wo 20207163912 A1 | NI 0000 KO Y00 00 0

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

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
20 August 2020 (20.08.2020)

(10) International Publication Number

WO 2020/163912 Al

WIPO I PCT

(51) International Patent Classification:
H02J 3/32 (2006.01) HO2M 7/42 (2006.01)
H02J 3/36 (2006.01) H02J 5/00 (2016.01)

(21) International Application Number:
PCT/AU2020/050117

(22) International Filing Date:
12 February 2020 (12.02.2020)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

2019900446 12 February 2019 (12.02.2019) AU

(71) Applicant: ELEVARE ENERGY IP PTY LTD
[AU/AU]J; C/- Davies Collison Cave Pty Ltd, Level 10, 301
Coronation Drive, Milton, Queensland 4064 (AU).

(72) Inventor: HOLCOMBE, Bevan; Arana Hills, Queensland

4054 (AU).

Agent: DAVIES COLLISON CAVE PTY LTD; Level
10, 301 Coronation Drive, Milton, Queensland 4064 (AU).

(74)

(81) Designated States (unless 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, DJ, DK, DM, DO,

DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,

HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,
KR,KW,KZ, LA, LC,LK,LR, LS, 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, SA,
SC, SD, SE, SG, SK, SL, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, WS, ZA, ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, 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, FI, 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, CI, 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 MANAGING POWER

e
140 /
/ !
(
,/.»»152
160 <
108106 142 142 1154
N e ]
Y 164

108 =l

HE
] {
%)

+165

5

120

o
120

120

FIG. 1

(57) Abstract: The present invention provides a system for manag-
ing power in an electrical power distribution network. The system
includes a plurality of DC/DC converters each electrically coupled
between the output of one of a plurality of DC sources and a DC
bus, the converters electrically coupled to the DC bus in parallel and
each converter configured to transfer power from the DC source
to the DC bus; at least one DC energy storage apparatus electrical-
ly coupled to the DC bus; at least one DC/AC inverter having an
input electrically coupled to the DC bus and an output electrically
coupled to at least one of an AC load and an AC electrical source;
and, one or more electronic processing devices that selectively con-
trols the DC/DC converters to thereby selectively control transfer
of power to the at least one energy storage apparatus.
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SYSTEM AND METHOD FOR MANAGING POWER

Background of the Invention

[0001] The present invention relates to a system for managing power in an ¢lectrical power
distribution network. In a particular form, although not limited to such, the invention relates
to a system that includes solar photovoltaic (PV) power generation that is integrated with an

electrical supply grid and includes energy storage.

Description of the Prior Art

[0002] The reference in this specification to any prior publication (or information derived
from it), or to any matter which is known, is not, and should not be taken as an
acknowledgment or admission or any form of suggestion that the prior publication (or
information derived from it) or known matter forms part of the common general knowledge

in the field of endeavour to which this specification relates.

[0003] The boom in the uptake of solar PV power generation by residential, commercial and
industrial electricity customers has largely been driven by financial incentives including feed-
in-tariffs and other subsidies. As these incentives have gradually been reduced in previous
years, the mantra has moved towards 'self-consumption' of power produced. As solar PV
systems typically produce maximum power during the day when loads are typically low, the
excess energy is exported to the electrical supply grid and not consumed by the customer to
power loads. At night time, when the solar system is inactive and loads are typically highest,
the loads will draw power from the grid and the customer will have to pay for electricity

generated by the grid operator.

[0004] It is therefore desirable to include energy storage in the system so that excess power
generated by the solar PV system can be stored by the energy storage for use when the solar
PV system is inactive. The integration of energy storage, particularly significant energy
storage, into a grid-connected solar PV system is not however a trivial task as performance,

efficiency and cost attributes must be taken into consideration.
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[0005] For example, systems incorporating energy storage have typically suffered from
inefficiencies resulting from numerous energy conversion stages between the solar modules
and storage prior to supply to loads or the grid. Furthermore, energy storage systems have
previously used low voltage batteries as the storage medium which typically require a low

frequency transformer which decreases efficiency.

[0006] It would therefore be advantageous to provide a system that is capable of managing
power in an electrical power distribution network that integrates energy storage into a grid-

connected solar PV system in an efficient manner.

Summary of the Present Invention

[0007] In one broad form an aspect of the present invention secks to provide a system for
managing power in an ¢lectrical power distribution network, the system including: a plurality
of DC/DC converters each electrically coupled between the output of one of a plurality of DC
sources and a DC bus, the converters electrically coupled to the DC bus in parallel and each
converter configured to transfer power from the DC source to the DC bus; at least one DC
energy storage apparatus electrically coupled to the DC bus; at least one DC/AC inverter
having an input electrically coupled to the DC bus and an output electrically coupled to at
least one of an AC load and an AC electrical source; and, one or more electronic processing
devices that selectively controls the DC/DC converters to thereby selectively control transfer

of power to the at least one energy storage apparatus.

[0008] In one embodiment the one or more e¢lectronic processing devices independently
control an output of each DC/DC converter in accordance with at least one of a converter

output voltage and a DC bus voltage.

[0009] In one embodiment the output voltage of each DC/DC converter is greater than a

respective input voltage of each converter.

[0010] In one embodiment control of the output of each DC/DC converter is dependent on at

least one of: a charge limit of the at least one energy storage apparatus; a discharge limit of
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the at least one energy storage apparatus; a State of Charge (SOC) of the at least one energy
storage apparatus; and a State of Health (SOH) of the at least one energy storage apparatus.

