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Battery System

Related Application
This application claims priority from Australian provisional patent application
2017900386 filed 8 February 2017, the contents of which are to be taken as

incorporated herein by this reference.

Technical Field

The invention described herein generally relates to battery systems.

Background Art

Energy storage systems for applications such as full electric vehicles, hybrid
electric vehicles, and stationary energy storage in grid connected or off grid
applications, frequently include an arrangement of multiple energy storage cell units.

In energy storage systems that include multiple energy storage units,
differences between cell units can impact how the overall energy storage system
performs. In particular, in battery systems including re-used battery cell units, such
differences between the cell units can be prominent. Moreover, a single bad cell unit
may undesirably affect the performance and reliability of the overall system.

Conventional battery management systems typically use switched resistors to
dissipate surplus energy from higher charged cell units, or switched capacitors or
switched inductors to transfer energy from higher charged cell units to lower charged
cell units. The primary role of these systems is to equalise the state of charge
differences of cell units connected in series at a particular point in the charge
discharge cycles, for example at the end of charging. Equalising the state of charge at
one specific point in the cycle ensures that the lowest capacity cell unit in a series
arrangement is able to be fully charged and discharged throughout the cycle. It does
not, however, allow higher capacity cell units to be fully charged and discharged
throughout the cycle.

In order to overcome the limitations posed by the lowest capacity cell unit in an
energy storage system comprising multiple cell units connected in series, a more
advanced approach is required. It is an aim of the invention to provide a battery
system which overcomes or ameliorates one or more of the disadvantages or
problems described above, or which at least provides the consumer with a useful

choice.
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Summary of the Invention

According to one aspect of the invention, there is provided a battery system
including

a plurality of battery cell units connected in series,

one or more switching assemblies, and

two or more controllers for determining one or more control parameters and
controlling the switching assemblies based on the control parameters to selectively

disconnect any one of the battery cell units from being connected with
any other battery cell units from the plurality of battery cell units, and
electrically connect in series any one of the battery cell units with any

other battery cell unit from the plurality of battery cell units,

so as to provide a system output having a controllable voltage profile, the two
or more controllers being configured for synchronised operation.

In one embodiment | there is provided a battery system wherein the controllers
control the switching assemblies to selectively allow

operation in a first state in which a first battery cell unit and a second battery
cell unit are electrically connected in series and a third battery cell unit is
disconnected,

operation in a second state in which the first battery cell unit and the third
battery cell unit are electrically connected in series and the second battery cell unit is
disconnected, and

operation in a third state in which the second battery cell unit and the third
battery cell unit are electrically connected in series and the first battery cell unit is
disconnected.

At least one of the controllers may be configured to generate a synchronisation
signal for time synchronisation of the two or more controllers.

The battery system may further include a dedicated synchronisation line for
communicating a time synchronisation signal between the two or more controllers.

The output voltage profile may be DC or rectified DC output. Alternatively, the
output voltage profile may be AC output.

The battery system may further include an output module for controlling the

system output, wherein the output module has one or more output switches for

AMENDED SHEET
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selectively connecting or disconnecting the connected battery cell units to the system
output.

The battery system may further include a capacitor at the system output for
smoothing an output voltage. Moreover, the battery system may further include an
inductor at the system output for smoothing an output current.

The battery system may include one or more battery cell modules, each
battery cell module may include a battery cell unit, and each battery cell unit may
include one or more battery cells. In one embodiment, the output of each battery cell

module may equal the output of its corresponding battery cell unit.

AMENDED SHEET
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The plurality of battery cell units may include two or more battery cell units that
are pre-used and/or otherwise differ in charge storage capacity by a considerable
amount. This amount may in some cases be a difference in charge storage capacity
of 5% or more.

Each battery cell module may include a switching assembly for connecting or
disconnecting (or bypassing) a corresponding battery cell unit. The switching
assembly may include a first switch for connecting the corresponding battery cell unit,
and a second switch for disconnecting the corresponding battery cell unit.

One of the control parameters may include a time shift for each of the battery
cell units. The time shift may determine a time for electrically connecting the
respective battery cell unit in series with one or more other battery cell units in the
plurality of battery cell units.

One of the control parameters may include a duty cycle for each of the battery
cell units. The duty cycle may determine a percentage of time for maintaining an
electrical connection for the respective battery cell unit when it is electrically
connected in series with one or more other battery cell units in the plurality of battery
cell units.

The control parameters may include duty cycle for each battery cell unit,
determined by one of the controllers based on respective cell unit voltage
measurements. The duty cycle may determine the percentage of time that the
respective battery cell unit is connected during operation. The ratio between the total
sum of the duty cycles of cell units and a duty cycle of 100% may be proportional to
the ratio between the battery system output voltage and the average voltage of the
battery cell units within the battery system. In one embodiment, the ratio between the
total sum of the duty cycles of cell units and a duty cycle of 100% may be equal to the
ratio between the battery system output voltage and the average voltage of each
battery cell unit. In some embodiments, the ratio between the total sum of the duty
cycles of cell units and the duty cycle for each battery cell unit may be equal to or
scaled to a value equal to the ratio between the battery system output voltage and the
average voltage of each battery cell unit.

In one embodiment, the duty cycle (D) for each battery cell module may be
calculated based on the following two formulas for discharging, and charging,

respectively:
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D C,XZ
x,discharge =
N1(C) — Xpev(Cp)
(Capx - Cx) X Z
Dx,charge =

2=1(Capg =€) = X5 . (Capy — Cp)

Wherein,

Dx.charge 1S the duty cycle for a battery cell unit ‘x’ during charging,

Dy discharge IS the duty cycle for a battery cell unit ‘x’ during discharging,

‘Cap’ is the total capacity in Ampere-hours a given battery cell unit can store
when fully charged, determined e.g. by on occasion fully charging and fully
discharging a battery cell unit, and measuring the amount of charge the battery cell
unit was able to provide throughout its transition between states of fully charged and
fully discharged,

Cx is the current level of stored charge in Ampere-hours of cell unit ‘x’,

X is a numerical value assigned to battery cell unit ‘x’ (where each battery cell
unit is assigned a number from 1 to N),

N is the total number battery cell units in the battery system,

Y is the collection of the indices X’ of the specific battery cell units that are
disabled from use temporarily or permanently,

Z is the number of battery cell units required to be connected at any given time,
and

« and g are variables used for summation in the equation.

In some embodiments, the duty cycle (D) for each battery cell unit may be
dependent on the present voltage of the respective battery cell unit, and the present
voltage of one or more of the plurality of other battery cell units in the battery system
and/or the measured or predetermined battery system output current or voltage.

Elaborating further, the duty cycle (D) for each battery cell unit may be
calculated based on the charge level of the particular battery cell unit Cx, the total
charge level of the battery system Cwt, and the number of battery cell units
simultaneously connected at any given time Z.

In some embodiments, the system may scale the duty cycle value up or down
accordingly to provide the desire output profile. In one example, the system may

scale down duty cycle values exceeding 1, and scale up duty cycle values below 1.
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In some embodiments, the system may detect battery cell units having
performance parameters outside the norm or a predetermined range and disconnect
the detected battery cell units. The performance parameters may include voltage
and/or current output, temperature and the like.

The control parameters may further include time shift value for each battery
cell unit. The time shift value may be calculated by one of the controllers based on a
total number of battery cell units in the battery system and/or the desired battery
system output voltage. The time shift value may determine a time offset for each
period of the start of the duty cycle of the respective battery cell unit. More
particularly, the time shift value may determine the start of a control reference period
for each of the battery cell units. In other words, the time shift value may determine
when the respective battery cell unit is switched on and off based on the duty cycle.

In one embodiment, the time shift (T) for each battery cell unit may be

calculated based on the following formula:

wherein,
Tx is the time shift value for battery cell unit ‘x’,

Tp is the period of the duty cycle, 4 where f is the control frequency of
the battery system,

X is a numerical value assigned to battery cell unit X’ (where each battery cell
is assigned a number from 1 to N), and

N is the total number battery cell units in the battery system.

In other embodiments, the time shift value may be determined iteratively. For
example, the time shift value of a first battery cell unit may be 0, and the time shift
value of a second battery cell unit may be the time shift of the first battery cell unit
plus the duty cycle of the first battery cell unit, and so forth.

The battery system may employ any suitable control reference frequency. In
one embodiment, the battery system employs high frequency operation. More
particularly, the control frequency may be between 0.1Hz to 10kHz. In some
embodiments, the control frequency may be less than 40Hz. In some embodiments,

the control frequency may be over 70Hz.
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In some embodiments, the control parameters may include a number of battery
cell units to be connected in series at any given time to provide the predetermined
output. In one example, where the battery system output is to be a DC waveform and
all battery cell units have the same present voltage, the number of battery cell units to
be connected in series at any given time Z may be calculated using the following
formula:

Vout

7 =
Vcell

wherein,

Z is the number of battery cell units to be connected in series at any given
time,

V,ue 1S the predetermined target output voltage of the battery system, and

V.en x 18 the voltage of a battery cell unit of the battery system.

