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Chapter 1

Introduction

1.1 Motors and Robots

Motors that convert electrical energy into kinetic energy have been used since the 19th century. Kinetic
energy is generated by the interaction between the magnetic field produced by the stator’s current and the
rotor’s magnetic field. Motors are incorporated into various products and devices and are necessary for
society. Furthermore, it is expected that products and devices using motors will be utilized in a broader
range of fields in the future, as shown in Fig. 1-1[1][2][3].

Motors can be classified as shown in Table 1.1. Since alternate current (AC) motors have the advan-
tage of not requiring maintenance from the commutator and have high torque response by control, they
have been widely used in industrial applications. The overview of the structural difference is shown
in Table 1.2. Induction motors (IMs) have long been used for a long time because they can rotate by
applying a three-phase AC voltage without inverters. In addition, since IMs are suitable for applications
requiring high power because they do not consist of magnets, However, IMs have energy conversion
efficiency problems due to power losses from secondary winding currents. On the other hand, permanent
magnet synchronous motors (PMSMs) consist of permanent magnets in the rotor and can have higher
energy conversion efficiency than IMs. PMSMs require inverters, rotor position detection, and control
processors to generate the magnetic field in the stator in synchronization with the rotor for an efficient
drive. The efficiency and control performance have also advanced with the development of power semi-
conductors for inverters, position sensors, and processors. Furthermore, the torque density of PMSMs

has increased with advances in magnet materials. Therefore, high-torque-density motors can rotate at

1=
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Fig. 1-1: Images of future applications.

high speeds with high precision and realize positioning. Although reluctance motors (RMs), especially
synchronous reluctance motors (SynRMs), have higher torque density, and higher efficiency than those of
IMs, they are unsuitable for low-speed operation, including positioning. As a result, PMSMs have been
utilized in various machines, such as plastic and rubber modeling machines, cranes, compressors, metal
processing machines, fans, electric vehicles, and industrial robots. In particular, industrial robots have
multi-degree-of-freedom (MDOF), and their demand is expected to increase further to replace manual
work and realize more sophisticated tasks than workers.

MDOF industrial robots that enable positioning in arbitrary positions and postures contribute to work
automation [4]. Starting with the replacement of welding and painting operations, which are hazardous
for workers, in the automotive industry, industrial robots have automated many manual tasks. Recently,
robots with a structure that can be used in biomedical and food manufacturing fields, where hygiene
control is essential, have been developed. Furthermore, robots collaborating with humans without safety
fences are also becoming popular. Robots are expected to drive automation in various fields, such as

agriculture, construction, and welfare [S][6][7][8].
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DC motor with
commutator

DC motor

Brushless DC motor

Induction Motor
(IM)
Interior Permanent

Magnet Synchronous
Motor (IPMSM)

Surface Permanent
Magnet Synchronous
Motor (SPMSM)

Reluctance Motor

AC motor

Stepping Motor

Table 1.1: Motor classification.

Maintenance | Power Range | Power Torque Torque Position Position
Efficiency Density Control Control Detection

Table 1.2: Structure overview

of AC motors.
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IPMSM

SynRM

Structure
. Magnet torque
Torque Induction Magnet torque g 4 Reluctance torque
Reluctance torque
Application Pump Industrial robots Electric vehicles Train
Examples Compressor Semiconductors Industrial robots Vacuum cleaner
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1.2 Transient of Motor Drive

Motor applications have expanded with advances in motor drive technology. The transition of the
motor drive technology since the 1980s can be shown in Fig. 1-2. Fig. 1-2 is expressed based on the ref-
erence [9]. In the 1980s, as the performance of control processors improved, software realized a variable-
frequency drive control method called field-oriented control (FOC), and high-performance IM drive sys-
tems were put into practical use [10]. In the 1990s, all-digital control systems using application-specific
integrated circuits (ASIC) or field-programmable gate arrays (FPGA) became mainstream. The control
performance of IMs can be higher than that of direct current (DC) motors. Motors for variable-frequency
drive applications have been IMs due to demand for high response, energy saving, and maintenance-free.
Since the 2000s, further high-efficiency utilization of motors and expansion of application fields have
been expected to correspond to energy and environmental issues. PMSMs with neodymium magnets
with high coercive and magnetic force attracted attention because of their higher efficiency than IMs.
PMSMs and the drive technologies to realize higher efficiency, power, and torque density are still being
developed.

For the efficient drive of PMSMs, rotor position information is essential to synchronous the magnetic
field generated by the stator and that of the rotor. Generally, position sensors such as resolvers and
encoders are attached to motors to detect the rotor position. However, using sensors causes problems
such as wiring work, malfunction due to detection noise, high cost, and increased volume. In particular,
control methods without position sensors are desired because of the failure risk in environments where
temperature and humidity are not well regulated or situations in which vibration or shock is significant.
Therefore, position-sensorless control of PMSMs is essential for the practical use of PMSMs. Since
the late 1990s, various position estimation methods have been proposed [11][12][13][14]. Furthermore,
initial magnetic pole position detection techniques were also studied [15]. Position estimation methods
continue to improve [16] [17] [18]. Motor design methods for position-sensorless control have been
proposed to detect the mechanical angle [19] [20]. Position estimation methods can be classified into two
categories: those that use back electromotive force (EMF) and those that use magnetic saliency. Position
estimation methods using back EMF are suitable for high-speed operation and applicable to general
PMSMs. However, back EMF is small and hard to detect in low-speed operation. Open-loop control
can be used at low speeds to increase rotational speed until the estimated position and speed converge

[21]. On the other hand, position estimation methods based on magnetic saliency are suitable for low-
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speed operation and applicable only PMSMs with magnetic saliency. Since those methods amplify and
detect current variation at frequencies sufficiently higher than the motor’s rotational frequency, they are
unsuitable for high-speed operation. Switching between position estimation methods for low-speed and
high-speed allows the system to operate in a wide speed range [22]. Typical PMSMs with magnetic
saliency are interior permanent magnet synchronous motors (IPMSMs).

