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Description

FIELD OF THE INVENTION

[0001] The present invention relates generally to the field of robotic catheter systems for performing diagnostic and/or
therapeutic procedures and in particular, to a system for controlling a motor used to drive portions of the catheter system
that includes determining a load torque using the motor.

BACKGROUND OF THE INVENTION

[0002] Catheters may be used for many medical procedures, including inserting a guide wire, delivering a stent and
delivering and inflating a balloon. Catheterization procedures are commonly performed for diagnosis and treatment of
diseases of the heart and vascular systems. The catheterization procedure is generally initiated by inserting a guide
wire into a blood vessel in the patient’s body. The guide wire is then guided to the desired location, most commonly in
one of the heart vessels or elsewhere in the vascular system. At this point, the catheter is slid over the guide wire into
the blood vessel and/or heart. Once the catheter is in the desired position, the guide wire can then be removed leaving
the catheter in location. Alternatively, in some procedures, the catheter is inserted without using a guide wire. The
catheter may be used to pass ancillary devices into the body such as an angioplasty balloon, or to perform other diagnostic
or therapeutic procedures.
[0003] For manual insertion of a catheter, the physician applies torque and axial push force on the proximal end of a
guide wire to effect tip direction and axial advancement at the distal end. Robotic catheter system have been developed
that may be used to aid a physician in performing a catheterization procedure such as a percutaneous coronary inter-
vention (PCI). The physician uses a robotic catheter system to precisely steer a coronary guide wire and balloon/stent
device in order to, for example, widen an obstructed artery. The physician relies on position feedback signals provided
by both the robotic catheter system and a fluoroscopic imaging system in order to complete the procedure Robotic
catheter systems, however, do not provide the force feedback the physician experiences when manually performing
PCI. In order to provide force sensing capabilities, an appropriately selected load cell or rotary torque sensor could be
used; however, these are costly devices which can drastically increase the required work space volume to perform the
PCI procedure.
[0004] It would be desirable to provide a system and method for controlling a motor used to drive portions of the
catheter system including sensing torque using the motor. In various embodiments, either a brushless DC (BLDC) motor
or a stepper motor may be used to determine the load torque being exerted on the motor. Presenting the real time force
and torque required to drive a coronary device in the patient may enhance the performance of the robotic catheter system.
[0005] US2013231678A1 describes a robotic catheter procedure system including a bedside system and a remote
workstation. The bedside system includes a percutaneous device and a drive mechanism configured to engage and to
impart an axial force to the percutaneous device and to advance and retract the percutaneous device. The bedside
system includes an actuator providing torque to the drive mechanism to impart the axial force to the percutaneous device,
and the torque provided by the actuator is variable. The remote workstation includes a user interface configured to
receive a first user input and a control system operatively coupled to the user interface. The control system is configured
to communicate a control signal to the actuator. The control signal is based upon the first user input and a second input,
and the actuator provides torque to the drive mechanism in response to the control signal.
[0006] US5936369 describes a disturbance load estimation method for a servomotor in which an disturbance load
externally exerted on the servomotor can be accurately estimated even when the voltage is saturated. Actual values (Ir,
Is, It) of three-phase alternating current determined by current loop processing are converted by DQ conversion, and
an effective current component (Iq) that contributes to a torque generated by the servomotor is obtained. Based on the
obtained effective current component, a motor acceleration is estimated, a difference between the estimated acceleration
and an actual motor acceleration is obtained, and the disturbance load is estimated based on the acceleration difference.

BRIEF DESCRIPTION OF THE INVENTION

[0007] In accordance with an embodiment, of the invention a catheter procedure system is set out in claim 1. Preferred
embodiments of the invention are illustrated in the dependent claims.
[0008] Also described, but not according to the present invention, is a method for controlling a motor in a catheter
procedure system that includes receiving at least one parameter of the motor, determining a quadrature current of the
motor based on at least the at least one parameter, determining a load torque on the motor based on at least the
quadrature current, an angular velocity and an angular acceleration and controlling the operation of the motor based on
the load torque, wherein the operation of the motor causes the drive mechanism to move the percutaneous device.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0009] The invention will become more fully understood from the following detailed description, taken in conjunction
with the accompanying drawings, wherein the reference numerals refer to like parts in which:

FIG. 1 is a perspective view of an exemplary catheter procedure system in accordance with an embodiment;
FIG. 2 is a perspective view of a bedside system in accordance with an embodiment;
FIG. 3 is a perspective view of a bedside system in accordance with an embodiment;
FIG. 4 is a schematic block diagram of a catheter procedure system in accordance with an embodiment;
FIG. 5 is a block diagram of a catheter procedure system showing motors located within a motor drive base in
accordance with an embodiment.
FIG. 6 illustrates a method for controlling a motor including determining a load torque using the motor;
FIG. 7 illustrates a position control system in accordance with an embodiment;
FIG. 8 illustrates a discrete time command filter in accordance with an embodiment; and
FIG. 9 illustrated a discrete time command filter in accordance with an embodiment.