The system output voltage profile may be a constant voltage (DC), a repeating
oscillating voltage (AC), a rectified oscillating voltage waveform, or any other
waveform.

In some embodiments, the system output voltage may be a user defined value.
In other embodiments, the predetermined output may be an input from an electrical
device or appliance to be powered by the battery system or to provide power to the
battery system.

In some embodiments, the battery system may include an output filter for
smoothing the output. Any suitable output filter may be used. In one embodiment, the
output filter is an LC circuit.

The battery system may further include a current sensor for measuring the
output current of the battery system. In some embodiments, the battery system may
include one or more output switches for selectively connecting or disconnecting the
output of the battery system, for example to meet operation requirements such as
battery system output voltage or current limitations.

Each battery cell unit may be controlled by a respective controller.
Alternatively, two or more battery cell units are controlled by a shared controller. In
one embodiment, at least one of the controllers is a central controller for generating a

control signal for the one or more other controllers.
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In one embodiment, one of the controllers is a central controller, and each
battery cell unit is associated with a decentralised cell unit controller for
communication with the central controller and controlling the switching assemblies. In
particular, each battery cell module may include a battery cell unit, a switching
assembly for connecting or disconnect the battery cell unit to the system, and a cell
unit controller for controlling the switching assembly and communicating with the
central controller. In this embodiment, the battery system may include shared cabling
for coupling the central controller to the battery cell modules. In particular, a single
control communication line connecting to the central controller may be connected to
each cell unit controller, and may transmit one- or multi-directional communication
between the central controller and cell unit controllers. In addition, a single time signal
line connection to the central controller may be connected to each cell unit controller,
and may transmit a single time signal from any one controller to a multitude of other
controllers, wherein the signal is used for time synchronisation of the central controller
and cell unit controllers.

In some embodiments, the system may have a centralized or semi-centralised
configuration. In particular, the centralized configuration may include a central
controller which directly controls the cell unit switching assemblies with dedicated
cabling connecting the central controller to the plurality of battery cell unit switching
assemblies.

The semi-centralised configuration may include clusters or groups of battery
cell units, and a single central controller having individual control lines connected to
each cluster or group of battery cell units. Each cluster or group of battery cell units
may share a single group controller.

Each battery cell unit may include one or a more battery cells and be
connected to a switching assembly for selectively connecting the battery cell unit to,
or disconnecting the battery cell unit from the battery system during operation. Each
switching assembly may include one or more switching elements (such as
MOSFETS, electromechanical contactors including double pole switches). In one
embodiment, one or more of the switching assemblies each includes a maximum of
two switching elements. Each switching assembly may be controlled using a single
control signal that may incorporate electrical isolation. The electrical isolation may be

provided by an opto-isolator, an isolation transformer, or other means of isolation. In
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some embodiments, the switching assembly may be connected to a battery cell unit
controller.

In one embodiment, at least one switching assembly includes

gate drive electronics for receiving control signals from at least one of the
controllers, the gate drive electronics having one or more isolation elements for
isolating the at least one switching assembly from the controllers, and

one or more switching elements for conducting a current flowing in a direct
electrical path between battery cell units connected in series; and

wherein the number of isolation elements is fewer than the number of
switching elements. The gate drive electronics may include an opto-coupler.

In one embodiment, a first switching assembly may be configured to control
one or more corresponding battery cell units, the first switching assembly including
gate drive electronics for receiving control signals from at least one of the controllers.
The gate drive electronics may be at least partially powered by the one or more
corresponding battery cell units.

In some embodiments, each battery cell units can comprise a combination of
individual battery cell units and blocks of parallel connected cells. In this specification,
the terms "battery cell unit" or "cell unit" can refer to an individual battery cell or a
block of cells connected in parallel, or a multitude of individual battery cells or blocks
of parallel cells or a mix thereof connected in series, and similar reasoning applies to
variations of those terms, such as plurals. It can also refer to a block of cells
connected in parallel or series in which one or more circuit components such as
fuses, resistors or inductors are connected in series and/or parallel with individual
cells.

In one embodiment, the central controller may be powered by one or more
battery cell units. In addition, each cell unit controller may be powered by its
respective battery cell unit.

The battery system may further include an AC/DC converter for converting a
direct current signal at the battery system output into an alternating current. The
battery system may further include an inverter. The battery system output may
provide a specific DC output voltage profile as required by an input of the inverter.

The battery system may further include an H-bridge circuit for converting a

rectified sine wave output signal to a full sine wave output signal.



wh

10

20

30

PCT/AU2018/050087
-9- Received 17/08/2018

Optionally, the battery system may further include a transformer. The
transformer may alter a voltage amplitude at the system output.

According to another aspect of the invention, there is provided a battery pack
system including two or more of the battery systems as previously described, wherein
the battery systems are connected in parallel with one another. In one embodiment,
the battery pack system controls the power contribution of each battery system by
controlling the output voltage profile of each battery system. The output voltage profile
of each battery system may be a DC voltage.

There is also disclosed herein, an energy storage system including

a plurality of energy storage cell units,

one or more switching assemblies operatively configured to selectively

electrically connect any one of the energy storage cell units from
the plurality of energy storage cell units in series with any other energy
storage cell unit from the plurality of energy storage cell units, and

disconnect any one of the energy storage cell units from being
connected with any other energy storage cell units from the plurality of
energy storage cell units, wherein the switching assemblies are
configured to selectively connect and disconnect the energy storage cell
units based on a set of control parameters, and

two or more controllers for determining the set of control parameters and
controlling the switching assemblies so as to provide a system output having a
controllable voltage profile, the two or more controllers being configured for
synchronised operation.

The energy storage units may include battery cell units, capacitors,
supercapacitors and the like, and/or any combination thereof.

According to a further aspect of the invention, there is provided a method for
controlling a battery system as described in the preceding paragraphs.

In order that the invention may be more readily understood and put into
practice, one or more preferred embodiments thereof will now be described, by way

of example only, with reference to the accompanying drawings.
Brief Description of the Drawings

Figure 1 is a schematic diagram of a battery system according to one embodiment of

the invention.

AMENDED SHEET
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Figure 2 is a schematic circuit diagram illustrating an output board of the battery

system of Figure 1.

Figure 3 is a schematic circuit diagram illustrating an alternative output board for the

battery system of Figure 1.

Figure 4 is a circuit diagram of a battery cell module of the battery system of Figure 1

according to one embodiment of the invention.

Figure 5 is a circuit diagram of a battery cell module of the battery system of Figure 1

according to another embodiment of the invention.

Figure 6 is a process flow diagram illustrating a method of providing a system voltage
output using the battery system of Figure 1 according to one embodiment of the

invention.

Figure 7 is a graph illustrating the duty cycle and time shift values over time for the
battery cell units of a battery system according to one example embodiment of the

invention.

AMENDED SHEET
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Figure 8 is a process flow diagram illustrating a method of providing a system voltage
output using the battery system of Figure 1 according to a further embodiment of the

invention.

Figure 9 is a process flow diagram illustrating a method of providing a system voltage
output using the battery system of Figure 1 according to one embodiment of the

invention.

Figure 10 is a graph illustrating the duty cycle and time shift values over time for the
battery cell units of a battery system according to a further example embodiment of

the invention.

Figure 11 is a graph illustrating the duty cycle and time shift values over time for the
battery cell units of a battery system according to a further example embodiment of

the invention.

Figure 12 is a process flow diagram illustrating a method of providing a system
voltage output using the battery system of Figure 1 according to an embodiment of

the invention.

Figure 13 is a graph illustrating the output voltage of a battery system over time of a
battery system according to one example embodiment of the invention compared to a

target voltage.

Figure 14 is a graph illustrating the duty cycle and time shift values over time for the
battery cell units of a battery system according to a further example embodiment of

the invention.

Figure 15 is a schematic circuit diagram illustrating an output configuration of the

battery system according to one embodiment of the invention.

Figure 16 is a schematic circuit diagram illustrating an output configuration of the

battery system according to another embodiment of the invention.

Figure 17 is a schematic circuit diagram illustrating an output configuration of the

battery system according to a further embodiment of the invention.
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Figure 18 is a schematic circuit diagram illustrating the configuration of a battery
system arrangement including two battery systems connected in parallel according to

a further embodiment of the invention.

Figure 19 is a schematic diagram illustrating a centralized configuration for the

battery system according to one embodiment of the invention.

Figures 20 and 21 are schematic diagrams illustrating two example semi-centralised

configuration for the battery system according to some embodiments of the invention.

Figure 22 is a schematic diagram illustrating a de-centralised configuration for the
battery system excluding any dedicated central controller according to one

embodiment of the invention.

