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SYSTEMS AND METHODS FOR OPTIMIZING AN EFFICIENCY OF
A VARIABLE FREQUENCY DRIVE

BACKGROUND

[0001] The subject matter disclosed herein relates to variable frequency drives (VFDs) for
driving electric machines, and more specifically to systems and methods for optimizing

efficiency of VFDs used to drive electric machines.

[0002] In typical oil and gas drilling applications a well bore is drilled to reach a reservoir.
The well bore may include multiple changes in direction and may have sections that are
vertical, slanted, or horizontal. A well bore casing is inserted into the well bore to provide
structure and support for the well bore. The oil, gas, or other fluid deposit is then pumped out
of the reservoir, through the well bore casing, and to the surface, where it is collected. One
way to pump the fluid from the reservoir to the surface is with an electrical submersible pump
(ESP), which is driven by an electric motor (e.g., an induction motor or a permanent magnet

motor) in the well bore casing.

[0003] A variety of components may be used to receive power from a power source, filter,
convert and/or transform the power, and then drive the electric motor. For example, a variable
frequency drive (VFD) may receive power from a power source (e.g., utility grid, batteries, a
generator, etc.). The power may then pass through a filter and a step up transformer to generate
a stepped up voltage, and the stepped up voltage may be provided to the electric motor via a
cable that passes through the well bore. As a further example, in certain situations, a main
VFD may receive power from a power source. The power may then pass through a filter, a
step up transformer, and a secondary VFD. The secondary VFD may provide a supplemental
voltage in addition to the stepped up voltage when the operational values of the electric motor

exceed a threshold value.

[0004] In certain situations, the motor may not operate as intended or in an efficient manner
due to various external factors. In other words, various external factors may prevent the motor
from supplying a maximum amount of power for a given amount of current supplied from the
VFD. Accordingly, in certain situations, it may be desirable to improve the overall system
efficiency by modifying information communicated to the main VFD in order to drive the

motor in a desired manner. Further, in certain situations, it may be desirable to improve the
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overall system efficiency by utilizing the secondary VFD to deliver correction signals into the

system in order to drive the motor in a desired manner.

BRIEF DESCRIPTION

[0005] Certain embodiments commensurate in scope with the original claims are
summarized below. These embodiments are not intended to limit the scope of the claims, but
rather these embodiments are intended only to provide a brief summary of possible forms of
the claimed subject matter. Indeed, the claims may encompass a variety of forms that may be

similar to or different from the embodiments set forth below.

[0006] In one embodiment, a system including a control system is provided. The control
system includes a main drive configured to receive power from a power source and output a
variable voltage and variable amplitude AC voltage. The control system also includes a
controller configured to interface with the main drive and an electric machine. The controller
is configured to receive one or more electrical signals associated with an operating condition
of the electric machine from one or more sensors disposed between the electric machine and
the drive and determine correction information based on the received electrical signals and
based on a desired operating condition of the electric machine. The controller is configured to
transmit the correction information to the main drive, wherein the correction information
corresponds to a rotor position of the electric machine or operating commands configured to

implement the desired operating condition of the electric machine.

[0007] In another embodiment, a control system is provided. The control system includes
a main drive configured to receive power from a power source and output a variable frequency
and a variable amplitude AC voltage. The control system includes a secondary drive
configured to interface with the main drive via a transformer. The secondary drive is
configured to provide a supplemental voltage or current to an electric machine in addition to
the variable amplitude AC voltage from the main drive. The secondary drive receives one or
more electrical signals associated with an operating condition of the electric machine from one
or more sensors disposed between the electric machine and the main drive and determines
correction information based on the received electrical signals and based on a desired operating
condition of the electric machine. The secondary drive implements the correction information
corresponding to operating commands configured to implement the desired operating condition

of the electric machine.
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[0008] In another embodiment, a method is provided. The method includes monitoring one
or more current operational values of an electric machine within an electric submersible pump
(ESP) system via a control system. The method also includes receiving the one or more current
operational values of the electric machine associated with an operating condition of the electric
machine from one or more sensors disposed between the electric machine and the control
system. The method also includes determining correction information based on the one or
more current operational values of the electric machine and based on one or more desired
operational values of the electric machine. The method also includes transmitting the
correction information to a main drive or a secondary drive of the control system. The
correction information corresponds to operating commands configured to implement a desired

operating condition of the electric machine.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] 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:

[0010] FIG. 1 is a schematic of a hydrocarbon extraction system extracting fluid from an

underground reservoir in accordance with aspects of the present disclosure;

[0001] FIG. 2 is a wiring schematic of the electric submersible pump (ESP) control system
in accordance with aspects of the present disclosure, where the wiring schematic includes a

secondary variable frequency drive (VFD);

[0002] FIG. 3 is a wiring schematic of the electric submersible pump (ESP) control system
in accordance with aspects of the present disclosure, where the wiring schematic includes a

controller acting as a virtual encoder;

[0003] FIG. 4 is a plot illustrating the system of FIG. 1 operating along a Maximum Torque
per Ampere (MTPA) curve;

[0004] FIG. 5 is a flow chart for a process of determining a modification angle for a main
variable frequency drive (VFD) in order to maximize the efficiency of a motor within the

system of FIG. 3;
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[0005] FIG. 6 is a flow chart for a process of determining a correction voltage for a

secondary VFD in order to maximize the efficiency of a motor within the system of FIG. 2;

[0006] FIG. 7 is a flow chart for a process of determining a correction current for a
secondary VFD in order to maximize the efficiency of a motor within the system of FIG. 2;

and

[0007] FIG. 8 is an exemplary flow chart of a perturb and observe algorithm (PnO), which
is utilized within the flow charts of FIGS. 5-7.

DETAILED DESCRIPTION

[0008] One or more specific embodiments will be described below. In an effort to provide
a concise description of these embodiments, all features of an actual implementation may not
be described in the specification. It should be appreciated that in the development of any such
actual implementation, as in any engineering or design project, numerous implementation-
specific decisions must be made to achieve the developers’ specific goals, such as compliance
with system-related and business-related constraints, which may vary from one implementation
to another. Moreover, it should be appreciated that such a development effort might be
complex and time consuming, but would nevertheless be a routine undertaking of design,

fabrication, and manufacture for those of ordinary skill having the benefit of this disclosure.

