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(57) Abstract: An electric power system including an on-load tap changing (OLTC) transformer is provided. The OLTC transformer
includes a primary winding and a secondary winding. A portion of the at least one primary winding and at least one of the secondary
windings are inductively coupled to each other. Further, the electric power system includes at least one on-load tap changer coupled
to the at least one primary winding or the at least one secondary winding of the OLTC transformer. The on-load tap changer is con -
figured to regulate the portion of the at least one primary winding or the at least one secondary winding that are inductively coupled
to each other. Furthermore, the system includes at least one controller coupled to the on-load tap changer. The controller is con -
figured to determine a permissible voltage range defined by a bandwidth around a voltage set-point at the at least one on-load tap
changer, where the bandwidth is a function of one or more electrical network states.
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SYSTEM AND METHOD FOR REGULATION OF
VOLTAGE ON AN ELECTRICAL NETWORK

BACKGROUND

[0001] The field of the disclosure relates generally to electrical
networks, and, more particularly, to tap changers in electrical networks and their methods

of operation.

[0002] Many known electrical networks include electric power
transformers configured to regulate voltages through the use of on-load tap changers. An
on-load tap changing (OLTC) transformer has several connection points, so called “taps”,
along at least one of its windings. With each of these tap positions a certain number of
turns is selected. Since the output voltage of the OLTC transformer is determined by the
turns ratio of the primary windings versus the secondary windings, the output voltage can
be varied by selecting different taps. The tap position to connect to is determined by a
suitable controller and tap selection is shifted through an OLTC device. Since high
voltages are involved, and the taps are changed while the OLTC transformer is under
load, each time a tap is changed, arcing occurs. Arcing may lead to deterioration of the
associated materials, thereby tending to decrease the service life of the tap changer

mechanisms. Therefore, it is typically desirable to shift taps as infrequently as possible.

[0003] However, it is not unusual to have multiple tap changes over a
24-hour period, especially with the increasing share of variable and intermittent
distributed generation (DG) in electric networks. The operators of electric networks
determine the tradeoff between the frequency and number of on-load tap changes with
the subsequent wear on the tap changer and the quality of the voltage on the portion of

the system maintained by the affected OLTC transformer.

[0004] Many known on-load tap changer controllers are configured to

move the tap in an OLTC transformer automatically as a function of "raise" and "lower"
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commands to maintain the system voltage at a predetermined value, i.e., a constant
voltage set-point. Typically, on-load tap changer controllers monitor the difference
between the measured voltage at the on-load tap changer and the voltage set-point. The
voltage step nature of on-load tap changer output requires a dead band or bandwidth
around the voltage set-point to ensure stable operation. In prior art, this bandwidth is
constant in width for all possible network states. A bandwidth that is defined to cover a
smaller area around the voltage set-point keeps the measured voltage close to the set
point voltage and thus leads to larger number of tap changes. On the other hand, a wider
bandwidth allows the measured voltage to vary within a larger area and thus leads to less

tap changes.

[0005] Many known electrical networks include a growing share of DG.
Many types of DGs significantly increase the variability of the voltage on the portion of
the system maintained by the affected OLTC transformer, thereby increasing the
frequency of commanded tap changes. Moreover, with a significant portion of DG on
one side of the transformer, i.e., typically the lower voltage downstream side, electric
power flow through the OLTC transformer may be reversed, i.e., transmitted from the
low voltage side to the high voltage side of the transformer. As such, the affected on-
load tap changer controller needs to be configured to detect such a power flow reversal

and still be able to ensure correct voltage regulation.

[0006] In response to the changing requirements of voltage regulation,
systems that determine voltage set-points based on current network conditions have been
devised. The current network state may be indicated e.g. by current or power flow
measurements at the OLTC transformer. Although one measured current or power flow
value does not explicitly correspond to one defined network state, i.e. different network
states may result in the same measured current or power flow value, it does give an
indication to the currently prevailing network state. In such systems, at times of large
reverse power or current flow, which results in high network voltages, especially when

DG 1s connected at remote feeder ends, a low voltage set-point is set. In contrast, during
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times of high demand by the loads and low network voltages, a higher voltage set-point is
set. That way, the hosting capacity of the electrical network regarding distributed
generation or e-mobility is increased by allowing variance in the voltage set-point based

on network state.

[0007] In many of these variable set-point concepts, a set-point curve
dependent on power flow or current over the tap changer is determined. The set-point
curve may be linear in nature for a large portion. It has been observed that the linear
nature of the set-point curve and a constant bandwidth around the voltage set-point may
lead to frequent tap changes. In these concepts, the bandwidth remains of constant width

around the set-point even in network states when a wider bandwidth may be permissible.

[0008] Hence, there is a need to define a bandwidth that is adjusted
dependent on the current network state in order to ensure a minimum number of tap

changes.
BRIEF DESCRIPTION

[0009] In one embodiment, an electric power system including an on-
load tap changing (OLTC) transformer is provided. The OLTC transformer includes at
least one primary winding and at least one secondary winding. A portion of the at least
one primary winding and at least one of the secondary windings are inductively coupled
to each other. Further, the electric power system includes at least one on-load tap changer
coupled to the at least one primary winding or the at least one secondary winding of the
OLTC transformer. The on-load tap changer is configured to regulate the portion of the at
least one primary winding or the at least one secondary winding that are inductively
coupled to each other. Furthermore, the system includes at least one controller coupled to
the on-load tap changer. The controller is configured to determine a permissible voltage
range defined by a bandwidth around a voltage set-point at the at least one on-load tap

changer, wherein the bandwidth is a function of one or more electrical network states.