DETAILED DESCRIPTION

[0010] FIG. 1 is a perspective view of an exemplary catheter procedure system in accordance with an embodiment.
In FIG. 1, a catheter procedure system 100 may be used to perform catheter based medical procedures (e.g., a percu-
taneous intervention procedure). Percutaneous intervention procedures may include diagnostic catheterization proce-
dures during which one or more catheters are used to aid in the diagnosis of a patient’s disease. For example, during
one embodiment of a catheter based diagnostic procedure, a contrast media is injected onto one or more coronary
arteries through a catheter and an image of the patient’s heart is taken. Percutaneous intervention procedures may also
include catheter based therapeutic procedures (e.g., angioplasty, stent placement, treatment of peripheral vascular
disease, etc.) during which a catheter is used to treat a disease. It should be noted, however, that one skilled in the art
would recognize that certain specific percutaneous intervention devices or components (e.g., type of guide wire, type
of catheter, etc.) will be selected based on the type of procedure that is to be performed. Catheter procedure system
100 is capable of performing any number of catheter based medical procedures with minor adjustments to accommodate
the specific percutaneous intervention devices to be used in the procedure. In particular, while the embodiments of
catheter procedure system 100 describe herein are explained primarily in relation to the diagnosis and/or treatment of
coronary disease, catheter procedure system 100 may be used to diagnose and/or treat any type of disease or condition
amenable to diagnosis and/or treatment via a catheter based procedure.
[0011] Catheter procedure system 100 includes lab unit 106 and workstation 116. Catheter procedure system 100
includes a robotic catheter system, shown as bedside system 110, located within lab unit 106 adjacent a patient 102.
Patient 102 is supported on a table 108. Generally, bedside system 110 may be equipped with the appropriate percu-
taneous intervention devices or other components (e.g., guide wires, guide catheters, working catheters, catheter bal-
loons, stents, contrast media, medicine, diagnostic catheters, etc.) to allow the user to perform a catheter based medical
procedure via a robotic system by operating various controls such as the controls located at workstation 116. Bedside
system 110 may include any number and/or combination of components to provide bedside system 110 with the func-
tionality described herein. Bedside system 110 includes, among other elements, a cassette 114 supported by a robotic
arm 112 which is used to automatically feed a guide wire into a guide catheter seated in an artery of the patient 102.
[0012] Bedside system 110 is in communication with workstation 116, allowing signals generated by the user inputs
of workstation 116 to be transmitted to bedside system 110 to control the various functions of bedside system 110.
Bedside system 110 may also provide feedback signals (e.g., operating conditions, warning signals, error codes, etc.)
to workstation 116. Bedside system 110 may be connected to workstation 116 via a communication link 140 (shown in
FIG. 4) that may be a wireless connection, cable connections, or any other means capable of allowing communication
to occur between workstation 116 and bedside system 110.
[0013] Workstation 116 includes a user interface 126 configured to receive user inputs to operate various components
or systems of catheter procedure system 100. User interface 126 includes controls 118 that allow the user to control
bedside system 110 to perform a catheter based medical procedure. For example, controls 118 may be configured to
cause bedside system 110 to perform various tasks using the various percutaneous intervention devices with which
bedside system 110 may be equipped (e.g., to advance, retract, or rotate a guide wire, advance, retract or rotate a
working catheter, advance, retract, or rotate a guide catheter, inflate or deflate a balloon located on a catheter, position
and/or deploy a stent, inject contrast media into a catheter, inject medicine into a catheter, or to perform any other
function that may be performed as part of a catheter based medical procedure). Cassette 22 includes various drive
mechanisms to cause movement (e.g., axial and rotational movement) of the components of the bedside system 110
including the percutaneous intervention devices.
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[0014] In one embodiment, controls 118 include a touch screen 124, one or more joysticks 128 and buttons 130, 132.
The joystick 128 may be configured to advance, retract, or rotate various components and percutaneous intervention
devices such as, for example, a guide wire, a guide catheter or a working catheter. Buttons 130, 132 may include, for
example, an emergency stop button and a multiplier button. When an emergency stop button is pushed a relay is triggered
to cut the power supply to bedside system 110. Multiplier button acts to increase or decrease the speed at which the
associated component is moved in response to a manipulation of controls 118. In one embodiment, controls 118 may
include one or more controls or icons (not shown) displayed on touch screen 124, that, when activated, causes operation
of a component of the catheter procedure system 100. Controls 118 may also include a balloon or stent control that is
configured to inflate or deflate a balloon and/or a stent. Each of the controls may include one or more buttons, joysticks,
touch screen, etc. that may be desirable to control the particular component to which the control is dedicated. In addition,
touch screen 124 may display one or more icons (not shown) related to various portions of controls 118 or to various
components of catheter procedure system 100.
[0015] User interface 126 may include a first monitor or display 120 and a second monitor or display 122. First monitor
120 and second monitor 122 may be configured to display information or patient specific data to the user located at
workstation 116. For example, first monitor 120 and second monitor 122 may be configured to display image data (e.g.,
x-ray images, MRI images, CT images, ultrasound images, etc.), hemodynamic data (e.g., blood pressure, heart rate,
etc.), patient record information (e.g., medical history, age, weight, etc.). In addition, first monitor 120 and second monitor
122 may be configured to display procedure specific information (e.g., duration of procedure, catheter or guide wire
