series, 99.62% for six PV arrays in series, and 99.81% for seven PV arrays

in series. When four PV arrays are in series, the efficiency is 100%.

[0056] Referring now to FIG. 7, a graph is provided that illustrates the voltage
distribution for the contactor arrangements shown in FIGS. 3, 5, and 6. As shown by
the voltage values 110, 112 114 therein, the inclusion of partial rating DC-DC boost
converter 72 in the contactor arrangements 82, 92, illustrated in FIGS. 5 and 6 enables
controlling of the DC link voltage more precisely (see voltages 110, 112) and without

having unnecessarily high voltage on the DC link 32, as compared to the contactor
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arrangement 56, illustrated in FIG. 3 that does not include partial rating DC-DC boost
converter 72 (see voltage 114).

[0057] Referring now to FIG. 8, an exemplary contactor arrangement 120 is shown
according to an embodiment of the invention that can be implemented in combiner box
74, with a partial rating DC-DC buck converter 72 (or another DC-DC converter with a
topology that provides for the stepping-down of voltage) being incorporated into
combiner box 74 along with the contactor arrangement. This architecture can be
identified generally as a “double array with buck converter system.” The architecture is
provided for selectively switching first and second PV arrays 122, 124 into series and
parallel arrangements. The contactor arrangement 120 includes four contactors B1, B2,
B3, B4, therein that are selectively altered to an On or Off state, such as by way of
series/parallel controller 38 in FIG. 4, with buck converter 72 being provided on the

second PV array 124.

[0058] The state of contactors B1, B2, B3, B4, is selectively altered to control the
voltage provided to DC link 32 from the two PV arrays 122, 124. In operation of
contactor arrangement 82 of FIG. 8, when the PV array voltage is determined to be
greater than the minimum DC link voltage required for operation of PV inverter 18
(FIG. 4), contactors B1, B2, B4, are operated in the On state and contactor B3 is
operated in the Off state, such that the first and second PV arrays 122, 124 are
connected in parallel. When the PV array voltage is determined to be less than the
minimum DC link voltage required for operation of PV inverter 18 (FIG. 4), contactor
B3 is operated in the On state and contactors B1, B2, B4, are operated in the Off state,
such that the first PV array 122 is connected in series with an output of the buck
converter 72, which is connected to second PV array 124 (FIG. 8). As the buck
converter 72 is connected in series with first PV array 122, the buck output voltage is
decided by the power ratio of the first and second PV arrays 122, 124, identified as

P,/P;. The power ratio is defined as:
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Vbuck = (P2/P1) * Vl
Vi = Vipuek + Varrayl [Eqn. 1],

where P; is the power output of first PV array, P, is the power output of second PV
array, V; is the output voltage of first PV array, Veuk is the output voltage of buck
converter, and V is the DC link voltage.

[0059] The control method set forth in connection to FIG. 4, with respect to the
localized MPPT tracking, is applicable to the double array with buck converter system
shown in FIG. 8. The buck converter 72 performs the MPPT of the second PV array
124, while the MPPT for the first PV array 122 is performed by the central PV inverter
18 (FIG. 4) by controlling the DC link voltage according to Vagmayt = Vdc — Viuek. This
control method provides an additional MPPT channel when the buck converter 72 is
operating. As the P,/P; ratios are significant, it helps in increasing the output yield of

the PV power system 10.

[0060] Referring now to FIG. 9, a graph 126 is provided that illustrates the PV array
voltage and DC bus voltage for a PV power system connected to a single phase 240
VAC system, where the contactor arrangement 120 of FIG. 8 with buck converter
management is implemented. The power ratio P,/P; for this curve is 0.36. The
minimum DC link voltage for a 240Vac output is 340V, and thus for a PV array voltage

less than 340V, the buck converter is active.

[0061]  Another graph 128 is provided in FIG. 10 that illustrates the PV array voltage
and DC bus voltage for a PV power system connected to a single phase 277 VAC
system, where the contactor arrangement of FIG. 8 with buck converter management is
implemented. The power ratio P,/P; for this curve is 0.5. The minimum DC link
voltage for a 277Vac output is 400V, and thus for a PV array voltage less than 400V,

the buck converter is active.

[0062] Referring back now to FIG. &, the buck converter 72 included in contactor

arrangement 120 has a partial power rating, as it is delivering power only from second
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PV array 124. This helps improve the efficiency of the DC-DC conversion stage.
Regarding the efficiency of the buck converter 72, the CEC efficiency can be
considered at 250V, 350V and 480V, for example. In doing so, it is recognized that the
buck converter 72 is not active for all PV voltages. For example, in a 240V system,
buck converter 72 is bypassed at PV voltages of 350V and 480V, giving 100% DC stage

efficiency.