[0009] When introducing elements of various embodiments of the present disclosure, the

articles “a,” “an,” “the,” and “said” are intended to mean that there are one or more of the

2
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elements. The terms “comprising,” “including,” and “having” are intended to be inclusive and
mean that there may be additional elements other than the listed elements. Furthermore, any
numerical examples in the following discussion are intended to be non-limiting, and thus
additional numerical values, ranges, and percentages are within the scope of the disclosed

embodiments.

[0010] Embodiments of the present disclosure relate to systems and methods for optimizing
an efficiency of a variable frequency drive (VFD) used to drive an electric machine, such as an
electric motor or a generator. Certain embodiments of the present disclosure discuss systems
and methods for optimizing an efficiency of a VFD used with an electric motor; however, it
should be noted that features of the present disclosure may be utilized to optimize the efficiency

of a VFD that drives any electric machine (e.g., an electric motor or a generator). In particular,
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certain embodiments of the present disclosure relate to systems and methods for optimizing an
efficiency of a variable frequency drive (VFD) used with electric submersible pumps (ESPs)
within oil and gas applications. As noted above, in certain embodiments, an electric motor
(e.g., an induction motor or a permanent magnet motor) is utilized to drive the ESP to pump
fluid from a reservoir and to the surface, where it is collected. In particular, a main VFD may
receive, filter, convert, and/or transform power received from a power source to drive the
electric motor. In certain embodiments, the electric motor may not operate as intended because
various external factors (such as an improperly configured VFD) may cause the motor to draw
more current for a given amount of load. Indeed, the electric motor may not operate in the
most efficient manner, such as along a Maximum Torque per Ampere (MTPA) curve.
Accordingly, certain embodiments of the present disclosure relate to improving the overall
system efficiency by modifying information communicated to the main VFD, in order to drive
the electric motor operating point onto the MTPA curve. Further, certain embodiments of the
present disclosure relate to improving the overall system efficiency by utilizing the secondary
VFED to deliver correction signals into the system, in order to drive the motor operating point

onto the MTPA curve.

[0011] With the foregoing in mind, FIG. 1 is a schematic of a hydrocarbon extraction
system (e.g., well 10) extracting fluid deposits (e.g., oil, gas, etc.) from an underground
reservoir 14. As shown in FIG. 1, a well bore 12 may be drilled in the ground toward a fluid
reservoir 14. Though the well bore 12 shown in FIG. 1 is a vertical well bore 12, well bores
12 may include several changes in direction and may include slanted or horizontal sections. A
well bore casing 16 is typically inserted into the well bore 12 to provide support. Fluid deposits
from the reservoir 14, may then be pumped to the surface 18 for collection in tanks 20,
separation, and refining. Though there are many possible ways to pump fluids from an
underground reservoir 14 to the surface 18, one technique is to use an electrical submersible

pump (ESP), as shown in FIG. 1.

[0012] When using an ESP, an ESP assembly or system 22 is fed through the well bore
casing 16 toward the reservoir 14. The ESP assembly 22 may include a pump 24, an intake 26,
a sealing assembly 28, an electric motor 30, and a sensor 32. Power may be drawn from a
power source 34 and provided to the electric motor 30 by an ESP control system 36. The power
source 34 shown in FIG. 1 is a utility grid, but power may be provided in other ways (e.g.,

generator, batteries, etc.). In certain embodiments, the ESP control system 36 may include a
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main variable frequency drive (VFD) 38, a filter 40, a transformer 42, a secondary VFD 44,
and a cable 46, as further described with respect to FIG. 2. In certain embodiments, the ESP
control system 36 may include the main VFD 38, the filter 40, the transformer 42, a controller
45, and the cable 46, as further described with respect to FIG. 3. It should be understood,
however, that FIG. 1 shows one embodiment, and that other embodiments may omit some

elements or have additional elements.

[0013] The main VFD 38 synthesizes the variable frequency, variable amplitude, AC
voltage that drives the motor. In some embodiments, the power output by the VFD may be
filtered by filter 40. In the present embodiment, the filter 40 is a sine wave filter. However, in
other embodiments, the filter may be a low pass filter, a band pass filter, or some other kind of
filter. The power may then be stepped up or down by a transformer 42. In the present
embodiment, a step up transformer is used for efficient transmission down the well bore 12 to
the ESP assembly 22, however, other transformers or a plurality of transformers may be used.
A secondary VFD 44 may be disposed on the high-voltage side of the transformer 42 and
configured to deliver full-rated current for a short period of time (e.g., one minute or less) when
the electric motor 30 requires more voltage than the transformer 42 can support. In
embodiments with multiple transformers (e.g., a step up transformer 42 at the surface, and a
step down transformer in the well bore 12, at the end of the cable 46, the secondary VFD 44
may be installed between the transformers or at the termination of the second transformer.
Power output from the secondary VFD may be provided to the ESP assembly 22 via a cable 46
that is fed through the well bore casing 16 from the surface 18 to the ESP assembly 22. The
motor 30 then draws power from the cable 46 to drive the pump 24. The motor 30 may be an

induction motor, a permanent magnet motor, or any other type of electric motor.

[0014] The pump 24 may be a centrifugal pump with one or more stages. The intake 26
acts as a suction manifold, through which fluids 14 enter before proceeding to the pump 24. In
some embodiments, the intake 26 may include a gas separator. A sealing assembly 28 may be
disposed between the intake 26 and the motor 30. The sealing assembly protects the motor 30
from well fluids 14, transmits torque from the motor 30 to the pump 24, absorbs shaft thrust,
and equalizes the pressure between the reservoir 14 and the motor 30. Additionally, the sealing
assembly 28 may provide a chamber for the expansion and contraction of the motor oil resulting
from the heating and cooling of the motor 30 during operation. The sealing assembly 28 may

include labyrinth chambers, bag chambers, mechanical seals, or some combination thereof.
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[0015] The sensor 32 is typically disposed at the base of the ESP assembly 22 and collects
real-time system and well bore parameters. Sensed parameters may include pressure,
temperature, motor winding temperature, vibration, current leakage, discharge pressure, and so
forth. The sensor 32 may provide feedback to the ESP control system 36 and alert users when

one or sensed parameters fall outside of expected ranges.