position, volume of medicine or contrast agent delivered, etc.). Monitor 120 and monitor 122 may be configured to display
information regarding the position the guide catheter. Further, monitor 120 and monitor 122 may be configured to display
information to provide the functionalities associated with controller 134 (shown in FIG. 4) discussed below. In another
embodiment, user interface 126 includes a single screen of sufficient size to display one or more of the display components
and/or touch screen components discussed herein.
[0016] Catheter procedure system 100 also includes an imaging system 104 located within lab unit 106. Imaging
system 104 may be any medical imaging system that may be used in conjunction with a catheter based medical procedure
(e.g., non-digital x-ray, digital x-ray, CT, MRI, ultrasound, etc.). In an exemplary embodiment, imaging system 104 is a
digital x-ray imaging device that is in communication with workstation 116. In one embodiment, imaging system 104
may include a C-arm (not shown) that allows imaging system 104 to partially or completely rotate around patient 102 in
order to obtain images at different angular positions relative to patient 102 (e.g., sagittal views, caudal views, anterior-
posterior views, etc.).
[0017] Imaging system 104 may be configured to take x-ray images of the appropriate area of patient 102 during a
particular procedure. For example, imaging system 104 may be configured to take one or more x-ray images of the heart
to diagnose a heart condition. Imaging system 104 may also be configured to take one or more x-ray images during a
catheter based medical procedure (e.g., real time images) to assist the user of workstation 116 to properly position a
guide wire, guide catheter, stent, etc. during the procedure. The image or images may be displayed on first monitor 120
and/or second monitor 122. In particular, images may be displayed on first monitor 120 and/or second monitor 122 to
allow the user to, for example, accurately move a guide catheter into the proper position.
[0018] In addition, a user of workstation 116 may be able to control the angular position of imaging system 104 relative
to the patient to obtain and display various views of the patient’s heart on first monitor 120 and/or second monitor 122.
Displaying different views at different portions of the procedure may aid the user of workstation 116 to properly move
and position the percutaneous intervention devices within the 3D geometry of the patient’s heart. In an embodiment,
imaging system 104 may be any 3D imaging modality such as an x-ray based computed tomography (CT) imaging
device, a magnetic resonance imaging device, a 3D ultrasound imaging device, etc. In this embodiment, the image of
the patient’s heart that is displayed during the procedure may be a 3D image. In addition, controls 118 may also be
configured to allow the user positioned at workstation 116 to control various functions of imaging system 104 (e.g., image
capture, magnification, collimation, c-arm positioning, etc.).
[0019] Referring now to FIGs. 2 and 3, an exemplary embodiment of a cassette for use with a robotic catheter system
is shown. Cassette 200 may be equipped with a guide wire 202 and a working catheter 206 to allow a user to perform
a catheterization procedure utilizing cassette 200. In this embodiment, bedside system 110 includes a cassette 200
configured to be mounted to a motor drive base 204. FIG. 2 shows a bottom perspective view of cassette 200 prior to
mounting to motor drive base 204. Motor drive base 204 includes a first capstan 208, a second capstan 210, and a third
capstan 212, and cassette 200 includes a first capstan socket 214, a second capstan socket 218, and a third capstan
socket 222. Cassette 200 includes a housing 224, and housing 224 includes a base plate 228.
[0020] Each of the capstan sockets 214, 218, 222 is configured to receive one of the capstans 208, 210, 212 of motor
drive base 204. In the embodiment shown, base plate 228 includes a hole or aperture aligned with each of the capstan
sockets 214, 218, and 222 to allow each capstan to engage with the appropriate capstan socket. The engagement
between the capstans and capstan sockets allows the transfer of energy (e.g., rotational movement) generated by one
or more actuators (e.g., motors) located within motor drive base 204 to each of the drive mechanisms (e.g., axial and
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rotational drive mechanisms) within cassette 200. Capstans and capstan sockets are one embodiment of a motor coupler
that may be used to couple the motors to the axial and rotational drive mechanisms in the cassette 200. Other motor
couplers that can couple the motor to the motors to the drive mechanisms are also contemplated.
[0021] In one embodiment, a single actuator provides energy to each of the drive mechanisms. In another embodiment,
there is an actuator that drives capstan 208, an actuator that drives capstan 210 and an actuator that drives capstan
212. Further, the positioning of the capstans and capstan sockets helps the user to align cassette 200 relative to motor
drive base 204 by allowing cassette 200 to be mounted to motor drive base 204 only when all three capstan sockets
are aligned with the proper capstan.
[0022] In one embodiment, the motors that drive capstans 208, 210, and 212 are located within motor drive base 204.
In another embodiment, the motors that drive capstans 208, 210, and 210 may be located outside of base 204 and
connected to cassette 200 via an appropriate transmission device (e.g., shaft, cable, other mechanical coupler, etc.). In
yet another embodiment, cassette 200 includes motors located within the housing of cassette 200. In another embodiment,
cassette 200 does not include capstan sockets 214, 218 and 222, but includes an alternative mechanism for transferring
energy (e.g., rotational motion) from an actuator external to the cassette to each of the cassette drive mechanisms. For
example, rotational movement may be transferred to the drive mechanisms of cassette 200 via alternating or rotating
magnets or magnetic fields located within motor drive base 204.
[0023] In the embodiment, shown, cassette 200 also includes a guide catheter support 216 that supports guide catheter
226 at a position spaced from cassette 200. As shown, guide catheter support 216 is attached to cassette 200 by a rod
220. Rod 220 and guide catheter support 216 are strong enough to support guide catheter 226 without buckling. Guide