[0063] The buck converter power rating and the DC stage efficiency for 208V, 240V
and 277V single phase AC systems are shown in Table 5, for a buck converter

efficiency considered as 98.5%.

Buck Converter DC Stage DC Stage CEC
VAC P2/P1 Rating Efficiency Efficiency
208 2 16% 99.75% 99.92%
208 36 27% 99.60% 99.87%
208 5 33% 99.50% 99.67%
TABLE 5

[0064] As discussed above, the buck converter output is dependent on the power
ratio of the PV arrays, P,/P;. Table 6 inserted here below gives the DC link voltage
variation with P,/P; variation for a 277V single phase AC system, where the minimum
DC link voltage required is 400V and the designed P,/P; ratio is 0.5. For the higher
array voltages, a higher P,/P; variation on the lower side is allowed. For example, at a
PV array voltage of 310V, variation up to 0.3 is allowed. For a PV array voltage greater
than 310V, P,/P; ratios lower than 0.3 are possible. The variation of higher side is
limited by the NEC requirement to restrict the array voltage below 600V. For lower
array voltages, a higher P,/P; variation on the upper side is allowed. For example, at a
PV array voltage of 375V, variation up to 0.6 is allowed. For a PV array voltage smaller

than 375V, P,/P; ratios higher than 0.6 are possible.
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PV Array .
Voltage (Viy) PV Array Power Ratio (P2/P1)
3 4 4 6 7
270 351 378 405 432 459
300 390 420 450 480 510
310 403 434 465 496 527
375 487.5 525 562.5 600 637.5
400 520 560 600 640 680
TABLE 6

[0065]  Similarly, Table 7 gives the allowed P,/P; ratio variation for a 240V single
phase AC system.

PV Array .
Voltage (Viy) PV Array Power Ratio (P2/P1)
3 4 4 6 7
250 325 350 375 400 425
275 357.5 385 412.5 440 467.5
300 390 420 450 480 510
325 422.5 455 487.5 520 552.5
340 442 476 510 544 578
360 468 504 540 576 612
TABLE 7

[0066] While examples are set forth above of 208V, 240V and 277V AC systems, it
is recognized that the control schemes set forth above for the double array with partial
DC-DC buck converter could be applied to various combinations of array voltage

ranges and AC grid voltages, including single phase and three phase systems.

[0067] According to an exemplary embodiment of the invention, the contactors
included in the contactor arrangement of any of FIGS. 2, 3, 5, 6, and 8 are configured as
hybrid DC contactors. As described in US Patent Application No. 13/440,275 to Eaton
Corp., hybrid DC contactors can be beneficially incorporated into PV power systems to
provide over-current and short circuit detection and protection at “low” short circuit

current magnitudes. The use of hybrid DC contactors in PV power systems also
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provides for monitoring of both voltage and current for enabling over-current
protection, as well as arc fault detection and reverse current detection and fault
isolation, including isolation of grounded arrays and floating arrays. The use of hybrid
DC contactors in PV power systems also provides fast and consistent openings times

(e.g., less than 10 milliseconds) of main contacts.

[0068] Beneficially, embodiments of the invention thus provide for the dynamic
rearranging of PV arrays to arrange them in one of a series arrangement and a parallel
arrangement, so as to provide a controlled DC voltage to a PV inverter. By selectively
controlling the state of a plurality of contactors in a contactor arrangement, such as can
be housed in a combiner box of the PV power system, the variation in the DC voltage
that is received by PV inverter is minimized, thus allowing for elimination of a system
level DC-to-DC conversion step, such as by using a DC link capacitor to implement an
intermediate energy storage step. Elimination of the DC-to-DC conversion step
provides greater efficiencies in the PV power system, with 100% efficiency being
achieved when DC-to-DC converters are wholly eliminated from the PV inverter and
only the selective arranging of contactors in a series or a parallel arrangement is used to
control voltage on the DC link. Greater efficiencies in the PV power system can also
still be achieved when incorporating a partial rating DC-DC converter that performs a
localized MPPT for one or more PV arrays as compared to a conventional two stage PV

inverter that includes a DC-DC stage.

