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(57) Abstract: A photovoltaic DC power distribution system provides a DC-DC converter having an output serially connected
between a photovoltaic module array and a power converter, such as an inverter, in which the input voltage to the power converter is
the sum of the voltage from the array and a voltage output of the DC-DC converter. The DC-DC converter only handles a portion of
the power transferred from the array to the power converter.
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PHOTOVOLTAIC DC POWER DISTRIBUTION SYSTEM

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to U.S. Provisional Application No.
62,153,594, filed April 28, 2015, which is hereby fully incorporated by reference.

FIELD OF THE INVENTION

[0002] The present invention is directed to a photovoltaic DC power distribution
system in which an array of photovoltaic modules provide output power to a DC to AC
inverter or another type of power conversion stage (e.g. DC/DC converter), for supplying

power, for example, to a power grid.
BACKGROUND

[0003] Various techniques have been used for providing power from a photovoltaic
array to a power grid. FIG. 1 illustrates one such example in which a photovoltaic (PV) array
11formed of plural groups 12 of photovoltaic modules, supplies DC voltage to respective
combiner circuits 13, each of which combines, in parallel, the outputs from the groups 12 of
photovoltaic modules of the array 11. A combiner circuit 13 is also known in the art as a
combiner box. The output of the combiner circuits 13 are fed on respective DC lines 14, also
called DC feeders, to inverters 17 which convert the DC voltage from the photovoltaic array
11 to an AC voltage. The AC voltage from inverters 17 is stepped up at respective
transformers 19 and then supplied, for example, on a medium voltage AC (MVAC) line 21,
e.g. at 34 kVAC, to a combining switchgear 23. The combining switchgear combines the AC
voltage output from groups of transformers 19 and applies the combined AC voltage to a
substation 25 and ultimately to a power grid 27. Among many control functions, the inverters
17 may also perform a maximum power point tracking (MPPT) operation on the photovoltaic

modules of array 11 to which they are connected, as known in the art.
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[0004] FIG. 2 shows a simplified portion of the FIG. 1 system in which a single
combiner circuit 13 and inverter 17 are shown. It particularly shows that the voltage output of
groups 12 of photovoltaic modules of array 11 is supplied through the combiner circuit 13 on
DC lines 14 to inverter 17 inputs. Each of the groups 12 contains a plurality of PV modules
connected in series and/or parallel relationship, or may contain one single PV module. Thus,
the output power from the array 11 of photovoltaic modules is supplied directly to the
inverters 17 through group switches 16 of the combiner circuits 13 and through a disconnect
switch 18. As shown in a further simplification in Fig. 2A, this system typically provides a
variable DC voltage (e.g. VINV =900V — 1500V) on the DC lines 14 input to inverter 17
which is the same voltage (e.g. VPV = VINV) as supplied by the photovoltaic modules of
array 11. Inverter 17 controls the variable voltage input thereto by using an MPPT algorithm
to control output power from the photovoltaic modules to which it is connected. In the
example shown in FIG. 2A, the DC voltage set by inverter 17 at the terminals of a group 12
photovoltaic modules of an array can vary in the range of 900-1500V, but these values will
depend on a particular implementation including output characteristics of the photovoltaic

modules and design parameters of the system.

[0005] FIG. 3 illustrates a portion of another prior art arrangement in which DC-DC
converters 29 are provided between groups 12 of photovoltaic modules of array 11 and
combiner circuits 13 (only one such combiner circuit 13 and inverter 17 are shown in FIG. 3)
and which provides a substantially fixed DC voltage on a DC line 14 (i.e. Feeder #1) input to
the inverter 17. FIG. 3A shows a simplified portion of the FIG. 3 arrangement. In this
arrangement the inverter 17 sets a fixed DC voltage on lines 14 (e.g. VINV = 1500V (fixed)
and each DC-DC converter 29 provides MPPT control over the photovoltaic modules within a
group 12 to which it is connected. The photovoltaic modules of array 11 supply a variable
input voltage (e.g. VPV =900V — 1500V) to a DC-DC converter 29 which in turn supplies a

fixed voltage to the inverter 17 through the combiner circuit 13.

[0006] The FIGS. 3, 3A arrangement has advantages over that shown in FIGS. 2, 2A
in that since the inverter 17 does not need to perform MPPT and the input voltage to the
inverter 17 is fixed, the power density and efficiency of the inverter can be increased.

2
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However, the DC-DC converter 29 must also be able to handle the full power which is
transferred from the groups 12 of photovoltaic modules of the array 11 to the inverter 17.
Thus, although an inverter 17 having improved power density and efficiency can be used in
this arrangement, full power DC-DC converters 29 must be provided. As shown in FIG. 3A
and in the illustrated example, the output voltage PV of the array can vary in the range of e.g.
900V-1500V, but the output voltage of the DC-DC converters 29, and combiner circuits 13,
and at the input to the inverters 17 is fixed at 1500V. As used herein the phrase “fixed”
means providing a desired fixed voltage which may have a slight deviation from the desired

fixed value caused by inherent equipment and line losses.

[0007] With respect to the system illustrated in FIGS. 1, 2, 2A the output from the PV
array 11 can vary under control of the inverters 17, in a relatively wide range of output
voltages. Using the example noted, the output voltage of an array 11 can be between 900V to
1500V DC. With such a system, and with the inverters 17 providing the MPPT, various
inefficiencies are encountered. For example, up to 35% of the capacity of the inverters 17 is
not utilized and up to 40% of the capacity (current carrying capacity) of the DC lines between
the PV module groups 12 and combiner circuit 13 and the combiner circuit 13 and inverter 17
are not utilized. Stated another way, the DC lines and inverters must be designed to have a
rated capacity to handle the maximum power, voltage and current swings which may occur

during MPPT operation, as an example.