General-purpose drive systems with functions for position-sensorless IPMSMs are commercialized.
As position estimation performance improves, drive systems for position-sensorless IPMSMs have been
widely used for outdoor applications and contributed to the expansion of the motor market [23][24][25].

Motor drive systems whose primary purpose is positioning operation are called servo drive systems.
Synchronized operation of multiple servo amplifiers by higher-layer controllers realize processes with
electrical systems. PMSMs with high-resolution position sensors are the target motors. The transition
of the motor drive technology since the 1980s can be shown in Fig. 1-3. Fig. 1-3 is expressed based on
the reference [26]. Since the 1980s, the resolution of the position sensors has increased, and the size of
motors has decreased. Digital control allows for complex calculations, and many methods were studied to
achieve robust positioning. Although the basic control is proportional-integral-differential (PID) control,
various functions, such as vibration suppression, automatic parameter adjustment, and machine analysis

functions, are implemented, and those functions are being improved.
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Fig. 1-3: Transient of servo drive [26].

—6—



CHAPTER 1 INTRODUCTION

1.3 Transient of Industrial Robots

Robot applications have expanded with the development of hardware components and motion con-
trol technology [4] [27] [28]. In the 1960s, industrial robots with 5-degree-of-freedom (SDOF) were
commercialized and were hydraulically driven. Industrial robots have been used by teaching playback
methods. Their motion has been based on position control using information from position sensors.
Scheinman invented the Stanford Arm with 6DOF, which enables the operation of all degrees of freedom
of position and posture in 3-dimensional space. From the 1970s, fully electric industrial robots with mo-
tors attached to each joint were commercialized. Since electrically-driven robots can operate faster and
more accurately than hydraulically-driven robots, electrically-driven robots have been widely used. In
the 1980s, as the performance of servo drive systems improved, DC motors for robots were replaced with
AC motors. Although these robots were vertically articulated, parallel link mechanisms were utilized to
support the links. In the 1990s, serial-link-type mechanisms for robots were realized, and the movable
range was expanded. The movable range expansion allowed robots to achieve a variety of postures and
work for applications for assembling and material handling. In the 2000s, 7DOF robots and dual-armed
robots were released. These robots can avoid obstacles and perform more complex assembly and weld-
ing. However, since the robot’s motion is based on position control, they were not suited for a flexible
motion to avoid damaging the contact object. Complex assembly requires precise force control of the
end-effector to contact the object without breaking. Force/Torque (F/T) sensors have been attached to
the end-effector of robots [29] [30]. However, the damage to sensors due to impact was a problem. In the
late 2000s, a force sensor that is not easily broken even by the impact was commercialized [31]. Robots
with F/T sensors, such as a robot shown in Fig. 1-4, have been famous, and assembly and material han-
dling applications have been expanded [32]. In the 2010s, collaborative robots with built-in F/T sensors
were put to practical use. They enable robots and workers to work in the same place without fences [33].
Control methods for assembly using the sensors built into collaborative robots have been proposed [34].
In addition, artificial intelligence (AI) technologies for image processing have reached a practical level.
The technologies can derive robot commands to move to the target position without teaching playback
[35] [36]. As a result, applications of robots have further expanded, as shown in Fig. 1-1.

Examples of tasks requiring force control are rubbing motion for polishing and fitting works [37] [38].
The end-effectors of MDOF robots with force control functions are expected to move based on force

control in the contact direction and based on position control in the movement direction. The motion
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Fig. 1-4: A robot with a F/T sensor.

can be realized by hybrid position/force control. Furthermore, some applications in Fig. 1-1 require a
remote operation, which can transmit force information. Those remote operations can be realized by
4ch-bilateral control [39]. The 4ch-bilateral control can be considered as one of the hybrid position/force

control systems. Therefore, for future applications, hybrid position/force control is essential.




CHAPTER 1 INTRODUCTION

1.4 Prospects of Motors and Robots

Industrial robots are expected to be used in various applications, such as agriculture, construction,
service, and welfare. Fields of these applications are unmaintained environments outside factories. Force
control for flexible contact is essential for tasks such as harvesting, assembly work, plastering, and human
support. In addition, low cost, ease to use, portability, robustness, and safety are essential keywords for
devices in these applications [8]. On the other hand, positioning accuracy is not required as much as with
conventional industrial robots.

One of the methods to respond to the demands is position-sensorless robots. Conventional industrial
robots use position sensors to obtain the position and posture information of the end-effector. However,
position sensors are precision instruments and are not suitable to use with applying vibration and shock.
If position sensors can be removed, the mechanical robustness can increase, and the cost and wiring
for position sensors can be reduced. In particular, high-resolution position sensors are expensive due to
the complexity of the manufacturing process as well as the components. The cost-reduction effect of
eliminating position sensors is significant for small-capacity and high-torque-density servo motors. The
wiring reduction also reduces the weight of robots.

Furthermore, F/T sensors are also expected to be removed for the same reasons. Since reaction
force/torque information is required for safe operation and force control, force/torque estimation is uti-
lized. The other advantage of force-sensorless robots is the reduction of the collocation problem in force
control. Generally, sensors are attached to the tip of robots or the end-effector. The driving points by mo-
tors and the force detection points are apart. The output force at the end-effectors is a combination of the
torque by motors and the effect of the dynamics between motors and the end-effector. The configuration
causes a collocation problem and unintentional force response by the uncertain dynamics of mechanical
systems, such as reduction gears in the closed loop. However, force estimation methods utilize the in-
formation at the control points of motors. As a result, force-sensorless force estimation methods can be
more stable from the viewpoint of the collocation problem. Therefore, force-sensorless robots with force
control functions have also been expected.