[0010] In another embodiment, a method of regulating a voltage at an
3-
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on-load tap changer is provided. The on-load tap changer is coupled to at least one OLTC
transformer. The OLTC transformer includes at least one primary winding and at least
one secondary winding. The on-load tap changer is configured to regulate an inductive
coupling between the at least one primary winding and the at least one secondary
winding. The on-load tap changer is further communicably coupled to a controller. The
method includes determining a bandwidth around a voltage set-point at the tap changer.
The bandwidth is a function of at least one characteristic value that reflects the current
state of an electrical network. Further, the method includes measuring the voltage at the
on-load tap changer in the electrical network. Furthermore, the method also includes
generating a command for at least one tap change when the measured voltage at the
OLTC transformer falls out of bandwidth defined for the electrical network such that a

measured voltage after the at least one tap change is within the bandwidth.
DRAWINGS

[0011] These and other features, aspects, and advantages of the present
invention will become better understood when the following detailed description is read
with reference to the accompanying drawings in which like characters represent like parts

throughout the drawings, wherein:
[0012] FIG. 11is ablock diagram of an exemplary computing device;

[0013] FIG. 2 is a block diagram of a portion of an exemplary

monitoring and control system that may include the computing device shown in FIG. 1;

[0014] FIG. 3 is a general schematic diagram of an exemplary electrical
network including both an exemplary transmission network and an exemplary electric

power distribution system with distributed generation (DG);

[0015] FIG. 4 is an expanded schematic diagram of a portion of the

electric power distribution system shown in FIG. 3 and taken at area 4;
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[0016] FIG. 5 is a schematic diagram of an exemplary tap changer

device that may be used with the electrical network shown in FIG. 3; and

[0017] FIG. 6 is a graphical representation of an exemplary control

scheme for the tap changer device shown in FIG. 5.

[0018] Unless otherwise indicated, the drawings provided herein are
meant to illustrate features of embodiments of the disclosure. These features are believed
to be applicable in a wide variety of systems comprising one or more embodiments of the
disclosure. As such, the drawings are not meant to include all conventional features
known by those of ordinary skill in the art to be required for the practice of the

embodiments disclosed herein.
DETAILED DESCRIPTION

[0019] In the following specification and the claims, reference will be

made to a number of terms, which shall be defined to have the following meanings.

[0020] The singular forms “a”, “an”, and “the” include plural references

unless the context clearly dictates otherwise.

[0021] “Optional” or “optionally” means that the subsequently described
event or circumstance may or may not occur, and that the description includes instances

where the event occurs and instances where it does not.

[0022] Approximating language, as used herein throughout the
specification and claims, may be applied to modify any quantitative representation that
could permissibly vary without resulting in a change in the basic function to which it is
related. Accordingly, a value modified by a term or terms, such as “about”,
“substantially”, and “approximately” are not to be limited to the precise value specified.
In at least some instances, the approximating language may correspond to the precision of

an instrument for measuring the value. Here and throughout the specification and claims,
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range limitations may be combined and/or interchanged; such ranges are identified and
include all the sub-ranges contained therein unless context or language indicates

otherwise.

[0023] As used herein, the term “computer” and related terms, e.g.,
“computing device”, are not limited to integrated circuits referred to in the art as a
computer, but broadly refers to a microcontroller, a microcomputer, a programmable
logic controller (PLC), an application specific integrated circuit, and other programmable

circuits, and these terms are used interchangeably herein.

[0024] Further, as used herein, the terms “software” and “firmware” are
interchangeable, and include any computer program stored in memory for execution by

personal computers, workstations, clients and servers.

[0025] Furthermore, as used herein, the terms “dead band”, “tolerance
band”, “permissible range”, and “bandwidth” are interchangeable, and include any range
of numerical values or region specified in a graphical representation, in which no control

action is taken.

[0026] The control schemes for the tap changers embedded within the
on-load tap changing (OLTC) transformers typically used by the electrical networks
described herein provide a method for regulating voltage on such distribution systems
facilitating a minimum number of tap changes and a maximization of the grid’s hosting
capacity. Specifically, the embodiments described herein replace known control methods
using a bandwidth of constant width around a specified voltage set-point with a
bandwidth of a variable range that is specifically determined for a particular electrical
network. More specifically, the embodiments described herein include determining a
bandwidth of variable range around a voltage set-point at the tap changer, where the
bandwidth is a function of current network conditions that may be indicated by power
flow or current measurements at the OLTC transformer. Therefore, the embodiments

described herein ensure effective voltage regulation while decreasing the number of tap

-6-



WO 2016/130511 PCT/US2016/017093

changes, thereby facilitating smooth and stable regulation of voltage variations due to
loads or distributed generation (DG) on the feeders downstream of the OLTC
transformer. The decreased number of tap changes facilitates extending the service life
of the tap changers. Moreover, the variable bandwidth dependent on currently prevailing
network conditions maximizes the hosting capacity of the electrical network for DG and

electric vehicles.

[0027] FIG. 1 is a block diagram of an exemplary computing device 100
that may be used to determine control steps required for an electrical network, more
specifically, a tap changer device associated with a distribution transformer (neither
shown in FIG. 1). Also, in the exemplary embodiment, computing device 100 monitors
and/or controls any piece of equipment, any system, and any process associated with the
electrical networks, e.g., without limitation, voltage regulators, at least a portion of DG
and monitoring devices (neither shown in FIG. 1). Computing device 100 includes a
memory device 102 and a processor 104 operatively coupled to the memory device 102
for executing instructions. In some embodiments, executable instructions are stored in
memory device 102. Computing device 100 is configurable to perform one or more
operations described herein by programming processor 104. For example, processor 104
may be programmed by encoding an operation as one or more executable instructions and
providing the executable instructions in memory device 102. In the exemplary
embodiment, memory device 102 is one or more devices that enable storage and retrieval
of information such as executable instructions and/or other data. Memory device 102

may include one or more computer readable media.