Figure 23 is a schematic diagram illustrating a de-centralised configuration for the
battery system excluding any dedicated central controller and utilizing power line

communications according to one embaodiment of the invention.

Detailed Description of Preferred Embodiment(s)

As shown in Figures 1 and 2, battery system 100 includes a plurality of battery
cell modules 102, a central controller 104 for controlling the operation of the battery
cell modules 102, and an output module 106 for measuring and validating the output
from the battery cell modules 102, and or processing the output to provide a desired
output voltage profile. The output profile may be determined based on user inputs, or
the voltage requirements of a device or appliance to be powered by the battery
system 100.

The central controller 104 includes a microcontroller which determines a set of
control parameters to control the battery cell modules 102 based on input parameters
retrieved from the battery cell modules 102 such as the present voltage, maximum
charged voltage, and minimum discharged voltage for each battery cell module 102,
as well as voltage values for the overall battery system 100. The control parameters
determine when and how each battery cell module 102 operates at any given point in
time. In particular, the control parameters include duty cycle and time shift as
explained in further detail below.

Each battery cell module 102 includes a cell microcontroller 108 for

communicating with the central controller 104. Any suitable communication protocol
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may be used. In one embodiment, the central controller 104 communicates with the
cell microcontrollers 108 on each of the battery cell module 102 as well as the output
module 106 using 12C protocol.

Each battery cell module 102 further includes a battery cell unit 110 and a
switching assembly 112. The switching assembly 112 comprises transistors 114 to
selectively connect or disconnect (or bypass) the battery cell unit 110, and a switch
control circuit (Figures 4 and 5) for controlling the transistors 114. In one embodiment,
two power transistors (i.e. MOSFETSs) are used for each switching assembly 112, one
MOSFET for connecting the battery cell unit 110 and one for disconnecting the
battery cell unit 110, for example, in a ‘half-bridge’ circuit configuration. The output of
all connected battery cell modules 102 are electrically connected in series. Some
further examples configurations of switching assemblies and cell units are described
in PCT application no. PCT/AU2016/050917, the entire contents of which are
incorporated herein by reference.

In this embodiment, the output module 106 includes an output microcontroller
1186, and a set of output switches 106, which may be back-to-back NMOS MOSFETSs.
As more clearly shown in Figure 2, the output module 106 further includes two
voltage sensors 119, 121. The first voltage sensor 119 is connected in parallel with
the cumulative voltage output terminal 125 of the battery cell modules 102. The
second voltage sensor is connected in parallel with the cumulative output terminal
127 of the battery system 100. The output module further contains a current sensor
123 connected in series with the battery cell modules 102. The voltage sensors 119,
121 and the current sensor 123 may be used to measure battery system performance
and provide battery system diagnostics. The output switches may provide processing
of the battery system out, and/or protection for the battery system and/or electrical
devices attached to the output.

An alternative output module 107 is illustrated is Figure 3. In this embodiment,
the output module 107 includes a set of output switches 125, one a more voltage and
current measurement sensors (not shown), and further includes an LC filter 118 for
smoothing out the accumulated voltage and current output of the battery cell modules
102. The LC filter 118 is used to provide further stabilisation of the battery system
output by reducing voltage variations and/or current spikes caused by switching of
battery cell units 110. The output microcontroller 116 communicates with the central

controller 104 and interfaces with the sensors and transistors 125. The transistors
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125 can be used to disconnect the entire battery system 100 from an electrical device
or appliance (not shown), either when instructed to do so by the central controller
104, or when the sensors on the output module 107 show a current or voltage that is
outside expected operating thresholds.

In the embodiment shown in Figure 1, the battery system 100 is configured
according to a modular physical layout. In the modular physical layout, each battery
cell module 102 is on a separate circuit board. This is beneficial in some situations,
e.g. where the cell units 110 for each module 102 may experience some relative
physical movement that could damage a shared circuit board. It is also advantageous
in that the total number of battery cell units 110 which can be included in the battery
system 100 is not fixed by the number of switching interfaces on a shared board,
thereby allowing pack size to be changed simply by adding or removing battery cell
module 102 with dedicated circuitry as shown in Figure 1, rather than having to
redesign a shared circuit board to cater for a different number of battery cell units
110.

In the module physical layout of the battery system 100, communication
between the system components are carried out via modular control lines 122.
Elaborating further, rather than each battery cell module 102 receiving one or more
dedicated and unique control signals from a central controller 104, each battery cell
module 102 is connected to the same set of control lines 122 and receives the same
control signal from the central controller 104. The control signals include information
of which battery cell module 102 is addressed, so a given message is only acted
upcn by one or more specific battery cell module 102 rather than all modules. The
benefits of modular control are that the central controller 104 only has to provide one
set of control lines 122 to which all battery cell module 102 connect (i.e. allowing a
‘linear’ control line arrangement connecting the central controller 104 to the battery
cell module 102), rather than having a set of independent control lines running from
the central controller 104 to each cell module 102 in a ‘spider arrangement. The
modular control of the battery system 100 reduces cabling requirements and allows
the number of battery cell module 102 to be altered easily, for example, by simply
adding or reducing battery cell module 102 at the lower end of the layout shown in

Figure 1.
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The diagram in Figure 1 illustrates that the modular control lines 122 include a
SYNC or synchronisation line 124, a SDA or data line 126 (for 12C communication),
and a SCL or clock line 128 (for 1I2C communication).

The synchronisation line 124 is used to send time signals from the central
controller 104 to the battery cell modules 102 to allow the battery cell modules 102 to
closely synchronise their respective control timing accordingly. In a high frequency
control environment, all battery cell modules 102 must operate their respective
switching assemblies 112 in a very well-timed manner. Frequently, the timing
accuracy requirements are more strict than the tolerance permitted by a standard
clock of the cell microcontrollers 108, and a synchronisation signal from the
synchronisation line 124 allows the cell modules 102 to operate with higher timing
accuracy.

The data line 126 is used to send duty cycle and time shift values from the
central controller 104 to the respective battery cell modules 102, and to send the
measured voltage and temperature sensor values from the respective battery cell
modules 102 to the central controller 104. The duty cycle and time shift values
determine how the switching assemblies 112 of each module 102 operates. This is
explained in further detail below.

In accordance with 12C communication, the clock signal is used by the cell
microcontrollers 108 to decipher data received from the central controller 104.

Alternative hardware configurations for the battery system 100 are described in
further detail below with reference to Figures 19 to 23.

Now turning to Figure 4, which illustrates a circuit layout of a battery cell
module 102 according to one embodiment of the invention. The cell unit includes a
cell microcontroller 108, a battery cell unit 110 and a switching assembly 112. The
switching assembly 112 includes four transistors 114a, 114b, 114c¢, 114d and voltage
and optionally temperature sensors (not shown). It also includes gate drive circuitry
130, including isolation electronics 132 (e.g. an opto-coupler).

During operation, the cell microcontroller 108 receives sensor inputs of voltage
sensor reading, communicates with the central controller 104 and receives control
signals based on the sensor readings. The control signals are deciphered by the cell
microcontroller 108 and used to drive the gate drive circuitry 130 via the isolation
electronics 132. The isolation electronics 132 allow the cell microcontroller 108 (which

is electrically coupled to ground and cannot stand high voltages) to interface with the
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drive circuitry 132 and battery cell unit 110 (which can be at a high voltage in battery
packs where many cell units are connected in series).

The gate drive circuitry 132 includes the collection of electronic components
through which the cell microcontroller 108 controls the power transistors 114. The
drive circuitry 132 converts signals into the appropriate voltages and currents as
required to drive the transistors 114 (e.g. MOSFETs typically operate better when
they receive a signal that is at a sufficiently high voltage and provides a high current)
and to ensure that the transistors 114 are never closed at the same time as this would
undesirably short circuit the battery cell unit.

As shown in Figure 4, the lower power transistor 114a is an NMOS and has
the role of disconnecting the cell unit 110 when it conducts. The upper power
transistor 114c is a PMOS and has the role of including the cell unit 110 when it
conducts. Using one NMOS and one PMOS transistor means that a given input signal
(HIGH or LOW) shared across both power transistors 114a, 114c always turns one
transistor on and the other off thereby avoiding cell short circuits. When the input
signal changes (HIGH to LOW or vice versa), the resistor 134 causes one of the
power transistors 114 to receive a control gate current larger than the other, which will
cause it to stop conducting before the second starts conducting. In this embodiment,
two gate transistors 114b (NMOS) and 114d (PMOS) and associated resistors (136
and 138) are used to take the low-current signal that the isolation electronics 132
provide, and convert it into a signal that can be sufficiently high-current to drive the
power transistors 114.