[0011] In one embodiment the one or more ¢lectronic processing devices transmit a common

voltage limit to each DC/DC converter.

[0012] In one embodiment the common voltage limit is indicative of the maximum charge

voltage of the at least one energy storage apparatus.

[0013] In one embodiment the one or more electronic processing devices cause each DC/DC
converter to: implement a Maximum Power Point Tracking (MPPT) algorithm until the
output of the DC/DC converter reaches the common voltage limit; and regulate the output

once the voltage limit is reached so that the voltage limit is not exceeded.
[0014] In one embodiment the common voltage limit is at least 600VDC.
[0015] In one embodiment one or more of the DC/DC converters are galvanically isolated.

[0016] In one embodiment the at least one energy storage apparatus includes one or more

batteries having a nominal operating voltage of at least 600VDC.
[0017] In one embodiment the DC sources include solar photovoltaic (PV) power modules.
[0018] In one embodiment the DC/DC converters are integrated with the PV power modules.

[0019] In one embodiment the inverter is a bidirectional DC/AC inverter having an output

coupled to the AC source via an impedance.

[0020] In one embodiment the inverter includes a distribution static compensator
(ISTATCOM).

[0021] In one embodiment the inverter is controllable by the one or more ¢lectronic
processing devices to selectively cause power to flow between the DC bus and at least one of

the AC load and an AC electrical source.
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[0022] In one embodiment control of the inverter takes precedence over control of the

DC/DC converters.

[0023] In one embodiment the system includes wireless communication between at least the
one or more ¢lectronic processing devices, DC/DC converters, at least one energy storage

apparatus and the inverter.

[0024] In one broad form an aspect of the present invention seeks to provide a method for
managing power in an electrical power distribution network, the method including in one or
more electronic processing devices: determining one or more parameters of a system, the
system including: a plurality of DC/DC converters each electrically coupled between the
output of a respective DC source and a DC bus, the converters electrically coupled to the DC
bus in parallel and each converter configured to transfer power from the DC source to the DC
bus; at least one DC energy storage apparatus electrically coupled to the DC bus; and, at least
one DC/AC inverter having an input electrically coupled to the DC bus and an output
electrically coupled to at least one of an AC load and an AC electrical source; and,
selectively controlling the DC/DC converters in accordance with the determined parameters

to thereby selectively control transfer of power to the at least one energy storage apparatus.

[0025] In one embodiment an output of each DC/DC converter is independently controlled in
accordance with the determined parameters including at least one of a converter output

voltage and a DC bus voltage.

[0026] In one embodiment the method includes, in the one or more electronic processing

devices, transmitting a common voltage limit to each DC/DC converter.

[0027] In one embodiment the method includes, in the one or more electronic processing
devices: implementing a Maximum Power Point Tracking (MPPT) algorithm in each DC/DC
converter until the output of the DC/DC converter reaches the common voltage limit; and
regulating the output once the voltage limit is reached so that the voltage limit is not

exceeded.
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[0028] In one embodiment the method includes, in the one or more electronic processing
devices, controlling the inverter to selectively cause power to flow between the DC bus and

at least one of the AC load and an AC electrical source.

[0029] In one embodiment control of the inverter takes precedence over control of the

DC/DC converters.

[0030] In one embodiment the method includes, in one or more electronic processing
devices: determining parameter values of one or more operating parameters of the AC
source; determining target parameter values of the one or more operating parameters;
determining a difference between the parameter values and target parameter values; and,
generating a control signal based at least in part on the determined difference to control the
inverter and thereby selectively cause power flow between the DC bus and the AC source,

the power flow causing the parameter values to tend towards the target parameter values.

[0031] In one embodiment the one or more operating parameters of the AC source include at
least one of: AC source frequency, AC source voltage; Phase loading; and Load power

factor.
[0032] In one embodiment the AC source includes at least one of a utility grid or a generator.

[0033] In one embodiment the step of determining the parameter values includes, in the at
least one clectronic processing device: determining measured values of an AC voltage
magnitude, AC current magnitude and AC current phase angle at the inverter output; and
determining measured values of an AC voltage magnitude, AC current magnitude and AC

current phase angle at the AC source.

[0034] In one embodiment the control signal causes the inverter to at least one of: cause
power flow from the AC source to the DC bus; and, cause power flow from the DC bus to the

AC source.

[0035] In one embodiment the control signal causes the inverter to cause power flow from

the DC bus to the at least one AC load.
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[0036] In one embodiment the power flow includes at least one of real power (kW) and

reactive power (kKVAR).

[0037] In one embodiment the method includes, in the at least one electronic processing
device, generating a control signal which causes the inverter to actuate one or more switching

devices to control operation of the at least one AC load.

[0038] In one embodiment the at least one electronic processing device causes the inverter

output to become synchronised with the AC source.

[0039] In one embodiment at least the one or more clectronic processing devices, the
inverter, the energy storage apparatus, the at least one AC load, the AC source and one or

more external communication networks are controlled through wireless communication.

[0040] In one embodiment the control signal is generated at least in part by a machine
learning algorithm or from historical data of the one or more operating parameters of the AC

source.

[0041] In one embodiment the method includes, in one or more electronic processing
devices, generating a plurality of control signals based at least in part on the determined
difference to control a plurality of inverters and thereby selectively cause power flow
between a plurality of energy storage apparatus and the AC source, the power flow causing

the parameter values to tend towards the target parameter values.