catheter support 216 supports guide catheter 226 at a position spaced apart from the cassette, between the patient and
the cassette to prevent buckling, bending, etc. of the portion of guide catheter 226 between the cassette and the patient.
[0024] Referring to FIG. 3, cassette 200 is shown mounted to motor drive base 204. As shown in FIG. 3, cassette 200
includes an outer cassette cover 230 that may be attached to housing 224. When attached to housing 224, outer cassette
cover 230 is positioned over and covers each of the drive mechanisms of cassette 200. By covering the drive assemblies
of cassette 200, outer cassette cover 230 acts to prevent accidental contact with the drive mechanisms of cassette 200
while in use.
[0025] Referring to FIG. 4, a block diagram of catheter procedure system 100 is shown according to an exemplary
embodiment. Catheter procedure system 100 may include a control system, shown as controller 134. Controller 134
may be part of workstation 116. Controller 134 may generally be an electronic control unit suitable to provide catheter
procedure system 100 with the various functionalities described herein. For example, controller 134 may be an embedded
system, a dedicated circuit, a general purpose system programed with the functionality described herein, etc. Controller
134 is in communication with one or more bedside systems 110, controls 118, monitors 120 and 122, imaging system
104 and patient sensors 35 (e.g., electrocardiogram ("ECG") devices, electroencephalogram ("EEG") devices, blood
pressure monitors, temperature monitors, heart rate monitors, respiratory monitors, etc.). In various embodiments, con-
troller 134 is configured to generate control signals based on the user’s interaction with controls 118 and/or based upon
information accessible to controller 134 such that a medical procedure may be performed using catheter procedure
system 100. In addition, controller 134 may be in communication with a hospital data management system or hospital
network 142 and one or more additional output devices 138 (e.g., printer, disk drive, cd/dvd writer, etc.).
[0026] Communication between the various components of catheter procedure system 100 may be accomplished via
communication links 140. Communication links 140 may be dedicated wires or wireless connections. Communication
links 140 may also represent communication over a network. Catheter procedure system 100 may be connected or
configured to include any other systems and/or devices not explicitly shown. For example, catheter procedure system
100 may include IVUS systems, image processing engines, data storage and archive systems, automatic balloon and/or
stent inflation systems, medicine injection systems, medicine tracking and/or logging systems, user logs, encryption
systems, systems to restrict access or use of catheter procedure system 100, etc.
[0027] As mentioned, controller 134 is in communication with bedside system 110 and may provide control signals to
the bedside system 110 to control the operation of the motors and drive mechanisms used to drive the percutaneous
intervention devices (e.g., guide wire, catheter, etc.). FIG. 5 is a block diagram of a catheter procedure system showing
motors located within a motor drive based in accordance with an embodiment. Cassette 200 includes a guide wire axial
drive mechanism 232 that provides for advancement and/or retraction of guide wire 202. A working catheter axial drive
mechanism 234 provides for advancement and/or retraction of working catheter 206. Cassette 200 also includes a guide
wire rotational drive mechanism 236 that is configured to cause guide wire 202 to rotate about its longitudinal axis.
[0028] Motor drive base 204 includes working catheter axial drive motor 238, guide wire axial drive motor 240, a guide
wire rotational drive motor 242, and a power supply 244. Working catheter axial drive motor 238 drives capstan 208,
guide wire axial drive motor 240 drives capstan 210 and guide wire rotational drive motor 242 drives capstan 212 to
cause movement of working catheter 206 and guide wire 202. Motors 238, 240, and 242 are in communication with
controller 143 such that control signals 246 may be received by motors 238, 240 and 242. Motors 238, 240 and 242
respond to control signals 246 by varying the rotation of capstans 208, 210 and 212 thereby varying the movement of
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working catheter 206 and guide wire 202 caused by drive mechanisms 232, 234 and 236. As shown, motor drive base
204 also includes a power supply 244 that may be, for example, a battery, the AC building supply, etc.
[0029] In various embodiments, the motors may be a permanent magnet synchronous motor (PMSM) such as a
brushless DC (BLDC) or a stepper motor. Controller 134 is configured to receive data from a motor (e.g., motors 238,
240, 242). As mentioned, controller 134 also provides control signals 246 to a motor to control the operation of the motor.
Each motor used to drive the various devices in the catheter procedure system 100 may be used in conjunction with
controller 134 as a torque sensor to determine the load torque on the motor in order to, for example, provide feedback
to the user and to control the operation of the motor to advance, retract and rotate a device. Accordingly, a separate
torque sensor is not required to sense the load torque on a motor in the catheter procedure system. While the following
discusses a method for sensing torque in relation to a motor used in a catheter procedure system, it should be understood
that the methods described herein may be used in other systems using a motor to drive a device.
[0030] FIG. 6 illustrates an exemplary method for controlling a motor including determining a load torque using the
motor in accordance with an embodiment. At block 302, at least one parameter of the motor is received by a controller
(e.g., controller 134 shown in FIGs. 4 and 5). The motor parameter may be, for example, a motor angular position (θm),
a motor angular velocity (ωm), phase currents, voltages, etc. The motor angular position may be measured using, for
example, a rotary encoder and the currents may be measures using, for example, either a current sense resistor or hall
effect sensor with appropriate analog signal conditioning circuitry. In one embodiment, the angular position is converted
to a filtered version (θm) based on the measured angular position (θm) and a reference angular velocity (ωr). For example,
the filtered version of the angular position (θm) may be determined by: 