[0008] The FIGS. 3, 3A system provides somewhat of an improvement on the overall
system efficiency since the inverters 17 operate on a fixed voltage, e.g., 1500V. Accordingly,
the inverter can be fully utilized, while the capacity of the DC lines in the array and to the
combiner circuit 13 and from the combiner circuit 13 to the inverter 17 are likewise fully
utilized. In other words, the FIGS. 3, 3A system can be more efficient than that of FIGS. 2,
2A system, but at the expense of requiring full power capacity DC-DC converters 29, which
must transport the entirety of the power from the PV module groups 12 and array 11 to the

inverters 17, and which must also provide MPPT.
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[0009] A large number of full power rated DC-DC converters may significantly
increase the fixed and operational cost of the system and may reduce the overall system
reliability. However, the inverters 17 employed in the FIGS. 3, 3A system can be cost
effective and more efficient than those employed in the FIGS. 1, 2, 2A system since they do
not have to deal with a fluctuating DC voltage or provide MPPT functionality.

[00010] What would be desirable is a system which provides a fixed voltage at the
input to inverters 17, but which has lower fixed and operational cost, higher reliability and
availability, and lower losses in the DC-DC converters than those employed in the system

shown in FIGS. 3, 3A.

BRIEF DESCRIPTION OF THE DRAWINGS

[00011] FIG. 1 illustrates an example of a conventional photovoltaic DC power

distribution system;

[00012] FIGS. 2 and 2A illustrate a simplification of the conventional photovoltaic DC

power distribution system illustrated in FIG. 1;

[00013] FIGS. 3 and 3A illustrate in simplified form another example of a conventional

photovoltaic DC power distribution system;

[00014] FIGS. 4 and 4A illustrate an embodiment of a photovoltaic DC power

distribution system in accordance with the invention;

[00015] FIG. 5 illustrates another embodiment of a photovoltaic DC power distribution

system in accordance with the invention;

[00016] FIG. 6 illustrates another embodiment of a photovoltaic DC power distribution

system in accordance with the invention;

[00017] FIG. 7 illustrates another embodiment of a photovoltaic DC power distribution

system in accordance with the invention;
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[00018] FIG. 8 illustrates another embodiment of a photovoltaic DC power distribution

system in accordance with the invention;

[00019] FIG. 9 illustrates in schematic form a portion of the system illustrated in FIG.

[00020] FIG. 10 illustrates another embodiment of a photovoltaic DC power

distribution system in accordance with the invention;

[00021] FIGS. 11 and 11A illustrate another embodiment of a photovoltaic DC power

distribution system in accordance with the invention;

[00022] FIG. 12 illustrates another embodiment of a photovoltaic DC power

distribution system in accordance with the invention;

[00023] FIG. 13 illustrates another embodiment of a photovoltaic DC power

distribution system in accordance with the invention;

[00024] FIG. 14 illustrates another embodiment of a photovoltaic DC power

distribution system in accordance with the invention;

[00025] FIG. 15 illustrates another embodiment of a photovoltaic DC power

distribution system in accordance with the invention;

[00026] FIG. 16 illustrates another embodiment of a photovoltaic DC power

distribution system in accordance with the invention;

[00027] FIG. 17 illustrates another embodiment of a photovoltaic DC power

distribution system in accordance with the invention;

[00028] FIG. 18 illustrates in simplified form example voltage signals at various points

in the FIGS. 3, 3A DC photovoltaic power distribution system; and,
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[00029] FIG. 19 illustrates in simplified form example voltage signals at various points
in the photovoltaic DC power distribution system in accordance with embodiments of the

invention.

DETAILED DESCRIPTION OF THE INVENTION

[00030] The present invention is an improvement over the FIGS. 1, 2, 2A and FIGS. 3,
3A systems. It provides a fixed DC voltage on the input lines to an inverter using a partial
power DC-DC converter, which has an input port A and an output port B, each formed as a
pair of terminals of the DC-DC converter. The input port A is coupled across either the input
lines to the inverter or the output lines of the groups a of modules of an array and the output
port B is connected in a series between the output lines of groups a of photovoltaic modules
and the input lines of the inverter. The DC-DC converter provides MPPT control for the
group(s) of photovoltaic modules to which it is connected. The DC-DC converter does not
transfer full power from the photovoltaic modules of the array to the inverter, but instead
transfers a part of the power (partial power) from the photovoltaic modules of the array to the
inverter. The inverter operates at a substantially fixed DC input voltage. This system
therefore has advantages of providing an improved inverter, with higher power density and
efficiency as mentioned earlier, while at the same time providing for a more optimal power
rating of DC-DC converter and associated lower fixed and operation cost compared to the
FIG. 1, 2, 2A and 3, 3A systems. The DC-DC converter may be provided near the array or at
or near a combiner circuit to provide lower cost and better utilization efficiency of DC lines
running between the DC-DC converter and inverter since a substantially fixed voltage is

provided on these lines.

