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(57) Abstract: A controller for arotary machine includes a processor and a memory coupled to the processor. The memory is configured
to store operating modes of the controller. The operating modes include a normal operating mode and a fault tolerant operating mode.
The controller is configured to receive a signal from at least one sensor and determine an operating state of the rotary machine based on
the signal. The controller is also configured to switch the operating modes based on the determined operating state of the rotary machine
and regulate at least one electromagnetic bearing and at least one flow control device. The controller is further configured to adjust at
least one of the at least one electromagnetic bearing and the at least one flow control device in the fault tolerant operating mode.
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ROTARY MACHINE INCLUDING ACTIVE
MAGNETIC BEARING

BACKGROUND

[0001] The field of the invention relates generally to rotary
machines, and more particularly, to rotary machines including active magnetic

bearing (AMB) systems.

[0002] Active magnetic bearing systems are used in rotary machines
for providing non-contact support of a rotating piece, i.e., a rotor. Sometimes the rotor
experiences loads that are greater than the capacity of the active magnetic bearing
system. Accordingly, rotary machines include auxiliary mechanical bearings, i.e.,
landing bearings, to receive the rotor when the loads on the rotor exceed the capacity
of the active magnetic bearing system. However, the loads on the rotor that exceed
the capacity of the active magnetic bearing system result in contact between the

landing bearings and the rotor, i.e., rotor landings.

[0003] Sometimes, the rotary machines experience conditions that
may introduce loads approaching, and potentially exceeding, the design capacity of
the active magnetic bearing system and increase a potential for rotor landings. At
least some known rotary machines include a localized controller to account for high
dynamic loads. However, the localized controllers are inefficient in accounting for
some load variations. In addition, the localized controllers do not account for high
static loads such as those introduced by, e.g., near choke area or high volume flow
area conditions associated with a compressor. Moreover, at least some known
controllers operate within long-term operating parameters that limit the performance

and efficiency of the rotary machine.
BRIEF DESCRIPTION

[0004] In one aspect, a controller for a rotary machine is provided.
The controller is coupled to at least one electromagnetic bearing, at least one sensor,
and at least one flow control device. The controller includes a processor and a
memory coupled to the processor. The memory is configured to store operating

modes of the controller. The operating modes include a normal operating mode and a
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fault tolerant operating mode. The controller is configured to receive a signal from
the at least one sensor and determine an operating state of the rotary machine based
on the signal. The controller is also configured to switch the operating modes based
on the determined operating state of the rotary machine and regulate the at least one
electromagnetic bearing and the at least one flow control device. The controller is
further configured to adjust at least one of the at least one electromagnetic bearing and

the at least one flow control device in the fault tolerant operating mode.

[0005] In another aspect, a method of operating a rotary machine is
provided. The method includes rotating a rotor, providing current to at least one
electromagnetic bearing supporting the rotor, and detecting an operating characteristic
of the rotary machine. The method also includes determining, using a controller, an
operating state of the rotary machine based on the detected operating characteristic
and retrieving operating modes stored in a memory of the controller. The operating
modes include a normal operating mode and a fault tolerant operating mode. The
method further includes switching the operating modes of the controller based on the
determined operating state of the rotary machine, regulating, using the controller,
operation of the at least one electromagnetic bearing, and regulating, using the
controller, operation of at least one component of the rotary machine other than the at

least one electromagnetic bearing.

[0006] In another aspect, a rotary machine is provided. The rotary
machine includes a rotor and a drive component coupled to the rotor and configured
to induce rotation of the rotor. The rotary machine also includes at least one
electromagnetic bearing configured to support a portion of said rotor, at least one
sensor configured to detect an operating characteristic of said rotary machine, at least
one flow control device, and a controller. The controller is coupled to the at least one
electromagnetic bearing, the at least one sensor, and the at least one flow control
device. The controller is configured to regulate the at least one electromagnetic
bearing and the at least one flow control device. The controller includes a processor;
and a memory coupled to the processor. The memory is configured to store operating
modes of the controller. The operating modes include a normal operating mode and a
fault tolerant operating mode. The controller is further configured to receive a signal

from the at least one sensor and determine an operating state of the rotary machine
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based on the signal. The controller is also configured to switch the operating modes
based on the determined operating state of said rotary machine and adjust at least one
of the at least one electromagnetic bearing and the at least one flow control device in

the fault tolerant operating mode.
DRAWINGS

[0007] These and other features, aspects, and advantages of the
present disclosure 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:
[0008] FIG. 1is a schematic view of an exemplary rotary machine;

[0009] FIG. 2 is a schematic view of a controller of the rotary

machine shown in FIG. 1;

[0010] FIG. 3 is a flow chart of operation of the controller shown in
FIG. 2;

[0011] FIG. 4 is a graphical representation of flow through the rotary

machine shown in FIG. 1; and

[0012] FIG. 5 is a flow chart of an exemplary method for controlling

the rotary machine shown in FIG. 1.