where y(k) is a discrete time integrator defined as: 

where u(k) = ωm(k-1) and ωr = ωm.
[0031] At block 304, a quadrature current is determined. In an embodiment where the motor is a BLDC motor, the
quadrature current (Q-current, iq) is determined based on the filtered version of the measured motor angular position
(θm), and a reference motor angular position (θr). In another embodiment, the Q-current may be determined based on
the measured motor angular position rather than the filtered version of the measured motor angular position. In another
embodiment, a predetermined quadrature current setpoint may be used. By choosing to sense torque in a BLDC motor
by directly controlling the quadrature current iq, the torque is directly controlled with the motor. Therefore, a position
control system (e.g., a motor position proportional integral (PI) controller) is required to maintain the position of the motor.
The position control system is used to determine the Q-current and control the angular position and velocity of the BLDC
motor. FIG. 7 illustrates an exemplary position control system in accordance with the embodiment. The position control
system 400 includes two control loops. An inner control loop is used to maintain a desired velocity (ωc(k)) and an outer
control loop is used to maintain a desired angular position (θc(k)).
[0032] A discrete time (DT) command filter 402 (denoted Htraj : θS → θC) is used to generate a command position,
angular velocity and angular acceleration for the BLDC motor. FIG. 8 illustrates an exemplary DT command filter in
accordance with an embodiment. In order to ensure trajectory tracking, the DT command filter 500 depicted in FIG. 8 is
implemented to generate a command setpoint θC[k] from a desired setpoint θS[k]. The DT command filter 500 has a
bandwidth ωn > 0 and limits the magnitude of a command angular velocity ωc[k] and a command angular acceleration
ωc so that ωc ∈ [ωmin, ωmax] and ωc ∈ [ωmin, ωmax]. FIG. 8 depicts two DT integrators 502, 504 which are denoted by the
DT transfer function 

where the DT relationship is given by: 

^
^

^

· · · ·
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 where Ts is a sampling rate. In order to limit the range of the angular velocity command ωc[k] and command angular
acceleration ωc[k], a saturation function denoted sat (us, umin, umax) is used such that: 

The following equations summarize the implementation of the DT command filter 500 to generate the command position
θC[k], angular velocity ωc(k) and angular acceleration ωc(k) for the BLDC motor: 

[0033] Returning to FIG. 7, a velocity estimator 404 is used to estimate the angular velocity ωfb[k]. In one embodiment,
the angular velocity ωfb[k] is estimated by differentiating the sampled angular position θ[k] = θ(kTS) of the rotor. In
particular, the continuous time transfer function is estimated by:

with a DT filter Hd(z). The DT filter Hd(s) may be realized with a feedback loop containing an integrator in the feedback
path and a gain of ωd in the output path. Hd(s) may be approximated by replacing the integrator with HI(z) and solving
the DT equations which are:

·

·

^

^
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Therefore: 

[0034] Feedback control 406 is used for closed loop velocity and position control of the BLDC motor. The most inner
feedback loop ensures angular velocity tracking with both a proportional term kpeω [k] (kp > 0) and an integrator term
(e.g., with anti-windup) which is denoted HI(z)kIeω(z)(kI > 0, where eω(z) is the z-transform of eω[k]). The outer feedback
loop requires proportional feedback to ensure tracking of θS[k]. The DT equations for feedback control are as follows:

In one embodiment, the integrator limits are chosen from the physical limits of the quadrature current amplifier such that
eω-I-min =-eω-I-max = Kiq-max in which iq-max is the absolute max drive current of the amplifier. In one embodiment, a
quadrature current controller is approximated by a zero order hold block (ZOH) 408 such that iq(t) = iq-set(k) for t ∈ [kTS,
(k + 1)TS).
[0035] Returning to FIG. 6, in another embodiment, the motor is a stepper motor and at block 304 the two alpha-beta
phase currents iα and iβ are measured using, for example, a current sensor or set at a predetermined setpoint, for
example, the phase currents may be assumed based on a desired setpoint to a stepper motor current controller. A
quadrature current (Q-current, iq) may be calculated from the phase command currents iα, iβ, and the angular position
θ of the rotor. In one embodiment, a Q-current setpoint may be calculated using phase current setpoints and either an
estimate, npθ[k], of the electrical angle or a measurement of the electrical angle, θe[k]: 
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The electrical angle may be measured using, for example, hall effect sensors. In another embodiment, a Q-current may
be calculated using measured phase currents and either an estimate, npθ[k], of the electrical angle or a measurement
of the electrical angle, θe[k]: 

 The electrical angle may be measured using, for example, hall effect sensors. In another embodiment, a predetermined
quadrature current setpoint may be used. In one embodiment the Q-current is converted to a PWM signal, specifically,
a PWM duty cycle (for example, that is cycle proportional to the ratio of the absolute desired setpoint current to the Q-
current amplifiers absolute current control range) and a direction signal which indicates the sign of the current using
known methods. In another embodiment, the Q-current may be used without being converted to a PWM singal.
[0036] At block 306, a load torque is estimated. According to the invention, if the motor is a brushless DC motor, the
load torque is estimated using: 

where τi[k] is the load torque, ω[k] is the angular velocity,  is the angular acceleration, K is the torque constant, B
is damping coefficient of the rotor, J is moment of inertia of the rotor and iq-set is a desired setpoint of the Q-current
(maintained by the position control system described above). In another embodiment, the motor is a stepper motor and
the load torque is estimated based on the phase current setpoints using: 

where τi[k] is the load torque, ω[k] is the angular velocity,  is the angular acceleration, K is the torque constant, B
is damping coefficient of the rotor, J is moment of inertia of the rotor, iq-set is a desired setpoint of the Q-current, iα-set is
a phase current setpoint, iβ-set is a phased current setpoint, np is the number of magnetic pole pairs of the rotor, θ is the
angular position of the rotor, and Kd4 is the detent torque amplitude. According to the invention, if the motor is a stepper
motor, the load torque for the stepper motor is estimated based on the measured phase currents using:

where τi[k] is the load torque, ω[k] is the angular velocity,  is the angular acceleration, K is the torque constant, B
is damping coefficient of the rotor, J is moment of inertia of the rotor, iq is the Q-current, iα is a measured phase current,