[00031] One embodiment of the invention is illustrated in FIGS. 4 and 4A. FIG. 4
shows plural groups 12 of photovoltaic modules of array 11, which are coupled to a DC line
14 and to inverter 17 through a DC-DC converter 31. Unlike the DC-DC converter 29 shown
in FIGS. 3 and 3A where the input to DC-DC converter 29 is connected in parallel with the

output of one or more module groups 12 and the output of DC-DC converter 29 is connected
6



WO 2016/176256 PCT/US2016/029446

in parallel with the input of inverter 17, the DC-DC converter 31 shown in FIG. 4 has an
output port B connected in series between groups 12 of photovoltaic modules of the array 11
and input lines of inverter 17. An input port A of DC-DC converter 31 is connected across a
DC line 14 (e.g. Feeder #1) coupled to the input of inverter 17 which is at a fixed voltage as
set by the inverter. The voltage at port B of the DC-DC converter 31 is a variable voltage,
while the voltage at port A of DC-DC converter 31 is the fixed voltage at the input to the
inverter 17. The DC-DC converter 31 illustrated in FIG. 4 does not carry the full power
conveyed from the array 11 of photovoltaic modules to the inverter 17, as explained in
examples below, and thus can be considered a partial-power DC-DC converter 31. As such,
the ratings capacity of each DC-DC converter 31 is much lower than the rating capacity of
each DC-DC converter 29 employed in the FIGS. 3, 3A prior art system, enabling a more
efficient and improved photovoltaic DC power distribution system with significantly reduced
overall power rating of the distributed DC-DC converters 31. FIG. 4 also illustrates a
combiner circuit 13 between groups 12 of photovoltaic modules of array 11 and the DC-DC
converter 31. The combiner circuit 13 combines outputs from various groups 12 of
photovoltaic modules of array 11 into one common output which is provided to inverter 17
through the port B series connected DC-DC converter 31 and safety disconnect switches 69.
The DC-DC converter 31 also provides MPPT control over the groups 12 of photovoltaic

modules to which it is connected.

[00032] It should be noted that there will be many DC-DC converters 31 feeding into
the illustrated inverter 17 on respective DC lines 14 and there will be a plurality of inverters
17 and associated DC-DC converters 31 for a large scale power distribution system. Thus,
FIG. 4 shows one DC-DC converter 31 for a DC feeder line 14, but each feeder line 1 . . . 20,
will have an associated DC-DC converter 31 and combiner circuit 13 to which groups 12 of
modules are connected. In addition, the FIG. 4 system can be replicated with additional
inverters 17, DC-DC converters 31, combiner circuits 13 and module groups 12 as needed for

a particular installation.

[00033] The groups 12 of photovoltaic modules of array 11 may provide a variable
output voltage, which when added to the series connected variable output voltage provided at

7
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port B of the DC-DC converter 31, equals the substantially fixed voltage input on the DC
lines 14 to the inverter 17. In one example, if the array 11 voltage is variable in the range of
900V to 1500V, and the DC-DC converter 31 supplies a variable port B voltage in the range
of +300V to -300V, then the substantially fixed voltage at the input of inverter 17, as
maintained by the DC-DC converter 31, is 1200V. These are just merely example values as
many other values can be chosen based on the characteristics of the photovoltaic modules of
array 11, the DC-DC converter 31 and the inverter 17, some of which are described in
examples below. In the system illustrated in FIGS. 4, 4A, the DC-DC converter 31 exercises
MPPT control through controller 62 on the output of the photovoltaic modules of array 11 to
which it is connected and thus provides many of the advantages of the prior art systems, but
with DC-DC converter 31 having a fraction of the power capacity rating of the DC/DC
converters 29 used in the FIG. 3, 3A system. Typically, as will be shown in examples below,
the DC-DC converter 31 may operate on 33% or less of the power output from the array 11

which is transferred to inverter 17.

[00034] FIG. 4A shows in detail the construction of one example of an implementation
of a DC-DC converter 31. Looking from the input port A towards the output port B, it
includes a pair of smoothing capacitors 65 connected across the inputs of a DC-AC converter
63. The output of DC-AC converter 63 is fed to the input of a high frequency transformer 61
which reduces the voltage applied to it and feeds its output AC voltage through capacitor 59
to an AC-DC converter 57. The output of AC-DC converter 57 is fed to a DC-DC converter
53. The DC-DC converter 53 output port B receives at one terminal an input from line 23b of
combiner circuit 13 through inductor 51 and provides an output on the other terminal of port
B to an input line of inverter 17. Thus, the output port B is connected in series between the
photovoltaic modules of array 11 and an inverter 17 input line. The components of DC-DC
converters 31 are standard electrical components deployed in a series resonant circuit well-
known in the art with electrical isolation provided by fuse 67 and disconnect switch 69. The
input port A of AC-DC converter 31 is connected across the DC input lines 14 of inverter 17
through the fused disconnect switch 69. Controller 62 provides MPPT control and controls
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operation of one or more of DC-AC converter 63, AC-DC converter 57 and DC/DC converter

53 to effect MPPT control over the photovoltaic modules of array 11.

[00035] FIGS. 4 and 4A illustrate an embodiment in which the DC-DC converter 31 is
provided downstream of a combiner circuit 13, that is, between the combiner circuit 13 and
inverter 17. FIG. 5 illustrates another embodiment in which the combiner circuit 13 and DC-
DC converter 31 are provided at the same location. This allows more effective utilization of
the often long DC lines 14 input to inverter 17. For example, the DC-DC converter 31 can be
provided within the same housing as combiner circuit 13. FIG. 6 illustrates another
embodiment in which the combiner circuit 13 is provided downstream of DC-DC converter
31, that is, between the DC-DC converter 31 and the inverter 17. In this embodiment, the
DC-DC converter 31 may be provided at the location a group 12 of modules and may be
attached to a module of a module group 12. This again allows for more effective utilization
of the DC lines 14 input to the inverter 17. FIG. 7 illustrates another embodiment in which a
plurality of DC lines 14’ output from respective combiner circuits 13 may be combined and a
single DC-DC converter 31 can be employed between the combined input DC lines 14’ and
the input lines 14 to the inverter 17.