Two nodes 140, 142 and the associated voltage divider resistors 144, 146,
148, 150 are used for voltage measurement. In this embodiment, no effort is made to
increase the gate drive voltage of the power transistors 114 higher than the voltage
offered by the respective battery cell unit 110. This means that power transistors 114
have to be carefully selected taking this voltage range into account.

The advantages of this embodiment illustrated in Figure 4 is that it avoids the
cost of dedicated driver electronics and a voltage converter. The gate drive circuitry
130 includes a single isolation element, further reducing cost. However, it is
recognised that the lack of high power transistor gate voltage limits the selection of
power transistors suitable for use. In addition, the gate transistors 114b, 114d are

directly powered by the respective battery cell unit 110. In some embodiments, the
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gate transistors 114b, 114d can be partially powered by the respective battery cell
unit 110.

Now referring to Figure 5, which illustrates a battery cell module 102’ according
to another embodiment of the invention. Two NMOS power transistors 144a, 144b are
used to connect or disconnect the battery cell unit 110, respectively. Each power
transistor 144 is connected to dedicated electronic high side driver electronics 148,
150 that isolate the signal and provide a suitably high current capability to drive the
transistors 144. An additional DC-DC voltage converter 152 is used to provide the
high side driver electronics 148, 150 with a suitably high voltage capability to drive the
transistors 144. The DC-DC voltage converter 152 receives its positive and negative
power input from the battery cell unit 110. The cell microcontroller 154 controls the
two high side driver electronics 148, 150 and acts to ensure one of the power
transistors 144 stops conducting before the other commences conducting in order to
avoid the possibility of battery cell unit short-circuit. The two high side driver
electronics 148, 150 receive their power through the drive voltage input from the DC-
DC voltage converter, and therefore indirectly from the battery cell unit 110.

The advantages of this embodiment include its ability to use a wide range of
power transistors which have a broad range of gate voltages. However, it is
recognised that the embodiment involves increased cost of high side drivers 148, 150
and a voltage converter 152.

Now turning to Figure 6, which illustrates a method 200 of operating the battery
system 100 by determining a set of control parameters including duty cycle and time
shift to control the battery cell modules 102.

At step 202, the central controller 104 retrieves input 204 including voltage and
potentially current measurements from each battery cell module 102 and estimates
the present charge level of each battery cell module 102.

At step 206, the central controller 104 receives input 208 regarding the desired
or predetermined output to determine the required or target output for the battery
system 100. As discussed, the output may be based on user input values, or the
voltage requirements of a device or appliance to be powered by the battery system
100.

The manner in which the central controller 104 calculates the target output and
associated total number of cell units to be connected simultaneously will be explained

with the example below.
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In this example, a battery system has 100 battery cell modules 102 connected
in series, each cell module 102 having a battery cell unit 110 capable of providing a
voltage of 4.2V when fully charged and 2.7V when fully discharged. In this example,
the battery system 100 commenced with all battery cell units 110 fully charged. The
battery system is to discharge, while providing a battery system DC output voltage
within a narrow range of 260-280V.

In this example, where the battery system output is to be a DC waveform and
all battery cell units have the same present voltage, the number of battery cell units to
be connected in series simultaneously Z may be calculated using the following
formula:

VO‘U.E

7 =
Vcell

wherein,

Z is the number of battery cell units to be connected in series at any given
time,

V.t is the target output voltage of the battery system, and

V..u is the voltage of a battery cell unit of the battery system.

Accordingly, to provide a stable output voltage of approximately 270V, 64
batteries are simultaneously connected in series initially ( 64 x 4.2V = 270V ).
Throughout discharging, as cell voltages decrease, the controller 104 will gradually
increase the number of batteries connected in series simultaneously. Eventually,
when the battery cell units 110 are close to fully discharged, all 100 cell units 110 will
be connected to provide the output of 270V (100 x 2.7V = 270V).

Similarly other battery output values can be chosen, with particular suitability if
the required voltage is lower than the sum of minimum voltages of all cell units 110
when fully discharged. In these cases, when all cell units 110 have fully discharged,
not all cell units 110 are connected to the system 100.

The above formula used in this example to calculate the number of cell units
connected simultaneously during discharging, can equally be used to calculate the
number of cell units connected simultaneously during charging. In that case, the
target output voltage of the battery system is the external charging voltage of the

battery.
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At step 210, the central controller 104 calculates a duty cycle value for each
battery cell unit 110 based on the measured input values 204 retrieved at step 202.
The duty cycle defines the amount or proportion of time that a switching assembly
112 connects a respective battery cell unit 110 to the battery system 100 during
operation.

At step 212, the central controller 104 calculates a time shift value for each
battery cell unit 110, and if required scales the duty cycle values calculated at step
210 based on the input values 204, 208 obtained in steps 202, 206. The time shift is a
variable used to control when the duty cycle for a particular battery cell module 102
commences. For instance, for a battery system 100 operating with a 1Hz system duty
cycle frequency and a battery cell module 102 having duty cycle value of 50%, the
associated switching assembly 112 may at t=0 connect the associated battery cell
unit 110 to the output, and at t=0.5s disconnect the associated battery cell unit 110. At
t=1s, due to the 1Hz frequency, the cycle will repeat. However, the battery cell
module 102 alternatively be connected at t=0, to be disconnected at t=0.25s, and
again connected at t=0.75s. Time shifting controls when the connected duty cycle of
each battery cell module 102 occurs, to provide the target battery system output.

The manner in which the central controller 104 calculates the duty cycle and
time shift for each battery cell module 102 will be explained with the example below.

In this example, the battery system 100 includes 7 battery cell modules 102,
which are to be charged. In this example, the target output of the battery system is 3
times the average voltage output of the battery cell units 110. For simplicity, each cell
module 102 has a maximum charge capacity it can hold of either ‘high’ or ‘low’ as
listed in the table below. Each cell module 102 with a ‘high’ capacity can hold 1.5Ah
of charge, whereas each cell module 102 with a ‘low’ capacity level can hold 1Ah of
charge. Furthermore, in this example, all battery cells begin in a fully discharged

state, and all batteries have the same voltage.
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However, it is to be understood that in practice, the battery system 100 can have
many different maximum charge storage capacities, levels of charge to begin with,
and voltage levels.
In this example, the central controller calculates the charging duty cycles of cell
modules 102 using the following formula:
(Cap, —C) X Z
g=1(capa —Cy) — ZﬁeY(Capﬁ - Cﬁ)

Dx,charge =

Wherein,

Dy charge IS the duty cycle for a battery cell unit ‘x” during charging,

‘Cap’ is the total capacity a given battery cell unit 110 can store when fully
charged, determined e.g. by on occasion fully charging and fully discharging a battery
cell unit, and measuring the amount of charge the battery cell unit was able to provide
throughout its transition between states of fully charged and fully discharged,

Cx is the current charge level of cell unit ¥,

X is a numerical value assigned to battery cell unit ‘x’ 110 (where each battery
cell unit is assigned a number from 1 to N),

N is the total number battery cell units 110 in the battery system 100,

Y is the collection of the indices X’ of the specific battery cell units that are
disabled from use temporarily or permanently,

Z is the number of battery cell units 110 required to be connected at any given
time, and

« and f are variables used for summation in the equation.

The above formula provides a duty cycle value between 0 and 1 (or 0% and 100%) for
each battery cell module 102, denoting the percentage of the time a given battery cell unit 110
is connected to the system 100 via a switching assembly 112.

In the example, based on the duty cycle formula, each cell unit having a ‘high’ charge
receives a duty cycle of 50%, and each cell units having a ‘low’ charge receives a duty cycle

of 33.3%. The sum of all duty cycle values (Dota) is calculated as follows:
N
Deotal :ZD = 3 x33.3% + 4 X 50% ~ 3
1

Since Dt is approximately 3 times a duty cycle of 100%, and therefore

matches the number of cells desired in Z, no scaling is required. However, if D IS
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greater or lower than 300%, the central controller 104 may calculate a scaling factor S
to scale the duty cycle values so that a Dww Of 300% is achieved. The central
controller 104 will then control each battery cell module 102 according to the scaled
duty cycle values.

As per step 212, the central controller 104 next calculates the shift values for
each battery cell unit 110. As discussed, the time shift defines when during a given
battery system duty cycle the battery cell unit transitions between being disconnected
to connected.

In this embodiment, the first cell unit 110 in-effect has no time shift (T}):

T, =0

The time shift for each subsequent cell unit (T,,) is the value of the time shift of
the previous cell unit 110 (T,_;) plus the value of the duty cycle of the previous cell
unit 110 (D,_,), but no greater than 1:

Ty =Ty—q + Dy—y — floor(Ty—y + Dy—y)

The cell unit behaviour resulting from the above duty cycle and time shift
values can be seen in Figure 7. In this figure, the x-axis denotes time as measured in
terms of system duty cycles. In this case, one system duty cycle represents the time
in which each cell unit 110 has once been switched on, and once been switched off.
The y-axis indicates whether the battery cell unit 110 is connected to the output or
disconnected. It can be seen for example that at the start of the system duty cycle
(Time=0%), cell units 1, 3, and 5 are connected, and all other cell units are
disconnected. At every point in time three cell units are connected, which will provide
a total output value of approximately 3 times the average output voltage of each cell
unit 110 as desired. Since the cycle is continuously repeating, some cell units
including cell unit 3 begin near the end of one duty cycle and continues into the next
duty cycle. During operation, cell unit behaviour is repeated over and over again, until
new duty cycle values are calculated and assigned by the central controller, thereby
causing a change in the switching behaviour of the cell module 102.