[0028] Memory device 102 may be configured to store operational
measurements including, without limitation, real-time and historical transformer (high
side and low side) and feeder voltage values, tap changes, power flow, current and/or any
other type data. Also, memory device 102 includes, without limitation, sufficient data,
algorithms, and commands to facilitate monitoring and control of the components within

the associated electrical network.
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[0029] In some embodiments, computing device 100 includes a
presentation interface 106 coupled to processor 104. Presentation interface 106 presents
information, such as a user interface and/or an alarm, to a user 108. In some
embodiments, presentation interface 106 includes one or more display devices. In some
embodiments, presentation interface 106 presents an alarm associated with the associated
electrical network being monitored and controlled, such as by using a human machine
interface (HMI) (not shown in FIG. 1). Also, in some embodiments, computing device
100 includes a user input interface 110. In the exemplary embodiment, user input

interface 110 is coupled to processor 104 and receives input from user 108.

[0030] A communication interface 112 is coupled to the computing
device 100 and is configured to be coupled in communication with one or more other
devices, such as a sensor or another computing device 100, and to perform input and
output operations with respect to such devices while performing as an input channel.
Communication interface 112 may receive data from and/or transmit data to one or more
remote devices. For example, a communication interface 112 of one computing device
100 may transmit an alarm to the communication interface 112 of another computing

device 100.

[0031] In the exemplary embodiment, control of a tap changer for a
transformer (neither shown in FIG. 1) is performed with local control devices, i.e., a
localized computing device 100. Alternatively, control of such tap changers is performed

as a portion of a larger, more comprehensive system, as discussed further below.

[0032] FIG. 2 is a block diagram of a portion of a monitoring and
control system, i.e., a Supervisory Control and Data Acquisition (SCADA) system 200
that may be used to monitor and control at least a portion of an electrical network 300.
As used herein, the term “SCADA system” refers to any control and monitoring system
that may monitor and control electrical network 300 across multiple sites, remote sites,
and large distances. SCADA system 200 includes at least one controller 202 that is
configured to execute monitoring and control algorithms and monitoring and control

-8-
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logic. The controller 202, in one embodiment, includes a computing device such as the
computing device 100. In some embodiments, the controller 202 is communicably
coupled to a computing device through a communication network 206. The controller

202 may further be coupled to other devices 204 via the communication network 206.

[0033] The controller 202 interacts with a first operator 208, e.g,
without limitation, via user input interface 110 and/or presentation interface 106. In one
embodiment, controller 202 presents information about electric power distribution system
500, such as alarms, to the first operator 208. Other devices 204 interact with a second
operator 210, e.g., without limitation, via user input interface 110 and/or presentation
interface 106. For example, other devices 204 present alarms and/or other operational
information to second operator 210. As used herein, the term “operator” includes any
person in any capacity associated with operating and maintaining the electrical network
300, including, without limitation, shift operations personnel, maintenance technicians,

and electric dispatch facility supervisors.

[0034] The electrical network 300 (described in more detail with FIG. 3)
includes one or more monitoring sensors 212 coupled to the controller 202. Monitoring
sensors 212 collect operational measurements including, without limitation, AC voltages,
currents and powers generated within and transmitted through the electrical network 300.
Monitoring sensors 212 repeatedly, e.g., periodically, continuously, and/or upon request,
transmit operational measurement readings at the time of measurement. The controller
202 receives and processes the operational measurement readings. In one embodiment,
such data may be transmitted across the communication network 206 and may be
accessed by any device capable of accessing the network 206 including, without
limitation, desktop computers, laptop computers, and personal digital assistants (PDAs)

(neither shown).

[0035] While FIG. 2 describes an alternative embodiment, some
components described for FIG. 2 may be used with the stand-alone computing device 100
(shown in FIG. 1), e.g., without limitation, monitoring sensors 212. As such, computing

-
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device 100 includes, without limitation, sufficient data, algorithms, and commands to
independently facilitate voltage control of the electrical network 300 as described herein,

thereby making SCADA system 200 and the communications network 206 unnecessary.

[0036] FIG. 3 is a general schematic diagram of an exemplary electrical
network 300. In general, the electrical network 300 typically includes a generation and
transmission portion 400 coupled to an exemplary electric power distribution system 500.
Generation and transmission portion 400 includes a plurality of power plants 402
generating and transmitting electric power to a transmission grid 403, which includes an
extra high voltage transmission grid 404 and a high voltage transmission grid 406
through which power is transmitted to electric power distribution system 500. In the
exemplary embodiment, extra high voltage grid 404 includes voltages greater than
approximately 265 kiloVolts (kV) and high voltage transmission grid 406 includes
voltages between approximately 102 kV and approximately 265kV. Alternatively, extra
high voltage grid 404 and high voltage transmission grid 406 have any voltages that
enable operation of electric power distribution system 500 as described herein. Some
electric power customers, such as power-intensive industrial facilities, e.g., and without
limitation, factory 408, are coupled to high voltage transmission grid 406. Electrical
network 300 may include, without limitation, any number, type and configuration of
power plants 402, extra high voltage transmission grids 404, high voltage transmission

grids 406, factories 408, and electric power distribution systems 500.