Brief Description of the Drawings

[0042] An example of the present invention will now be described with reference to the
accompanying drawings, in which: -

[0043] Figure 1 is a schematic diagram of an example of a system for managing power in an
electrical power distribution network;

[0044] Figure 2 is a schematic diagram of an example of a communication system;

[0045] Figure 3 is a flowchart of an example of a method of managing power in an ¢lectrical

power distribution network;
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[0046] Figure 4 is a is a flowchart of an example of a method of managing power in an
clectrical power distribution network using battery maximum charge voltage as a system
parameter;

[0047] Figure 5 is a flowchart of a second example of a method for managing power in an
electrical power distribution network;

[0048] Figure 6 is a flowchart of an example of a method for managing power in an electrical
power distribution network using the voltage level of the AC source as an operating
parameter; and

[0049] Figure 7 is a schematic diagram of another example of a system for managing power

in an ¢lectrical power distribution network.

Detailed Description of the Preferred Embodiments

[0050] An example of a system for managing power in an c¢lectrical power distribution
network will now be described with reference to Figure 1. It will be appreciated from the
following that the system could be used with any power source capable of producing a DC
output including, but not limited to, fuel cells, DC generators, wind turbines and solar PV
cells. In the example shown, the DC sources comprise a plurality of solar PV modules which
for instance may form part of a roof-mounted solar PV array, but this is not intended to be

limiting.

[0051] In this example, the system 100 includes a plurality of DC/DC converters 130 each
electrically coupled between the output 122 of a respective DC source 120 and a DC bus 106,
the converters 130 being electrically coupled to the DC bus 106 in parallel and each
converter 130 being configured to transfer power from the DC source 120 to the DC bus 106.

[0052] The system 100 also includes at least one energy storage apparatus 140 electrically
coupled to the DC bus 106 and at least one DC/AC inverter 160 having an input 161
electrically coupled to the DC bus 106 and an output 162 electrically coupled to at least one
of an AC load 182, 184 and an AC electrical source 150. The energy storage apparatus 140
may be any suitable storage device including an electrochemical storage device such as a

battery or electrostatic energy storage device such as a capacitor or hydrogen storage for
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example. In the example shown, the energy storage apparatus 140 comprises one or more
batteries. The AC electrical source 150 will typically be the electric grid or utility supply
network but could also be a stand alone AC generator. AC loads 182, 184 represent both
controlled and uncontrolled loads in the system including for example customer loads such as

AC appliances and industrial loads such as induction motors and various other AC machines.

[0053] Although not illustrated in Figure 1, the system 100 further includes one or more
electronic processing devices that selectively control the DC/DC converters 130 to thereby
selectively control transfer of power to the at least one energy storage apparatus 140, as will

be described in more detail below.

[0054] An advantage of the above described system is that it enables the grid integration of
solar power generation with DC energy storage in an efficient manner. As the solar PV
modules 120 and DC/DC converters 130 are connected in parallel the energy output of the
solar modules can be maximised. For solar modules connected in series, the maximum output
of the system is constrained by the weakest PV cell. As such, the total output is vulnerable to

variable shading, panel orientation, poor quality of PV cells and/or connections etc.

[0055] Additionally, the above described system has only a single power inversion stage
which occurs after the PV output has been stored by the energy storage apparatus 140. This
minimises the number of energy conversions required between the solar output and the

energy storage apparatus prior to supply to the AC source and/or AC loads.

[0056] The ability to selectively control the DC/DC converters 130 to thereby selectively
control transfer of power to the at least one energy storage apparatus 140 further ensures that
the DC bus voltage is regulated enabling the energy storage apparatus 140 to be charged in an

efficient manner as will be described in further detail below.
[0057] A number of further features will now be described.

[0058] Typically, the one or more ¢lectronic processing devices independently control an
output of each DC/DC converter in accordance with at least one of a converter output voltage

and a DC bus voltage. These parameters may be measured using any suitable voltage sensor
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including for example a voltmeter, multimeter, vacuum tube voltmeter (VIVM), field effect
transistor voltmeter (FET-VM), or the like. Independently controlling the DC/DC converters
is advantageous as it enables the system to be inherently scalable (that is the system may

comprise any number of solar PV modules, energy storage apparatus or inverters).

[0059] The control of the output of each DC/DC converter is dependent on at least one of a
charge limit of the at least one energy storage apparatus, a discharge limit of the at least one
energy storage apparatus, a State of Charge (SOC) of the at least one energy storage
apparatus and a State of Health (SOH) of the at least one energy storage apparatus.

[0060] The State of Health (SOH) of the energy storage apparatus represents the condition of
the storage apparatus compared to ideal conditions and may include consideration of factors
including internal resistance, capacity, voltage, self-discharge, number of charge/discharge
cycles etc. Taking one or more of the above parameters of the energy storage apparatus into
account enables the DC/DC converters to be controlled so that the energy storage apparatus
may be charged efficiently without causing any damage through charging at a voltage

exceeding the charge voltage limit for example.

[0061] In a specific example, the one or more e¢lectronic processing devices transmit a
common voltage limit to each DC/DC converter. In an example, the common voltage limit is
indicative of the maximum charge voltage of the at least one energy storage apparatus.
Having set the common voltage limit for each DC/DC converter, the one or more ¢lectronic
processing devices cause each DC/DC converter to implement a tracking algorithm (for
example a Maximum Power Point Tracking (MPPT) algorithm) until the output of a DC/DC
converter reaches the common voltage limit and regulate the output once the voltage limit is

reached so that the voltage limit is not exceeded.