In the above example, the central controller 104 can control the battery cell
modules 102 to control the total output of the system 100 by choosing the number of
cell units to be connected at a specific point in time. Whilst in the above example,
three cell units are used at one time, in other examples fewer or more cell units may

be used at the same time to provide a higher output voltage.
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In an alternative embodiment, the central controller 104 may at step 210
calculate the duty cycle of each battery cell unit 110 based on the following formula.
V o-F

1’) - 3nis
kN V - ;‘r

© ckavge min
wherein,
Dy is the duty cycle for a battery cell unit ‘X',

Vi is the present voltage of a battery cell within the respective battery cell unit

Vmin 1S the minimum allowable voltage of the battery cell of battery cell unit ‘x’
(e.g. when the battery cell is fully discharged), and

Venarge IS the voltage of the battery cell of battery cell unit ‘x” when it is fully
charged.

As present cell voltage is related to stored charge, the above duty cycle
calculation will provide different duty cycles for battery cell units 110 with different
amounts of stored charge.

In some embodiments, the central controller 104 may at step 2012 calculate the time
shift based on the following formula
X ~1

;
e

‘{.( m};) X

wherein,
Ty is the time shift value for battery cell unit ‘x’,
Ty

Tp is the period of the duty cycle, Y , where f is the control frequency of
the battery system,

X is a numerical value assigned to battery cell unit ‘X’ (where each battery cell
is assigned a number from 1 to N), and

N is the total number battery cell units in the battery system.

This formula results in the time shift values for the battery cell modules 102 to
be evenly spaced values between 0 and Tp. The battery cell units 112 will therefore
become connected one after the other in a staggered fashion, which for specific duty
cycles provides a desirable voltage output profile.

At step 214, the central controller 104 issues control signals to the cell

microcontrollers 108 and the output microcontroller 116 to control the operation of
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each battery cell module 102 and output module 106 in order to provide the desired
output to match the values obtained from input 208.

A further method 250 of controlling the battery system 100 to provide the
desired voltage output will now be described with reference to Figure 8.

At step 252, the system 100 determines Cy, the charge level presently stored in
each battery cell unit 110. This value for C is determined, for example, by comparing
the measured cell voltage to a lookup table or a function of cell voltage, and
considering the remaining capacity relationships under specific conditions including
charge and temperature and/or by measuring the amount of charge that has entered
and/or left each battery cell over time.

At step 254, the system 100 determines the total number of cell units to be
simultaneously connected in order to provide the desired output voltage.

At step 256, the cell microcontroller 108 checks performance parameters of its
respective cell unit 110. Some of these performance parameters may include
temperature, output voltage, current and the like. In the event that the respective cell
unit 110 has a performance parameter outside the norm or a predetermined range,
the microcontroller 108 informs the central controller 104 that its respective cell unit
102 is to be disconnected in the present operating cycle. The system 100 marks the
disconnected cell units 110 as inactive cell units 110. In a subsequent cycle, if the
value of the performance parameters are determined to be within the norm or the
predetermined range, the cell microcontroller 108 informs the central controller 104
that the respective cell unit 110 can be connected for use in the present operating
cycle. The system 100 marks the connected cell units 110 as active battery cell units
110.

At step 258, the system 100 determines a discharging duty cycle Dy discharge (€.9.
when the battery system 100 is providing power to a load) and a charging duty cycle
Dx charge fOr each cell unit 110 ‘X’ (e.g. when the battery system 100 is being charged
by an external supply) according to the following two formulae:

If the system 100 is providing power to a load and discharging, the duty cycle

of a specific cell unit x during the discharge is calculated below:

CeXZ

Dy ai = ceeree FOrmula 1
x,discharge 21&]:1(@1)—2/3 ey(Cﬁ)
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Wherein,

Dxdischarge IS the duty cycle for a battery cell unit ‘x’ during discharging,

Cx is the current charge level of cell unit ‘X’ [Calculated in step 252].

X is a numerical value assigned to battery cell unit ‘x’ 110 (where each battery
cell unit is assigned a number from 1 to N), and

N is the total number battery cell units 110 in the battery system 100.

Y is the collection of the indices ‘X’ of the specific battery cell units that are
disabled from use temporarily or permanently. [Determined in step 256].

Z is the number of battery cell units 110 required to be connected at any given
time [Calculated in step 254].

a and § are variables used for summation in the equation.
In Formula 1, ¥¥_, C, is the total capacity present in all battery cells units 110 during

discharge is; (Zﬁeycﬁ) is the capacity of all cell units 110 that for any given reason

cannot be used, e.g. a cell that has been excluded to keep it in its safe voltage or
temperature operating region and/or to protect it from excessive degradation as
determined in step 256. The subtraction of the total capacity of cell units 110 which
cannot be used from the total capacity of all cell units 110 therefore provides the total
capacity of the available cell units 110 (‘total available capacity’).

Formula 1 then divides the capacity in each cell unit x by the total available
Cx
a=1Ca)=Zgey(Cp)

capacity - the resulting term ( ) specifies how many percent of the total

discharge individual cell needs to contribute to an optimal discharge. Finally,
converting this into the duty cycle of on-time requires multiplying by the number of cell
units 110 that need to be connected in series to provide an acceptable output voltage.

If the system 100 is not providing power to a load and is charging, the duty

cycle of a specific cell unit x during charging is calculated below:

(Capx—Cx)*xZ

i FOrmula 2
28=1(Capa—Ca)=2p  y(Canp—Cp)

Dx,charge =

Wherein,

‘Cap’ is the total capacity a given battery cell unit 110 can store when fully
charged, determined e.g. by on occasion fully charging and fully discharging a battery
cell unit, and measuring the amount of charge the battery cell unit was able to provide
throughout its transition between states of fully charged and fully discharged.

All other terms have the same meaning as for the discharging equation.
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At query step 260, the system 100 determines whether the duty cycle for any
of the battery cell units 110 exceed 1 or 100%. If any one or more of the battery cell
units 110 in the system 100 have a duty cycle value that exceeds 100%, the method
250 proceeds to step 262. If not, the method 250 proceeds to step 264.

A calculated value for duty cycle can exceed 1, for example, when a
discharging battery system comprises one given battery cell unit that holds a
significantly higher amount of stored charge than others when discharging. Similarly,
this can also occur during charging, when one cell has the same amount of stored
charge as others but a significantly higher capacity. In these cases, as it is not
possible to operate any battery cell unit 110 at a duty cycle of more than 100%, the
system 100 scales up the duty cycle values for the those battery cell units 110 having
a duty cycle less than 100% to even out the output requirements for each of the
battery cell units 110 so as to achieve an output as close as possible to the desired
output. In some cases, this may not be possible, for example, it is not possible to
provide an output of 24V with 3 active battery cell units 110 having an output of 6V
each. In this case, the system 100 may be instructed to provide the closest possible
output, or be turned off.

At step 262, for the duty cycle values of all battery cell units 110, except any
battery cell units 110 having a duty cycle of exactly 100%, are scaled according to the
formulas below.

For battery cell units 110 having a duty cycle value greater than 100%, the
scaled duty cycle value Dy, i 1, or 100%.

For battery cell units 110 having a duty cycle value less than 100%, the scaled

duty cycle value D,,, is calculates based on Formula 3 below.

Dyp = Dy X <1+M ) e ........Formula 3
ZBEVDB.X

Wherein,

D, is the calculated unscaled duty cycle value of each battery cell unit 110,

D, is the calculated unscaled duty cycle value of each of the battery cell units
110 having a duty cycle value exceeding 1, or 100%.

D, — 1 is therefore the amount by which each of these duty cycle values

exceed 1 (‘duty cycle surplus’).
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Yaew (Dg — 1) is thus the total sum of the duty cycle surplus for all battery cell
units 110 having a duty cycle over 1.

W is the collection of the indices X’ of the specific battery cell units 110 that
having an unscaled duty cycle value over 1, and « is a variable used for summation in

the equation.
Y gev Dpx is the total sum of duty cycle values of the battery cell units 110

having an unscaled duty cycle value less than 1.
V is the collection of the indices ‘x’ of the specific active battery cell units 110
having an unscaled duty cycle value less than 1, and

« and S are variables used for summation in the equation.