[0037] Also, in the exemplary embodiment, electric power distribution
system 500 includes low wattage consumers 502 and industrial medium wattage
consumers 504. Electric power distribution system 500 also includes DG 506. Such DG
506 includes, without limitation, a city power plant 508, a solar farm 510, and a wind
farm 512. While electric power distribution system 500 is shown with an exemplary
number and type of distributed generators 506, electric power distribution system 500

may include any number and type of distributed generators 506, including, without
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limitation, individual diesel generators, micro-turbines, solar collector arrays, solar

photovoltaic (PV) arrays, and wind turbines.

[0038] FIG. 4 is an expanded schematic diagram of a portion of electric
power distribution system 500 taken at area 4 (shown in FIG. 3) that uses the controller
202 (shown in FIG. 2). A y-axis 520 and an x-axis 522 are labeled with distances in
arbitrary units. Electric power distribution system 500 includes a low voltage substation
bus 524. A plurality of feeder line segments 526 are coupled to a substation bus 524.
Many of feeder line segments 526 include a plurality of loads 528 and solar PV arrays
530 that are both configured with various sizes. The larger loads 528 and PV arrays 530
are shown with larger-diameter circles. Loads 528 vary between 0.1 kilowatts (kW) and
100 kW. Solar PV arrays 530 vary between 3 kW and 100 kW. Alternatively, loads 528
and solar PV arrays 530 have any mix of ratings that enables operation of electric power
distribution system 500 as described herein. Electric power distribution system 500 may
also include voltage regulators, capacitor banks, distributed generation in the form of
diesel generators, and other devices (neither shown) typically used with distribution

systems.

[0039] Electric power distribution system 500 further includes at least
one substation distribution transformer 550 coupled to a medium voltage substation bus
552, e.g., without limitation, 20 kV, and the low voltage substation feeder bus 524. In the
exemplary embodiment, transformer 550 is rated for 630 kilo-Volt-Amperes (kVA).
Alternatively, transformer 550 has any rating that enables operation of electric power
distribution system 500 as described herein. Also, in the exemplary embodiment,
transformer 550 is an OLTC transformer with a tap changer device (not shown in FIG. 4,
and described further below). A potential transformer (PT) 551 is coupled to medium
voltage substation bus 552 proximate transformer 550 to measure voltage on bus 552 and
transmit signals representative of the voltage on bus 552 to the controller 202 from the
SCADA system 200. Similarly, a PT 553 is coupled to low voltage substation feeder bus

524 proximate transformer 550 to measure voltage on bus 524 and transmit signals
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representative of the voltage on bus 524 to the controller 202 from the SCADA system
200. In at least some embodiments, a PT is used to measure voltage proximate the tap
changer. As such, for those embodiments, and because more than one voltage

measurement is typically not needed, only one of PT 551 and PT 553 may be needed.

[0040] FIG. 5 is a schematic diagram of an exemplary on-load tap
changer 600 that may be used with electric power distribution system 500 (shown in FIG.
3) and the controller 202 (shown in FIG. 2). In the exemplary embodiment, tap changer
600 is a rotary tap selector in-tank type with a make-before-break contactor
configuration. Alternatively, tap changer 600 is any type of tap changer that enables
operation of electric power distribution system 500 as described herein. OLTC
substation distribution transformer 550 includes a at least one of medium voltage, i.e.,
primary windings 554 coupled to medium voltage substation bus 552 through tap changer
600. OLTC substation distribution transformer 550 also includes at least one of low
voltage, i.e., secondary windings 556 coupled to the low voltage substation feeder bus
524. In the exemplary embodiment, tap changer 600 is physically coupled to primary
winding 554. Alternatively, tap changer 600 is physically coupled to at least one of the

secondary windings 556.

[0041] Electric power may be transmitted in both directions through
transformer 550. Specifically, electric power is transmitted from primary windings 554
to secondary windings 556 when power drawn by loads 528 (shown in FIG. 4) is greater
than power generation of the sum of operating DG downstream of transformer 550, e.g.,
solar PV arrays 530 (shown in FIG. 4), power plant 508, solar farm 510, and wind farm
512 (all three shown in FIG. 3), and any diesel generators and micro-turbines (neither
shown). Under such conditions, electric power flows from primary windings 554 to
secondary windings 556, i.e., from high voltage transmission grid 406 into electric power
distribution system 500 as shown with forward arrow 558 and may be referred to as
forward power flow or positive power flow. In contrast, if the DG downstream of

transformer 550 is generating more power than is consumed downstream of transformer
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550 by loads 528, electric power transmission is reversed and electric power flows from
secondary windings 556 to primary windings 554, i.e., from electric power distribution
system 500 into high voltage transmission grid 406 as shown with reverse arrow 560.

This situation may be referred to as reverse power flow or negative power flow.

[0042] Tap changer 600 includes a rotary tap selector 602 that includes a
first or outer contact portion 604 and a second, or inner contact portion 606, both coupled
to medium voltage substation bus 552 through a plurality of conduits 608. Windings 554
are coupled to medium voltage substation bus 552 through a conduit 609. Rotary tap
selector 602 includes a plurality of radially outer notches 610 and a first notch selector
arm 612 configured to couple with radially outer notches 610. Radially outer notches
610 are configured with odd numerals 1 through 15 corresponding to a plurality of odd
numbered OLTC transformer taps 1 through 15 that are coupled to portions of primary
windings 554 in incremental portions of windings 554. Rotary tap selector 602 also
includes a plurality of radially inner notches 614 and a second notch selector arm 616
configured to couple with radially inner notches 614. Radially inner notches 614 are
configured with even numerals 2 through 16 corresponding to a plurality of even
numbered OLTC transformer taps 2 through 16 that are coupled to portions of primary
windings 554 in incremental portions of windings 554. Odd numbered OLTC
transformer taps 1 through 15 and even numbered OLTC transformer taps 2 through 16
define plurality of OLTC transformer taps 618.