[0016] FIG. 2 is a wiring schematic of the ESP control system 36 shown in FIG. 1, in
accordance with aspects of the present disclosure. In particular, in the illustrated embodiment,
the ESP control system 36 includes the secondary VFD 44, as further described in detail below.
As previously discussed, the main VFD 38 receives power from a power source 34 (e.g., utility
grid, battery, generator, etc.), modifies the power, and outputs a power signal of the desired
frequency and amplitude for driving the electric motor 30. The main VFD 38 may include
power electronic switches, current measurement components, voltage measurements
components, a process, or other components. The main VFD 38 may be installed on the main
side of the transformer 42 and is programmed to operate the motor. The output from the main
VFD 38 may then be filtered using the filter 40. In the embodiment shown, the filter 40 is a
sine wave filter, however in other embodiments, the filter may be any low pass filter, or any
other kind of filter. As shown in FIG. 2, the filter 40 may include inductors 80, capacitors 82,

or other electrical components.

[0017] The output from the filter 40 is stepped up using the step up transformer 42. The
step up transformer increases the voltage for efficient transmission through the cable 46 to the
electric motor 30, which in some applications may as long as 1,000 to 10,000 feet. In certain
situations, because of magnetic saturation, the transformer 42 may be limited in the voltage it

can supply to the electric motor 30 at low frequencies.

[0018] In order to deal with the limitations of the transformer, in certain embodiments, the
secondary VFD 44 may be disposed in series or parallel with the line, on the high voltage
secondary side of the transformer 42, and configured to deliver full rated current for short
periods of time (e.g., less than 1 minute). The secondary VFD 44 may interface with only one
or all three phases of the system 36. As shown in FIG. 2, the secondary VFD 44 may include
transistors 84 (e.g., IGBT or MOSFET), diodes 86, inductors 80, capacitors 82, and any number
of other components. The secondary VFD 44 may also include power electronic switches,
current measurement components, voltage measurement components, a processor, control

circuitry, and the like. In addition to the single phase H-bridge topology shown in FIG. 2, the
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secondary VFD 44 may have a single phase half-bridge topology, or a polyphase half-bridge
topology. In addition to the series topology, a parallel topology may be employed.

[0019] In some situations that require the electric motor 30 to operate at low frequency
with high torque (e.g., startup of a motor, a temporarily seized pump, a transient load condition,
etc.), magnetic saturation may prevent the main VFD 38 and the transformer 42 from providing
sufficient voltage or magnetic flux to keep the electric motor 30 from stalling. Because the
secondary VFD 44 is on the high voltage side of the transformer, the secondary VFD 44 can
provide full rated current for a short period of time (e.g., one minute or less), thus
supplementing the voltage of the main VFD 38 until the motor 30 reaches a high enough
frequency for the main VFD 38 to drive the motor 30 on its own. As previously discussed, the
power output by the ESP control system 36 is transmitted to the electric motor 30 via the cable

46.

[0020] FIG. 3 is a wiring schematic of the ESP control system 36 shown in FIG. 1, in
accordance with aspects of the present disclosure. In particular, in the illustrated embodiment,
the ESP control system 36 includes a controller 45, as further described in detail below. In
certain embodiments, the controller 45 of the ESP control system 36 may be replaced with the
secondary VFD 44 to provide additional and/or alternative functionality. As previously
discussed, the main VFD 38 receives power from a power source 34 (e.g., utility grid, battery,
generator, etc.), modifies the power, and outputs a power signal of the desired frequency and
amplitude for driving the electric motor 30. The output from the main VFD 38 may then be
filtered using the filter 40, and the output from the filter 40 is stepped up using transformer 42.
The controller 45 may include one or more voltage and current sensors 47 and interfaces with

the transformer 42, thereby linking the variable frequency drive and the motor.

[0021] In certain embodiments, the controller 45 may include a digital signal processor 88,
a signal injection module 90, and a band stop filter 92 associated with the signal injection
module 90. The digital signal processor 88 serves as a signal interface module which receives
electrical signals associated with an operating condition of the motor 30 from the one or more
controller voltage and current sensors 31. The digital signal processor 88 may correlate the
received electrical signals with a rotor position of the motor 30. In certain embodiments, the
digital signal processor 88 may transmit signals corresponding to rotor position to the main
VFD 38 via an output submodule of the signal interface module and a controller signal

transmission link 94. In certain embodiments, the transmission link 94 may include cables

8
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configured to transmit analog or digital signals when the controller 45 acts as a virtual encoder
or virtual resolver, and cables configured to transmit digital signals when the output from the
signal interface module is in digital form. A wide variety of analog signal-carrying cables and
digital signal-carrying cables are available commercially and are known to those of ordinary
skill in the art. Alternatively, communication between the controller and the variable frequency

drive may be done wirelessly by using radio communications.

[0022] In certain embodiments, the signal injection module 88 may be used to determine a
rotor position of the motor 30 at low or zero rotor speeds. The band stop filter 92 associated
with the signal injection module 88 may be configured to prevent controller probe signals
generated by the signal injection module 88 from being transmitted via the power connection
into allied components of the system, such as the transformer 42, the low pass filter 40, and

main VFD 38.

[0023] As noted above, in certain embodiments, the ESP control system 36 may include
the main VFD 38, the filter 40, the transformer 42, and the secondary VFD 44. In certain
embodiments, the ESP control system 36 may include the controller 45 in lieu of the secondary
VFD 44. Indeed, in certain embodiments of the present disclosure, such as within embodiments
including the controller 45, the overall system efficiency may be improved by modifying
information communicated to the main VFD 38, in order to drive the electric motor 30
operating point onto the maximum torque per Ampere (MTPA) curve. Further, in certain
embodiments of the present disclosure, such as within embodiments including the secondary
VFD 44, the overall system efficiency may be improved by utilizing the secondary VFD 44 to
deliver (e.g., inject) correction signals into the system, in order to drive the electric motor 30
operating point onto the MTPA curve. These and other features of the present disclosure are

described with respect to FIGS. 4-8.