Integrating the above sensorless robots would be position-and-force-sensorless (PFSL) robots. PFSL
robots with force-control functions are required for future applications. The position and force infor-
mation should be estimated without position and F/T sensors to control position and force. The system

configuration changes as shown in Fig. 1-5. Table 1.3 shows the essential target bandwidth and current
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Fig. 1-5: Differences of general systems and position-and-force-sensorless systems.

Table 1.3: Comparing the target bandwidth and current bandwidth that could be achieved with conven-

tional methods by experimental systems in this dissertation.

Description Force Control

Force Estimation Position Control

Position Estimation

Goal
Current

10Hz

20Hz

10Hz
2 Hz (1 axis)

200Hz
20 Hz (1 axis)

bandwidth that could be achieved with conventional technology for the 1-axis motor with a test motor.

The target bandwidth of the control is set considering the bandwidth of human arm movement. The

estimated bandwidth is set to be at least twice the control bandwidth. Since the estimated position is

required for the force estimation, the target bandwidth of the position is set sufficiently higher than that

of the force estimation. Since the current bandwidth depends on the target motors and system configu-

rations, the values are noted based on the experimental results in this dissertation. The estimated force

had large vibration, and force control was not realized in the PFSL control system with conventional

methods. Therefore, the improvement of position estimation and the realization of force control without

position and F/T sensors is expected.
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1.5 Challenges of Position Estimation

Position estimation requires high estimation bandwidth and low estimation errors and vibrations. Po-
sition estimation methods using back EMF continue to improve [40] [41] [42] [43] [44] [45]. The effects
by current measurement errors and uncertainty in inverters have been discussed and compensated [46]
[47] [48]. However, their performance over a wide torque output range at low speeds is not as good as
those using magnetic saliency. Magnetic saliency-based methods are suitable position estimation meth-
ods for low-speed operation, including zero-speed. Since force control functions are generally used at
low speeds, magnetic saliency-based methods are attracted in this dissertation. Magnetic saliency-based
methods utilize high-frequency voltage and current to detect the rotor position. Since voltage-type invert-
ers are generally used for servo drive systems, detected high-frequency current is used for the estimation.
The typical estimation methods are indirect flux detection on-line reactance measurement (INFORM)
methods, characteristic pulse width modulation (PWM) methods, and high-frequency voltage injection
methods. Estimation methods that perform position estimation processing in a carrier period or half of a
carrier period can have a wider estimation bandwidth.

INFORM methods utilize the voltage output pattern based on Space Vector PWM (SVPWM) [49]
[50] [51]. The methods insert test voltage output periods for position estimation between the voltage
output periods for driving motors. During the zero-voltage vector output period, a pair of voltage vectors
pointing in opposite directions instead of zero-voltage vectors are inserted. The current variation by the
inserted test voltage is utilized for the position estimation. The advantage of the methods is separating the
timing of driving voltage and test signal voltage. The detected current can be easily separated into that
for driving and that for position estimation by adjusting the sampling timing of the current. However,
a complex ASIC or FPGA, which can adjust the sampling timing at each carrier cycle, is essential.
In addition, the number of switching timing within one carrier cycle increases, resulting in increased
switching losses.

Characteristic PWM methods utilize extended voltage vectors or special carrier waveform [52] [53]
[54] [55] [56] [57] [58]. Some methods lengthen the output time of the voltage vectors for driving and
output voltage vectors in opposite directions within the same carrier cycle to cancel each other out. Other
methods use three types of triangular waves with different shapes or start timing as carrier waves. Both
methods extend the current variation within the carrier period, and position estimation can be performed

by detecting the variation. The number of switching timing within one carrier cycle increases, resulting
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in increased switching losses, and a complex ASIC of FPGA is essential, as with INFORM methods.

High-frequency voltage injection methods utilize a voltage with a frequency sufficiently higher than
the motor’s rotational frequency. The waveform of the injected voltage is a sinusoidal wave type or a
square wave type [59] [60] [61] [62]. These methods can estimate the rotor position from the current
variation by the current sampling in the peaks and valleys of a typical carrier wave and do not increase
switching losses. Furthermore, the position estimation bandwidth can be equivalent to the other two
methods using a high-frequency voltage synchronized to the carrier wave. In particular, square-wave-
type voltage synchronized carrier frequency realizes wide-bandwidth position estimation. The summary
of the three estimation methods is shown in Table 1.4. Therefore, the high-frequency voltage injection
methods are suitable for implementation.

However, these methods have position estimation errors, although the error values depend on motors
and the system configurations. The position estimation errors are caused by the phase delay by the filter in
position estimation algorithms, the nonlinearity of inverters and motors, the injected voltage amplitude,
the structure of motors, and the magnetic cross-coupling factors in the dg-axes.

The purpose of filters in position estimation algorithms is to reduce the noise from the detected cur-
rent. Since the high-frequency current response is utilized, noise reduction is essential. Generally,
proportional-integral (PI) type phase-locked loop (PLL) filters are used to reduce the noise [60]. The
low cut-off frequency of the filter makes the bandwidth of the position-sensorless controller low. Since
the bandwidth is important at high speed operation, the improved methods have been applied to posi-
tion estimation methods based on back EMF [63] [64] [65] [66] [67] [68]. Although the performance
improvement could be confirmed, these methods have not been for magnetic saliency-based position es-
timation methods. In positioning and force control applications, higher position estimation bandwidth is
essential to bring control performance closer to that of control using position sensors.