If step 262 causes any battery cell units with a unscaled duty cycle value of
less than 1 to exceed 1, scaling step 262 is repeated with all unscaled duty cycles
being replaced with the duty cycle values calculated during the previous scaling step.
This is done until all scaled duty cycles have a value of 100% or below. If the duty
cycle calculation in Formula 3 ever yields a division by zero, this indicates that the
output requirements and available battery cells are fundamentally incompatible, at
which point the system may transition into a state of partially reduced functionality or
fully disconnect the output, depending on user settings.

In step 264, the system 100 calculates a time shift value for each active battery
cell unit 110 based on its respective duty cycle value (either scaled or unscaled) as
calculated in the previous steps. As noted above, unscaled duty cycle values will be
used if none of the duty cycle values calculated in step 258 exceeds 1, otherwise
scaled duty cycle values as calculated in step 262 are used.

The first connected cell unit 110 does not have a time shift, so:

T, =0

The time shift for each subsequent cell unit (T,) is the value of the time shift of
the previous cell unit 110 (T,._,) plus the value of the duty cycle of the previous cell
unit 110 (D,_,), but no greater than 1:

Ty =Ty—q + Dy—y — floor(Ty—y + Dx—y)
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The inclusion of the floor function term ensures that if T,_, + D,_, is 1 or larger,
then 1 is subtracted to return T, to a fraction equal or larger than O and less than 1. If
the term inside the floor function is equal or larger than O and less than 1, then the
floor function returns a value of O and does not contribute to the time shift calculation.
The result is that the active battery cell units 110 are connected and disconnected in
a staggered manner to provide an output profile that equals to or closely matches the
desired output profile.

At step 266, the central controller 104 issues control signals to the cell
microcontrollers 108 and the output microcontroller 116 to control the operation of
each battery cell module 102 and output module 106 in order to provide the desired
output.

In the configuration shown in Figure 1, the steps of the method 250 are
predominately carried out by the central controller 104. Each cell microcontroller 108
communicates the corresponding values for each cell unit 110 to the central controller
104, and deciphers the relevant duty cycle and time shift values corresponding to its
respective cell unit 110 from the central controller 104 and uses those values to
control the respective switching assembly 114 to either disconnect or connect the
respective cell unit 110 at the appropriate time. However, in other configurations, the
above method steps can be carried out in any one or more of the cell microcontrollers
108 if a central controller 104 is not used.

An example of method 250 will now be explained below with reference to
Figures 8 to 11.

Assume a battery pack consists of six battery cell units with x=1 to 6 that have
respective capacities of 2,3,4,4,5, and 6 Ah, and where each battery cell unit provides
an output voltage of approximately 4V when fully charged, 3.5V when it is half-
charged and 3V when discharged. This battery pack starts fully charged and is to be
first discharged and then charged while providing an output voltage ranging between
10.5-14V. At the start of discharge all unit are functional, so there are no cells with
indices Y. When it commences discharging, the system calculates that to provide a
voltage in the output voltage range, three battery cells are desired to be used
simultaneously - since 4V/cell * 3 cells = 12 V. The resulting duty cycles for the cells

can be calculated as follows:
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24h
(2+3+4+4+5+6

Dl,discharge = min( X 3,100%) =25%

h
X 3,100%) = 37.5%

Dz,discharge = min (24Ah

. ( 4Ah
D3 gischarge = min (m X 3,100%) = 50%

h
x 3,100%) — 50%

. A
D4,discharge =rmn (24Ah

h
X 3,100%) =62.5%

DS,discharge = min (24Ah

. ( 6Ah
Ds gischarge = min (m X 3,100%) =75%

Based on the time shift formulas and processes provided previously, the cell
unit time shifts can be calculated as follows:
T, =0
T, =T, + Dy — floor(T; + D;) = 04+ 25% — floor(25%) = 25%

T3 = 25% + 37.5% — floor(62.5%) = 62.5%

Ty = 62.5% + 50% — floor(62.5% + 50%) = 112.5% — 1 = 12.5%
Ts = 12.5% + 50% — floor(62.5%) = 62.5%

Ty = 62.5% + 62.5% — floor(62.5% + 62.5%) = 125% — 1 = 25%

5 The cell unit behaviour resulting from the above duty cycle and time shift
values can be seen in Figure 9. It can be seen that cell unit 2 becomes connected
when cell unit 1 becomes disconnected. The result as can be seen on the right is a
system having 4 cell units connected at all paints in time.

By the time the battery cells are half-discharged, cell units x=1 to 6 have

10  respective remaining stored charge of 1,1.52,2,2.5 and 3 Ah. At this point, the
voltage of the pack has reached 3.5 V/cell * 3 cells = 10.5V. Since discharging the
pack further would lead the battery output voltage to drop below 10.5V, the system
calculates that for continued discharging using four cells simultaneously is now
desirable since 3.5V/cell * 4 cells = 14V, i.e. the high end of the desired voltage range

15 with room for the pack voltage to reduce as the pack continues to discharge. The duty
cycles immediately before this change to four cells for cells 1, 4 and 6 can be

calculated to be identical as above:
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1Ah
(1+15+2+2+25+3

. (1.54h
Dz,discharge = mln(lZAh X 3,1) = 37.5%

Dy aischarge = min( X 3,100%) = 25%

] 24h

D3 gischarge = min (12Ah X 3,1) =50%
) 2Ah

D4,discharge =min (12Ah X 3,1) =50%
~ (2.5Ah

Ds,discharge = mln(lZAh X 3,1) =62.5%

] 34h

D6,discharge =min (12Ah X 3,1) =75%

Similarly, the time shift values prior to the change remain identical at:
T, =0
T, =T, + Dy — floor(T; + D;) = 0+ 25% — floor(25%) = 25%
Ty = 25% + 37.5% — floor(62.5%) = 62.5%
Ty = 62.5% + 50% — floor(62.5% + 50%) = 112.5% — 1 = 12.5%
Ts = 12.5% + 50% — floor(62.5%) = 62.5%
Ty = 62.5% + 62.5% — floor(62.5% + 62.5%) = 125% — 1 = 25%

The duty cycles immediately after this change can be calculated as follows:
1Ah
1+154+24+2+25+3

1.54h
12Ah

D1 gischarge = min( X 4,100%) = 33.3%

DZ,discharge = min( X 4,1> =50%

DS,discharge =min (12Ah X 4,1> =66.7%
. ([ 2Ah
D4,discharge =mn (12Ah X 4 1) =66.7%

~ (2.5Ah

Ds gischarge = mln(leh X 4,1) = 83.3%
. (34h

D6,discharge =min (12Ah X 4,1) = 100%
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The corresponding time shifts can be calculated as follows:
T, =0
T, = 33.3% — floor(33.3%) = 33.3%
Ty = 33.3% + 50% — floor(33.3% + 50%) = 83.3%
T, = 83.3% + 66.7% — floor(83.3% + 66.7%) = 150% — 1 = 50%
Ts = 50% + 66.7% — floor(50% + 66.7%) = 116.7% — 1 = 16.7%
Te = 16.7% + 83.3% — floor(16.7% + 83.3%) = 100% — 1 = 0%

The cell unit behaviour resulting from the above duty cycle and time shift values can

be seen in Figure 10.

5
Suppose further that immediately after this change, the system determines
based on present temperature or voltage measurements that cell unit 3 ought to be
disconnected temporarily for the purpose of prolonging its operational lifespan. In this
case, the duty cycles change as follows:
. 14h
Dr.aischarge = min ((1 154242543 " 4’1> = 40%
. (15AhR
DZ,discharge = mln(lOAh X 4,1) = 60%
. [ 24h
Dy gischarge = min (m X 4,1) = 80%
. [(2.54Ah
D5,discharge = mln(lOAh X 4,1) = 100%
. ( 34h ]
De gischarge = min (10Ah X 4,1) = min(120%, 100%) = 100%
10

Cell unit 3 is disconnected temporarily, which means it has a duty cycle of O.

As mentioned previously, the duty cycle of any given cell cannot exceed 100%.

Since the duty cycle for cell 6 would exceed this amount without its cap, scaling is

15  brought into play. It can be seen that in the above example, no longer provide 4 cells
in series at any point in time, since the sum of duty cycles of connected cells is
40% + 60% + 80% + 100% + 100% = 3.8, i.e. no longer 4 as would be required for 4

simultaneous cells in series throughout operation.
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As per the scaling formula given previously, every cell with a capacity of

<100% is recalculated. Therefore the new duty cycles for cells 1, 2 and 4 become:

[¢]
Duaischarge = 40% X (1 T 20% + 2242 + 80%) = 444%
20%
Daischarge = 60% X (1 T 20% 1 60% + 80%) = 66.7%
20%

D4,discharge = 80% x (1 ) = 88.9%

+
40% + 60% + 80%

Following this scaling, the total sum of duty cycles can be calculated as
5 444% + 66.7% +88.9% + 100% + 100% =4 . As such, the resulting system
operation is capable of providing 4 series cells to be connected simultaneously as

required.