[0024] FIG. 4 is a plot 100 illustrating the electric motor 30 of FIG. 1 operating along a
Maximum Torque per Ampere (MTPA) curve 106. Specifically, the plot 100 is a topographical
map illustrating an output power (e.g., torque 107) supplied by the electric motor 30 for an
amount of current (e.g., ampere 103, 105) provided to the electric motor 30. In particular, the
MTPA curve 106 on the plot 100 corresponds to maximum efficiency of the electric motor 30.
In other words, operating the electric motor 30 along the MTPA curve 106 may result in a
maximum amount of output power (e.g., torque 107) for a given amount of current (e.g.,

Ampere 103, 105) provided to the electric motor 30, as further described in detail below.

9
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[0025] Intheillustrated embodiment, the plot 100 depicts loci of constant output torque per
Ampere 107 supplied by the electric motor 30 to a mechanical load for an amount of current
(e.g., Ampere 103, 105) provided to the electric motor 30. Specifically, the X-axis 102 and the
Y-axis 104 illustrate a direct (“d”) component of current and a quadrature (“q”) component of
current, respectively. The “d” component of current 103 and the “q” component of current 105
may represent different phases of current. For example, the angle of the current with respect
to voltage may change when the amount of the “d” component of current 103 is greater than
the amount of the “q” component of current 105. In particular, the plot 100 illustrates a
graphical depiction of the current locus 106 for maximum output torque. As noted above, the
MTPA curve 106 is illustrative of a maximum efficiency of the electric motor 30 since the
output power is maximized when torque is maximized at any given operating speed, and
resistive losses are minimized by minimizing the magnitude of the motor current for the

produced torque. In certain embodiments, the Loci 108 represent constant current magnitude

in the motor windings.

[0026] In certain embodiments, it may be beneficial to drive the electrical motor 30 along
the MTPA curve 106 to operate the system 10 efficiently. As noted above, power may be
drawn from a power source 34 and provided to the electric motor 30 by the ESP control system
36. For example, the main VFD 38 of the ESP control system 36 may receive, filter, convert,
and/or transform power received from the power source 34 to drive the electric motor 30. In
certain embodiments, the controller 45 of the ESP control system 36 may interface with the
power connection to link the main VFD 38 with the motor 30. In certain embodiments, the
secondary VFD 44 of the ESP control system 36 may be configured to provide an additional
voltage output to drive the electric motor 30. Accordingly, in situations where an operating
point of the electric motor 30 is not along the MTPA curve 106, it may be beneficial to provide
information and/or corrective signals to the main VFD 38 and/or the secondary VFD 44 to
excite the electrical motor 30 in the desired manner. For example, in embodiments where the
ESP control system 36 includes the controller 45, corrective information may be communicated
to the main VFD 38 to drive the electric motor 30 onto the MTPA curve 106. As a further
example, in embodiments where the ESP control system 36 includes the secondary VFD 44,
the secondary VFD 44 may be utilized to inject correction signals that drive the electrical motor

30 onto the MTPA curve 106.

10
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[0027]  With the forgoing in mind, FIGS. 5-7 describe techniques for determining corrective
information and/or correction signals for the main VFD 38 and/or the secondary VFD 44 that
may be used to operate the electrical motor 30 in an efficient manner, such as along the MTPA

curve 106.

[0028] FIG. 5 isa flow chart 120 for a process of determining a modification angle 150 that
may be utilized by the ESP control system 36 for maximizing an efficiency of the electrical
motor 30. In certain embodiments, the process may be executed by the controller 45 of the
ESP control system 36. Specifically, in certain embodiments, the flow chart 120 may be
utilized to determine the modification angle 150 that may be utilized as corrective information
by the main VFD 38 of the ESP control system 36. The modification angle 150 may represent
the angular error between the actual motor excitation and the desired motor excitation. In
certain embodiments, the modification angle 150 may be added to angular information
provided to the VFD 38. In the illustrated embodiment, the modification angle 150 may be
provided directly to the main VFD 38. For example, the modification angle 150 may be
combined with rotor angle information (e.g., position information) associated with the
electrical motor 30, and may be utilized by the main VFD 38 to drive the electrical motor 30

in a desired manner, as further described below.

[0029] Asnoted above, the ESP control system 36 may be configured to provide an amount
of current (e.g., Ampere 103, 105) to drive the electrical motor 30, and the electrical motor 30
may deliver an electromagnetic torque to a mechanical load. In certain embodiments, the

electromagnetic torque delivered to the mechanical load by the motor 30 may be defined as:
N . . .
Tom = 77” (Aaiq — Agia) (Equation 1)

[0030]  Further, in certain embodiments, the Torque per Ampere of current (TPA) supplied
to the motor 30 by the ESP control system 36 may be defined as:

1
TPA = T (i3 +i2) 2 (Equation 2)

[0031]  Specifically, Tem is the electromagnetic torque, Np is the number of magnetic poles
within the electrical motor 30, Aqis the quadrature axis flux linkage, A4 is the direct axis flux
linkage, i41s the direct axis current (e.g., d component of current 103), and iq is the quadrature

axis current (e.g., ¢ component of current 105). In certain embodiments, the above referenced

11



WO 2018/064663 PCT/US2017/054742

equations may be utilized to determine corrective information and/or correction signals for the
main VFD 38 and/or the secondary VFD 44 in order to drive the electrical motor 30 in a more

efficient manner.