The nonlinearity of inverters and motors makes modeling errors in estimation algorithms and causes
position estimation errors. Examples of nonlinearity are voltage drops of power devices, dead time,
parasitic capacitance effects, resistance variation by temperature, and inductance variation by the current.
The adverse effects from parameter nonlinearity depend on the systems have often been compensated by
gain adjustment or prediction. Although control methods considering non-linear characteristics have
improved position-sensorless control performance, further improvement is expected [69] [70] [71] [72].
In addition, since the resistance and inductance variation deteriorates the performance of general current

control methods without considering the fluctuation, suitable current control methods are required [73].
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Table 1.4: Comparing position-sensorless position estimation methods.

Currcrlt Scnsmg Switching Loss Estimation Noise Bandwidth
Timing

Bandwidth
Characteristic PWM
High-frequency voltage

(Sinusoidal Wave)

High-frequency voltage
injection — —

(Square Wave)

The effects of the injected voltage amplitude on position estimation errors were revealed [74]. How-
ever, the injected voltage amplitude is adjusted according to the operating conditions. The required
amplitude voltage is used while considering noise. The full compensation for the effects is not practical.

The cross-coupling factors in the dq-axes are the non-diagonal elements of the dg-axes voltage equa-
tion, and they are varied according to the rotor position and current according to finite element analysis
(FEA) and experimental results [75] [76] [77] [78] [79]. According to the FEA and experimental results,
the cross-coupling factors are non-linear parameters depending on current and position. Position estima-
tion errors based on the cross-coupling factors were analyzed and compensated using reference tables
made by the previous FEA to the target motor. These compensation methods improved the position esti-
mation accuracy and the control performance. However, since utilized values are static information, the
noise, the error, and the dynamical characteristics of input parameters to the reference tables or functions
deteriorate the compensation performance. Online position estimation and error compensation methods
without reference tables have also been proposed. By using the neural point voltage of stator windings,
the effects of the inductance variation were compensated [82]. Considering the inductance variation in
the voltage equation reduced the vibration during rotation [81] [80]. However, these methods did not
include and estimate cross-coupling factors in the dg-axes inductance. Cross-coupling factors in the

dg-axes inductance affect not only position estimation error but also current control and output torque
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in position-sensorless control systems. To compensate for these effects, estimation of cross-coupling
factors is essential. Therefore, online estimation and compensation methods of the rotor position and the

cross-coupling factors without reference tables have been desired.
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1.6 Challenges of Hybrid Position/Force Control and Force Estimation in
the Workspace

In hybrid position/force control, force control is in the vertical direction of the contact surface, and
position control is in the horizontal direction of the contact surface as shown in Fig. 1-6 [83]. Therefore,
workspace control in Cartesian coordinates is suitable for hybrid control. Workspace hybrid control can
unite the reference values from position control and force control in the force or acceleration dimension
by an equivalent mass matrix [84]. The force reference values can be transformed into the torque refer-
ence of each motor. Therefore, although the kinematic transformation between the workspace and the
joint coordinate space cannot express the dynamics of the workspace, the dynamics can be considered
using the equivalent mass matrix. An equivalent mass matrix design method using an oblique coordinate
for hybrid control considering the cross-coupling effects between the position control axes and the force
control axes has been proposed [85]. An equivalent mass matrix for 4ch-bilateral control was shown
[86][87]. Although they were for bilateral control, the cross-coupling effects were discussed. These
approaches have improved the hybrid control performance and response at the impact timing. The suit-
able equivalent mass matrix for position control with DOB has also been proposed [88] [89]. However,
the performance of force control during tasks requires further improvement. For example, when hybrid
position/force control using an equivalent mass matrix based on the design values of a robot is applied
to rubbing motion, the robot sometimes behaves as if it is repelled from the contact object and cannot
keep contact with the object. The behavior occurs even if the force command is constant. The main
cause of the behavior is the cross-coupling effects between the position and force control axes. Delay in
following acceleration commands and the friction between the end-effector and the contact target work
as a disturbance in position control axes. Those disturbances are cycled between the position and force
control axes through the equivalent mass matrix. Since disturbances directly affect the reaction force in
force control axes without dumping effects, the performance of the force control axes can be deteriorated
by the disturbances in position control axes. Therefore, the suitable equivalent mass matrix for hybrid
position/force control for contact motion differs from the matrix for position control systems without
contact. Suitable equivalent mass matrices that consider hybrid control with contact are required.

Force estimation methods can be divided into those that estimate force from displacement and stiffness
at contact and those that estimate force by observers based on dynamics [90] [91] [92] [93]. The former

methods are effective when the contact position, the contact object, and the robot’s stiffness are known.
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Robot
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Object

Force Control

Fig. 1-6: Motion of hybrid control in rubbing motion.