The corresponding time shift values can be calculated as follows:
T, =0
T, = 44.4% — floor(44.4%) = 44.4%
T3 = 44.4% + 66.7% — floor(444% + 66.7%) = 111.1% - 1 = 11.1%
T, = 11.1% + 0% — floor(11.1% + 0%) = 11.1%
Ts = 11.1% + 88.9% — floor(11.1% + 88.9%) = 100% — 1 = 0%
Te = 0% + 100% — floor(100%) = 100% — 1 = 0%
10 The cell unit behaviour resulting from the above duty cycle and time shift values can

be seen in Figure 11.

The above examples illustrate how the system can produce DC output voltage

profiles, but the battery system 100 may similarly be capable of producing other

15  output waveforms. By selecting the output to be a rectified sine waveform, this may

simplify conversion to an AC output. The battery system 100 may also be able to

switch between different output waveforms based on user input or as is required by
devices connected to the output.

To provide AC output, the central controller 104 determines the number of

20  battery cell units 110 to be connected at any given time to provide an output voltage

fluctuation at a certain frequency (e.g. 50 or 60Hz as used by domestic households).

For example, a battery system including 100 battery cell modules 102 can be

controlled so that the system alternates between having no battery cell units 110
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connected (output = 0V), having an increasing number of batteries connected, until a
total output voltage of a given level, e.g. 270V, is reached, before then reducing again
and going to zero. By doing so in a timely manner, a rectified sine wave can be
produced. The advantage of a rectified sine wave is that using a relatively simple and
standard set of electronic switches, such as an H-bridge, this output can be converted
into a positive-negative oscillating 50/60Hz signal. Optionally, a standard AC
transformer can additionally be used to increase or decrease the AC signal to a
required level (e.g. output voltage can be reduced to 230V).

A further method 600 of controlling the battery system 100 to provide a
desirable voltage output will now be described with reference to Figure 12.

At step 602, the system 100 determines Vy, the voltage of each battery cell unit
110, and Cx, the charge level presently stored in each battery cell unit 110. This value
for Cx is determined, for example, by comparing the measured cell voltage to a lookup
table or a function of cell voltage, and considering the remaining capacity
relationships under specific conditions including charge and temperature and/or by
measuring the amount of charge that has entered and/or left each battery cell over
time.

At step 604, the cell microcontroller 108 checks performance parameters of its
respective cell unit 110. Some of these performance parameters may include
temperature, output voltage, current and the like. In the event that the respective cell
unit 110 has a performance parameter outside the norm or a predetermined range,
the microcontroller 108 informs the central controller 104 that its respective cell unit
102 is to be disconnected in the present operating cycle. The system 100 marks the
disconnected cell units 110 as inactive cell units 110. In a subsequent cycle, if the
value of the performance parameters are determined to be within the norm or the
predetermined range, the cell microcontroller 108 informs the central controller 104
that the respective cell unit 110 can be connected for use in the present operating
cycle. The system 100 marks the connected cell units 110 as active battery cell units
110.

At step 606, the system 100 computes all possible combinations of cell units
110 available for use and calculates the associated combined voltages. The
combination voltage is the sum of cell unit voltages for all cell units that are part of the
combination. The system 100 then forms a lookup table containing all available cell

unit combinations, and combination voltages.
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In an example, the battery system 100 contains 5 battery cell units 110, each

with a charge capacity, stored charge and voltage as listed in the table below.

Cell Unit (8 M 2 3 4 a
Cell Gapacity (Ah) & 2851 188 1.28 K]
Calf Storad Charga (Ah} 1 1 1 3 3
Cell Unit Voltage (V) 2.4 2.7 3.2 3.8 4.0

A select subset of the multitude combinations defined and combination voltages that

can be calculated is provided below.

Colf Unit (#) Combination Non 3 3 4 § Fe2 1 3ed 0 243 | 3¢ | 264 1 143
Combination Voltage (V) ly 28 1 RY 32 38 4 8.3 8.8 85 8 8.3 £.4

At step 608, the system 100 uses the lookup table to match the predetermined
or desired system output voltage to combinations of cell units. The system 100 then
uses this lookup table to define one or more duty cycles and time delays for each cell
unit 110.

In the example above, the desired system output voltage, may be the non-
linear, sinusoidal target voltage illustrated in Figure 13. The system proceeds to
matchs to this profile the respective combinations that are closest in terms of voltage
and defines the duty cycles and time delays as necessary to achieve the best fit. In
some embodiments, the system may, during periods of mismatch between the
system target and combination voltage (e.g. in the example for t < 0.05 x 10?
seconds), additionally use pulse-width modulation approaches to further improve
voltage fit. The cell unit behaviour resulting from the associated duty cycle and time
shift values can be seen in Figure 14. The system voltage resulting from the
associated duty cycle and time shift values can be seen in Figure 13.

At step 610, the battery system conducts a trade-off process between the best
target voltage fit and the optimal use of cell capacity. Assuming the example above
and that battery pack is to discharge, the process examines all sets of two cells

according to the following mathematical inequality.

CT,bypassed
—TRYPIL > 1+ F X |Vrconnected — Vo pypassed|. - ovoooveriiiiiin. Formula 3

CT,conne cted

Wherein,

Cyusea 1S the charge stored in a first battery cell unit 110 that is intended to be
connected at a time T defined by a specific duty cycle and time shift,

Cyunusea the charge stored in a second battery cell unit 110 that is intended to

be disconnected at time T,
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F is a trade-off factor with a value larger than zero that defines the importance
of providing an system output voltage that is close to the desired output voltage as
compared to the importance of maximising the capacity accessible in the battery
pack,

Vrusea 1S the voltage of a first battery cell unit 110 that is intended to be
connected at the time T,

and Vr ,quseq 18 the voltage of a first battery cell unit 110 that is intended to be
disconnected at the time T.

If the above inequality is found to be true for a given set of cell units, then the
cell unit 110 intended to be disconnected at a given time T, is to be connected at that
time, whereas the cell intended to be connected at that time is to be disconnected at
that time. This formula effectively ensures that if one cell unit with a larger stored
charge is intended to be disconnected, while another with a lower stored charge is to
be connected, but their voltages are not excessively dissimilar, then they switch roles
so the cell unit with the larger remaining capacity can contribute more to the output.
Since in the specific example above all cell units have the same stored charge, for
any set of two cell units, the inequality does not hold and a trade-off does not take
place.

At step 612, the central controller 104 issues control signals to the cell
microcontrollers 108 and the output microcontroller 116 to control the operation of
each battery cell module 102 and output module 106 in order to provide the desired
output.

Now turning to Figure 15, which shows a battery system 300 which
incorporates the components of battery system 100, and further including an inverter
302. The inverter 302 converts the DC voltage output from terminals 304 (generated
as described above) and converts the DC signal into an AC signal at output terminals
306.

Figure 16 Iillustrates an embodiment of a battery system 400 which
incorporates the components of battery system 100, and further including an H-bridge
402. The battery system 400 can provide a ‘one-sided’ signal such as a rectified sine-
wave output at terminals 304 as previously described, and the H-bridge 402 converts
the waveform to provide positive-negative oscillations at output terminals 4086.

Figure 17 illustrates a further embodiment of a battery system 500 which

incorporates the components of battery system 400, and further including a
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transformer 502. Similar to Figure 9, output terminals 504 provide an output signal
with an oscillating positive-negative waveform. The transformer 502 is capable of
stepping up or down the output signal to a certain required level. The system 500 can
be used in certain applications if the number of battery cell units 510 in the system
500 do not permit an output voltage at the target level. For instance, if the system 500
only included 10 battery cell units 510 each providing 4.2V when fully charged, the
transformer 502, if operating as a step-up transformer, allows the system 500 to
provide a total output voltage greater than 42V (10*4.2V).

Figure 18 illustrates a battery system 900 according to a further embodiment in
which two battery systems 100 are connected in parallel. As output voltage from
battery systems 100 can be controlled in the manner previously described, the output
current from each system 100 can also be similarly controlled by controlling the
relative voltage of the two battery systems 100. The level of output control for each of
the systems 100 allow the systems 100 to be compatible for parallel connection in the
manner illustrated in Figure 11. Whilst Figure 11 illustrates that each system 100
includes a corresponding output module 106, it will be understood that the two
systems 100 can also share a single output module 106 in some applications.

In a standard battery pack system, paralleling DC terminals can be problematic
as different battery pack have different capacities, and more energy may be drawn
from one pack than another. As a result, DC-DC converters are often required on the
output terminals of each pack prior to the parallel connection, in order to decouple the
pack voltages from one another and allow a level of control, thereby adding costs.