[00036] FIGS. 4 and 4A show the output port B DC-DC converter 31 in series 13 with
output line 23b of combiner circuit 13, but it could also instead be provided in series with the
other DC line 23a at the output of combiner circuit 13. The same is true for all embodiments

illustrated in FIGS. 5-7.

[00037] In each of the embodiments of FIGS. 4, 4A, 5, 6, 7, the same principle of
operation is at work in that a fixed voltage is established by inverter 17 with the DC-DC
converter 31 providing MPPT control over the photovoltaic modules of array 11 to which it is
connected in such a way that sum of the variable array voltage and the variable output voltage
of the DC-DC converter 31 at port B is equal to the substantially fixed DC input voltage to the

inverter 17.

[00038] In the system illustrated in the embodiments of FIGS. 4-7 the inverter 17

capacity can be fully utilized as can the DC wiring capacity between the output B of the DC-
9
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DC converter circuit 31 and the inverter 17. Placing the DC-DC converter 31 close to the
array 11 and away from the inverter 17 can result in significant efficiency and cost reduction

in the DC wiring between the DC-DC converter 31 and inverter 17.

[00039] FIG. 8 illustrates an embodiment which is a variation of the FIG. 5
embodiment and in which the DC-DC converter 31 is provided at the location of the combiner
circuit 13, and which as noted, maybe in the same housing as the combiner circuit 13. In the
FIG. 8 embodiment, a DC storage device 33, such as a capacitor bank, or battery storage is
also provided in association with the DC-DC converter 31 for storing DC power and
providing power from the storage device 33 to the input of inverter 17 when needed. The
storage device 33 can be connected to the DC line 14 or to a voltage node within DC/DC

converter 31 to receive and supply DC power as needed.

[00040] FIG. 9 illustrates in greater detail one arrangement 50 of the DC-DC converter
31 and storage device 33 which may be used with combiner circuit 13 in the FIG. 8
embodiment. As shown, the input port A of the DC-DC converter 31 is connected across the
fixed voltage line input lines 14 to inverter 17 and the output port B is connected serially
between one line of the output of combiner circuit 13 and a DC line to inverter 17. FIG. 9
also shows a bi-directional DC-DC converter 37 for converting the input voltage to the DC-
DC converter 31 at port A to a DC voltage for storage device 33 and for converting output

voltage of the storage device 33 to a DC voltage for input to inverter 17 when needed.

[00041] Although FIG. 9 illustrates an embodiment in which a DC/DC converter 37 is
provided between the input A of DC-DC converter 31 and storage device 33, the input of DC-
DC converter 37 can be supplied from an internal DC voltage point within DC-DC converter
31 and may be omitted altogether if there is an internal voltage within DC-DC converter 31
which corresponds to the voltage of storage device 33. In another variant, the storage device

33 may also be directly connected to the DC line 14, assuming the voltages are compatible.

[00042] FIG. 8 also shows a tracker actuator 35 coupled to a group 12 of photovoltaic
modules of array 11. As well known in the art, a tracker actuator provides movement, usually

rotational movement, of a table containing a plurality of photovoltaic modules to track, for
10
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example, the position of the sun as it moves from one horizon to another. FIG. 8 illustrates
that a combined circuitry of the combiner circuit 13, DC-DC converter 31, and storage device
33 can also provide an output to the tracker actuator 35. This is further illustrated in FIG. 9 in
the form of a tracker controller 39, which receives as an input the input voltage at port A of
the DC-DC converter 31 and provides lower voltage DC control signal to the tracker actuator
35. The tracker controller 39 may also obtain its input voltage from an internal DC voltage

point of DC/DC converter 31 instead of being connected to DC line 14.

[00043] In the FIG. 8 embodiment, the combiner box 13, DC-DC converter 31, and
storage device 33 are provided between the groups 12 of photovoltaic modules of array 11
and the inverter 17. In another embodiment, illustrated in FIG. 10, the DC-DC converter 31,
storage device 33, and tracker controller 39, illustrated in FIG. 9, are all provided at the
location of the array 11 of photovoltaic modules and can be integrated as combined circuit 50
at the location of tracker actuator 35. In this embodiment, the combiner circuit 13 is provided
between the group 12 of photovoltaic modules of array 11, at which the tracker actuator 35,
DC-DC converter 31, storage device 33, and tracker controller 39 are provided, and the

inverter 17.

[00044] In the various embodiments illustrated above, input port A of the DC-DC
converter 31 is connected across the input to inverter 17 and the output port B of the DC-DC
converter 31 is provided in series between the groups 12 of photovoltaic modules and inverter
17. However, as shown in Figs. 11 and 11A the input port A of DC-DC converter 31’ can
also be connected across DC lines 23a, 23b which provide the variable voltage output of the
groups 12 of photovoltaic modules, and the output port B connected in series between the
groups 12 of photovoltaic modules and the DC line 14 input of inverter 17. In this instance,
the variable DC voltage of the groups 12 of photovoltaic modules, which are under MPPT
control of the DC-DC converter 31, provide the input voltage to the DC-DC converter 31’
which in turn provides an output voltage in series with that of the groups 12 of photovoltaic
modules and inverter 17, such that the sum of the variable output voltage of the groups 12 of
photovoltaic modules and the variable voltage at output of port B of DC-DC converter 31
equals the fixed input voltage to inverter 17. It should be noted that the arrangement of the

11
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DC-DC converter 31" input port A shown in Fig. 11 can be employed as a substitute for the
DC-DC converter 31 in each of the embodiments shown in Figs. 4-10 described above. Also,
although FIG. 11 shows the output B of DC-DC converter 31’ connected in series with DC

line 23b, it instead could be connected in series with DC line 23a.