[0013] Unless otherwise indicated, the drawings provided herein are
meant to illustrate features of embodiments of this disclosure. These features are
believed to be applicable in a wide variety of systems comprising one or more
embodiments of this 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

[0014] 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.

[0015] The singular forms “a”, “an”, and “the” include plural

references unless the context clearly dictates otherwise.
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[0016] “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.

[0017] 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”, “approximately”, and “substantially”, 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, 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.

[0018] As used herein, the terms “processor” and “computer,” and

25 ¢

related terms, e.g., “processing device,” “computing device,” and “controller” are not
limited to just those integrated circuits referred to in the art as a computer, but broadly
refers to a microcontroller, a microcomputer, a programmable logic controller (PLC),
and application specific integrated circuit, and other programmable circuits, and these
terms are used interchangeably herein. In the embodiments described herein, memory
may include, but it not limited to, a computer-readable medium, such as a random
access memory (RAM), a computer-readable non-volatile medium, such as a flash
memory. Altematively, a floppy disk, a compact disc — read only memory (CD-
ROM), a magneto-optical disk (MOD), and/or a digital versatile disc (DVD) may also
be used. Also, in the embodiments described herein, additional input channels may
be, but are not limited to, computer peripherals associated with an operator interface
such as a mouse and a keyboard. Alternatively, other computer peripherals may also
be used that may include, for example, but not be limited to, a scanner. Furthermore,
in the exemplary embodiment, additional output channels may include, but not be

limited to, an operator interface monitor.

[0019] Further, as used herein, the terms “software” and “firmware”
are interchangeable, and include any computer program storage in memory for

execution by personal computers, workstations, clients, and servers.
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[0020] As used herein, the term “non-transitory computer-readable
media” is intended to be representative of any tangible computer-based device
implemented in any method of technology for short-term and long-term storage of
information, such as, computer-readable instructions, data structures, program
modules and sub-modules, or other data in any device. Therefore, the methods
described herein may be encoded as executable instructions embodied in a tangible,
non-transitory, 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.
Moreover, as used herein, the term “non-transitory computer-readable media”
includes all tangible, computer-readable media, including, without limitation, non-
transitory computer storage devices, including without limitation, volatile and non-
volatile media, and removable and non-removable media such as firmware, physical
and virtual storage, CD-ROMS, DVDs, and any other digital source such as a network
or the Internet, as well as yet to be developed digital means, with the sole exception

being transitory, propagating signal.

[0021] The rotary machines described herein include active magnetic
bearings and a rotor received in the active magnetic bearings. A controller of the
rotary machine is configured to switch between a normal operating mode and a fault-
tolerant operating mode. The controller switches to the fault-tolerant operating mode
when a fault condition, such as a near-surge or near-choke state, of the rotary machine
is detected. In the fault-tolerant operating mode, the controller utilizes a broad range
of parameters to control the rotary machine for the limited time that the controller is
in the fault-tolerant operating mode. In some embodiments, the controller powers
down the system based on the detected condition and/or the operating mode of the
controller. Moreover, the controller is a system level controller that reduces contact
between the rotor and auxiliary bearings by controlling the active magnetic bearings

and at least one other component of the rotary machine.

[0022] FIG. 1 is a schematic view of an exemplary rotary machine
100 including an active magnetic bearing (AMB) system 102. In the exemplary
embodiment, rotary machine 100 includes AMB system 102, a rotor 104, a drive

component 106, sensors 108, flow control devices 110, a controller 112, and a flexible
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coupling 114. Drive component 106 is coupled to rotor 104 and configured to induce
rotation of rotor 104. In the exemplary embodiment, rotary machine 100 further
includes a compressor 116 including plurality of centrifugal vanes that are coupled to
rotor 104. The centrifugal vanes are spaced circumferentially about rotor 104 to
define a centrifugal flow channel that extends between adjacent centrifugal vanes.
The centrifugal flow channel is sized, shaped, and oriented to channel fluid through
rotary machine 100 and to impart a centrifugal force to fluid to increase a pressure
and a velocity of the fluid as rotor 104 is rotated. In the exemplary embodiment,
rotary machine 100 includes a centrifugal compressor. In alternative embodiments,
rotary machine 100 is any rotary machine. For example, in some embodiments, rotary
machine 100 is any of the following, without limitation: a compressor, a blower, a

pump, a turbine, a motor, and a generator.