^ ^

^ ^

^ ^
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iβ is a measured phase current, np is the number of magnetic pole pairs of the rotor, θ is the angular position of the rotor,
and Kd4 is the detent torque amplitude
[0037] In one embodiment, the measured angular position of the stepper motor from a rotary encoder may have a
phase offset such that θm = θ + ϕ. By assuming that the load torque τl and detent torque amplitude Kd4 are both zero
and the system is at steady-state, the error can be estimated by: 

[0038] For both the BLDC or stepper motor embodiments, the angular velocity ω[k] and angular acceleration 
may be estimated using a discrete time (DT) command filter. FIG. 9 illustrates an exemplary DT command filter for
estimating angular velocity and acceleration in accordance with an embodiment. The DT command filter 600 includes
two DT integrators 602, 604 which are denoted by the DT transfer function: 

where the DT relationship is given by equation (4). The DT command filter may be implemented to estimate angular
velocity and angular acceleration for either a BLDC or stepper motor using: 

[0039] The loops need to be solved for the above DT filter given by equations 26 and 27 and may be realized in the
following vector form: 

^
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in which 

Therefore, the DT filter may be implemented by: 

in which 

and 

Which allows  to be computed as follows 

[0040] At block 308, the estimated load torque is used to control the motor to operate a drive mechanism and cause
movement (e.g., advance, retract, rotate) of a percutaneous device in the catheter procedure system. For example, the
controller 134 (shown in FIG. 4) may be configured to adjust the angular position, angular speed and acceleration of the
motor based on the estimated load torque. In another embodiment, the estimated load torque may be used to determine
if the motor (and the devices driven by the motor) are within an acceptable range of operation. For example, if the load
torque is higher than a predetermined maximum load torque then a warning signal may be provided (e.g., on a display)
or a signal may be provided from the controller to the motor to stop the motor. In one embodiment, the load torque may
be displayed on a monitor (or other display) to a user of the catheter procedure system. In another embodiment, the
controller 134 may provide a feedback signal to a user interface 126 (shown in FIG. 1) based on the load torque.
[0041] Computer-executable instructions for controlling a motor including determining a load torque using the motor
according to the above-described method may be stored on a form of computer readable media. Computer readable
media includes volatile and nonvolatile, removable, and non-removable media implemented in any method or technology
for storage of information such as computer readable instructions, data structures, program modules or other data.
Computer readable media includes, but is not limited to, random access memory (RAM), read-only memory (ROM),
electrically erasable programmable ROM (EEPROM), flash memory or other memory technology, compact disk ROM
(CD-ROM), digital versatile disks (DVD) or other optical storage, magnetic cassettes, magnetic tape, magnetic disk
storage or other magnetic storage devices, or any other medium which can be used to store the desired instructions
and which may be accessed by system 10 (shown in FIG. 1), including by internet or other computer network form of
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access.
[0042] This written description used examples to disclose the invention, including the best mode, and also to enable
any person skilled in the art to make and use the invention. 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 language of the claims.
The order and sequence of any process or method steps may be varied or re-sequenced according to alternative
embodiments.

Claims

1. A catheter procedure system (100) comprising:

a bedside system (110) comprising a percutaneous device (202, 206), at least one drive mechanism (232, 234,
236) coupled to the percutaneous device (202, 206) and at least one motor (238, 240, 242) coupled to the at
least one drive mechanism (232, 234, 236); and
a workstation (116) coupled to the bedside system (110), the workstation (116) comprising:

a user interface (118, 126); and
a controller (134) coupled to the bedside system (110) and the user interface (118, 126), the controller
(134) programmed to:

receive at least one parameter of the motor (238, 240, 242);
determine a quadrature current of the motor (238, 240, 242) based on at least the at least one parameter;
determine a load torque on the motor (238, 240, 242) based on at least the quadrature current, an
angular velocity and an angular acceleration; and
control the operation of the motor (238, 240, 242) based on the load torque, wherein the operation of
the motor (238, 240, 242) causes the drive

mechanism (232, 234, 236) to move the percutaneous device (202, 206), wherein the motor is a brushless
DC motor or a stepper motor, and

wherein the load torque for a brushless DC motor is determined in accordance with: 

where τl[k] is the load torque, ω[k] is the angular velocity,  is the angular acceleration, K is a torque constant,
B is damping coefficient of the rotor, J is moment of inertia of the rotor and iq-set is a desired setpoint of the
quadrature current, and
wherein the load torque for a stepper motor is determined in accordance with: 

where iq is the quadrature current, iα is a measured phase current, iβ is a measured phase current, np is a
number of magnetic pole pairs of the rotor, θ is the angular position of the rotor, τl[k] is the load torque, ω[k] is

the angular velocity,  is the angular acceleration, K is a torque constant, B is damping coefficient of the
rotor, J is moment of inertia of the rotor, and Kd4 is a detent torque amplitude.

2. A catheter procedure system (100) according to claim 1, wherein the motor (238, 240, 242) is a brushless DC motor.

^ ^

^ ^
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3. A catheter procedure system (100) according to claim 1, wherein the motor (238, 240, 242) is a stepper motor.

4. A catheter procedure system (100) according to claim 1, wherein the at least one parameter is an angular position
of the motor (238, 240, 242).