However, feedback information from estimation methods using models without considering non-linear
characteristics and uncertainty would worsen the responses when the modeling error is significant. In
addition, many adjustable parameters and the algorithm’s complexity have made algorithms hard to use.
The latter methods are effective when the contact object and the contact point are uncertain. Reaction
force observer (RFOB) or reaction torque observer (RTOB) based on disturbance observer (DOB) can re-
alize robust force-sensorless control. These algorithms utilize force/torque command, velocity response,
the cut-off frequency of the filter, and inertia or mass information to estimate the external force/torque.
The estimated force/torque and disturbances have been utilized for force-sensorless control [86] [94] [95]
[96]. It has also been shown that force control using estimated force/torque can provide a wider band-
width of force control than force sensors [97] [98]. The stability and performance of force-sensorless
control with DOB depend on the inertia or mass utilized in the controller. The performance of position
control methods of MDOF robots with DOB and force control methods of 1DOF systems with DOB has
been researched [99] [100] [101]. However, the discussion on the effect of the equivalent mass matrix
during contact motion, including rubbing motion, was insufficient. Therefore, the equivalent mass matrix

design method for hybrid control considering contact motion is required.
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1.7 Challenges of MDOF Position-and-Force-Sensorless Control

Position-and-force-sensorless (PFSL) control has been researched. Although the observer can simul-
taneously estimate position and force, the observer was based on the model of the back EMF [102]. The
force control performance at low speed was not discussed. Since PFSL robots are required in low-speed
operations, position and force should be estimated in low-speed operations, including zero-speed. Some
methods, which can be used for low-speed operations, used a special equipment configuration [103]
[104]. Therefore, PFSL control systems are required to realize low-speed operation and be with general
equipment.

An estimation configuration with position estimation by high-frequency voltage injection and force
estimation by RFOB/RTOB can be one of the methods assumed to be practical. The concept can be
shown in Fig. 1-7. This estimation configuration allows separate processing of the position estimation
and force estimation. Since this configuration is not based on the back EMF, the force can be estimated
even at zero speed. However, since PFSL robots do not have position sensors, the velocity response in
RFOB/RTOB of PFSL robots is derived from the estimated position. When estimated position values
have errors, vibrations, and phase delay, they affect the estimated values by RFOB/RTOB. The cut-off
frequency of RFOB/RTOB should be adjusted by considering the position estimation bandwidth. The
estimation bandwidth of RFOB/RTOB is lower than the position estimation bandwidth. Therefore, the
phase delay of the position estimation method should be reduced.

Furthermore, synchronizing each joint motion is essential to realize accurate workspace control of
MDOF PFESL robots. The inaccuracy of the estimated position disturbs the synchronization and the ac-
curate workspace motion. When the joints’ motion cannot synchronize, the error is the disturbance of
position control axes. Cross-coupling effects from position control axes to force control axes deteriorate
the force control axes’ performance in hybrid position/force control. The low position estimation accu-
racy makes PFESL robots difficult to realize smooth motion. A PESL robot for the experiment could not
work by the conventional position estimation method and equivalent mass matrices with design values.
The torque reference was diverged when the command was changed. Therefore, reducing the position
estimation errors, vibrations, and cross-coupling effects between position and force control axes is re-

quired.
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Fig. 1-7: Configuration overview of position and force estimation.
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1.8 Motivation and Contribution

The purpose of the study is the realization of position-and-force-sensorless (PFSL) robots for future
applications. The estimated position has errors, vibrations, and phase delay as described in Section 1.5.
These characteristics are not appropriate for applications requiring precise positioning. Position sen-
sors’ resolution is higher than current sensors. The phase delay of the position detection by position
sensors is smaller than the position estimation. The differences in positioning performance with and
without position sensors are from the hardware and cannot be changed by the compensation with esti-
mation algorithms However, the desired characteristics in applications requiring force control functions
differ from those for precise positioning. The reaction force/torque can be more important than the in-
stantaneous position-tracking error during contact motion, including rubbing motion. Therefore, PFSL
control systems can be applied to applications requiring contact motion and rubbing motion by force
control functions. They are expected to be used not only for simple conventional assembly, polishing,
and cleaning work but also for applications that have been foregone due to cost-effectiveness. However,
the performance of the position estimation has not achieved the desired level. Furthermore, unintended
vibration preventing keeping contact with contact targets has occurred during rubbing motion in MDOF
hybrid position/force control systems with equivalent mass matrices as described in Section 1.6. One
of the reasons for the vibration is cross-coupling effects from position control axes to force control axes
by equivalent mass matrices. In PFSL control systems, the errors and vibrations of the estimated posi-
tion cause vibrations in position control axes. The reduction of the cross-coupling effects from position
control axes to force control axes by equivalent mass matrices is essential.

The performance of position-sensorless control systems is fundamental for PFSL robots, and the cross-
coupling effects between position and force control axes should be reduced in PFSL robots. Therefore,
the first research step is on position-sensorless control, and the second is MDOF force-sensorless control.
Combining these researches achieves the third research step on the PFSL control, as shown in Fig. 1-8.

The proposed position-sensorless control and position estimation improve position-sensorless control
systems, which can be implemented on general equipment. The position estimation accuracy improve-
ment reduces the adverse effects. The output of RFOB/RTOB in the proposed position-sensorless control
systems can be used for the feedback information of the force control. However, the estimation errors
and vibrations remain. The MDOF force-sensorless control with the equivalent mass matrices from the

proposed design method decreases the vibration by cross-coupling effects from position control axes to
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Fig. 1-8: Research steps to realize PFSL robots.

force control axes. The effects of the disturbances in position control axes by the position estimation
errors and vibrations can also be reduced in force control axes by the proposed design method in PFSL
hybrid position/force control. As a result, PFSL control systems for admittance control, 4ch-bilateral
control, and hybrid position/force control for rubbing motion are realized.

The implementation of the processing on general equipment requires a short processing time. In
particular, the period of current control and position estimation is short. Therefore, approximations to
reduce the processing time are used when the performance or characteristics are similar.