In some cases, it is possible to connect a battery system 100 according to one
embodiment of the invention to a standard or conventional battery system. Typically
paralleling two battery packs of different chemistries and types can be problematic
since the batteries in each system each follow a different voltage profile. However,
using a battery system 100, it is possible to configure the battery system 100 to match
the voltage profile of the standard or conventional battery pack system for parallel
connection.

Figure 19 illustrates a battery system according to a further embodiment in
which the central microcontroller has dedicated communication lines with each
distributed controller. In this embodiment, only the output module contains a
distributed controller, while the switching assemblies receive control signals via

dedicated lines from the central microcontroller without local processing other than
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electrical isolation. This embodiment has the advantage of reduced controller cost by
avoiding a need for a distributed controller associated with cell unit switching
assemblies, but has the disadvantage of dedicated signal lines to each switching
assembly, which may increase system layout complexity and reduce reliability.

Figure 20 illustrates a battery system according to a further embodiment in
which the central microcontroller communicates via a shared communication line with
semi-distributed microcontrollers, which in turn have dedicated communication lines
to the battery cell modules. In this embodiment, the electrical isolation is implemented
on the communication signal between the central microcontroller and the semi-
distributed microcontrollers. Each semi-distributed microcontroller therefore operates
at a potential to ground that is equal or close to the potential to ground of the
corresponding cell modules it controls.

Figure 21 illustrates a battery system according to a further embodiment in
which the central microcontroller communicates via a shared communication line with
semi-distributed microcontrollers, which in turn have dedicated communication lines
to the battery cell modules. In this embodiment, the electrical isolation is implemented
on the signal between the semi-distributed microcontrollers and the corresponding
cell modules it controls. Each semi-distributed microcontroller therefore operates at a
potential to ground that is equal or close to the potential to ground of other semi-
distributed microcontrollers and/or the central microcontroller.

Figure 22 illustrates a battery system according to a further embodiment which
has one or more shared communication lines between a number of distributed
microcontrollers. Control decisions otherwise reserved for controller 104 are instead
made individual by one, or jointly by several, of the distributed controllers.

Figure 23 illustrates a battery system according to a further embodiment in
which a number of distributed microcontrollers communicate via the power line.
Control decisions otherwise reserved for controller 104 are instead made individual by

one, or jointly by several, of the distributed controllers.

Interpretation
This specification, including the claims, is intended to be interpreted as follows:
Embodiments or examples described in the specification are intended to be
illustrative of the invention, without limiting the scope thereof. The invention is capable

of being practised with various modifications and additions as will readily occur to
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those skilled in the art. Accordingly, it is to be understood that the scope of the
invention is not to be limited to the exact construction and operation described or
illustrated, but only by the following claims.

The mere disclosure of a method step or product element in the specification
should not be construed as being essential to the invention claimed herein, except
where it is either expressly stated to be so or expressly recited in a claim.

The terms in the claims have the broadest scope of meaning they would have
been given by a person of ordinary skill in the art as of the relevant date.

The terms "a" and "an" mean "one or more", unless expressly specified
otherwise.

Neither the title nor the abstract of the present application is to be taken as
limiting in any way as the scope of the claimed invention.

Where the preamble of a claim recites a purpose, benefit or possible use of the
claimed invention, it does not limit the claimed invention to having only that purpose,
benefit or possible use.

In the specification, including the claims, the term “comprise”, and variants of
that term such as “comprises” or “comprising”, are used to mean "including but not
limited to", unless expressly specified otherwise, or unless in the context or usage an
exclusive interpretation of the term is required.

The disclosure of any document referred to herein is incorporated by reference
into this patent application as part of the present disclosure, but only for purposes of
written description and enablement and should in no way be used to limit, define, or
otherwise construe any term of the present application where the present application,
without such incorporation by reference, would not have failed to provide an
ascertainable meaning. Any incorporation by reference does not, in and of itself,
constitute any endorsement or ratification of any statement, opinion or argument
contained in any incorporated document.

Reference to any background art or prior art in this specification is not an
admission such background art or prior art constitutes common general knowledge in
the relevant field or is otherwise admissible prior art in relation to the validity of the

claims.
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Claims

1. A battery system including
a plurality of battery cell units connected in series,
one or more switching assemblies, and
two or more controllers for determining one or more control parameters and
controlling the switching assemblies based on the control parameters to selectively
disconnect any one of the battery cell units from being connected with any
other battery cell units from the plurality of battery cell units, and
electrically connect in series any one of the battery cell units with any other
battery cell unit from the plurality of battery cell units,
so as to provide a system output having a controllable voltage profile, the two or more
controllers being configured for synchronised operation, and
wherein at least one of the controllers is configured to generate a synchronisation

signal for time synchronisation of the two or more controllers.

2. A battery system of claim 1, wherein the controllers control the switching assemblies
to selectively allow

operation in a first state in which a first battery cell unit and a second battery cell unit
are electrically connected in series and a third battery cell unit is disconnected,

operation in a second state in which the first battery cell unit and the third battery cell
unit are electrically connected in series and the second battery cell unit is disconnected, and

operation in a third state in which the second battery cell unit and the third battery cell

unit are electrically connected in series and the first battery cell unit is disconnected.

3. The battery system of claim 1 or claim 2, further including a synchronisation line
configured to communicate only a time synchronisation signal between the two or more

controllers.

4. The battery system of claim 1 or claim 2, further including a synchronisation line for
configured to communicate at least a time synchronisation signal between the two or more

controllers.

5. The battery system of claim 3 or claim 4, wherein the time synchronisation signal

includes single time signals.
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6. The battery system according to any one of the preceding claims, wherein the control
parameters used by the two or more controllers to control the switching assemblies are
based on a measure of at least one of: battery system voltage, battery system current,
voltage provided to a connected load, a maximum charged voltage, a minimum discharged

voltage for each battery cell, a cell voltage, and/or a combination of cell voltages.

7. The battery system according to any one of the preceding claims, wherein each

battery cell unit is controlled by a respective controller.

8. The battery system according to any one of claims 1 to 6, wherein two or more

battery cell units are controlled by a shared controller.

9. The battery system according to any one of the preceding claims, wherein at least
one of the controllers is a central controller for generating a control signal for the one or more

other controllers.

10. The battery system according to any one of the preceding claims, further including an
output module for controlling the system output, wherein the output module has one or more
output switches for selectively connecting or disconnecting the connected battery cell units to

the system output.

11. The battery system of any one of proceeding claims, further including a capacitor at

the system output for smoothing an output voltage.

12. The battery system according to any one of the preceding claims, further including an

inductor at the system output for smoothing an output current.

13. The battery system according to any one of the preceding claims, wherein the
plurality of battery cell units includes at least two battery cell units having a difference in

charge storage capacity of substantially 5% or more.

14. The battery system according to any one of the preceding claims, wherein one of the
control parameters includes a time shift for each of the battery cell units, and wherein the
time shift determines a time for electrically connecting the respective battery cell unit in

series with one or more other battery cell units in the plurality of battery cell units.
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15. The battery system according to any one of the preceding claims, wherein one of the
control parameters includes a duty cycle for each of the battery cell units, and wherein the
duty cycle determines a percentage of time for maintaining an electrical connection for the
respective battery cell unit when it is electrically connected in series with one or more other

battery cell units in the plurality of battery cell units.

16. The battery system according to any one of the preceding claims, wherein at least
one switching assembly includes

gate drive electronics for receiving control signals from at least one of the controllers,
the gate drive electronics having one or more isolation elements for isolating the at least one
switching assembly from the controllers, and

one or more switching elements for conducting a current flowing in a direct electrical
path between battery cell units connected in series; and

wherein the number of isolation elements is fewer than the number of switching

elements.

17. The battery system of claim 16, wherein the gate drive electronics includes an opto-
coupler.

18. The battery system according to any one of the preceding claims 1 to 15,

wherein a first switching assembly is configured to control one or more corresponding
battery cell units, the first switching assembly including gate drive electronics for receiving
control signals from at least one of the controllers,

wherein the gate drive electronics are at least partially powered by the one or more

corresponding battery cell units.

19. The battery system according to any one of the preceding claims, wherein one or

more of the switching assemblies each includes a maximum of two switching elements.

20. The battery system according to any one of the preceding claims, further including an
AC/DC converter for converting a direct current signal at the battery system output into an

alternating current.

21. The battery system according to any one of the preceding claims, further including an
H-bridge circuit for converting a rectified sine wave output signal to a full sine wave output

signal.
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22. The battery system according to any one of the preceding claims, further including a

transformer for altering a voltage amplitude at the system output.

23. A battery pack system including two or more battery systems according to any one or
the preceding claims, wherein the two or more battery systems are electrically connected in
parallel, the battery pack system being configured to regulate the system output of each of

the battery systems.

24. A method for controlling a battery system according to any one of the preceding

claims 1 to 22.
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