[0023] AMB system 102 includes at least one electromagnetic
bearing 118 that receives a portion of rotor 104 and rotatably supports rotor 104. In
the exemplary embodiment, AMB system 102 includes a first electromagnetic bearing
118 located proximate one end of rotor 104, and a second electromagnetic bearing
118 positioned proximate the opposite end of rotor 104. A third electromagnetic
bearing 118 and a fourth electromagnetic bearing 118 are located intermediate first
electromagnetic bearing 118 and second electromagnetic bearing 118. A cooling
system 120 is configured to regulate the temperature of electromagnetic bearings 118.
In alternative embodiments, cooling system 120 cools any components of rotary

machine 100.

[0024] In the exemplary embodiment, electromagnetic bearings 118
are configured for supporting rotor 104 in a non-contact, levitating state. In
particular, electromagnetic bearings 118 include thrust actuators 119 and radial
actuators 121. Thrust actuators 119 generate a magnetic field that regulates the
position of rotor 104 in the axial direction. Radial actuators 121 generate a magnetic
field that regulates the position of rotor 104 in the radial direction. As used herein,
the term “axial” refers to a direction parallel to a rotation axis of rotor 104. The term
“radial” refers to a direction perpendicular to the rotation axis of rotor 104. In
alternative embodiments, AMB system 102 includes any electromagnetic bearings

118 that enable rotary machine 100 to operate as described herein. For example, in
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some embodiments, AMB system 102 includes hybrid actuators that include at least

one permanent magnet and at least one electromagnet.

[0025] Also, in the exemplary embodiment, rotary machine 100
further includes auxiliary or landing bearings 122. Landing bearings 122 are bearings
that are configured to receive rotor 104 when electromagnetic bearings 118 are unable
to support rotor 104 and/or when electromagnetic bearings 118 are not powered. For
example, in some embodiments, landing bearings 122 include any of the following,
without limitation: journal bearings, ball bearings, and any other mechanical bearings.
Rotor 104 contacts landings bearings 122 when rotor 104 experiences loads
approaching, and potentially exceeding, the capacity of electromagnetic bearings 118.
In addition, landing bearings receive rotor 104 during start-up and shut-down of
system 100. In altermative embodiments, rotary machine 100 includes any auxiliary

bearings that enable rotary machine 100 to operate as described.

[0026] In addition, in the exemplary embodiment, flow control devices
110 are valves that control flow of fluid through rotary machine 100. In particular,
flow control devices 110 include recirculation valves, throttle valves, and cooling
system valves. In alternative embodiments, rotary machine 100 includes any flow
control devices that enable rotary machine 100 to operate as described herein. For
example, in some embodiments, rotary machine 100 includes dampers (not shown)

that control airflow through rotary machine 100.

[0027] Further, in the exemplary embodiment, sensors 108 are
configured to detect operating characteristics of rotary machine 100, such as
characteristics of AMB system 102. Sensors 108 are coupled to controller 112 and
send signals 124 relating to the detected characteristics to controller 112. For
example, at least one position sensor 108 is positioned adjacent each electromagnetic
bearing 118. In the exemplary embodiment, each position sensor 108 is configured to
determine an air gap distance (not shown) between rotor 104 and various locations
around electromagnetic bearing 118. In the exemplary embodiment, a total air gap
distance is known, thereby enabling the air gap distance for the various locations
around each of electromagnetic bearing 118 to be calculated by subtracting the
measured air gap distance from the total air gap distance. In alternative embodiments,

AMB system 102 includes any sensors that enable AMB system 102 to function as
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described herein. For example, in some embodiments, AMB system 102 includes any
of the following, without limitation: eddy-current position sensors, inductive sensors,

optical sensors, and capacitive sensors.