The detail of each proposal is described below.
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1.8.1 Position-Sensorless Control and Position Estimation

This dissertation presents the estimation of position and cross-coupling factors and position-sensorless
control systems using these estimated values. Furthermore, this dissertation introduces a modeling
method of the electrical coordinate system of IPMSMs that considers the dg-axes cross-coupling fac-
tors to study their implications as physical phenomena. The proposed algorithm is based on the voltage
equation, including dg-axes cross-coupling factors. The cross-coupling factors vary with the motor rota-
tion. The proposed position estimation method utilizes a d-axis high-frequency voltage injection method.
In high-frequency voltage injection methods of position estimation, injected voltage is on the estimated
d-axis, and the cross-coupling factors and position estimation error vary with the electrical angle at which
the voltage is injected. This loop causes the inductance of the control target to vary at a high frequency
even if the motor does not rotate. Therefore, the cross-coupling factors can be considered to have low-
frequency components and high-frequency components. Estimation for both components improves the
accuracy of the estimated position.

Position estimation methods based on magnetic saliency are generally used from the zero-speed to
around 10Hz of the electrical rotational frequency. The analytical results of cross-coupling factors
showed a variation in the frequency of 6 times the rotation of the electrical angle. Therefore, the band-
width for the compensation of low-frequency components is desired to be around 60 Hz. The variations
in high-frequency components relate to the estimation period. Therefore, the bandwidth for compensat-
ing high-frequency components is desired to be over half or a quarter of the injection frequency.

In addition, the estimated cross-coupling factors are utilized in the model of the current controller to
derive voltage command from torque reference. Since the inductance variation is non-linear, sliding-
mode control (SMC) and voltage disturbance observer (VDOB) are utilized to derive voltage command
from the current command. A conventional model of the relationship between torque and current also
does not have cross-coupling factors. The voltage equation considering cross-coupling factors can derive
the relationship, including the cross-coupling factors’ effect. The current command in the proposed
controller is derived from the torque constant and the estimated cross-coupling factors.

Experiments on the proposed position-sensorless control system confirmed the proposed method’s

validity, the response’s vibration, and the torque-velocity characteristics.
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1.8.2 Force-Sensorless Hybrid Position/Force Control

This dissertation presents a decoupled rubbing motion by force-sensorless hybrid position/force con-
trol with equivalent mass matrices switching. Cross-coupling effects from position control axes to force
control axes by equivalent mass matrices in the controller, WOB, and RFOB/RTOB were clarified. A
design method of equivalent mass matrices according to the expected velocity of force control axes was
devised. When the expected velocity of force control axes is zero, the motion is assumed to be in con-
tact with hard objects. In contact motion, force control performance is more important than position
control performance. In order to reduce the cross-coupling effects from position control axes to force
control axes, the cross-coupling terms between position control axes and force control axes in equivalent
mass matrices are designed to be zero for the controller and workspace observer (WOB). On the other
hand, when the velocity of force control axes is not zero, the motion is assumed to be free motion. In
non-contact motion, the modeling error should be small to ensure that the response is as designed by
the controller gains. According to consideration based on equations, an equivalent mass matrix whose
cross-coupling elements between control axes are partially zero elements is applicable in free motion
without contact. The derived matrix has a similar position control performance, and the calculation cost
can be smaller than that of the equivalent mass matrix whose elements are derived by design values of
mechanisms because of the larger number of zeros in the matrix elements. Furthermore, the coordinate
transformation is also characteristic. The coordinate transformation in the acceleration dimension is used
in the workspace force estimation. The estimated torque by RTOB in each joint is transformed into the
workspace force through the acceleration dimension in the workspace. This transformation extracts the
cross-coupling effects by the equivalent mass matrix as a proportional relationship. In addition, the co-
ordinate transformation from the workspace acceleration reference to the torque reference in the joint
coordinate space uses an equivalent mass matrix and the transposed matrix of the Jacobian matrix. They
enable the design of the nominal equivalent mass matrix to realize the desired control characteristics.

Experiments with a 4DOF parallel link manipulator confirmed the validity of the proposed method.
The proposed method reduced the vibration of the force control axis during the rubbing motion because
of the reduction of cross-coupling effects from position control axes to force control axes by the distur-

bance applied to the position control axes.
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1.8.3 Position-and-Force-Sensorless Control

This dissertation presents the PFSL control methods, including hybrid position/force control for rub-
bing motion. RFOB/RTOB using estimated position is introduced. The proposed position-sensorless
control system reduced the noise in the estimated reaction force/torque. According to the experimental
results, the estimated position and force could be used for admittance control and 4ch-bilateral control.
Flexible operation depending on the external force and remote operation were realized. In addition, the
performance of the rubbing motion with a 4DOF parallel link manipulator was also confirmed. Although
position estimation errors became the disturbance of the position control axes. the proposed decoupling
method reduced the vibration of force control axes caused by the cross-coupling effects from the position

control axes’ disturbance. The proposed PFSL control system realized keeping contact with objects.
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1.9 Organization of Dissertation

This dissertation is organized into 8 Chapters. The rest of this dissertation is organized into seven
chapters, as shown in Fig. 1-9.

In Chapter 2, the fundamental of position-sensorless control used in this dissertation is described In
section 2.1, the modeling of an IPMSM is explained. In section 2.2, a general current controller is
introduced. In section 2.3, a position estimation method using high-frequency voltage injection on the
d-axis is explained.

In Chapter 3, the fundamental of force-sensorless control and robots used in this dissertation is de-
scribed. In section 3.1, DOB and RFOB/RTOB are explained. In section 3.2, the modeling of the robot
utilized in experiments is explained. In section 3.3, the equivalent mass matrix for the utilized robot is
explained.

Chapter 4, discusses challenges to be solved in the position-and-force-sensorless (PFSL) control.