[0032] Referring to FIG. 5, the flow chart 120 includes utilizing a measured qd current 122
(e.g., 1qd) and estimated qd flux linkages 124 (e.g., Aqd) to calculate an electromagnetic torque
128 (block 126). For example, the electromagnetic torque 128 (e.g., Tem) may be calculated
utilizing Equation 1, as noted above. In certain embodiments, the flow chart 120 includes
utilizing the calculated electromagnetic torque 128 to determine an optimal excitation angle
132 (e.g., ymppa 132) (block 130). In certain embodiments, the optimal excitation angle 132 may
be determined via an algorithm, a look-up table (LUT), or other similar technique. Specifically,
the optimal excitation angle 132 may be representative of the correct operating position of the
motor 30, such as a rotor position of the electrical motor 30, that would provide the desired
power output. Further, the flow chart 120 includes comparing the determined optimal
excitation angle 132 to an actual operating excitation angle 136 (e.g., vy 136) (block 134). In
the illustrated embodiment, a current observer may be used to determine the operating
excitation angle, but in other embodiments, the operating excitation angle may be a measured
angle from a physical encoder, a resolver, or another type of observer. In certain embodiments,
a summing junction 138 may be utilized to compare the optimal excitation angle 132 (e.g., Ymtpa
132) with the measured operating excitation angle 136 (e.g., y 136), and the resulting difference
(if any) may be indicative of a first correction angle 140 (e.g., ycorr 140).

[0033] In certain embodiments, the flow chart 120 includes utilizing a measured power 142
(e.g., Preal 142) to determine a second correction angle 146 (e.g., ycomr2 146) (block 144). In
certain embodiments, the second correction angle 146 may be determined via a perturb and
observe algorithm (PnO), as further described with respect to FIG. 8. In particular, the
electromagnetic torque 128 (block 126) and the second correction angle 146 (block 144) may
be calculated in parallel. Further, the flow chart 120 may include determining (block 148) a
modification angle 150 (e.g., Ocorr 150) based on the first and second correction angles 140, 146
(e.g., yeorr 140 and ycor2 146). For example, in certain embodiments, a VOTER algorithm may
be utilized to determine how to modify the first and second correction angles 140, 146 in order
to determine the modification angle 150. The VOTER algorithm may balance the first and
second correction angles 140, 146, or may utilize one of the corrections angles (e.g., 140, 146)

over the other. In certain embodiments, the determined modification angle 150 may be
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provided as corrective information to the main VFD 38. Indeed, by modifying the angle
provided to the main VFD 38, the electric motor 30 may be configured to operate in a more

efficient manner (e.g., along the MTPA curve 106).

[0034] FIG. 61is a flow chart 160 for a process of determining a correction voltage 178 (e.g.,
V*q4 178) that may be utilized by the ESP control system 36 for maximizing an efficiency of
the electrical motor 30. In certain embodiments, the process may be executed by the secondary
VFD 44 of the ESP control system 36. Specifically, in certain embodiments, the flow chart
160 may be utilized to determine the correction voltage 178 that may be injected into the
system, via the secondary VFD 44 of the ESP control system 36, as correction signals for
improving the efficiency and operation of the electric motor 30. In other embodiments, the

flow chart 160 may directly transmit the correction voltage directly to the main VFD 38.

[0035] In certain embodiments, the flow chart 160 includes utilizing a measured qd current
122 (e.g., iqga 122) and an estimated qd flux linkages 124 (e.g, Aqd) to calculate an
electromagnetic torque 128 (e.g., Ten 128) (block 126). For example, the electromagnetic
torque 128 (e.g., Tem) may be calculated utilizing Equation 1, as noted above. In certain
embodiments, the flow chart 160 includes utilizing the calculated electromagnetic torque 128
to determine an optimal current 164 (e.g., iqdmpa 164) (block 162). In certain embodiments, the
optimal current 164 may be determined via an algorithm, a look-up table (LUT), or other
similar technique. Specifically, the optimal current 164 may be representative of a current that
would produce the desired power output by the electric motor 30. Further, the flow chart 160
includes comparing the determined optimal current 164 (e.g., iqdmpa 164) to the actual,
measured qd current 122 (e.g., iqd 122). For example, in certain embodiments, a summing
junction 165 may be utilized to compare the optimal current 164 (e.g., iqdmpa 164) with the
measured current 122 (e.g., iqd 122), and the resulting difference (if any) may be the current
error difference 166 (e.g., iqderr 166). In certain embodiments, the current correction difference
166 (e.g., iqderr) may be utilized to determine a first correction voltage vector 170 (e.g., Vqdeorr
170) (block 168). In certain embodiments, the first correction voltage vector 170 may be
determined with a compensator, such as a proportional plus integral or lead-lag compensator

structures.

[0036] In certain embodiments, the flow chart 160 includes utilizing a measured power 142
(e.g., Preal 142) to determine a second correction voltage vector 174 (e.g., Vqdeonrz 174) (block

172). In certain embodiments, the second correction voltage vector 174 (e.g., Vadeconz 174) may
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be determined via a perturb and observe algorithm (PnO), as further described with respect to
FIG. 8. In particular, the electromagnetic torque 128 (block 126) and the second correction
voltage vector 174 (block 172) may be calculated in parallel. Further, the flow chart 160 may
include determining a correction voltage 178 (e.g., V*qa 178) based on the first and second
correction voltage vectors 170, 174 (e.g., Vqdcorr 170 and Vqdcorr2 174). For example, in certain
embodiments, a VOTER algorithm may be utilized to determine how to modify the first and
second correction voltage vectors 170, 174 in order to determine the correction voltage 176.
The VOTER algorithm may balance the first and second correction voltage vectors 170, 174,
or may utilize one of the correction voltage vectors (e.g., 170, 174) over the other. In certain
embodiments, the determined correction voltage 178 (e.g., V*qd) may be provided as corrective
signals to the secondary VFD 44. Indeed, by modifying the voltage provided to the secondary
VFD 44, the electric motor 30 may be configured to operate in a more efficient manner (e.g.,

along the MTPA curve 106).

[0037] FIG. 7is aflow chart 190 for a process of determining a correction current 204 (e.g.,
i*qd204) that may be utilized by the ESP control system 36 for maximizing an efficiency of the
electrical motor 30. Specifically, in certain embodiments, the flow chart 190 may be utilized
to determine the correction current 204 that may be injected into the system, via the secondary
VFD 44 of the ESP control system 36, as correction signals for improving the efficiency and
operation of the electric motor 30. In other embodiments, the flow chart 190 may directly

transmit the correction current or a correction torque directly to the main VFD 38.