[0062] Typically the common voltage limit is at least 600V. Storing energy at a high voltage
such as this is an efficient means of storing electrical energy compared to low voltage storage
(48VDC lead acid batteries for example) which typically require a low frequency transformer

which is inefficient.
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[0063] The inverter, which is preferably bi-directional with an output coupled to the AC
source via an impedance, is controllable by the one or more electronic processing devices to
selectively cause power to flow between the DC bus and at least one of the AC load and the
AC source. Accordingly, the one or more processing devices control both power flow from
the DC/DC converters to the energy storage apparatus to optimise battery charging and
power flow through the inverter between the DC bus and at least one of the AC load and AC
source to provide power to loads or the grid for example to control one or more operating
parameters of the AC source. In a preferred control hierarchy, control of the inverter takes
precedence over control of the DC/DC converters. In other words, control of the AC side of

the system has priority over control of the battery charging in a two-tiered control hierarchy.

[0064] Typically, the system includes wireless communication between at least the one or
more electronic processing devices, DC/DC converters, at least one energy storage apparatus
and the inverter. The system may also communicate wirelessly with the one or more AC
loads, an external communication network (for example to communicate with the grid) and
an AC source meter configured to measure and record how much electricity a household or

business is consuming from the AC source at a regular time interval.

[0065] In one example, a control method for managing power includes, in one or more
clectronic processing devices, determining parameter values of one or more operating
parameters of the AC source including at least one of AC source frequency, AC source
voltage, phase loading and load power factor. The method further includes determining target
parameter values of the one or more operating parameters and determining a difference
between the parameter values and target parameter values. The method then includes
generating a control signal based at least in part on the determined difference to control the
inverter and thereby selectively cause power flow between the DC bus and the AC source,

the power flow causing the parameter values to tend towards the target parameter values.

[0066] In this way, the inverter can be used to control AC side parameters of a power
distribution network including operating parameters of the AC source. In some examples,
power flow may be directly between the AC source and the energy storage apparatus via the

DC bus.



WO 2020/163912 PCT/AU2020/050117

-11 -

[0067] The step of determining the parameter values includes, in the at least one ¢lectronic
processing device determining measured values of an AC voltage magnitude, AC current
magnitude and AC current phase angle at the inverter output and determining measured
values of an AC voltage magnitude, AC current magnitude and AC current phase angle at the
AC source. From these measurements, all other AC side parameters such as load power

factor etc. may be determined.

[0068] In one example, the control signal generated by the one or more electronic processing
devices, causes the inverter to at least one of cause power flow from the AC source to the DC

bus and cause power flow from the DC bus to the AC source.

[0069] In another example, the control signal generated by the one or more electronic
processing devices, causes the inverter to at least one of cause power flow from the AC
source to the energy storage apparatus and cause power flow from the energy storage

apparatus to the AC source.

[0070] In a further example, the control signal causes the inverter to cause power flow from
the DC bus to the one or more loads. In the above examples, the power flow includes at least

ong of real power (kW) and reactive power (kKVAR).

[0071] In a further example, the method includes, in the at least one electronic processing
device, generating a control signal which causes the inverter to actuate one or more switching
devices to control operation of the one or more loads. For example, the switching devices
(c.g. relays or switches) may regulate the power drawn by the load or completely disconnect

the load from the network.

[0072] While the control signal may be generated based on determined parameter values
obtained through measurement or the like, it is also possible that the control signal may be
generated at least in part by a machine learning algorithm or from historical data of the one or
more parameters of the network such as typical peak load values expected at a certain time of

day for example.
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[0073] In a further example, the method includes, in the one or more electronic processing
devices, generating a plurality of control signals based at least in part on the determined
difference to control a plurality of inverters and thereby selectively cause power flow
between a plurality of energy storage apparatus and the AC source, the power flow causing
the parameter values to tend towards the target parameter values. In a system having a
plurality of inverter and energy storage apparatus modules, great control capability is
provided as the modules may be installed at selected locations along a distribution feeder line

for example where they are most needed to support the network.

[0074] The system architecture shown in Figure 1 will now be described in further detail.
The system 100 includes a plurality of solar PV modules 120 which may form part of a roof-
mounted PV array of a residential building for example. The low voltage output 122 of each
PV module (typically less than 80VDC) is electrically coupled to a DC/DC converter 130. In
one example, each DC/DC converter is integrated with the PV module which may be
achieved for example by using high frequency magnetic components in the converters. The
DC/DC converters 130 may also be galvanically isolated and/or provide fault detection as
described for example in copending patent application number WQ02014/078904.
Galvanically isolating the DC/DC converters enables other components of the system such as

the inverter to be non-isolated.

[0075] The DC/DC converters 130 are electrically coupled in parallel to a DC bus 106 via
protective fuses 108. The DC bus 106 is preferably a high voltage DC bus (typically at least
600VDC). Accordingly, the output voltage of ecach DC/DC converter is greater than a
respective input voltage of each converter. Specifically, the DC/DC converters 130 function
to step up the low voltage output from the solar modules to the high voltage of the DC bus
106. The high voltage DC bus 106 is advantageous as it inherently reduces the size/cost of

the conductors and capacitors required.