In Chapter 5, a development method of position-sensorless control is discussed. In Section 5.1, the
cross-coupling factors of IPMSMs are introduced. Section 5.2 explains the proposed estimation method
of position and cross-coupling factors based on the voltage equation considering the cross-coupling fac-
tors. Section 5.3 describes the proposed current control method with the estimated cross-coupling factors
in high-frequency bandwidth. Section 5.4 shows the experimental results of the position-sensorless sys-
tem with and without considering the cross-coupling factors. Section 5.5 explains the proposed error
compensation method for the position estimation and the estimation method of cross-coupling factors in
wide-frequency bandwidth. Section 5.6 introduces the proposed current control method with the esti-
mated cross-coupling factors in wide-frequency bandwidth. Section 5.7 shows the experimental results
to explain the validity of the proposed position-sensorless control system. This chapter is summarized in
Section 5.8.

In Chapter 6, multi-degree-of-freedom (MDOF) force-sensorless hybrid position/force control sys-
tems and the design method of equivalent mass matrices in the systems are discussed. In Section 6.1,
MDOF force-sensorless workspace hybrid position/force control systems are introduced. In Section 6.2,
the effects of the utilized equivalent mass matrix are revealed with equations. In Section 6.3, the proposed
equivalent mass matrices for the hybrid control system are introduced. In Section 6.4, the experimental
systems and results to confirm the validity of the proposed design method are shown. This chapter is

concluded in Section 6.5.
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In Chapter 7, the proposed position-and-force-sensorless (PFSL) control is discussed. In Section 7.1,
DOB using estimated position is explained. In Section 7.2, the proposed PFSL admittance control system
is explained. In Section 7.3, the experimental systems and results to confirm the validity of the proposed
PFSL admittance control method are shown. In Section 7.4, the proposed PFSL bilateral control system
is explained. In Section 7.5, the experimental systems and results to confirm the validity of the proposed
PEFSL bilateral control method are shown. In Section 7.6, the proposed PFSL hybrid position/force
control system is explained. In Section 7.7, the experimental systems and results to confirm the validity of
the proposed hybrid position/force control method are shown. This chapter is summarized in Section 7.8.

This dissertation is concluded in Chapter 8.

This dissertation uses expressions with continuous-time systems and discrete-time systems. The ex-
pressions with continuous-time systems show the model and physical meaning. The expressions with
discrete-time systems reveal utilized values in processing timing. Especially, position-sensorless control
systems estimate position and cross-coupling factors extracted by high-frequency voltage, which varies

in each processing timing of the estimation.
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Nomenclature
Abbreviations
AC Alternate current
Al Artificial intelligence
ASIC Application-specific integrated circuits
DC Direct current
DOF Degree-of-freedom
DOB Disturbance observer
EMF Electromotive force
FEA Finite element analysis
FFT Fast Fourier transform
FOC Field-oriented control
FPGA Field-programmable gate arrays
F/T Force/torque
HPF High-pass filter
M Induction motor
LPF Low-pass filter

INFORM Indirect Flux detection On-line Reactance Measurement
IPMSM Interior permanent magnet synchronous motor
MDOF Multi-degree-of-freedom

MTPA Maximum torque-per-ampere

PI Proportional-integrated

PID Proportional-integrated-derivative
PMSM Permanent magnet synchronous motor
PWM Pulse width modulation

RFOB Reaction force observer

RM Reluctance motor

RTOB Reaction torque observer

SMC Sliding-mode control

SPMSM  Surface permanent magnet synchronous motor
SVPWM  Space vector pulse width modulation

SynRM Synchronous reluctance motor

VDOB Voltage disturbance observer

WOB Workspace disturbance observer

Variables
g Gain
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Current

Timing of sampling
Link length

Timing of sampling
Laplace operator
Time

?“%3N:’TN'

&

Sampling period
Voltage

Mass

Replacement variable
Replacement variable
Replacement variable
Replacement variable
Force

Gain

Inertia

Jacobian matrix

=)
Q
Q

Inductance
Mass matrix

Pole pairs
Resistance
1 Selection matrix
me Sliding surface of SMC
me Lyapunov function for SMC

Integral gain

Position

Replacement variable
Attenuation coefficient
Angle

Singular value

Torque

Magnetic flux

Angular frequency

SES VTSN NS ENSNSQT QRS S
Y

Flux linkage from the permanent magnets

Superscripts
O° Value in motion controller
Oemd Value of command
Oeemp Value with compensation
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Odis
Qe
Oert
Off
O fric
O
Ohigh
o™
Omt
Olpf
Olow
Ore f
Ores
Or fob
Ortob
Osen
Ovdob
Ovis
Owide
Owob

Oa
Ocom
Oad
Qa1
Oadz2
Ous
Qs
Qudif
or
Oe
OE’nC

Ory
Ofp
Oy
On
O:s

Value of disturbance

Value of error

Value of external force/torque

Value of decoupling control

Value of coulomb friction

Value of gravity

Value of compensation in high-frequency bandwidth
Value of injected signal

Value of internal interference

Value of low-pass filter

Value for compensation in low-frequency bandwidth
Value of reference

Value of response

Value of RFOB

Value of RTOB

Value for detected values by sensors

Value of VDOB

Value of viscous friction

Value for compensation in wide-frequency bandwidth
Value of WOB

Subscript
Value of mean
Value of common mode
Value of d-axis
Value in the 1st element in a matrix for the d-axis
Value in the 2nd element in a matrix for the d-axis
Value in the 3rd element in a matrix for the d-axis
Value in the 4th element in a matrix for the d-axis
Value of differential mode
Cross-coupling factors on the dg-axes
Value for electrical system
Derived value with position sensors
Value of force control
Equivalent mass from X ftoFy
Cross-coupling effects from X fto Fp
Center of gravity
High-frequency components
Value of current control
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O
Om
Ormain
On