[0043] Selection of taps 1 through 16 of plurality of OLTC transformer
taps 618 regulates an inductive coupling between primary windings 554 and secondary
windings 556 by selecting a tap 1 through 16 that provides a predetermined ratio of the
number of primary windings 554 to the number of secondary windings 556. Such
windings’ ratio facilitates a predetermined primary-to-secondary voltage ratio. In the
example shown in FIG. 5, the turns ratio increases with increasing the tap number from 1

through 16. The relationship of the number of turns and the voltages is shown as:
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Vin _ Ty )
T T Equation (1)
where Viy represents the inlet voltage, i.e., high voltage on primary windings 554, Vour
represents the outlet voltage, i.e., low voltage on secondary windings 556, T; represents
the number of winding turns associated with primary windings 554, and T, represents the

number of winding turns associated with secondary windings 556.

[0044] Tap changer 600 also includes a motor 620 coupled to a tap
selection arm 622 that is configured to selectively move each of first notch selector arm
612 and second notch selector arm 616 to a predetermined odd notch 610 and even notch
614, respectively. Tap changer 600 further includes at least one switch 624, e.g., without
limitation, a diverter switch, that operate in conjunction with motor 620 to select which of
the 16 taps is in service. Tap changer 600 also includes additional equipment, e.g., and
without limitation, transition/limiting resistors. Controller 202 is coupled to motor 620

and switches 624 to operate tap changer 600 as described further below.

[0045] In operation, one of 1 through 16 of plurality of OLTC
transformer taps 618 is selected to provide a first predetermined ratio of primary
windings 554 to secondary windings 556. First notch selector arm 612 is positioned to
one of radially outer notches 610 oddly numbered 1 through 15 and second notch selector
arm 616 is positioned to one of radially inner notches 614 evenly numbered 2 through 16.
However, switches 624 select only one of first notch selector arm 612 and second notch
selector arm 616 at any one time. Therefore, commands from the controller 202
selectively reposition one of first notch selector arm 612 and second notch selector arm
616 through operation of motor 620 and tap selection arm 622, i.e., the arm 612 or 616
that is not currently associated with the in-service tap. Only numerically adjacent taps
can be selected for the next move, e.g., first notch selector arm 612 can shift from notch 1
to notch 3, but not from notch 1 to notch 5 or from notch 1 to notch 15. Once the desired
tap notch is selected, the controller 202 operates switches 624 to select the previously

unselected notch selector arm 612 or 616 in the new tap position and then de-select the
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previously selected arm 612 and 616 in a make-before-break manner, thereby
establishing a second predetermined ratio of primary windings 554 to secondary

windings 556.

[0046] FIG. 6 is a graphical representation of an exemplary control
scheme 700 implemented on controller 202 for tap changer 600 (shown in FIG. 5).
Control scheme 700 includes a y-axis 702 that represents a voltage (V) for a voltage
measured proximate transformer 550 (shown in FIGs. 4 and 5) through PTs 551 or 553
(both shown in FIG. 4) and a set-point voltage for controller 202 (shown in FIG. 2) and
tap changer 600 to control to. Control scheme 700 also includes an x-axis 704 that
represents electric power transmitted through transformer 550. In some embodiments, the
x-axis may also represent electric current transmitted through transformer 550. Y-axis

702 is labeled using the “per-unit” system. X-axis 704 is labeled using the units “kW”.

[0047] The controller 202 is configured to determine a permissible
voltage range or bandwidth around a voltage set-point for a voltage at the tap changer as
a function of power flow or current measured at the OLTC transformer 550. In an
alternative embodiment the permissible voltage range or bandwidth around a voltage set-
point for a voltage at the tap changer as a function of power flow or current measured at
the OLTC transformer 550 may be stored on memory device 102 included in controller
202. The measured power flow or current at the OLTC transformer represent an
indication for the present network state. Regulation actions are taken when the measured
voltage at the tap changer falls out of the bandwidth which is variable dependent on

present electrical network conditions.

[0048] The bandwidth 706 around the voltage set-point of the tap
changer controller 202 needs to be defined in such a way that the voltage in the entire
network is in compliance with the permissible voltage limits. In some embodiments, the
permissible voltage limits are governed by regulatory standards. For example, in the per
unit system, according to some embodiments, the nominal network voltage is 1 pu and a
particular regulatory standard may prescribe that the permissible network voltage may be
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between -10% to +10% of the nominal network voltage. In this example, the permissible
voltage for the network voltage including the voltage at the most critical network bus is
between 0.9 pu and 1.1 pu, where the former value corresponds to the lower voltage limit
and 1.1pu corresponds to the upper voltage limit as set by the regulatory standard. While
an exemplary regulatory standard has been utilized to define the limits of the permissible
voltage limits of the network voltage, any known standard may be used to define these

limits.