[00045] FIG. 11A illustrates one example of the internal construction of DC-DC
converter 31’ It includes an input capacitor 71 provided at input port A across an input to a
DC-AC converter 73, the output of which is provided through series capacitor 75 to a step
down high frequency AC transformer 77. The output of transformer 77 is supplied to an AC-
DC converter 79. The output of AC-DC converter 79 is smoothed by series connected
capacitors 81 and supplied to a DC-DC converter 83 which provides the variable output
voltage at port B through an inductor 85. The output of inductor 85 is connected, together
with line 89 from combiner circuit 13 as the input to inverter 17 on DC line 14 through fuse
87 and disconnect switch 69. A controller 62 controls operation of one or more of the DC-AC
converter 73, AC-DC converter 79 and DC-DC converter 83 to provide MPPT control over

the photovoltaic modules of array 11.

[00046] The embodiments described above show use of a DC-DC converter 31 (or 317)
on a two-wire DC line feeder system. However, the DC-DC converter 31 (or 31") can also be

used with a three or four wire DC bipole line feeder system.

[00047] FIG. 12 illustrates an embodiment in which two DC-DC converters 31a and
31b have their input ports A respectively connected across +Vdc and ground (GND) and —
Vdc and ground (GND) input lines to a three line inverter 17°. The output port B (terminals
B1 and B2) of DC-DC converter 31a is connected in series between a +Vdc output line of
array 11 and the +Vdc input line to inverter 17°. Similarly, the output port B (terminals B3
and B4) of DC-DC converter 31b is connected in series between a —Vdc output line of array
11 and the —Vdc input line to inverter 17’. FIG. 12 shows the output ports B of the DC-DC
converters 31a and 31b connected in series with the PV module array lines 25a and 25¢. FIG.

13 illustrates an array 11 four DC wire embodiment where the output ports B (terminals B1

12
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and B2) (terminals B3 and B4) of the DC-DC converters 31a, 31b are respectively connected

in series between the array ground lines 25b and the ground (GND) line input to inverter 17’

[00048] FIG. 14 illustrates an embodiment similar to FIG. 13, but in which the two
DC-DC converters 31a, 31b are combined into a single dual DC-DC converter 31c. The two
DC-DC converters 31a, 31b shown in FIG. 12 can also be combined into a single dual DC-

DC converter.

[00049] FIG. 15 illustrates an embodiment for use in a three wire DC bipole system in
which the input ports A of the DC-DC converters 31’a and 31'b are respectively connected to
one of the array +Vdc, -Vdc voltage lines and the ground line of array 11. The output port B
of DC-DC converter 31'a is connected in series between +Vdc line of the array 11 and +Vdc
input line of inverter 17". The output port B of DC-DC converter 31'b is connected in series

between —Vdc line of array 11 and —Vdc input line of inverter 17".

[00050] FIG. 16 illustrates an embodiment for use in a three array wire DC bipole
system with a four wire inverter 17" input. In this embodiment the input port A of DC-DC
converter 31'a is connected across the +Vdc, and ground (GND) array 11 lines, while the
output port B is connected in series between the ground array line GND, and the ground input
line GND; to inverter 17°. FIG. 16 also shows DC-DC converter 31'b with an input port A
connected across the
—Vdc and ground line GND of array 11 and output port B connected in series between the

array ground line GND and ground input line GND, to inverter 17".

[00051] FIG. 17 shows an embodiment similar to FIG. 16, but in which the two DC-
DC converters 31'a and 31'b are combined into a single dual DC-DC converter 31'c. A
combined single dual DC-DC converter 31 ¢ can also be employed for the FIG. 15

embodiment.

[00052] The DC-DC converter 31 (31") of the invention may also employ a bypass
switch which disables its operation when certain conditions exist within a photovoltaic power

plant. The bypass switch may be employed to bridge across the B output port and thereby
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provide a direct connection between the DC voltage lines of the array and input lines to the
inverter, without the addition or subtraction of a DC voltage from DC-DC converter 31 (31")
output port B. FIGS. 4A and 11A show an example of a bypass switch 54 (FIG. 4A) and 64
(FIG. 11A) which can be used in various embodiments. For those embodiments which
employ a 3 line D path between the array 11 and inverter 17" one bypass switch can be

provided across the respective B outputs of the DC-DC converters 31a (31a’), 31b (31b”).

[00053] While many operating conditions of a PV power plant containing DC-DC
converter 31 (31") can be used to trigger a closing of the bypass switch (54, 64) such
conditions may include, but are not limited to, any fault inside the DC-DC converter 31 (31)
which may be detected by a control and protection circuit of the converter which may be
employed as part of controller 62 (Figs. 4A, 11A). Such control and protection circuit could
protect against, e.g. semiconductor, transformer, or other device failure or overcurrent or over
voltage conditions. In addition, the bypass switch (54, 64) can be closed by an intentional
bypass command from a central power plant controller, from the DC-AC inverter 17 (17), or
from any other control system, such as controller 62. Bypass protection can also be enabled in

the event of sensed severe transient conditions at input port A or output port B.

[00054] When the DC-DC connector 31 (31') is operated in the bypass mode, the
inverter (17, 17') to which it is connected can be operated in a limited DC voltage control
mode to harness as much power as possible from the inverter (17, 17") while the bypass is in

effect.

[00055] The benefits of the various embodiments of the invention can be illustrated by
the simplified schematic diagrams illustrated in FIG. 18, which, represents the FIGS. 3, 3A
prior art system, and FIG. 19 ,which represents the various embodiment of the present
invention. In both, and as one example, the power flowing through the system from a group
12 of photovoltaic modules of array 11 to an inverter 17 on a DC line 14" is 100kW. FIGS. 18
and 19 also show, as an example, an inverter 17 which handles 20 groups 12 of photovoltaic

modules, each group providing 100kW of power to inverter 17. FIGS. 18 and 19 also show
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the outputs from the different groups 12 of photovoltaic modules being combined prior to

input to inverter 17. The inverter 17 thus receives 20 x 100kW = 2MW of power.