5. A catheter procedure system (100) according to claim 1, wherein the at least one parameter is a phase current of
the motor (238, 240, 242).

6. A catheter procedure system (100) according to claim 1, wherein the angular velocity and angular acceleration are
estimated using a discrete time command filter.

7. A catheter procedure system (100) according to claim 2, further comprising controlling the quadrature current to
maintain the quadrature current at a predetermined setpoint.

8. A catheter procedure system (100) according to claim 7, further comprising generating a pulse width modulated
signal based on the quadrature current.

9. A catheter procedure system (100) according to claim 1, wherein the operation of the motor (238, 240, 242) causes
the drive mechanism (232, 234, 236) to cause the percutaneous device (202, 206) to advance or to retract.

10. A catheter procedure system (100) according to claim 1, wherein the operation of the motor (238, 240, 242) causes
the drive mechanism (232, 234, 236) to cause the percutaneous device (202, 206) to rotate.

11. A catheter procedure system (100) according to claim 1, wherein the controller (134) provides a feedback signal to
the user interface (118, 126) based on the load torque.

12. A catheter procedure system (100) according to claim 1, wherein the workstation (116) further comprises a monitor
(120, 122) coupled to the user interface (118, 126) and the controller (134), wherein the load torque is displayed on
the monitor (120, 122).

Patentansprüche

1. Kathetereingriffssystem (100), umfassend:

ein bettseitiges System (110), das eine perkutane Vorrichtung (202, 206), mindestens einen Antriebsmecha-
nismus (232, 234, 236), der mit der perkutanen Vorrichtung (202, 206) gekoppelt ist, und mindestens einen
Motor (238, 240, 242), der mit dem mindestens einen Antriebsmechanismus (232, 234, 236) gekoppelt ist,
umfasst; und
eine Arbeitsstation (116), die mit dem bettseitigen System (110) gekoppelt ist, wobei die Arbeitsstation (116)
Folgendes umfasst:

eine Nutzerschnittstelle (118, 126); und
eine Steuerung (134), die mit dem bettseitigen System (110) und der Nutzerschnittstelle (118, 126) gekoppelt
ist, wobei die Steuerung (134) für Folgendes programmiert ist:

Empfangen mindestens eines Parameters des Motors (238, 240, 242);
Bestimmen eines Quadraturstroms des Motors (238, 240, 242) basierend auf dem mindestens einen
Parameter;
Bestimmen eines Lastdrehmoments an dem Motor (238, 240, 242) basierend auf mindestens dem
Quadraturstrom, einer Winkelgeschwindigkeit und einer Winkelbeschleunigung; und
Steuern des Betriebs des Motors (238, 240, 242) basierend auf dem Lastdrehmoment, wobei der
Betrieb des Motors (238, 240, 242) den Antriebsmechanismus (232, 234, 236) veranlasst, die perkutane
Vorrichtung (202, 206) zu bewegen,

wobei der Motor ein bürstenloser Gleichstrommotor oder ein Schrittmotor ist, und
wobei das Lastdrehmoment für einen bürstenlosen Gleichstrommotor gemäß dem Folgenden bestimmt wird: 
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wobei τl[k] das Lastdrehmoment ist, ω[k] die Winkelgeschwindigkeit ist,  die Winkelbeschleunigung ist, K
eine Drehmomentkonstante ist, B ein Dämpfungskoeffizient des Rotors ist, J das Trägheitsmoment des Rotors
ist und iq-set ein gewünschter Sollwert des Quadraturstroms ist und
wobei das Lastdrehmoment für einen Schrittmotor gemäß dem Folgenden bestimmt wird: 

wobei iq der Quadraturstrom ist, iα ein gemessener Phasenstrom ist, iβ ein gemessener Phasenstrom ist, np
eine Anzahl von Magnetpolpaaren des Rotors ist, θ die Winkelposition ist, τl[k] das Lastdrehmoment ist, ω[k]

die Winkelgeschwindigkeit ist,  die Winkelbeschleunigung ist, K eine Drehmomentkonstante ist, B ein
Dämpfungskoeffizient des Rotors ist, J das Trägheitsmoment des Rotors ist und Kd4 eine Rastmomentamplitude
ist.

2. Kathetereingriffssystem (100) nach Anspruch 1, wobei der Motor (238, 240, 242) ein bürstenloser Gleichstrommotor
ist.

3. Kathetereingriffssystem (100) nach Anspruch 1, wobei der Motor (238, 240, 242) ein Schrittmotor ist.

4. Kathetereingriffssystem (100) nach Anspruch 1, wobei der mindestens eine Parameter eine Winkelposition des
Motors (238, 240, 242) ist.

5. Kathetereingriffssystem (100) nach Anspruch 1, wobei der mindestens eine Parameter ein Phasenstrom des Motors
(238, 240, 242) ist.

6. Kathetereingriffssystem (100) nach Anspruch 1, wobei die Winkelgeschwindigkeit und die Winkelbeschleunigung
unter Verwendung eines diskreten Zeitbefehlsfilters geschätzt werden.

7. Kathetereingriffssystem (100) nach Anspruch 2, ferner das Steuern des Quadraturstroms zur Erhaltung des Qua-
draturstroms auf einem bestimmten Sollwert umfassend.

8. Kathetereingriffssystem (100) nach Anspruch 7, ferner das Erzeugen eines pulsweitenmodulierten Signals basierend
auf dem Quadraturstrom umfassend.