[0076] An energy storage apparatus 140 is electrically coupled to the DC bus 106. Typically,
the energy storage apparatus 140 comprises one or more high voltage batteries that are
directly connected to the DC bus 106. The DC bus 106 is also electrically coupled to a
DC/AC imverter 160 which delivers power from the solar modules 120 and/or battery 140 to
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an AC source 150 and one or more AC loads 182, 184 which form part of an electrical power
distribution network. The grid-tied DC/AC inverter 160 therefore converts the DC bus
voltage into an AC mains or grid voltage at mains frequency (¢.g. 230-240VAC, 50Hz).

[0077] In one example, the inverter 160 is a four quadrant self synchronising type that runs
synchronised to the AC source 150 through a small impedance 154 via a synchronising
contactor 164. An example of an inverter topology that may be used in the system is
described in Wolfs, P and Maung Than Oo (2013), "4 LV Distribution Level STATCOM with
Reduced DC Bus Capacitance for Networks with High PV Penetrations", IEEE Power and
Energy Society General Meeting (PES). Accordingly, the inverter 160 may be a bidirectional
DC/AC inverter that includes a distribution static compensator (ASTATCOM) such that the
inverter can facilitate power transfer to and from the AC source 150. For example, power
may be transferred from the DC bus 106 to the AC source 150 or from the AC source 150
back onto the DC bus 106 and into battery 140.

[0078] The system 100 may further include metering at the AC source 150. Preferably, the
meter 152 is a smart meter capable of measuring and recording how much electricity a

household or business is consuming from the AC source 150 at a regular time interval.

[0079] As previously stated, the system 100 also includes one or more electronic processing
devices that selectively control the DC/DC converters 130 to thereby selectively control
transfer of power to the at least one energy storage apparatus 140. The one or more ¢lectronic
processing devices further control operation of the inverter 160 and in some examples the

battery 140 and local loads 182 184.

[0080] Now referring to Figure 2 it is shown that various devices of the system 100 may
communicate via a communication network 200. The devices can communicate via any
appropriate mechanism, such as via wired or wireless connections, including, but not limited
to mobile networks, private networks, such as an 802.11 networks, the Internet, LANs,
WANS, or the like, as well as via direct or point-to-point connections, such as Bluetooth,

Zigbee or the like.
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[0081] In the example shown, the DC/DC converters 30 are connected to the network at
nodes 202, the battery 140 communicates data via node 204 and a system controller 170
(consisting of the one or more electronic processing devices) is connected via node 206. The
system controller 170 may be connected to an external communication network 208 which
may communicate for example with a utility grid operator. Although not shown, it is to be
appreciated that the inverter, AC loads and AC source meter will also be connected to the

communication network 200 via respective nodes.

[0082] Whilst the system controller 170 may be a single entity, it will be appreciated that the
system controller 170 can be distributed over a number of geographically separate locations,
for example by using processing systems and/or databases that are provided as part of a cloud
based environment. However, the above described arrangement is not essential and other

suitable configurations could be used.

[0083] In one example, system controller 170 may include any suitable electronic processing
device(s), including one or more processing systems, which optionally may be coupled to one
or more databases for example containing information about historical loads and AC source
parameters. Accordingly, the one or more processing systems can include any suitable form
of electronic processing system or device that is capable of controlling one or more of the
inverter, DC-DC converters, energy storage apparatus, local loads, AC source meter and

external communication networks.

[0084] In one example, a suitable processing system includes a processor, a memory, an
input/output (I/0) device, such as a keyboard and display, and an external interface coupled
together via a processing system bus. It will be appreciated that the I/0 device may further
include an input, such as a keyboard, keypad, touch screen, button, switch, or the like thereby
allowing a user to input data, however this is not essential. The external interface is used for
coupling the processing system to the system devices including the inverter, DC-DC
converters, energy storage apparatus, local loads, AC source meter and external

communication networks.



WO 2020/163912 PCT/AU2020/050117

-15-

[0085] In use, the processor executes instructions in the form of applications software stored
in the memory to at least allow selective control of the DC/DC converters 130 to thereby
selectively control transfer of power to the at least one energy storage apparatus 140.
Accordingly, for the purposes of the following description, it will be appreciated that actions
performed by the one or more processing systems are typically performed by the processor
under control of instructions stored in the memory, and this will not therefore be described in

further detail below.

[0086] Accordingly, it will be appreciated that the one or more processing devices may be
formed from any suitably programmed processing system. Typically however, an ¢lectronic
processing device would be in the form of a microprocessor, microchip processor, logic gate
configuration, firmware optionally associated with implementing logic such as an FPGA
(Field Programmable Gate Array), an EPROM (Erasable Programmable Read Only
Memory), or any other electronic device, system or arrangement capable of interacting and

controlling the various devices in the system.

[0087] Now referring to Figure 3, there is shown a flowchart of an example of a method of
managing power from a plurality of DC sources. At step 300, the one or more electronic
processing devices determine one or more system parameters including for example, the
output voltage of a respective DC/DC converter, the DC bus voltage, charge limit of the
energy storage apparatus, discharge limit of the encrgy storage apparatus, State of Charge
(SOC) of the energy storage apparatus and State of Health (SOH) of the energy storage
apparatus. The state of health of the energy storage apparatus represents the condition of the
storage apparatus compared to ideal conditions and may include consideration of factors
including internal resistance, capacity, voltage, self-discharge, number of charge/discharge
cycles etc. At step 302, the one or more determined parameters are then interpreted by the
one or more electronic processing devices and used to selectively control the DC/DC
converters to selectively control transfer of power to the at least one energy storage apparatus

from the plurality of DC sources.