[0028] Also, in the exemplary embodiment, at least some sensors
108 are configured to detect characteristics of flow through rotary machine 100. For
example, in the illustrated embodiment, some sensors 108 are coupled to fluid lines
and detect the flow rate through rotary machine 100. In alternative embodiments,
rotary machine 100 includes any sensors 108 that enable rotary machine 100 to

operate as described herein.

[0029] FIG. 2 is a schematic view of controller 112 for rotary
machine 100. Controller 112 is communicatively coupled to electromagnetic bearings
118, sensors 108, flow control devices 110, and drive component 106. Controller 112
sends signals 125 to electromagnetic bearings 118, flow control devices 110, and/or
drive component 106 to regulate electromagnetic bearings 118, flow control devices
110, and/or drive component 106 to control rotary machine 100. Controller 112 is
configured to execute operations to control rotary machine 100 based at least partially
on signals 124 transmitted to controller 112 by sensors 108. In some embodiments,
controller 112 uses a plurality of driver control variables to execute operations. For
example, in some embodiments, controller 112 accounts for motor current, power,
and any other variables. Operations executed by controller 112 include sensing or
modeling operating parameters, modeling operational boundaries, applying
operational boundary models, and applying control algorithms to control operation of
AMB system 102. 1In the exemplary embodiment, signals 124 relate to any
characteristics of rotary machine 100. For example, some signals 124 are
representative of the air gap distance between rotor 104 and a respective one of
electromagnetic bearings 118. In some embodiments, controller 112 regulates an
amount of magnetic force generated by actuators of electromagnetic bearings 118 to

adjust the air gap between rotor 104 and the actuators to a desired amount. 1

[0030] Moreover, based at least partially on the detected
characteristics, controller 112 determines an operating state of rotary machine 100. In
particular, controller 112 determines an operating state of rotary machine 100 by

locating operating points of rotary machine 100 on operating maps, identifying fault

8
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tolerant control areas, measuring distances to surge and choke lines, locating desired
operating points, and/or determining variability of operating points. In some
embodiments, controller 112 determines fault conditions and/or events of rotary
machine 100 based on stall and surge indicators and AMB internal variables such as
control currents and rotor position. In further embodiments, controller 112 uses
mechanical, electrical, and/or thermodynamic characteristics such as bearing currents,
pressures, temperatures, volume flow rate, and mass flow rates as indicators of fault
conditions. In alternative embodiments, controller 112 determines the operating state
of rotary machine 100 in any manner that enables rotary machine 100 to operate as

described herein.

[0031] In the exemplary embodiment, controller 112 is configured to
adjust electromagnetic bearings 118 and/or flow control devices 110 based on the
determined operating state and based on operating parameters. For example,
controller 112 adjusts electromagnetic bearings 118 to inhibit rotor 104 contacting
landing bearings 122 due to high dynamic loads induced by counter-surge measures.
Control strategies for inhibiting rotor 104 contacting landing bearings 122 include
adjusting any of the following components, without limitation: thrust AMB actuators,
recirculation valves, throttle valves, cooling system valves, compressor drivers, and/or
radial AMB actuators. In alternative embodiments, controller 112 regulates any
components of rotary machine 100 that enable rotary machine 100 to operate as

described herein.

[0032] Also, in the exemplary embodiment, controller 112 includes a
processor 126 and a memory 128 coupled to processor 126. Processor 126 includes
one or more processing units (e.g., in a multi-core configuration) for executing
instructions. In some implementations, executable instructions are stored in memory
128. In particular, memory 128 is configured to store operating modes of controller
112. The operating modes include a normal operating mode and a fault tolerant
operating mode. Memory 128 also stores parameters for controlling the operation of
AMB system 102. Memory 128 is any device that allows information such as
executable instructions and/or other data to be stored and retrieved. In alternative
embodiments, controller 112 includes any memory that enables rotary machine 100 to

operate as described herein.
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[0033] In addition, in the exemplary embodiment, processor 126 is
configured to receive signals 124 from sensors 108 and determine an operating state
of rotary machine 100 based on signals 124. Processor 126 is further configured to
switch operating modes based on the determined operating state of rotary machine
100. For example, processor 126 is configured to switch from a normal operating
mode to a fault tolerant operating mode when a fault condition of rotary machine 100
is detected. In alternative embodiments, controller 112 has any configuration that

enables rotary machine 100 to operate as described herein.