[0038] In certain embodiments, the flow chart 190 includes utilizing a measured qd current
122 (e.g., iqga 122) and an estimated qd flux linkages 124 (e.g, Aqd) to calculate an
electromagnetic torque 128 (e.g., Ten 128) (block 126). For example, the electromagnetic
torque 128 (e.g., Tem 128) may be calculated utilizing Equation 1, as noted above. In certain
embodiments, the flow chart 190 includes utilizing the calculated electromagnetic torque 128
to determine an optimal current 164 (e.g., iqdmtpa 164) (block 162). In certain embodiments, the
optimal current 164 may be determined via an algorithm, a look-up table (LUT), or other
similar technique. Specifically, the optimal current 164 may be representative of a current that
would produce the desired power output by the electric motor 30. Further, the flow chart 190
includes comparing the determined optimal current 164 (e.g., iqdmpa 164) to the actual,
measured qd current 122 (e.g., iqd 122). For example, in certain embodiments, a summing

junction 165 may be utilized to compare the optimal current 164 (e.g., iqdmpa 164) with the
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measured current 122 (e.g., iqd 122), and the resulting difference (if any) may be a first current

correction vector 196 (e.g., iqderr 196).

[0039] In certain embodiments, the flow chart 190 includes utilizing a measured power 142
(e.g., Preal 142) to determine a second current correction vector 200 (e.g., igdconrz 200) (block
198). In certain embodiments, the second current correction vector 200 (e.g., iqdcorr2 200) may
be determined via a perturb and observe algorithm (PnO), as further described with respect to
FIG. 8. In particular, the electromagnetic torque 128 (block 126) and the second current
correction vector 200 (block 198) may be calculated in parallel. Further, the flow chart 190
may include determining a correction current 204 (e.g., i*qd 204) based on the first and second
current correction vectors 196, 200 (e.g., iqdcorr 196 and iqdcorr2 200). For example, in certain
embodiments, a VOTER algorithm may be utilized to determine how to modify the first and
second current correction vectors 196, 200 in order to determine the correction current 204.
The VOTER algorithm may balance the first and second current correction vectors 196, 200,
or may utilize one of the current correction vectors (e.g., 196, 200) over the other. In certain
embodiments, the determined current correction 204 (e.g., i*qd) may be provided as one or
more corrective signals to the secondary VFD 44 (block 202). Indeed, by modifying the current
provided by the secondary VFD 44, the electric motor 30 may be configured to operate in a

more efficient manner (e.g., along the MTPA curve 106).

[0040] FIG. 8 is an exemplary flow chart 210 of a perturb and observe algorithm (PnO),
which may be utilized within the flow charts of FIGS. 5-7. In particular, the PnO algorithm
may be a method implemented by a processor of the system (e.g., controller 45, the secondary
VFD 44, the main VFD 38, etc.). In general, the processor may adjust the voltage by a small
amount and measure the resulting power. If a power increase is detected, the processor of the
system may be configured to make further adjustments in that direction until the resulting
power no longer increases. In this manner, the PnO algorithm may be utilized to determine a
correction angle 146 (e.g., ycor2 146), a correction voltage vector 174 (e.g., Vqdeor2 174), and/or
a correction current vector 200 (e.g., fqdcorr2 200). In the illustrated embodiment, an exemplary
PnO algorithm is described in further detail. However, it should be noted that any algorithm
that optimized the power output of a machine may be utilized and implemented with the

embodiments described above.

[0041] In certain embodiments, the flow chart 210 begins with initializing the power
variable (e.g., P OLD=0) and the sign variable (e.g., SIGN=+1) (block 212). Further, the flow
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chart 210 includes reading a voltage and current measurement (e.g., READ v.,i) (block 214),
and utilizing the measurements to compute a new power output (e.g., COMPUTE P_NEW)
(block 216). In certain embodiments, the flow chart 210 includes determining whether the new
calculated power output is less than the previously calculated power output or the initial power
output value (e.g., P NEW <P _OLD?) (block 218). If the calculated power output is greater
than the previously calculated power output or the initial power output value, the sign variable
is adjusted (e.g., SIGN = -1) (block 220), and the excitation perturbation is calculated (e.g.,
EXCITATION PERTURBATION = SIGN*EXC _INC) (block 224). If the calculated power
output is less than the previously calculated power output or the initial power output value, the
sign variable is adjusted (e.g., SIGN = 1) (block 222), and the excitation perturbation is
calculated (e.g., EXCITATION PERTURBATION = SIGN*EXC _INC) (block 224). Further,
the flow chart 210 includes resetting the power variable (e.g., P OLD =P NEW) (block 226),
and implementing the excitation perturbation (block 228). If necessary, the flow chart 210
includes repeating the steps by reading the voltage and current measurements (e.g., READ v,

i) (block 214).

[0042] Technical effects of the invention include optimizing an efficiency of an electric
motor 30 (e.g., an induction motor or a permanent magnet motor) utilized with variable
frequency drives (VFDs). Specifically, the electrical motor 30 may be utilized to drive electric
submersible pumps (ESPs) within oil and gas applications to pump fluid from a reservoir and
to the surface. In certain embodiments, the main VFD 38 may receive, filter, convert, and/or
transform power received from a power source to drive the electric motor. Further, in certain
embodiments, the secondary VFD 44 may be disposed on the high-voltage side of the
transformer 42 and may be configured to deliver full-rated current for a short period of time
(e.g., one minute or less) when the electric motor 30 requires more voltage than the transformer
42 can support. Specifically, the present embodiments are targeted toward improving the
efficiency of the electric motor 30 by modifying information and/or signals communicated to

the main VFD 38 and/or the secondary VFD 44,

[0043]  Specifically, in certain embodiments, the Maximum Torque per Ampere (MTPA)
curve 106 may be an indication of the operating efficiency of the electrical motor 30.
Accordingly, certain embodiments of the present disclosure relate to improving the overall
system efficiency by modifying information communicated to the main VFD 38, in order to

drive the electric motor 30 operating point onto the MTPA curve 106. Further, certain
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embodiments of the present disclosure relate to improving the overall system efficiency by
utilizing the secondary VFD to deliver correction signals into the system, in order to drive the

motor 30 operating point onto the MTPA curve 106.