[0088] This control method enables the system to regulate the output of the DC sources (e.g.

solar PV modules) in order to optimise charging of the energy storage apparatus. Preferably,
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cach DC/DC converter is controlled autonomously, independent of the system configuration

such that the architecture is fully scalable.

[0089] A specific example of a suitable control method is shown in Figure 4. In this example,
at step 400 the system parameter determined by the one or more processing devices is the
battery maximum charge voltage. This parameter may be communicated to the one or more
processing devices wirelessly from the battery. At step 402, this voltage is transmitted or
broadcast by the one or more processing devices to each DC/DC converter. The voltage is

then used as a common voltage limit by each DC/DC converter.

[0090] Assuming that the solar PV modules are active, at step 404, the one or more
processing devices cause each DC/DC converter to implement a tracking algorithm such as a
Maximum Power Point Tracking (MPPT) algorithm which enables the maximum power to be
obtained from each PV module of the system. Each DC/DC converter will operate in MPPT
mode up until the voltage output of an individual DC/DC converter reaches the common
voltage limit. At step 406, the one or more electronic processing devices determine the
voltage output of each DC/DC converter and at step 408 each voltage output is compared
against the common voltage limit. If it is determined that the voltage output of a particular
converter has reached the common voltage limit set then at step 410 the one or more
processing devices cause the voltage output of the particular converter to be regulated such

that the output voltage falls back below the limit.

[0091] Each DC/DC converter is independently controlled such that the output of one or
more converters may be regulated while the other converters still operate in MPPT mode for
example. In this way, each DC/DC converter is controlled independently of what the others
are doing so that the system is inherently scalable (that is the system may comprise any

number of solar modules, energy storage apparatus or inverters).

[0092] In addition to selectively controlling the DC/DC converters to selectively control
transfer of power to the at least one energy storage apparatus, the one or more processing
devices may further be used to control the inverter to selectively cause power flow between

the DC bus and the AC source to thereby control operating parameters of the AC source.
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[0093] Referring now to Figure 5, there is shown a second example of a method for
managing power in an electrical power distribution network which seeks to control one or
more operating parameters of the AC source. At step 500, the one or more electronic
processing devices determine parameter values of one or more operating parameters of the
AC source. For example, in the case where the AC source is the mains power grid of a power
distribution network, the one or more operating parameters may include the AC source
voltage, AC source frequency, phase loading (for a three phase system) and load power
factor. The load power factor is the ratio of real power (kW) to apparent power (kVA) (which
is the combination of real power and reactive power (kVAR)). A load that consumes or
generates reactive power will draw more current from the AC source for a given amount of
real power transferred that actually does work to power the load. A load with a low power

factor therefore draws more current from the AC source and 1s inefficient.

[0094] The one or more parameter values of the one or more operating parameters may be
determined from suitable measurements. In one example, measurements of AC voltage
magnitude, AC current magnitude and AC current phase angle are made at the AC source
meter and measurements of AC voltage magnitude, AC current magnitude and AC current
phase angle are made at the AC output of the inverter. From these measurements, the one or
more processing devices can determine all operating parameters of the AC source.
Measurements of AC voltage may be made using any suitable voltage sensor including for
example a voltmeter, multimeter, vacuum tube voltmeter (VIVM), field effect transistor
voltmeter (FET-VM), or the like. Measurements of AC current may be made using any

suitable current sensor including a multimeter, ammeter, picoammeter, or the like.

[0095] At step 502, target parameter values of the one or more operating parameters are
determined by the one or more processing devices. For example, the one or more processing
devices may receive data from the utility grid indicative of the target parameter values or the
target values may be retrieved from a database. At step 504, the one or more processing
devices determine the difference between the actual parameter values of the one or more
operating parameters and the target parameter values. At step 506, the one or more

processing devices generate a control signal based at least in part on the determined
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difference to control the inverter to transfer power between the energy storage apparatus and
the AC source. The resulting power flow to or from the inverter causes the parameter values
to tend towards the target parameter values. In this way, the energy storage apparatus may be
used as a power source or sink to increase the efficiency and power quality of the power

distribution network.

[0096] A specific example is shown in Figure 6 of a method of managing power in an
clectrical power distribution network. In this example, at step 600, the one or more
processing devices determine the AC voltage level of the AC source. For example, the AC
voltage may be suitably measured by a voltage sensor located at the AC source meter which
sends a signal indicative of the AC source voltage to the one or more processing devices. At
step 602, the target voltage level of the AC source is determined (the target voltage level may
be an acceptable range having an upper and lower limit). For the case of the AC source being
a mains utility grid, the utility operator will set the target voltage level. At step 604, the
difference between the voltage level of the AC source and the target voltage level is

determined by the one or more processing devices.

[0097] At steps 606 and 608, the one or more processing devices determine whether the AC
source voltage is greater than or less than the target voltage respectively. In other words, the
system determines whether there is an overvoltage problem or an undervoltage problem in
the network. In response to overvoltage, at step 610 the one or more processing devices
generate a control signal to cause the inverter to sink reactive power from the AC source to
the energy storage apparatus to thereby lower the AC source voltage. In response to
undervoltage, at step 612 the one or more processing devices generate a control signal to
cause the inverter to source reactive power from the energy storage apparatus to the AC

source to thereby increase the AC source voltage.