[0034] Further, in the exemplary embodiment, controller 112
regulates electromagnetic bearings 118 based on a first set of parameters in the
normal operating mode and based on a second set of parameters in the fault tolerant
operating mode. For example, in the fault tolerant operating mode, controller 112
utilizes parameters based on standards that are less rigorous than standards utilized in
the normal operating modes, i.e., parameters that define a broader range of operation
with decreased margins compared to established ratings. For example, standards such
as those issued by the International Organization for Standardization (ISO) and the
American Petroleum Institute (API) include criteria for vibration levels, stability, and
robustness for long term operation of machines equipped with AMB Systems. The
first set of parameters satisfies the applicable standards for long term operation of
rotary machine 100. The second set of parameters is not required to satisfy the long
term operating criteria because the second set of parameters is used for short term
operation of rotary machine 100. Accordingly, the second set of parameters includes
at least one parameter that is not included in the first set of parameters. Controller
112 is configured to operate in the fault tolerant operating mode for a limited time
because controller 112 is utilizing the short term parameters. When controller 112 has
operated in the fault tolerant operating mode for a predetermined time, controller 112
is configured to perform at least one of the following operations: powering off rotary
machine 100 and switching between the fault and normal operating modes. In
alternative embodiments, controller 112 utilizes any parameters that enable rotary

machine 100 to operate as described herein.

[0035] FIG. 3 is a flow chart 200 illustrating operation of controller

112 (shown in FIG. 1). In reference to FIGs. 1 and 3, controller 112 monitors

10
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operation of rotary machine 100 based on information received from sensors 108.
Controller 112 starts in a normal operating mode 202 and regulates rotary machine
100 based on a first set of parameters. If controller 112 detects a fault condition,
controller 112 switches to a fault tolerant operating mode 204 and regulates rotary
machine 100 based on a second set of parameters to accommodate the fault condition.
For example, controller switches to fault tolerant operating mode 204 if controller 112
determines rotary machine 100 is operating in a near-surge condition or a near-choke

condition.

[0036] When controller 112 determines rotary machine 100 is
operating in a fault condition, controller 112 regulates any components of rotary
machine 100 to accommodate the fault condition. For example, when a detected
operating characteristic indicates a near-surge condition, controller 112 regulates an
anti-surge valve (ASV), the speed of drive component 106, and the position of
electromagnetic bearings 118 to facilitate operation of rotary machine 100 away from
the near-surge condition. When a near-choke condition is detected, controller 112
regulates the speed of drive component 106, the position of a throttle valve, and the
position of electromagnetic bearings 118 to facilitate operation of rotary machine 100

away from the near-choke condition.

[0037] In some embodiments, electromagnetic bearings 118 are
adjusted to change the set point for levitating rotor 104 and reduce static forces such
as those occurring during a near-choke condition of rotary machine 100. In particular,
the magnetic forces on rotor 104 are balanced by determining a disturbance and
adjusting the levitation set point accordingly. The levitation set point is adjusted by
adjusting the thrust actuators of electromagnetic bearings 118. In further
embodiments, active magnetic bearings 118 are adjusted based on position-
independent control, in which an electronic multiplier is used to multiply a controller
signal by an output signal from sensor 108 to determine a force independent of the
size of the air gap. In some embodiments, flow control devices 110, such as a throttle
valve, are controlled based on AMB system currents, operating maps, the system

design, and the displacement of rotor 104,

[0038] When controller 112 determines rotary machine 100 is no

longer in the fault condition, controller 112 returns to normal operating mode 202.

11
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Controller 112 continues to monitor the operating state of rotary machine 100
throughout operation of rotary machine 100 and switches operating modes 202, 204
as necessary. In some embodiments, controller 112 is a multiple input multiple output
(MIMO) controller. In alternative embodiments, rotary machine 100 includes any

controller 112 that enables rotary machine 100 to operate as described herein.

[0039] When controller 112 determines a shutdown is required in
any operating mode, controller 112 powers off rotary machine 100. Controller 112
determines a state of rotary machine 100 prior to initiating the shutdown sequence.
For example, in some embodiments, controller 112 determines if a shutdown of rotary
machine 100 is required in normal operating mode 202 and powers off rotary machine
100 based on a determined state of rotary machine 100. In further embodiments,
controller 112 powers off rotary machine 100 when rotary machine 100 has operated
in fault tolerant operating mode 204 for a predetermined time. In altermnative
embodiments, rotary machine 100 is shutdown in any manner that enables rotary

machine 100 to operate as described herein.