[0069]  Furthermore, the dynamic rearranging of the PV arrays to arrange them in a
specified series or parallel arrangement also effectively increases the DC voltage
operating window of the PV system 10. For example, if a DC voltage operating
window is commonly 300-600 or 500-1000 VDC, the dynamic rearranging of the PV
array groups 14, 16 in series/parallel arrangements, as provided by embodiments of the
invention, effectively increases the DC voltage operating window to 150-600 or 250-
1000 VDC, respectively, because of the voltage “doubling” provided by the series

connection of the PV array groups. Beneficially, the PV inverter can thus harvest more
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power at high temperatures (when the voltage is low) or low irradiance (when the

voltage is low), with the PV inverter thus turning off or being inoperable less frequently.

[0070] A technical contribution for the disclosed method and apparatus is that it
provides for a controller implemented method for selectively connecting PV arrays in a
PV power system in series and parallel arrangements, so as to eliminate the need for a

DC-DC conversion in a PV inverter and improve efficiency in the PV power system

[0071] Therefore, according to one embodiment of the present invention, a PV
power system includes a plurality of PV arrays each configured to generate a direct
current (DC) output from received solar irradiation and a DC-to-AC power inverter
electrically coupled to the plurality of PV arrays to receive the DC output therefrom and
invert the DC output to an AC output, the DC-to-AC power inverter including a DC link
that receives the DC output from the plurality of PV arrays. The PV power system also
includes a contactor arrangement positioned between the plurality of PV arrays and the
DC-to-AC power inverter, the contactor arrangement including a plurality of contactors
that are switchable between an on state and an off state to selectively connect the
plurality of PV arrays to the DC-to-AC power inverter in a specified arrangement, so as
to control a level of DC voltage received by the DC-to-AC power inverter from the

plurality of PV arrays.

[0072] According to another embodiment of the present invention, a method for
controlling the DC voltage provided to a photovoltaic (PV) inverter from a plurality of
PV arrays is provided. The method includes the steps of measuring a DC voltage on a
DC link of the PV inverter or from each of a plurality of PV arrays, comparing the DC
voltage to one or more voltage thresholds of the PV inverter, and controlling an
operating state of each of a plurality of contactors in a contactor arrangement based on
the comparison of the DC voltage to the one or more voltage thresholds of the PV
inverter, with the contactor arrangement being connected between the PV inverter and
the plurality of PV arrays to control a level of DC voltage received by the PV inverter
from the plurality of PV arrays. In controlling the operating state of each of a plurality

of contactors, the method further includes the steps of operating each of the plurality of
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contactors in an on state or an off state so as to selectively connect the plurality of PV
arrays to the PV inverter in a determined arrangement, the determined arrangement
comprising a determined number of PV arrays in a series arrangement and a determined

number of PV arrays in a parallel arrangement.

[0073] According to yet another embodiment of the present invention, a PV power
system includes a plurality of PV arrays each configured to generate a DC output from
received solar irradiation and a PV inverter electrically coupled to the plurality of PV
arrays to receive the DC output therefrom and invert the DC output to an AC output
usable by a load connected to the PV inverter, with the PV inverter including a DC link
that operates at a variable DC link voltage that is determined by the PV inverter
according to a global maximum power point tracking (MPPT) algorithm. The PV
power system also includes a contactor arrangement positioned between the plurality of
PV arrays and the PV power inverter that includes a plurality of contactors that are
switchable between an on state and an off state to selectively connect the plurality of PV
arrays to the DC link and so as to control a level of DC voltage received by the PV
inverter from the plurality of PV arrays. The PV power system further includes a
controller in operable connection with the contactor arrangement, the controller being
programmed to control operation of the contactor arrangement so as to cause the DC
output provided from the plurality of PV arrays to the PV inverter to exceed a minimum

PV inverter operation voltage value.

[0074] The present invention has been described in terms of the preferred
embodiment, and it is recognized that equivalents, alternatives, and modifications, aside

from those expressly stated, are possible and within the scope of the appending claims.
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CLAIMS

What 1s claimed is:

1. A photovoltaic (PV) power system comprising:

a plurality of PV arrays each configured to generate a direct current (DC)
output from received solar irradiation;

a DC-to-AC power inverter electrically coupled to the plurality of PV
arrays to receive the DC output therefrom and invert the DC output to an AC output, the
DC-to-AC power inverter including a DC link that receives the DC output from the
plurality of PV arrays; and

a contactor arrangement positioned between the plurality of PV arrays
and the DC-to-AC power inverter, the contactor arrangement including a plurality of
contactors that are switchable between an on state and an off state to selectively connect
the plurality of PV arrays to the DC-to-AC power inverter in a specified arrangement,
so as to control a level of DC voltage received by the DC-to-AC power inverter from

the plurality of PV arrays.