[0049] The bandwidth 706 as shown in FIG. 6, includes an upper
bandwidth limit 708 and a lower bandwidth limit 710. It describes a region 706 between
the upper bandwidth limit 708 and the lower bandwidth limit 710, which is considered
the permissible range for a voltage at the tap changer. The computation of the upper
bandwidth limit 708 and the lower bandwidth limit 710 for a particular electrical network
(such as the network 300 shown in FIG. 3) is based on the applicable voltage limits set by
regulatory standards as well as a determination of a plurality of electrical network
characteristics. The plurality of electrical network characteristics may be defined by the
electrical network’s worst case voltage rise and the electrical network’s worst case
voltage drop for each possible measured current or power flow value at the tap changer
(x-axis in Fig. 6). In some embodiments, the measured current or power flow value at the
tap changer may give an indication to the prevailing network state. However, one
measured current or power flow value at the tap changer may not only be representative
of one, but several different network states, which each results in a different network
voltage profile. Therefore, the corresponding worst case voltage drop and worst case rise
up to the most critical network bus for each measured current or power flow value at the
tap changer needs to be found. Thus, if the permissible voltage range at the tap changer
is computed based on the worst case voltage drop and worst case voltage rise in such a
way that the voltage at the critical network bus is still in compliance with the limits set by
regulatory standards even in these two worst case situations, then all possible other

network states will also be in compliance with the said standards.
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[0050] In some embodiments, the maximum possible voltage rise is
dependent on factors that include, without limitation, the number of consumers and DGs
connected to feeder line segments 526, the consumers’ minimum electric power
consumption, the maximum power generated by generation units on the feeder line
segments 526, a distance between the loads and the generation units connected to the
feeder line segments 526 and the tap changer 600, and an impedance associated with the
feeder line segments 526. Similarly, the maximum possible voltage drop is dependent on
factors that include, without limitation, the number of consumers and DGs connected to
feeder line segments 526, the consumers’ maximum electric power consumption, the
DGs’ minimum power production, a distance between the DGs and consumers connected
to the feeder line segments 526 and the tap changer 600, and an impedance associated

with the feeder line segments 526.

[0051] The electrical network characteristics, such as a network’s worst
case voltage drop and worst case voltage rise, may be determined based on a plurality of
electrical values. These electrical values may include, but are not limited to, voltage,
current and power at the tap changer for each possible network state, as well as voltage,
current and power at the most critical network bus for each possible network state. The
critical bus here refers to a bus in the system, where critical voltage violations occur.
According to one embodiment, these electrical values may be determined by
measurements. The measurements may be carried out over a period of time proximate to
the OLTC transformer and the most critical network bus typically proximate to a feeder
end 534 (Fig. 4). In some embodiments these electrical values may be determined based
on simulations of the electrical network. Further, in some embodiments, these electrical
values may be calculated based on some assumptions for electric network parameters that
may include, without limitation, line impedances, line lengths, generation and load power

rating, and distances of generation units and loads to the tap changer.

[0052] In some embodiments, to determine the worst case voltage rise

(AV,qx) for each possible current or power flow value at the tap changer, the maximum
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difference between the computed voltage at the most critical network bus (Vjtpyus) and
the voltage at the tap changer (Vyirc) 1s utilized. Thus, the worst case voltage rise

(AVqx) from the tap changer up to the most critical network bus is given by:
AVinax = MaxX(Veriepus — Yorre) Equation (2)

In some embodiments, this worst case voltage rise (AV},,,,) 1s computed for each possible
current or power flow value at the tap changer, where the current and power flow at the

tap changer give an indication to the presently prevailing network state.

[0053] According to one embodiment, the maximum permissible voltage
at the tap changer (VoLrcmay) for each network condition is defined by the worst case
voltage rise. Since the maximum permissible voltage at the tap changer (Vorrcmax)
limits the permissible voltage range or bandwidth 706 at the tap changer, the maximum
permissible voltage at the tap changer (Vorrcmax)) corresponds to the upper bandwidth
limit 708. In order to comply with the applicable regulatory standards, the maximum
voltage at the tap changer (VoLrcmax) plus the worst case voltage rise (AV;,4,) up to the
most critical network bus may not exceed the upper voltage limit (Viimiyn)) set by the
standards. Therefore, in one embodiment, the upper bandwidth limit 708 or the
maximum permissible voltage at the tap changer (Voircanax)) 1s determined using

equation 3:

VOLTC(max) < Vlimit(h) — AVinax Equation (3)

In some embodiments, this maximum permissible voltage at the tap changer (VoLrcmax))
is computed for each possible network state, where each possible network state may be
indicated by the power flow or current at the tap changer. Thus, the upper bandwidth

limit 708 is determined as a function of network state.

[0054] The upper bandwidth limit 708 corresponds to the maximum

permissible voltage at the tap changer (Voircpnax)) for each possible network state
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indicated by the power flow value over the tap changer (x-axis in Fig. 6). Therefore,
during operation, if for a certain measured power flow or current value at the OLTC
transformer, the worst case voltage rise applies, it will be ensured that - even in this worst
case - the voltage at the most critical network bus still remains within the permissible

voltage limits set by regulatory standards.

[0055] In some embodiments, when defining the upper bandwidth limit
708, a safety margin (Vrey) that a user may enter through a user input interface, such as
the user input interface 110, is reduced from the upper voltage limit (Viimiyn) set by
regulatory standards. For example, the upper bandwidth limit 708 or maximum

permissible voltage at the tap changer (Vo r¢c@nax)) given by equation 3 may be reduced

by Vsafety
VOLTC(max) < Vlimit(h) — AVpax — Vsafety Equation (4)

[0056] In some embodiments, the power flow value at points 718 and
722 represents the maximum possible reverse power flow value. For an exploitation of
the network’s maximum hosting capacity for DGs, the difference between point 718 and
point 722 represents the minimum permissible bandwidth. In this case the difference
between point 718 and 722 must be greater than a voltage change caused by a single tap

change of the tap changer 600 in order to allow for stable operation.