[0040] FIG. 4 is a graphical representation of flow through rotary
machine 100 (shown in FIG. 1). FIG. 4 includes a graph 300 including an x-axis 302
defining mass flow rate (in units of kilograms per second (kg/s)) and a y-axis 304
defining pressure ratio (unitless). Graph 300 further includes a surge line 306, a peak
efficiency line 308, and a choke line 310.

[0041] Referring to FIGs. 1 and 4, surge line 306 represents
operation of rotary machine 100 in a surge condition. For example, surge occurs
when rotary machine 100 includes a compressor that is pulling in gas faster than the
compressor is expelling the gas. The pressure in the compressor rises inducing the
compressor to slow down until a near instantaneous release of the trapped gas induces
a rapid acceleration of the affected compressor, thereby repeating the cycle of surging.
Choke line 310 represents operation of rotary machine 100 in a choke condition. For
example, choke occurs when rotary machine 100 includes a compressor that is

operating at a maximum flow rate with a low outlet pressure.

[0042] Peak efficiency line 308 extends between surge line 306 and
choke line 310 and defines flow characteristics when rotary machine 100 (shown in
FIG. 1) is operating at peak efficiency. A plurality of rotational speed lines 312

12
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extend between surge line 306 and choke line 310. Rotational speed lines 312
represent the rotational speed of rotor 104 (shown in FIG. 1). In particular, rotational
speed lines 312 represent rotor 104 (shown in FIG. 1) rotating at approximately 50%,
71%, 87%, and 100% of the maximum speed of rotor 104 (shown in FIG. 1). In
addition, graph 300 includes arrow 314, arrow 316, and arrow 318. Arrow 314
indicates a shift in operation of rotary machine 100 (shown in FIG. 1) due to opening
of an anti-surge valve. Arrow 316 indicates a shift in operation of rotary machine 100
(shown in FIG. 1) due to opening of a throttle valve. Arrow 318 indicates a shift in
operation of rotary machine 100 (shown in FIG. 1) due to an increase in rotational

speed of rotor 104 (shown in FIG. 1).

[0043] In reference to FIGs. 1 and 4, rotary machine 100 is
configured to operate as close to peak efficiency line 308 as possible. When
operation of rotary machine 100 varies from peak efficiency line 308 and approaches
surge line 306 or choke line 310, rotary machine 100 enters a near surge or near choke
state. When controller 112 determines that rotary machine 100 has entered such a
state, controller 112 adjusts components of rotary machine 100 to facilitate operation
of rotary machine closer to peak efficiency line 308. For example, in some
embodiments, controller 112 opens an anti-surge valve to shift operation of rotary
machine 100 away from surge line 306 in the direction of arrow 314. In further
embodiments, controller 112 opens a throttle valve to shift operation of rotary
machine 100 away from choke line 310 in the direction of arrow 316. In particular,
operation of rotary machine 100 is moved away from surge line 306 towards peak
efficiency line 308 when a near surge condition is detected and operation of rotary
machine 100 is moved away from choke line 310 towards peak efficiency line 308

when a near choke condition is detected.

[0044]  FIG. 5 is a flow chart of an exemplary method 400 for
controlling rotary machine 100 (shown in FIG. 1). Referring to FIGs. 1, 2, 3, and 5,
method 400 includes rotating 402 rotor 104 and providing 404 current to
electromagnetic bearing 118 supporting rotor 104. Method 400 also includes
detecting 406 an operating characteristic of rotary machine 100. Method 400 further
includes determining 408, using controller 112, an operating state of rotary machine

100 based on the detected operating characteristic. Method 400 also includes

13
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retrieving 410 operating modes stored in memory 128. The operating modes include
a normal operating mode 202 and a fault tolerant operating mode 204. Method 400
further includes switching 412 operating modes 202, 204 based on the determined
operating state of rotary machine 100. Method 400 also includes regulating 414,
using controller 112, operation of electromagnetic bearing 118. Controller 112
regulates electromagnetic bearing 118 in normal operating mode 202 based on a first
set of parameters and regulates electromagnetic bearing 118 in fault tolerant operating
mode 204 based on a second set of parameters. The second set of parameters includes
at least one parameter that is not included in the first set of parameters. Method 400
further includes regulating 416, using controller 112, operation of at least one

component of rotary machine 100 other than electromagnetic bearing 118.