[00056] Referring to FIG. 18, the voltages provided at the output of each group 12 of
photovoltaic modules of the array 11, at the output port of the DC-DC converter 29, and on
the DC voltage lines 14" and 14 between the DC-DC converter 29 and inverter 17 are
respectively illustrated in FIG. 12as V_PV_o,V_FPC o,and V_FPC i. The power
flowing through each DC-DC converter 29 is indicated as P FPC. Similarly, referring to the
FIG. 19 voltage provided at the output of the array 11, the output voltage of port B of DC-DC
converter 31 and on the voltage lines 14 between the DC-DC converter 31 and inverter 17 are
respectively illustrated in FIG. 13 as V_ PV o,V PPC oand V_PPC i. The power flowing
through each DC-DC converter 31 is indicated as P PPC.

[00057] Referring first to FIG. 18 and Table 1, as one example, the value of V_PV o
varies between 900V and 1500V DC (only example values of V_PV_o of 900V, 1000V,
1200V and 1500V are illustrated in the Table). The FIG. 18 system further uses an MPPT
control range of 900V to 1200V; and has a 1500V open circuit voltage for the group 12 of
modules. The FIG. 18 system also employs a fixed 1500V input to the inverter 17. With
these parameters, the corresponding values of V. FPC o, V_FPC i, and P FPC for the FIG
3, 3A system are illustrated. The power losses in the DC-DC converter 29 and DC wiring are

ignored for brevity.

Table 1
V. PV o V EPC o V EPC i1 P FPC
900V 900V 1500V 100kW
1000V 1000V 1500V 100kW
1200V 1200V 1500V 100kW
1500V 1500V 1500V 0kW
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[00058] As can be seen, the power P FPC flowing through the DC-DC converter 29 is
the same 100kW of power that flows between the module groups 12 of array 11 and inverter

17, ignoring the power losses in the DC-DC converter 29 and DC wiring.

[00059] Turning to FIG. 19 and Table 2 below similar parameters are shown for the
group 12 of photovoltaic modules in embodiments employing the DC-DC converters 31 (31')
of the invention. Thus, the module group 12 power is at 100kW and the module group 12
voltage fluctuates between 900V — 1500VDC with an MPPT control range of 900V to 1200V,
and with a 1500V open circuit voltage for the group 12 of modules. In this instance, the
voltage applied to the inverter is fixed at 1200V and the output voltage V. PPC o at port B of
the DC-DC converter 31 (or 31") varies between -300V and +300V in order to maintain the
fixed 1200V on the input lines to inverter 17. Thus, the corresponding values of V_Po,

V_PPCo, V_PPCi and P_PPC are as follows.

Table 2
VPV o V. PPC o V. PPC i P PPC
900V -300V 1200V 33kW
1000V 200V 1200V 20kW
1200V ov 1200V OkW
1500V +300V 1200V OkW
[00060] The actual power flowing through the DC-DC converter 31 (P_PPC) is also

illustrated for each of the values of the array output voltage V. PV 0. As can be seen, the

power flowing through the DC-DC converter 31(31") is a fraction, in this example at most

33%, of the power which flows through the DC-DC converter 29 illustrated in FIG. 18 and

Table 1. As a consequence, the rating and capacity of the DC-DC converter 31 (31') is a

fraction of that required for the DC-DC converter 29 (FIG. 18) for the same amount of power

100kW which is transferred between the groups 12 of photovoltaic modules and inverter 17.

[00061]

As noted, the actual values utilized in implementing a system in accordance

with the various embodiments of the invention can be different. Table 3, for example,
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illustrates another example of the embodiments of the invention represented by the FIG. 19
system in which a group 12 of photovoltaic modules of array 11 again provides 100kW of
power and an output voltage which varies in the range of 900V — 1500V, with an MPPT
control range of 900V to 1200V and with a 1500V open circuit voltage of the group 12 of
modules, but in this instance the output voltage of the DC-DC converter 31 (or 31’) varies
within the range of -200V to +400V and a substantially fixed voltage of 1100V is supplied at
the inverter 17 input.

Table 3
N PV o V PPC o V PPC i P PPC
900V -200V 1100V 22 .3kW
1000V -100V 1100V 10kW
1200V +100V 1100V 8.3kW
1500V +400V 1100V 0kW

[00062] Again, the power, P_PPC, actually flowing through the DC-DC converter 31 is
but a fraction, e.g. at most 22.3%, of that flowing through the DC-DC converter 29 employed
in the Figs 3, 3A prior art system.

[00063] Table 4 below shows yet another example of using yet another substantially
fixed voltage of 1050V at the input to the inverter 17 in embodiments of the invention. The
fixed input voltage to the inverter, is maintained by the output of DC-DC converter 31 (31'),

with an array power of 100kW and array output voltage varying in the range of 900V —

1500V with an MPPT control range of 900V to 1200V. The array modules 12 again have a

1500V open circuit voltage in this example. The output voltage at port B of the DC-DC

converter 31 (31') varies in the range of -150V to +450V.

Table 4

|V PV o

| V. PPC o

| V. PPC i

| P PPC
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900V -150V 1050V 16.7kW
1000V -50V 1050V SkW
1200V +150V 1050V 12.5kW
1500V +450V 1050V OkW

[00064] Again, the power P_PPC flowing through each DC-DC converter 31 (31')is a
fraction, e.g. at most 16.7%, of that which flows through each DC-DC converter 29
illustrated in the FIG. 3, 3A prior art system.