[0057] Similarly, to determine the worst case voltage drop (AV,,;,,) for
each possible current or power flow value at the tap changer, the minimum difference
between the computed voltage at the most critical network bus (V,;t5yus) and the voltage
at the tap changer (Vyr¢) 1s utilized. Thus, the worst case voltage drop (AV,,;,) from the

tap changer up to the most critical network bus is given by:
AViin = min(Verieus — Vorre) Equation (5)

In some embodiments, this worst case voltage drop (AV,,;,) is computed for each

possible current or power flow value at the tap changer, where the current and power
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flow at the tap changer give an indication to the presently prevailing network state.

[0058] According to one embodiment, the minimum permissible voltage
at the tap changer (Voircamin)) for each network condition is defined by the worst case
voltage drop. Since the minimum permissible voltage at the tap changer (Voircemin))
limits the permissible voltage range or bandwidth 706 at the tap changer, the minimum
permissible voltage at the tap changer (Vorrcanin)) corresponds to the lower bandwidth
limit 710. In order to comply with the applicable regulatory standards, the minimum
voltage at the tap changer (Vo,7r¢nin)) minus the worst case voltage drop (AV,,) up to
the most critical network bus may not fall below the lower voltage limit (Vjipm;e()) set by
the standards. Therefore, in one embodiment, the lower bandwidth limit 710 or the
minimum permissible voltage at the tap changer (Voircaminy) 1s determined using

equation 6:
Vorreminy 2 Viimieqy — AVimin Equation (6)

In some embodiments, this minimum permissible voltage at the tap changer (Vo r¢emin))
is computed for each possible network state, where each possible network state may be
indicated by the power flow or current at the tap changer. Thus, the lower bandwidth

limit 710 is determined as a function of network state.

[0059] Thus, the lower bandwidth limit 710 corresponds to the minimum
permissible voltage at the tap changer for each possible network state indicated by the
power flow value at the tap changer (x-axis in Fig. ©6). Therefore, if for a certain
measured power flow or current value at the tap changer, the worst case voltage drop
applies, it will be ensured that - even in this worst case - the voltage at the most critical
network bus still remains within the permissible voltage limits set by regulatory

standards.

[0060] In some embodiments, when defining the lower bandwidth limit
710, a safety margin (Vsrety) that a user may enter through a user input interface, such as
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the user input interface 110, is added to the lower voltage limit (Vi) set by
regulatory standards. For example, the lower bandwidth limit 710 or minimum
permissible voltage at the tap changer (Vorrcaminy) given by equation 6 may be adjusted

by adding Vfety:
VOLTC(min) = Vlimit(l) — AV + Vsafety Equation (7)

[0061] In some embodiments, the power flow value at points 720 and
724 represents the maximum possible forward power flow value at the tap changer. For
an exploitation of the network’s maximum hosting capacity for loads, such as, without
limitation, electric vehicles, the difference between point 720 and point 724 represents
the minimum permissible bandwidth. In this case the difference between point 720 and
724 must be greater than a voltage change caused by a single tap change of the tap

changer 600 in order to allow for stable operation.

[0062] The methods for deriving the upper bandwidth limit 708 and the
lower bandwidth limit 710 are for example only. Alternatively any methods deriving a
network state dependent bandwidth or a bandwidth that is a function of current or power
flow over the tap changer that enable operation of transformer 550 and tap changer 600

(shown in FIG. 5) as described herein are used.

[0063] In some embodiments, a voltage set-point that lies between the
upper and lower bandwidth limit may be derived. The voltage set-point at the tap changer
600, according to one embodiment, may be constant for all possible power or current
flow values at the tap changer. In one embodiment, the constant voltage set-point may be
provided by the user through the user input interface 110. According to certain examples,
the voltage set-point for each possible current or power flow value at the tap changer may

be determined based on the maximum permissible voltage at the tap changer (Vor¢cmax))

i.e., the upper bandwidth limit 708, for each possible network state and the minimum
permissible voltage at the tap changer (Vorrcminy), 1.€., lower bandwidth limit 710, for

each possible network state. For example, in case the voltage set-point should lie half-
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way between the upper and lower bandwidth limit, the voltage set-point (V) for each

possible network state may be defined according to Equation 8:

VorLrcimax)—VoLrcmin)

Vset = Vorrc(min) + > Equation (8)

[0064] During operation, as the measured power flow at the OLTC
transformer varies within region 726, a permissible voltage range for the voltage at the
tap changer 600 is determined according to control scheme 700. In operation, when the
voltage measured at tap changer 600 is greater than the voltage set-point and also falls
out of bandwidth 706, a tap lowering command is initiated by controller 202. Further,
when the voltage measured at the tap changer 600 is less than the voltage set-point and
also falls out of bandwidth 706, a tap raising command is initiated by controller 202. The
tap change command causes the tap changer 600 to select the appropriate tap 1 through

16 of plurality of taps 618.

[0065] Further, the current or power flow dependent bandwidth around a
voltage set point curve may be loaded into memory device 102 as predetermined control

parameters for transformer 550.

[0066] Furthermore, the number of tap changes required to maintain the
voltage at the tap changer 600 in the permissible voltage limits set by regulatory
standards is reduced since the bandwidth depends on current or power flow
characteristics and reflect a criticality of the network state. The variable nature of the

bandwidth also caters to the need of increasing hosting capacity of the electrical network.

[0067] Exemplary embodiments of electrical power systems for
transmitting electric power to customer loads downstream of a distribution substation
transformer, and methods of operating such systems and devices are not limited to the
specific embodiments described herein, but rather, components of systems and/or steps of
the methods may be utilized independently and separately from other components and/or

steps described herein. For example, the methods may also be used in combination with
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other systems requiring electric power transmission and the associated methods, and are
not limited to practice with only the transmission and distribution systems and methods
as described herein. Rather, the exemplary embodiment can be implemented and utilized
in connection with many other transmission applications that are currently configured to
transmit and receive electric power, e.g., and without limitation, distribution systems in

remote areas and industrial facilities.