[0044]  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 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 languages of the claims.
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CLAIMS:
1. A system, comprising:
a control system comprising:
a main drive configured to receive power from a power source and output a
variable frequency and a variable amplitude AC voltage; and
a controller configured to interface with the main drive and an electric machine,
wherein the controller is configured to:
receive one or more electrical signals associated with an operating
condition of the electric machine from one or more sensors disposed between
the electric machine and the main drive;
determine correction information based on the received electrical signals
and based on a desired operating condition of the electric machine; and
transmit the correction information to the main drive, wherein the
correction information corresponds to a rotor position of the electric machine or
operating commands configured to implement the desired operating condition

of the electric machine.

2. The system of claim 1, wherein the electric machine is a synchronous motor, a

permanent magnet motor, or an induction motor.
3. The system of claim 1, wherein the electric machine is a generator.

4. The system of claim 1, wherein the electric machine is a component of an electric

submersible pump.

5. The system of claim 1, wherein the correction information comprises a modification

angle corresponding to a rotor position of the electric machine.

6. The system of claim 5, wherein the modification angle is implemented by the main

drive to obtain the desired operating condition of the electric machine.

7. The system of claim 5, wherein the modification angle is determined based at least in
part on a difference between the operating condition of the electric machine and a desired

optimal excitation angle.
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8. The system of claim 1, comprising a filter and a transformer disposed between the

variable frequency drive and the controller.

0. The system of claim 1, wherein the correction information comprises operating
commands configured to modify the variable frequency or the variable amplitude AC voltage

output by the main drive.

10. A system, comprising:
a control system comprising:

a main drive configured to receive power from a power source and output a
variable frequency and a variable amplitude AC voltage;

a secondary drive configured to interface with the main drive, wherein the
secondary drive is configured to provide a supplemental voltage or current to an electric
machine in addition to the variable amplitude AC voltage from the main drive, and
wherein the secondary drive is configured to:

receive one or more electrical signals associated with an operating
condition of the electric machine from one or more sensors disposed between
the electric machine and the main drive;

determine correction information based on the received electrical signals
and based on a desired operating condition of the electric machine; and

implement the correction information, wherein the correction
information corresponds to operating commands configured to implement the

desired operating condition of the electric machine.

11.  The system of claim 10, comprising a transformer comprising a low voltage side and a

high voltage side of the transformer.

12. The system of claim 11, wherein the main drive is coupled to the low voltage side of

the transformer and the secondary drive is coupled to the high voltage side of the transformer.

13.  The system of claim 10, wherein the correction information comprises a correction
voltage command implemented by the secondary drive to obtain the desired operating

condition of the electric machine.
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14.  The system of claim 13, wherein the correction voltage command is determined based
at least in part on a difference between the operating condition of the electric machine and a

desired optimal voltage.

15.  The system of claim 10, wherein the correction information comprises a correction
current command implemented by the secondary drive to obtain the desired operating condition

of the electric machine.

16.  The system of claim 15, wherein the correction current command is determined based
at least in part on a difference between the operating condition of the electric machine and a

desired optimal current.

17.  The system of claim 10, wherein the electric machine is a synchronous motor or a

permanent magnet motor.

18. A method of optimizing an efficiency of an electric machine, comprising:

monitoring one or more current operational values of the electric machine within an
electric submersible pump (ESP) system via a control system;

receiving the one or more current operational values of the electric machine associated
with an operating condition of the electric machine from one or more sensors disposed between
the electric machine and the control system;

determining correction information based on the one or more current operational values
of the electric machine and based on one or more desired operational values of the electric
machine; and

transmitting the correction information to a main drive or a secondary drive of the
control system, wherein the correction information corresponds to operating commands

configured to implement a desired operating condition of the electric machine.

19. The method of claim 18, comprising transmitting the correction information to the main
drive, and wherein the correction information comprises a modification angle corresponding

to a rotor position of the electric machine.
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20.  The method of claim 18, comprising transmitting the correction information to the main
drive, wherein the correction information comprises operating commands configured to modify

a variable frequency or a variable amplitude AC voltage output by the main drive.

21.  The method of claim 18, comprising transmitting the correction information to the
secondary drive, and wherein the correction information comprises a correction voltage
command or a correction current command corresponding to the one or more desired

operational values of the electric machine.

21



PCT/US2017/054742

WO 2018/064663

P 10
P
JE—-S— . -
1¥] A ]
18
/
'\\’ ‘\ \
» 20 20 20
16 —
/,/" T ——— T ! 1 I N _,.———"“""\~\
e R
o
e 24
e e o e e e
26
\\
Ry 7T TN Fa o e
/ /,/7‘7—-/— . S / /7 7 /{» {'\\ NN\ N \\\\\\\ \ :’V\' N
///////////////14//)(7 ’(\\\\\\\14\\\\\\\\\\ \\\
S A AR = T N N T N
-l A YA ! He \ A
/// /// Ay /.//// / \\\\\\\ RN \\\\\\ \\ \\\ \
4 .// .// /'/ // //'/i/f:’ okt A Ml\i}\i \, \\ \ \\ \\ N
22 L 28 .. A TR
30
e 32
N
\‘\ ...... b

FiG. 1



PCT/US2017/054742

218

WO 2018/064663

...... , .
\/\/\...H:\rx\f.\ H mm\ fs ol i r(ExW(\ﬁ iy
/
& = p— { ] x
x .m. 88 24 { {
ap h,\\m‘,v \ DY 8¢
| 3
08 i
3 =
A i
“ vﬁﬂr\ |
log ] ] s

o



PCT/US2017/054742

wmm e mmm amm mmm amm mmm mmms mmm mmm mmms  mmms  mmms  wmme wmms amms  wmms  mmm emmm emmm emmmy

3/8

WO 2018/064663

AN
Sy .wn 78 8e

06 1 s m w |

\ : M a8 ]

R T R i .
OF L

/w& b $0£008 N‘w (

op

1

) Ly /

{ ~ o)