2. The PV power system of claim 1 further comprising a controller
configured to control switching of the plurality of contactors between the on state and
the off state for connecting the plurality of PV arrays to the DC-to-AC power inverter in

the specified arrangement.

3. The PV power system of claim 2 wherein the controller is configured to
operate the DC-to-AC power inverter within a pre-determined voltage operating

window, between a minimum DC link voltage and a maximum DC link voltage.

4. The PV power system of claim 3 wherein the controller is configured to:

measure the DC voltage output from the plurality of PV arrays;
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compare the DC voltage output from the plurality of PV arrays to the
voltage operating window; and

selectively operate each of the plurality of contactors in one of the on
state and the off state to connect the plurality of PV arrays in a specified arrangement
based on the comparison of the measured DC voltage output to the voltage operating
window, such that the DC voltage output from the plurality of PV arrays falls within the
voltage operating window;

wherein the plurality of PV arrays continue to operate at their maximum

power point voltage when connected in the specified arrangement.

5. The PV power system of claim 4 wherein a range of DC voltages for the
maximum power point voltage of the PV arrays is predefined, and wherein the
controller is configured to selectively operate each of the plurality of contactors to
connect the plurality of PV arrays in the specified arrangement based on observed

voltages and powers for a given PV array size.

6. The PV power system of claim 4 wherein the controller is configured to:

determine if the measured DC voltage output from the plurality of PV
arrays is less than a minimum safe or rated DC link voltage; and

if the measured DC voltage output from the plurality of PV arrays is less
than the minimum safe or rated DC link voltage, then selectively operate each of the
plurality of contactors in one of the on state and the off state to connect at least a portion
of the plurality of PV arrays in a series arrangement;

otherwise, if the measured DC voltage output from the plurality of PV
arrays is greater than the minimum safe or rated DC link voltage, then selectively
operate each of the plurality of contactors in one of the on state and the off state to

connect at least a portion of the plurality of PV arrays in a parallel arrangement.

7. The PV power system of claim 3 wherein the controller is configured to

control switching of the plurality of contactors between the on state and the off state
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while the DC-to-AC power inverter is online or while the DC-to-AC power inverter is at

ZETro current.

8. The PV power system of claim 7 further comprising a start-up circuit
configured to maintain the DC link voltage below the maximum DC link voltage when
the plurality of contactors are switched between the on state and the off state while the

DC-to-AC power inverter is at zero current.

9. The PV power system of claim 8 wherein the start-up circuit comprises
one of a contactor based circuit that provides a fixed load to the PV arrays or a DC-DC
converter based circuit where the load on the PV arrays is controlled based on the

voltage requirements.

10.  The PV power system of claim 1 further comprising a partial rating DC-
DC converter configured to modify the DC output from at least one of the plurality of
PV arrays, with the modified DC output from the at least one of the plurality of PV
arrays being provided to the DC link.

11.  The PV power system of claim 10 wherein the partial rating DC-DC
converter comprises a partial rating DC-DC converter configured to step-up the DC

output from at least one of the plurality of PV arrays.

12. The PV power system of claim 11 wherein each of the plurality of
contactors are selectively operated in the on state or the off state to connect a specified
number of the plurality of PV arrays to the DC-to-AC power inverter in a series
arrangement and connect a remaining number of the plurality of PV arrays to the partial

rating DC-DC to step-up the DC output therefrom.
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13.  The PV power system of claim 10 wherein the partial rating DC-DC
converter comprises a partial rating DC-DC converter configured to step-down the DC

output from at least one of the plurality of PV arrays to output a buck voltage.

14.  The PV power system of claim 13 wherein each of the plurality of
contactors are selectively operated in the on state or the off state to connect the DC
output from at least one of the plurality of PV arrays in series with the buck voltage

output by the partial rating DC-DC converter.

15.  The PV power system of claim 1 further comprising an arrangement of
secondary contactors and resistors configured to load voltage to the plurality of PV
arrays when the plurality of contactors are switched between the on state and the off

state, so as to reduce a level of voltage on the DC link.

16. The PV power system of claim 1 wherein the DC-to-AC power inverter
is configured to vary the DC link voltage to match the PV array voltage at startup of the

PV power system.