[0068] Although specific features of various embodiments of the
invention may be shown in some drawings and not in others, this is for convenience only.
In accordance with the principles of the invention, any feature of a drawing may be

referenced and/or claimed in combination with any feature of any other drawing.

[0069] Some embodiments involve the use of one or more electronic or
computing devices. Such devices typically include a processor or controller, such as a
general purpose central processing unit (CPU), a graphics processing unit (GPU), a
microcontroller, a reduced instruction set computer (RISC) processor, an application
specific integrated circuit (ASIC), a programmable logic circuit (PLC), and/or any other
circuit or processor capable of executing the functions described herein. The methods
described herein may be encoded as executable instructions embodied in a computer
readable medium, including, without limitation, a storage device and/or a memory
device. Such instructions, when executed by a processor, cause the processor to perform
at least a portion of the methods described herein. The above examples are exemplary
only, and thus are not intended to limit in any way the definition and/or meaning of the

term processor.

[0070] This written description uses examples to disclose the invention,
including the best mode, and also to enable any person skilled in the art to practice the
invention, including making and using any devices or systems and performing any
incorporated methods. The patentable scope of the invention is defined by the claims,
and may include other examples that occur to those skilled in the art. Such other
examples are intended to be within the scope of the claims if they have structural
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elements that do not differ from the literal language of the claims, or if they include
equivalent structural elements with insubstantial differences from the literal language of

the claims.
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WHAT IS CLAIMED IS:
1. An electric power system comprising:

an on-load tap changing (OLTC) transformer comprising at least one
primary winding and at least one secondary winding, wherein a portion of the at least one
primary winding and the at least one secondary winding are inductively coupled to each

other;

at least one on-load tap changer coupled to the at least one primary
winding or the at least one secondary winding, wherein the at least one on-load tap
changer is selectively configured to regulate the portion of the at least one primary
winding or the at least one secondary winding that are inductively coupled to each other;

and

at least one controller coupled to the at least one on-load tap changer,
wherein the at least one controller is configured to determine a permissible voltage range
defined by a bandwidth around a voltage set-point at the at least one on-load tap changer,

wherein the bandwidth is a function of one or more electrical network states.

2. The electric power system in accordance with Claim 1, wherein the

controller is further configured to:

generate an upper bandwidth limit of the permissible voltage range that is

a function of one or more electrical network states; and

generate a lower bandwidth limit of the permissible voltage range that is a

function of one or more electrical network states.

3. The electric power system in accordance with Claim 1, wherein the one
or more electrical network states are indicated by current or power flow measurements at

the at least one tap changer.
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4. The electric power system in accordance with Claim 3, wherein the
upper and lower bandwidth limits of the permissible voltage range that are a function of

one or more electrical network states are based on a:

maximum possible voltage rise for each of the current or power flow

measurements at the at least one tap changer; and

minimum possible voltage drop for each of the current or power flow

measurements at the at least one tap changer.

5. The electric power system in accordance with claim 3, wherein a
voltage set-point for the OLTC transformer is variable dependent on the one or more

electrical network states.

6. The electric power system in accordance with Claim 1 further
comprising at least one memory device coupled to the at least one controller, wherein the
at least one memory device is configured to store the bandwidth at the tap changer as a

function of the one or more electrical network states.

7. The electric power system in accordance with Claim 1, wherein a

voltage set-point for the OLTC transformer is constant.

8. A method of regulating a voltage at an on-load tap changer , the
on-load tap changer being coupled to at least one primary winding or at least one
secondary winding of an OLTC transformer, the on-load tap changer being configured to
regulate an inductive coupling between the at least one primary winding and the at least
one secondary winding, wherein the on-load tap changer is communicably coupled to a

controller, the method comprising:

determining a bandwidth around a voltage set-point at the on-load tap

changer that is a function of one or more electrical network states;

measuring the voltage at the on-load tap changer in the electrical network;
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and

generating a command for at least one tap change when the measured
voltage falls out of bandwidth that is a function of one or more electrical network states
defined for the electrical network such that a measured voltage after the at least one tap

change is within the bandwidth.
9. The method in accordance with Claim 8, further comprising:

generating an upper bandwidth limit of the permissible voltage range that

is a function of one or more electrical network states; and

generating a lower bandwidth limit of the permissible voltage range that is

a function of one or more electrical network states.

10. The method in accordance with Claim 9, wherein the one or more
electrical network states are indicated by current or power flow measurements at the at

least one tap changer.

11.  The method in accordance with Claim 10, wherein generating the
upper bandwidth limit and the lower bandwidth limit of the permissible range further

comprises:

determining a maximum possible voltage rise for each of the current or

power flow measurements at the at least one tap changer; and

determining a minimum possible voltage drop for each of the current or

power flow measurements at the at least one tap changer.

12. The method in accordance with Claim 11, further comprises
determining the maximum possible voltage rise and the maximum possible voltage drop
in the electrical network for each of the current or power flow measurements at the tap

changer based on a plurality of factors, and wherein the plurality of factors comprise line
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resistances, line lengths, power ratings of at least one load, power ratings of at least one
power source, distances between the tap changer and at least one load, and distances

between the tap changer and at least one power source.

13. The method in accordance with Claim 12, further comprising
storing the bandwidth for the electrical network as a function of the one or more electrical

network states.

14. The method in accordance with Claim 10, wherein the voltage set-
point for the OLTC transformer is variable dependent on the one or more electrical

network states.

15. The method in accordance with Claim 8, wherein the voltage set-

point for the OLTC transformer is constant.
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