9. Kathetereingriffssystem (100) nach Anspruch 1, wobei der Betrieb des Motors (238, 240, 242) den Antriebsmecha-
nismus (232, 234, 236) veranlasst, die perkutane Vorrichtung (202, 206) zu veranlassen, vorzurücken oder sich
zurückzuziehen.

10. Kathetereingriffssystem (100) nach Anspruch 1, wobei der Betrieb des Motors (238, 240, 242) den Antriebsmecha-
nismus (232, 234, 236) veranlasst, die perkutane Vorrichtung (202, 206) zu veranlassen, sich zu drehen.

11. Kathetereingriffssystem (100) nach Anspruch 1, wobei die Steuerung (134) ein Rückführungssignal an die Nutzer-
schnittstelle (118, 126) basierend auf dem Lastdrehmoment bereitstellt.

12. Kathetereingriffssystem (100) nach Anspruch 1, wobei die Arbeitsstation (116) ferner einen Monitor (120, 122)
umfasst, der mit der Nutzerschnittstelle (118, 126) und der Steuerung (134) gekoppelt ist, wobei das Lastdrehmoment
auf dem Monitor (120, 122) angezeigt wird.

^ ^

^ ^
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Revendications

1. Système de procédure de cathéter (100) comprenant :

un système de chevet (110) comprenant un dispositif percutané (202, 206), au moins un mécanisme d’entraî-
nement (232, 234, 236) couplé au dispositif percutané (202, 206) et au moins un moteur (238, 240, 242) couplé
à l’au moins un mécanisme d’entraînement (232, 234, 236) ; et
un poste de travail (116) couplé au système de chevet (110), le poste de travail (116) comprenant :

une interface utilisateur (118, 126) ; et
un dispositif de commande (134) couplé au système de chevet (110) et à l’interface utilisateur (118, 126),
le dispositif de commande (134) étant programmé pour :

recevoir au moins un paramètre du moteur (238, 240, 242) ;
déterminer un courant en quadrature du moteur (238, 240, 242) sur la base de l’au moins un paramètre ;
déterminer un couple de charge sur le moteur (238, 240, 242) sur la base d’au moins le courant en
quadrature, une vitesse angulaire et une accélération angulaire ; et
commander le fonctionnement du moteur (238, 240, 242) sur la base du couple de charge, le fonction-
nement du moteur (238, 240, 242) amenant le mécanisme d’entraînement (232, 234, 236) à déplacer
le dispositif percutané (202, 206),

le moteur étant un moteur à courant continu sans balais ou un moteur pas à pas, et
le couple de charge pour un moteur à courant continu sans balais étant déterminé en fonction de : 

τl[k] étant le couple de charge, ω[k] étant la vitesse angulaire,  étant l’accélération angulaire, K étant une
constante de couple, B étant le coefficient d’amortissement du rotor, J étant le moment d’inertie du rotor et iq-set
étant un point de consigne souhaité du courant en quadrature, et
le couple de charge pour un moteur pas à pas étant déterminé en fonction de : 

iq étant le courant en quadrature, iα étant un courant de phase mesuré, iβ étant un courant de phase mesuré,
np étant un nombre de paires de pôles magnétiques du rotor, θ étant la position angulaire du rotor, τi[k] étant

le couple de charge, ω[k] étant la vitesse angulaire,  étant l’accélération angulaire, K étant une constante
de couple, B étant le coefficient d’amortissement du rotor, J étant le moment d’inertie du rotor, et Kd4 étant une
amplitude de couple de détente.

2. Système de procédure de cathéter (100) selon la revendication 1, le moteur (238, 240, 242) étant un moteur à
courant continu sans balais.

3. Système de procédure de cathéter (100) selon la revendication 1, le moteur (238, 240, 242) étant un moteur pas à pas.

4. Système de procédure de cathéter (100) selon la revendication 1, l’au moins un paramètre étant une position
angulaire du moteur (238, 240, 242).

5. Système de procédure de cathéter (100) selon la revendication 1, l’au moins un paramètre étant un courant de
phase du moteur (238, 240, 242).

^ ^

^

^
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6. Système de procédure de cathéter (100) selon la revendication 1, la vitesse angulaire et l’accélération angulaire
étant estimées en utilisant un filtre de commande à temps discret.

7. Système de procédure de cathéter (100) selon la revendication 2, comprenant en outre la commande du courant
en quadrature pour maintenir le courant en quadrature à un point de consigne prédéterminé.

8. Système de procédure de cathéter (100) selon la revendication 7, comprenant en outre la génération d’un signal
modulé en largeur d’impulsion sur la base du courant en quadrature.

9. Système de procédure de cathéter (100) selon la revendication 1, le fonctionnement du moteur (238, 240, 242)
amenant le mécanisme d’entraînement (232, 234, 236) à provoquer l’avance ou la rétraction du dispositif percutané
(202, 206).

10. Système de procédure de cathéter (100) selon la revendication 1, le fonctionnement du moteur (238, 240, 242)
amenant le mécanisme d’entraînement (232, 234, 236) à provoquer la rotation du dispositif percutané (202, 206) .

11. Système de procédure de cathéter (100) selon la revendication 1, le dispositif de commande (134) fournissant un
signal de retour à l’interface utilisateur (118, 126) sur la base du couple de charge.

12. Système de procédure de cathéter (100) selon la revendication 1, le poste de travail (116) comprenant en outre un
moniteur (120, 122) couplé à l’interface utilisateur (118, 126) et au dispositif de commande (134), le couple de
charge étant affiché sur le moniteur (120, 122).
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