[0098] In another example, for a system having a low load power factor (for instance when
there are one or more inductive AC loads consuming reactive power) the inverter can be used
to inject reactive power onto the grid or to supply reactive power directly to the load in order

to increase the load power factor to an acceptable level.
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[0099] In another example, since the inverter is synchronised with the AC source, the system
is capable of providing an uninterrupted power supply (UPS) function for the one or more
AC loads when for example, the AC source is lost or incapable of supplying sufficient power
for the loads. In this example, assuming that the energy storage has sufficient capacity, the
system can source power from the energy storage apparatus to power the one or more AC

loads.

[00100] In another example, the system may be used to reduce voltage unbalances in
three phase networks by dynamic load balancing. The voltage level of each phase may be
measured using a suitable voltage sensor. The one or more ¢lectronic processing devices then
determine the voltage levels based on these measurements and send a control signal to the
inverter to cause power to be transferred from an overloaded phase to a lightly loaded phase.
Alternatively, the inverter may cause power flow (e.g. reactive power compensation) from
the energy storage apparatus to the one or more lightly loaded phases to balance the

overloaded phase.

[00101] In the above examples, the operating parameters of the AC source may be
controlled preferentially over the charging of the energy storage apparatus in a two-tiered
form of control hierarchy. For example, control of the inverter is given precedence over
control of the DC/DC converters charging the energy storage apparatus. As such the inverter
will sink/source power between the DC bus and the AC source as appropriate in order to
maintain satisfactory operating parameters of the AC source. In this way, the inverter
controls what the DC bus voltage will be depending on whether power is being sourced or
sinked through the inverter. The DC/DC converters will therefore be subservient to control of
the AC source parameters so for example if the inverter is drawing power from the DC bus,
the DC/DC converters will simply continue operating in an MPPT mode to maximise power
output of the solar PV modules and maintain the DC bus voltage. If the inverter is not
drawing power from the DC bus, the DC/DC converters will charge the battery and operate in
MPPT mode until they reach a maximum voltage limit (as previously described for example)

and then regulate their output so that the battery maximum charge voltage is not exceeded.
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[00102] Referring now to Figure 7, there is shown another example of a system for
managing power in an electrical power distribution network. The system comprises a
plurality of energy storage apparatus 740 (for example high voltage batteries) that are each
electrically coupled to a respective DC/AC inverter via a respective high voltage DC bus.
The output 762 of each DC/AC inverter 760 is electrically coupled to an AC source 750. For
example, each inverter 760 may be coupled to a feeder line of an electric grid where the AC
source represents a distribution feeder. A plurality of loads 780 are coupled to the grid. In one
example, each module 700 comprising at least of an energy storage apparatus 740 and
DC/AC inverter 760 may be installed by the utility operator at selective locations along the
feeder line where they can be best utilised to support the power distribution network. In

another example, each module 700 may represent a residentially installed system.

[00103] In the arrangement shown in Figure 7, each module 700 may be used to
support the network and improve operating parameters such as AC source voltage, AC source
frequency, phase loading (for a three phase system) and load power factor. Additionally, the
modules 700 may communicate with each other so that for example if the load in one part of
the network is low (and a battery has sufficient charge), the battery may be used to supply
power to another battery that has a low level of charge or a part of the network where the

load is high.

[00104] Throughout this specification and claims which follow, unless the context
requires otherwise, the word “comprise”, and variations such as “comprises” or
“comprising”, will be understood to imply the inclusion of a stated integer or group of

integers or steps but not the exclusion of any other integer or group of integers.

[00105] Persons skilled in the art will appreciate that numerous variations and
modifications will become apparent. All such variations and modifications which become
apparent to persons skilled in the art, should be considered to fall within the spirit and scope

that the invention broadly appearing before described.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1)

2)

3)

4)

5)

6)

7)

A system for managing power in an electrical power distribution network, the system

including:

a) a plurality of DC/DC converters each electrically coupled between the output of one
of a plurality of DC sources and a DC bus, the converters electrically coupled to the
DC bus in parallel and each converter configured to transfer power from the DC
source to the DC bus;

b) at least one DC energy storage apparatus electrically coupled to the DC bus;

c) at least one DC/AC inverter having an input electrically coupled to the DC bus and an
output electrically coupled to at least one of an AC load and an AC electrical source;
and,

d) one or more electronic processing devices that selectively controls the DC/DC
converters to thereby selectively control transfer of power to the at least one energy
storage apparatus.

A system according to claim 1, wherein the one or more electronic processing devices

independently control an output of each DC/DC converter in accordance with at least one

of a converter output voltage and a DC bus voltage.

A system according to claim 1 or claim 2, wherein the output voltage of each DC/DC

converter is greater than a respective input voltage of each converter.

A system according to claim 3, wherein control of the output of each DC/DC converter is

dependent on at least one of:

a) acharge limit of the at least one energy storage apparatus;

b) adischarge limit of the at least one energy storage apparatus;

c) a State of Charge (SOC) of the at least one energy storage apparatus; and

d) a State of Health (SOH) of the at least one energy storage apparatus.

A system according to claim 4, wherein the one or more electronic processing devices

transmit a common voltage limit to each DC/DC converter.

A system according to claim 5, wherein the common voltage limit is indicative of the

maximum charge voltage of the at least one energy storage apparatus.

A system according to claim 6, wherein the one or more electronic processing devices

cause each DC/DC converter to:
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a) implement a Maximum Power Point Tracking (MPPT) algorithm until the output of
the DC/DC converter reaches the common voltage limit; and

b) regulate the output once the voltage limit is reached so that the voltage limit is not
exceeded.