88
— J— Mwl J— — — — — — — R R J— PR PR — J— R ——— N )

g¢

o



PCT/US2017/054742

WO 2018/064663

4/8




PCT/US2017/054742

5/8

WO 2018/064663

g Ol
FIONY
NOLLOTNHOD
m aNOooIS Y _
g0, INIAETLIQ ol
] “ )
m / {
g . Zri
FIONY = way 821
NOLLYDIAHAON y
T ediu
L ENNETE s I i m—— I
0 / ATONY NOWLYLIOKD L | | 51 aNovnod L0313
m ; voy TWINILLAO INIWEILIA JIVINOTYD ke
o5l - m /
\mr/ 0%t TIONY NOLLYLIDX3 971
m \ 75T DNILYH AL -
wo 1 7T WOLDY ININNILIC
A i “ ]
A 2 (
m ! el
) 9st

gzL



PCT/US2017/054742

WO 2018/064663

6/8

g "ol
HOLOAA
IOVLION
_ NOLLDHHHOD |« :
2410306 aNOOESs ey
A ANINEI 13T d
/ ; {
ﬂ { ! ¥ZL
121 21 ragh _/
FDVLION woy 821 :
gt NOLLOFMHOD . ph
%_ P INIANEILIA C 1| suiNasdno ANDHOL IPRNERE E—
* / TNILAO et DILINDYNOU LD
{ / - ANIAELEC AVINOWD |« |
92t 94 | m "\m EUN
HOLOAA FOVLIOA] 291 971 7
T NOWDIHYOD =<y )= M
1S¥id ININYFLIA T zzy
/ so1
4o2pb | ggy Lapb,
.
7A% o1
ogL—"



PCT/US2017/054742

JARIIE

718

WO 2018/064663

HOLD3A
LNTHHND
m NOILOTNHOD e n
ZA00ph aNQOIS jea
! ENIERET d
w :
/ / N pzL
i i 7
007 261 42! :
INgEEnD [T wey 821 nm<
NOLLOZMHOD pdiuiph <
| INIWNILIT | o s iNauHns INOHOL « !
ﬁr@ o B \W - PR—
x ! TNLAO  lebd DILANDYNOULDT NS
] ) vt ANIANALEC INIAHIL3A
p0Z 202 ! / /
AN 2oL az)
_//\\,m
._\"
Looph ; GOl
/
Omw w\ .\\\\\ mwm m\



WO 2018/064663 PCT/US2017/054742

8/8

INITIALIZE
P OLD=0; |~ 212
SIGN=+1

5

e READ v | 214

¥

COMPUTE
P_NEW

P 218 E)

e . NO
S P_NEW < . SIGN = -1

%@LQ? Y
P

-

EXCITATION
PERTURBATION
= SIGN*
EXC_INC

. 224

. 226

IMPLEMENT
EXCITATION —~-228
PERTURBATION

FIG. 8



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2017/054742

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO2P27/04 HO2P21/20 E21B43/12
ADD.

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

HO2P E21B HO2M

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2016/276970 Al (HAWES NATHANIEL 1,2,4-9
BENEDICT [US] ET AL)
22 September 2016 (2016-09-22)

Y paragraph [0020] - paragraph [0034]; 3,10,11,
figures 1,2,8 13-21
paragraph [0002]

Y US 2016/160862 Al (TORREY DAVID ALLAN [US] 3,10,11,
ET AL) 9 June 2016 (2016-06-09) 13-21

paragraph [0001] - paragraph [0002];
figures 1-3

paragraph [0021] - paragraph [0034]

Y US 20137175030 Al (IGE ADUNOLA [US] ET AL) 10,11,
11 July 2013 (2013-07-11) 13-21

paragraph [0091] - paragraph [0101];
figures 6,7

paragraph [0060]

_/__

Further documents are listed in the continuation of Box C. See patent family annex.

* Special categories of cited documents : . . . . L
"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand

"A" document defining the general state of the art which is not considered the principle or theory underlying the invention

to be of particular relevance
"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be

filing date considered novel or cannot be considered to involve an inventive
"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone

°ited.t°| establish the pul_r;_licdation date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art
"P" document published prior to the international filing date but later than
the priority date claimed "&" document member of the same patent family
Date of the actual completion of the international search Date of mailing of the international search report
3 January 2018 11/01/2018
Name and mailing address of the ISA/ Authorized officer

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040, .
Fax: (+31-70) 340-3016 Gospodinova, M

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2017/054742

C(Continuation).

DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A

X,P

US 2014/246997 Al (SUZUKI TAKASHI [JP])
4 September 2014 (2014-09-04)

paragraph [0041] - paragraph [0049];
figures 3,15

paragraph [0102] - paragraph [0105]

WO 2015/170991 Al (AKER SUBSEA AS [NO])
12 November 2015 (2015-11-12)

page 12, line 16 - page 17, line 10;
figures 3,4,6-9

WO 2017/087737 Al (GEN ELECTRIC [US])
26 May 2017 (2017-05-26)

paragraph [0019] - paragraph [0030];
figures 1,2

1-21

1-21

10-21

Form PCT/ISA/210 (col

ntinuation of second sheet) (April 2005)

page 2 of 2




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2017/054742
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2016276970 Al 22-09-2016  CA 2980294 Al 29-09-2016
US 2016276970 Al 22-09-2016
WO 2016153960 Al 29-09-2016
US 2016160862 Al 09-06-2016 US 2016160862 Al 09-06-2016
WO 2016094142 Al 16-06-2016
US 2013175030 Al 11-07-2013  GB 2514026 A 12-11-2014
US 2013175030 Al 11-07-2013
US 2015241881 Al 27-08-2015
WO 2013106593 Al 18-07-2013
US 2014246997 Al 04-09-2014  CN 104038125 A 10-09-2014
JP 5751455 B2 22-07-2015
JP 2014171326 A 18-09-2014
US 2014246997 Al 04-09-2014
WO 2015170991 Al 12-11-2015 AU 2015256736 Al 01-12-2016
GB 2540506 A 18-01-2017
US 2017063270 Al 02-03-2017
WO 2015170991 Al 12-11-2015
WO 2017087737 Al 26-05-2017 US 2017146015 Al 25-05-2017
WO 2017087737 Al 26-05-2017

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - wo-search-report
	Page 33 - wo-search-report
	Page 34 - wo-search-report