17. A method for controlling the DC voltage provided to a photovoltaic (PV)

inverter from a plurality of PV arrays, the method comprising:

measuring a DC voltage on a DC link of the PV inverter or from each of
a plurality of PV arrays;

comparing the DC voltage to one or more voltage thresholds of the PV
inverter; and

controlling an operating state of cach of a plurality of contactors in a
contactor arrangement based on the comparison of the DC voltage to the one or more
voltage thresholds of the PV inverter, the contactor arrangement being connected
between the PV inverter and the plurality of PV arrays to control a level of DC voltage
received by the PV inverter from the plurality of PV arrays;
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wherein controlling the operating state of each of a plurality of
contactors comprises operating each of the plurality of contactors in an on state or an off
state so as to selectively connect the plurality of PV arrays to the PV inverter in a
determined arrangement, the determined arrangement comprising a determined number
of PV arrays in a series arrangement and a determined number of PV arrays in a parallel

arrangement.

18.  The method of claim 17 wherein comparing the DC voltage to the one or
more voltage thresholds of the PV inverter comprises comparing the measured DC
voltage to a minimum DC link voltage and a maximum DC link voltage; and

wherein controlling the operating state of each of a plurality of
contactors comprises controlling the operating state of each of the plurality of contactors
so as to selectively connect the plurality of PV arrays to the PV inverter in a determined
arrangement that provides a level of DC voltage to the DC link that is between the

minimum DC link voltage and the maximum DC link voltage.

19.  The method of claim 18 wherein controlling the operating state of each
of a plurality of contactors comprises controlling the operating state of each of the
plurality of contactors so as to selectively connect a minimum number of the plurality of
PV arrays in a series arrangement needed to provide a level of DC voltage to the DC

link that exceeds the minimum DC link voltage.

20.  The method of claim 17 further comprising controlling the operating
state of ecach of the plurality of contactors in the contactor arrangement to connect a
determined number of the plurality of PV arrays to a partial rating DC-to-DC boost
converter to boost the DC output from the determined number of the plurality of PV
arrays for providing to the DC link.

21.  The method of claim 17 further comprising controlling the operating

state of each of the plurality of contactors in the contactor arrangement to:
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connect one of the plurality of PV arrays to an input side of a partial
rating DC-to-DC buck converter, such that the partial rating DC-to-DC buck converter
generates a buck voltage at an output side thereof;

connect another of the plurality of PV arrays in series with the output

side of the buck converter.

22. A photovoltaic (PV) power system comprising:

a plurality of PV arrays each configured to generate a direct current (DC)
output from received solar irradiation;

a PV inverter electrically coupled to the plurality of PV arrays to receive
the DC output therefrom and invert the DC output to an AC output usable by a load
connected to the PV inverter, the PV inverter including a DC link that operates at a
variable DC link voltage that is determined by the PV inverter according to a global
maximum power point tracking (MPPT) algorithm;

a contactor arrangement positioned between the plurality of PV arrays
and the PV power inverter and including a plurality of contactors that are switchable
between an on state and an off state to selectively connect the plurality of PV arrays to
the DC link and so as to control a level of DC voltage received by the PV inverter from
the plurality of PV arrays; and

a controller in operable connection with the contactor arrangement, the
controller being programmed to control operation of the contactor arrangement so as to
cause the DC output provided from the plurality of PV arrays to the PV inverter to

exceed a minimum PV inverter operation voltage value.

23.  The PV power system of claim 22 wherein the controller is configured
to:
measure the DC voltage output from the plurality of PV arrays;
compare the DC voltage output from the plurality of PV arrays to the

minimum PV inverter operation voltage value;
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determine a switching strategy for operating each of the plurality of
contactors in one of the on state and the off state that causes the DC voltage provided
from the plurality of PV arrays to the DC link to exceed the minimum PV inverter
operation voltage value; and

operate each of the plurality of contactors in one of the on state and the

off state according to the switching strategy.

24.  The PV power system of claim 22 wherein the plurality of contactors are
switchable between the on state and the off state to selectively connect the plurality of
PV arrays to the DC link in a series arrangement, a parallel arrangement, or a

combination of series and parallel arrangements.

25.  The PV power system of claim 22 further comprising a partial rating DC-
DC converter connected to one of the plurality of PV arrays, the partial rating DC-DC
converter configured to modify the DC output from at least one of the plurality of PV
arrays, with the modified DC output from the at least one of the plurality of PV arrays
being provided to the DC link.

26.  The PV power system of claim 25 wherein the partial rating DC-DC

converter comprises one of a boost converter and a buck converter.

27. The PV power system of claim 25 wherein the contactor arrangement
and the partial rating DC-DC converter are included in one of a combiner box, a re-

combiner box, and the PV inverter.

28.  The PV power system of claim 22 further comprising an arrangement of
secondary contactors and resistors configured to load voltage to the plurality of PV
arrays when the plurality of contactors are switched between the on state and the off

state, so as to reduce a level of voltage on the DC link.
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