[0045] The above-described rotary machines include active magnetic
bearings and a rotor received in the active magnetic bearings. A controller of the
rotary machine is configured to switch between a normal operating mode and a fault-
tolerant operating mode. The controller switches to the fault-tolerant operating mode
when a fault condition, such as a near-surge or near-choke state, of the rotary machine
is detected. In the fault-tolerant operating mode, the controller utilizes a broad range
of parameters to control the rotary machine for the limited time that the controller is
in the fault-tolerant operating mode. Moreover, the controller is a system level
controller that reduces contact between the rotor and auxiliary bearings by controlling

the active magnetic bearings and at least one other component of the rotary machine.

[0046] An exemplary technical effect of the methods, systems, and
apparatus described herein includes at least one of: (a) increasing efficiency of rotary
machines by utilizing short term operating parameters to control the rotary machines
during fault conditions; (b) reducing the number of rotor landings of rotary machines;
(¢) reducing the cost to assemble and maintain rotary machines; (d) increasing the
service life of rotary machines; and (e) providing enhanced detection and correction

of fault operating states of the rotary machines.

[0047] Exemplary embodiments of methods for controlling a rotary
machine are described above in detail. The system and methods described herein are

not limited to the specific embodiments described, but rather, components of systems
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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 other magnetic bearing systems and detection methods, and
are not limited to practice with only the systems and methods, as is described herein.
Rather, the exemplary embodiments can be implemented and utilized in connection
with many other applications, equipment, and systems that may benefit from the

advantages described herein.

[0048] Although specific features of various embodiments of the
disclosure may be shown in some drawings and not in others, this is for convenience
only. In accordance with the principles of the disclosure, any feature of a drawing
may be referenced and/or claimed in combination with any feature of any other

drawing.

[0049] Some embodiments involve the use of one or more electronic
or computing devices. Such devices typically include a processor, processing device,
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), a field programmable gate array (FPGA), a digital signal processing
(DSP) device, a personal computer microprocessor, and/or any other circuit or
processing device 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 processing device, cause the
processing device 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 and processing device.

[0050] This written description uses examples to disclose the
embodiments, including the best mode, and also to enable any person skilled in the art
to practice the embodiments, including making and using any devices or systems and
performing any incorporated methods. The patentable scope of the disclosure 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

15



WO 2018/022212 PCT/US2017/037630

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 language of the claims.
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WHAT IS CLAIMED IS:

1. A controller for a rotary machine, said controller coupled to at
least one electromagnetic bearing, at least one sensor, and at least one flow control

device, said controller comprising:
a processor; and

a memory coupled to said processor, said memory configured to store
operating modes of said controller, the operating modes including a normal operating

mode and a fault tolerant operating mode, wherein said controller is configured to:

receive a signal from the at least one sensor and determine an

operating state of the rotary machine based on the signal;

switch the operating modes based on the determined operating

state of the rotary machine;

regulate the at least one electromagnetic bearing and the at least

one flow control device; and

adjust at least one of the at least one electromagnetic bearing

and the at least one flow control device in the fault tolerant operating mode.

2. The controller in accordance with Claim 1, wherein said
controller is further configured to regulate the at least one electromagnetic bearing in
the normal operating mode based on a first set of parameters, and said controller is
further configured to regulate the at least one electromagnetic bearing in the fault
tolerant operating mode based on a second set of parameters, the second set of
parameters including at least one parameter that is not included in the first set of

parameters.

3. The controller in accordance with Claim 1, wherein said
controller is further configured to perform at least one of the following operations
when said controller has operated in the fault tolerant operating mode for a
predetermined time: switching the operating modes and powering off the rotary
machine.

17
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4, The controller in accordance with Claim 1, wherein said
controller is further configured to initiate a shutdown sequence, the shutdown
sequence including determining a state of said rotary machine and powering off said

rotary machine.

5. The controller in accordance with Claim 1, wherein said
controller is further configured to determine if the at least one operating characteristic

of said rotary machine is indicative of a choke condition of a compressor.

6. A method of operating a rotary machine, said method
comprising:

rotating a rotor;

providing current to at least one electromagnetic bearing supporting
the rotor;

detecting an operating characteristic of the rotary machine;

determining, using a controller, an operating state of the rotary

machine based on the detected operating characteristic;

retrieving operating modes stored in a memory of the controller, the
operating modes including a normal operating mode and a fault tolerant operating

mode;

switching the operating modes of the controller based on the

determined operating state of the rotary machine;

regulating, using the controller, operation of the at least one

electromagnetic bearing; and

regulating, using the controller, operation of at least one component of

the rotary machine other than the at least one electromagnetic bearing.