[00065] Table 5 shows another example in which the results of using DC-DC
converters 31 (31’) having an output voltage at port B which varies between 0V and +600V
and which provides a substantially fixed voltage of 900V to inverter 17.

Table 5
NV PV o N PPC o V PPC i P PPC
900V ov 900V 0kW
1000V +100V 900V 10kW
1200V +300V 900V 25kW
1500V +600V 900V 0kW

[00066] Once again, the power flowing through the DC-DC converter 31 (31”) is only a
fraction, e.g. at most 25%, of that flowing through the DC-DC converter 29 of the FIGS. 3,
3A system.

[00067] Although embodiments of the invention described above use, as an example,
an array output voltage varying between 900V — 1500V under MPPT control by the DC-DC
converter 31
(31"), embodiments of the invention can also be employed with higher voltage arrays 11.

Table 6, for example, illustrates one example of the FIGS. 3, 3A prior art system for
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transferring a 100kW from a module group 12 of array 11 in which the module group voltage
varies between 1300V and 2000V. Here an MPPT control range of 1300V to 1700V is used
with a 2000V open circuit voltage of the group 12 of modules, and with the fixed voltage to

the inverter at 2000V. The operating parameters are as follows.

Table 6

M PVo V FPC o V FPC i P FPC

1300V 1300V 2000V 100kW

1400V 1400V 2000V 100kW

1700V 1700V 2000V 100kW

2000V 2000V 2000V 0kW

[00068] Again, the power P_FPC flowing through each DC-DC converter 29 is the full

system power of 100kW.

[00069] Table 7 below illustrates the same PV array 11 having a group 12 module
voltage with varies between 1300V and 2000V, but employing embodiments of the invention
with DC-DC converter 31 (or 31") supplying an output voltage between -200V and +500V,
and with a substantially fixed inverter voltage of 1500V. The power flowing through the DC-
DC converter 31 (31') is again a fraction e.g. at most 15.3%, of that flowing through the DC-
DC converter 29 of the FIGS. 3, 3A system.

Table 7
V PV o V PPC o V. PPC i P PPC
1300V 200V 1500V 15.3kW
1400V -100V 1500V 7.1kW
1700V +200V 1500V 11.7kW
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| 2000V | +500V | 1500V | OkW

[00070] As shown in the representative examples in Tables 1-7, the power flowing
through the DC-DC converter 31 (or 31') is less than the total power flowing between the PV
array 11 and inverter 17 in the conventional system illustrated in FIGS. 3, 3A, thereby
permitting a reduced overall power rating of the various components required in a
photovoltaic DC power distribution system leading to higher power density of components,

better capacity utilization, and potential cost reduction.

[00071] While various embodiments of the invention have been described and
illustrated, it is apparent that many modifications can be made without departing from the
spirit and scope of the invention. For example, although disclosed embodiments are shown
for use with an inverter 17 acting as a power conversion stage, they can also be employed
with another power conversion stage such as a DC/DC power conversion stage in place of the
inverter 17, or with a DC/DC power conversion stage placed between the DC-DC converter
31 (31') and the inverter 17. Also, as described above and illustrated with various examples,
the numeric values of the various voltages in the examples and embodiments described above
can be changed to accommodate different characteristics of the photovoltaic modules in array
11, the inverter 17 and the DC-DC converter 31. Accordingly, the values used are merely

examples and not limiting of the invention in any respect.
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CLAIMS

What is claimed as new and desired to be protected by Letters Patent of the United States is:

1. A photovoltaic power distribution system comprising:

a plurality of photovoltaic modules providing a DC voltage on at least

one set of DC voltage lines;

an inverter comprising DC input lines and AC output lines for
converting DC power received from the at least one set of DC voltage lines to

AC power;

at least one DC-DC converter arranged between the at least one set of
DC voltage lines and the DC input lines of the inverter, the at least one DC-DC
converter comprising an input port and an output port, wherein the input port is
connected to one of the at least one set of DC voltage lines and the DC input
lines of the inverter, and the output port is connected in series between the at
least one set of DC lines and the DC input lines of the inverter, such that the
sum of the DC voltage provided by the plurality of photovoltaic modules on
the at least one set of DC lines and the DC voltage provided by the output port
of the at least one DC-DC converter equals a DC voltage provided at the DC

input lines of the inverter.

2. Asystem as in claim 1, wherein the input port of the DC-DC

converter is connected to the at least one set of DC voltage lines.

3. A system as in claim 1, wherein the input port of the DC-DC

converter is connected to the DC input lines of the inverter.

4. A system as in claim 1, further comprising a DC combiner

circuit for combining DC voltage from the plurality of photovoltaic modules,
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the DC combiner circuit providing the DC output from the plurality of

photovoltaic modules on the at least one set of DC output lines.

5. A system as in claim 4, wherein the DC combiner circuit is
provided between the plurality of photovoltaic modules and the DC-DC

converter.

6. A system as in claim 4, wherein the DC-DC converter is

provided at the location of the DC combiner circuit.

7. A system as in claim 6, wherein the DC-DC converter is located

within a housing of the DC combiner circuit.

8. A system as in claim 1, further comprising a DC combiner
circuit, wherein the DC-DC converter is provided between the plurality of
photovoltaic modules and the DC combiner circuit, and the output of the DC

combiner circuit is connected to the DC input lines of the inverter.

9. A system as in claim 1, wherein the DC-DC converter provides

a maximum power point tracking for the plurality of photovoltaic modules.

10. A system as in claim 1, wherein the plurality of photovoltaic
modules provides a varying DC output voltage on the at least one set of DC
voltage lines and the output port of the DC-DC converter provides a varying
DC output voltage.