8) A system according to any one of claims 5 to 7, wherein the common voltage limit is at
least 600VDC.

9) A system according to any of the preceding claims, wherein one or more of the DC/DC
converters are galvanically isolated.

10) A system according to any one of the preceding claims, wherein the at least one energy
storage apparatus includes one or more batteries having a nominal operating voltage of at
least 600VDC.

11)A system according to any one of claims 1 to 10, wherein the DC sources include solar
photovoltaic (PV) power modules.

12) A system according to claim 11 wherein the DC/DC converters are integrated with the
PV power modules.

13)A system according to any one of the preceding claims, wherein the inverter is a
bidirectional DC/AC inverter having an output coupled to the AC source via an
impedance.

14) A system according to claim 13, wherein the inverter includes a distribution static
compensator (ASTATCOM).

15)A system according to claim 13 or claim 14, wherein the inverter is controllable by the
one or more electronic processing devices to selectively cause power to flow between the
DC bus and at least one of the AC load and an AC electrical source.

16) A system according to claim 15 wherein control of the inverter takes precedence over
control of the DC/DC converters.

17) A system according to any one of claims 1 to 16, including wireless communication
between at least the one or more electronic processing devices, DC/DC converters, at
least one energy storage apparatus and the inverter.

18) A method for managing power in an electrical power distribution network, the method
including in one or more electronic processing devices:

a) determining one or more parameters of a system, the system including:
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1) a plurality of DC/DC converters each electrically coupled between the output of a
respective DC source and a DC bus, the converters electrically coupled to the DC
bus in parallel and each converter configured to transfer power from the DC
source to the DC bus;

i1) at least one DC energy storage apparatus electrically coupled to the DC bus; and,

ii1) at least one DC/AC inverter having an input electrically coupled to the DC bus
and an output electrically coupled to at least one of an AC load and an AC
electrical source; and,

b) selectively controlling the DC/DC converters in accordance with the determined
parameters to thereby selectively control transfer of power to the at least one energy
storage apparatus.

19) A method according to claim 18 wherein an output of each DC/DC converter is
independently controlled in accordance with the determined parameters including at least
one of a converter output voltage and a DC bus voltage.

20) A method according to claim 18 or 19 wherein the method includes, in the one or more
electronic processing devices, transmitting a common voltage limit to each DC/DC
converter.

21) A method according to claim 20 wherein the method includes, in the one or more
electronic processing devices:

a) implementing a Maximum Power Point Tracking (MPPT) algorithm in each DC/DC
converter until the output of the DC/DC converter reaches the common voltage limit;
and

b) regulating the output once the voltage limit is reached so that the voltage limit is not
exceeded.

22) A method according to any one of claims 18 to 21 wherein the method includes, in the
one or more electronic processing devices, controlling the inverter to selectively cause
power to flow between the DC bus and at least one of the AC load and an AC electrical
source.

23) A method according to claim 22 wherein control of the inverter takes precedence over

control of the DC/DC converters.
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24) A method according to any one of claims 18 to 23, the method including, in one or more
electronic processing devices:

a) determining parameter values of one or more operating parameters of the AC source;

b) determining target parameter values of the one or more operating parameters;

¢) determining a difference between the parameter values and target parameter values;
and,

d) generating a control signal based at least in part on the determined difference to
control the inverter and thereby selectively cause power flow between the DC bus and
the AC source, the power flow causing the parameter values to tend towards the target
parameter values.

25) A method according to claim 24, wherein the one or more operating parameters of the AC
source include at least one of:

a) AC source frequency;

b) AC source voltage;

c) Phase loading; and

d) Load power factor.

26) A method according to claim 25, wherein the AC source includes at least one of a utility
grid or a generator.

27)A method according to any one of claims 24 to 26, wherein the step of determining the
parameter values includes, in the at least one electronic processing device:

a) determining measured values of an AC voltage magnitude, AC current magnitude and
AC current phase angle at the inverter output; and

b) determining measured values of an AC voltage magnitude, AC current magnitude and
AC current phase angle at the AC source.

28) A method according to any one of claims 24 to 27, wherein the control signal causes the
inverter to at least one of:

a) cause power flow from the AC source to the DC bus; and,

b) cause power flow from the DC bus to the AC source.

29) A method according to any one of claims 24 to 28, wherein the control signal causes the

inverter to cause power flow from the DC bus to the at least one AC load.
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30) A method according to claim 28 or claim 29, wherein the power flow includes at least one
of real power (kW) and reactive power (KVAR).

31) A method according to claim 29 or claim 30, wherein the method includes, in the at least
one electronic processing device, generating a control signal which causes the inverter to
actuate one or more switching devices to control operation of the at least one AC load.

32) A method according to any one of claims 18 to 31, wherein the at least one electronic
processing device causes the inverter output to become synchronised with the AC source.

33) A method according to any one of claims 24 to 32, wherein at least the one or more
electronic processing devices, the inverter, the energy storage apparatus, the at least one
AC load, the AC source and one or more external communication networks are controlled
through wireless communication.

34)A method according to any one of the preceding claims, wherein the control signal is
generated at least in part by a machine learning algorithm or from historical data of the
one or more operating parameters of the AC source.

35) A method according to any one of claims 24 to 34, the method including, in one or more
electronic processing devices, generating a plurality of control signals based at least in
part on the determined difference to control a plurality of inverters and thereby selectively
cause power flow between a plurality of energy storage apparatus and the AC source, the

power flow causing the parameter values to tend towards the target parameter values.
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