7. The method in accordance with Claim 6, wherein the rotary
machine is a compressor, and wherein determining, using a controller, an operating

state of the rotary machine based on the operating characteristic comprises
18
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determining if the operating characteristic of the rotary machine is indicative of a near

choke condition or an increased volume flow condition of the rotary machine.

8. The method in accordance with Claim 6, wherein regulating,
using the controller, operation of the at least one electromagnetic bearing comprises
regulating the at least one electromagnetic bearing in the normal operating mode
based on a first set of parameters, and regulating the at least one electromagnetic
bearing in the fault tolerant operating mode based on a second set of parameters, the
second set of parameters including at least one parameter that is not included in the

first set of parameters.

9. The method in accordance with Claim 6, wherein regulating,
using the controller, operation of at least one component of the rotary machine other
than the at least one electromagnetic bearing comprises regulating, using the

controller, at least one flow control device of the rotary machine.

10. The method in accordance with Claim 6, wherein regulating,
using the controller, operation of the at least one electromagnetic bearing comprises

regulating, using the controller, at least one of a thrust actuator and a radial actuator.

11. The method in accordance with Claim 6 further comprising
determining if the operating state of the rotary machine is within fault tolerant control

parameters based on operating maps stored in the memory.

12. The method in accordance with Claim 6, wherein the
operating state is a first operating state, the method further comprising determining a
second operating state of the rotary machine after switching the operating modes of

the controller.

13. The method in accordance with Claim 12 further comprising
switching the operating modes of the controller based on the determined second

operating state of the rotary machine.
14. A rotary machine comprising:
a rotor;
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a drive component coupled to said rotor and configured to induce

rotation of said rotor;

at least one electromagnetic bearing configured to support a portion of

said rotor;

at least one sensor configured to detect an operating characteristic of

said rotary machine;
at least one flow control device; and

a controller coupled to said at least one electromagnetic bearing, said at
least one sensor, and said at least one flow control device, said controller configured
to regulate said at least one electromagnetic bearing and said at least one flow control

device, said controller comprising:
a processor; and

a memory coupled to said processor, said memory configured
to store operating modes of said controller, the operating modes including a
normal operating mode and a fault tolerant operating mode, wherein said

controller is further configured to:

receive a signal from said at least one sensor and

determine an operating state of said rotary machine based on the

signal;

switch the operating modes based on the determined

operating state of said rotary machine; and

adjust at least one of said at least one electromagnetic
bearing and said at least one flow control device in the fault tolerant

operating mode.

15. The rotary machine in accordance with Claim 14, wherein said
controller is further configured to regulate said at least one electromagnetic bearing in

the normal operating mode based on a first set of parameters, and said controller is
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further configured to regulate said at least one electromagnetic bearing in the fault
tolerant operating mode based on a second set of parameters, the second set of
parameters including at least one parameter that is not included in the first set of

parameters.

16. The rotary machine in accordance with Claim 14, wherein said
controller is further configured to perform at least one of the following operations
when said controller has operated in the fault tolerant operating mode for a
predetermined time: switching the operating modes and powering off said rotary

machine.

17.  The rotary machine in accordance with Claim 14 further
comprising nonmagnetic bearings spaced from said rotor in a thrust direction, said
controller further configured to inhibit said rotor contacting said nonmagnetic

bearings.

18. The rotary machine in accordance with Claim 14, wherein
said controller is further configured to initiate a shutdown sequence, the shutdown
sequence including determining a state of said rotary machine and powering off said

rotary machine.

19. The rotary machine in accordance with Claim 14, wherein
said at least one sensor is configured to detect a bearing current of said at least one

electromagnetic bearing.

20. The rotary machine in accordance with Claim 14, wherein
said rotary machine comprises a compressor, and wherein said controller is further
configured to determine if the at least one operating characteristic of said rotary
machine is indicative of a near choke condition or an increased volume flow condition

of said compressor.

21. The rotary machine in accordance with Claim 20, wherein
said at least one flow control device comprises at least one of a recirculation valve, a

throttle valve, and a cooling system valve.
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