11. A system as in claim 10, wherein the plurality of photovoltaic
modules provide a variable output voltage within a first range of values and the
DC-DC converter supplies an output voltage within a second range of values
such that the sum of a voltage value within the first range and second range

equal the DC voltage at the DC input lines of the inverter.
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12. A system as in claim 1, wherein the DC-DC converter is located

at the plurality of photovoltaic modules.

13. A system as in claim 1, wherein less than 100% of the power
which is transferred from the plurality of photovoltaic modules to the inverter

flows through the DC-DC converter.

14. A system as in claim 1, further comprising a DC storage device
associated with the at least one DC-DC converter for receiving and storing a

voltage.

15. A system as in claim 14, wherein the storage device is provided

at the location of the DC-DC converter.

16. A system as in claim 15, further comprising a DC combiner
circuit for combining outputs from the plurality photovoltaic modules and
wherein the DC-DC converter and storage device are provided at the location

of the DC combiner circuit.

17. A system as in claim 1, further comprising one or more tracker
actuators for moving the plurality of photovoltaic modules and a tracker
actuator controller for controlling movement of the one or more tracker
actuators, wherein the DC-DC converter, and tracker actuator controller are

provided at the location of the one or more tracker actuators.

18. A system as in claim 19, further comprising a DC combiner
circuit provided between the DC-DC converter and the DC input lines of the

inverter.

19. A system as in claim 1, wherein the output voltage of DC-DC
converter maintains the fixed DC voltage at the DC input lines of the inverter

over varying DC voltages on the at least one set of DC voltage lines.
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20. A system as in claim 1, further comprising one or more tracker
actuators for moving the plurality of photovoltaic modules, and an actuator
controller for controlling movement of the one or more tracker actuators,
wherein the actuator controller receives an input DC voltage from the DC input

lines of the inverter or from the DC-DC converter.

21. A system as in claim 20, wherein the at least one DC-DC
converter and actuator controller are provided at a location of a tracker

actuator.

22. A system as in claim 1, wherein the plurality of photovoltaic
modules provide a DC voltage on a plurality of sets of DC voltage lines, the
system further comprising a plurality of DC-DC converters, at least one DC-
DC converter being arranged between one set of DC voltage lines and the DC

input lines of the inverter.

23. A system as in claim 1, wherein the plurality of photovoltaic
modules provide a DC voltage on a plurality of sets of DC voltage lines, and
output voltages on the plurality of sets of DC voltage lines are combined on a
common DC line and the DC-DC converter is connected between the common

DC line and the DC input lines of the inverter.

24. A system as in claim 1, wherein the at least one set of DC lines
comprises at least one set of three DC lines, including a +Vdc line, a —Vdc line
and a ground line, and the inverter comprises a +Vdc input line, a —Vdc input

line, and a ground input line.

25. A system as in claim 24, wherein a first and second DC-DC
converter are provided between the at least one set of three DC lines and the
inverter, the input port of the first DC-DC converter being connected across the
+Vdc and ground input lines of the inverter and the output port of the first DC-

DC converter being connected in series between one of the +Vdc and ground
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lines and a corresponding +Vdc and ground input line of the inverter, the input
port of the second DC-DC converter being connected across the —Vdc and
ground input lines to the inverter and the output port of the second DC-DC
converter being connected in series between one of the —Vdc and ground lines
of the three DC lines and a corresponding —Vdc and ground input line of the

inverter.

26. A system as in claim 24, wherein a first and second DC-DC
converter are provided between the at least one set of three DC lines and the
inverter, the input port of the first DC-DC converter being connected across the
+Vdc and ground lines and the output port of the first DC-DC converter being
connected in series between one of the +Vdc and ground lines and a
corresponding +Vdc and ground input line of the inverter, the input port of the
second DC-DC converter being connected across the —Vdc and ground lines
and the output port of the second DC-DC converter being connected between
one of the —Vdc and ground lines and a corresponding —Vdc and ground input

line of the inverter.

27. A system as in claim 1, further comprising a controllable switch

for shunting across the output port of the DC-DC converter.
28. A photovoltaic power distribution system comprising:

a plurality of photovoltaic modules providing an output on at least one

set of DC output lines;

an inverter for receiving a DC voltage output from the plurality
photovoltaic modules on the at least one set of DC output lines, the inverter

comprising DC input lines; and

a DC-DC converter arranged in a DC path between the plurality of
photovoltaic modules and the inverter, wherein the DC-DC converter has an

output connected in series between at least one DC output line of the set and
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the DC input lines of the inverter, the DC-DC converter having a DC input
connected in parallel across one of the at least one pair of the set of DC output

lines and the DC input lines of the inverter; and

wherein only a portion of the power which is transferred from the
plurality of photovoltaic modules to the at least one inverter flows through the

DC-DC converter.
29. A photovoltaic power distribution system comprising:

a plurality of photovoltaic modules providing a DC voltage on at least

one set of DC voltage lines;

a power converter comprising DC input lines and output lines for
converting DC power received from the at least one set of DC voltage lines

power;

a DC-DC converter arranged between the at least one set of DC voltage
lines and the DC input lines of the voltage converter, the DC-DC converter
comprising an input port and an output port, wherein the input port is
connected to one of the at least one set of DC voltage lines and the DC input
lines of the voltage converter, and the output port is connected in series
between the at least one line of the set of DC lines and at least one DC input
line of the voltage converter, such that the sum of the DC voltage provided by
the plurality of photovoltaic modules on the at least one set of DC lines and at
least one DC voltage provided by the output port of the DC-DC converter
equals a DC voltage provided at the DC input lines of the voltage converter.
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