Opp
Oprs
Oq
Ogq
Oq2
Oq3
Og4
Oud
Or
Oremo
Os
Osme
Ou
Ouw
Ow
Ovel
Ovw
Ow
Owu
Oz
Oy
Oa
Op
Oas
Or
Or
Oz
Os
Oa
Ou
Onr
Oz
O2r

Value of left side

Value of ripple amplitude

Value of “main” system

Nominal parameter

Value of position control

Equivalent mass from X p to F,

Cross-coupling effects from X p to Fy

Value of g-axis

Value in a 1st element in a matrix for the gq-axis
Value in a 2nd element in a matrix for the g-axis
Value in a 3rd element in a matrix for the g-axis
Value in a 4th element in a matrix for the q-axis
Cross-Coupling Factors on dg-axes

Value of Right side

Value of “remote” system

Value of ripple amplitude

Value for sliding mode control

Value of U-axis

Mutual inductance value between U-axis and V-axis
Value of V-axis

Value of velocity control

Mutual inductance value between V-axis and W-axis
Value of W-axis

Mutual inductance value between W-axis and U-axis
Value of x-axis

Value of y-axis

Value of a-axis

Value of 3-axis

Cross-coupling effects in the o/3-axis

Value for inductance

Link, joint, or element number

Link, joint, or element number

Link, joint, or element number

Link, joint, or element number

Value of motor named 11

Value of motor named 1r

Value of motor named 21

Value of motor named 2r
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> > O

Symbols
Time derivative
Time derivative by first-order backward finite difference
Minimal change of the variables
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Chapter 2

Fundamental of Position-Sensorless
Control

In this chapter, the fundamental of position-sensorless control is described. In section 2.1, the model-
ing of an IPMSM is explained. In section 2.2, a general current controller is introduced. In section 2.3,

a position estimation method using high-frequency voltage injection on the d-axis is explained.
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2.1 Modeling of IPMSM

This section describes a basic model of IPMSMs for discussing the fundamental position estimation
method and current control. Permanent magnets of IPMSMs are embedded in the iron core of the rotor.
As a result, IPMSMs can generate magnet torque and reluctance torque. Magnet torque is generated by
the attraction and repulsion between the magnetomotive force by the permanent magnet and the mag-
netomotive force by the stator’s armature reaction. Reluctance torque is generated by the attraction and
repulsion between the magnetomotive force from the rotor’s magnetic saliency and the stator’s armature
reaction. As a result, the inductance of IPMSMs varies depending on the rotor position. However, the

general voltage equation is derived with the following constraints and assumptions for simplicity.
e The target motor is a three-phase PMSM.
e The magnetomotive force distribution by permanent magnets in the rotor is sinusoidal.

e When a three-phase balanced sinusoidal voltage is applied, a sinusoidal current is generated, and

the magnetomotive force distribution by the stator’s armature reaction is sinusoidal.

In this dissertation, the electrical model of IPMSMs is discussed as a model with a pair of UV W-phases
and NS-poles. The model and coordinate of IPMSMs can be expressed by Fig. 2-1. The center circle
expresses the rotor. The red and blue block implemented in the center circle expresses the permanent
magnet. The gray part is the iron core. The outer part is the stator. The yellow lines express U-phase,
V-phase, and W-phase coils, counterclockwise from right. The rotor position in the electrical model is
described as 0., called the electrical angle. The reference position at 8. = 0 corresponds to the U-phase.

Since IPMSMs have embedded permanent magnets in the rotor’s iron core, the inductance for the sta-
tor varies with the electrical angle. Since the variation is caused by the positional relationship between
the stator phase and the rotor magnet, the variation cycle is two revolutions for a revolution of the elec-

trical angle. In addition, each phase interacts with the others magnetically. The voltage equation in the
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| U
" Rotor
Stator
Fig. 2-1: Model and coordinate of IPMSMs.
UVW phases can be expressed by equations from eq. (2.1) to eq. (2.4).
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The variables [v,, v, vw]T, [d4 iw]T, R, t,and ¥ are UVW phase voltage, UVW phase current, winding

resistance, time, and flux linkage from the permanent magnets, respectively. The variables L, and L,

represent the mean value and the ripple amplitude of the effective inductance in each phase.

The voltage and current of each phase in UVW phases can be considered vectors whose phase in

polar coordinate is shifted by 120 degrees. They can be defined as UVW-axes. The UVW-axes can

be transformed into the a3-axes, whose a-axis coincides with the U-axis. This transformation allows

three-phase AC voltage and current to be considered two-phase AC voltage and current. The voltage and

current in the «3-axes can be described as eq. (2.5) and eq. (2.6) by using transformation matrix T's_,o.

Va| g
vg V3
| _ 2
ig| V3

1

0

|
no
‘&N)Mﬂ

|
M‘%w\H

1T Tw] oy
Bl v =Ts2 v 2.5)
2 ] _’Uw_ _’Uw
NN [
Bl |iv| =Ts2 | (2.6)
2 | _Zw_ _Zw

The coefficient \/g is multiplied so that the transformation does not change the power. The inverse

transformation can be expressed by eq. (2.7) and eq. (2.8) by using transformation matrix T'o_,3.

by

iy

3

.

V3

5 [ZZ =T 3 ZZ] @.7)
V3

2]

0

V3 | [ia i

?f i =Ty 3 is (2.8)
3

-2 ]
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The voltage equation on the a3-axes can be derived as eq. (2.9), eq. (2.10) and eq. (2.11).

v i Ly Ly Ly _ i T Z
La] = T3 | RT23 ia + | Luw Ly Lyw <T2—>3 [ia +T953 ;])
s qu va Lw /B_ o
. . . sin (0e)
Lu  Luw Lua A
Luv Lv va T2~>3 [ia 06 4 St ¢ ?
qu va Lw ﬁ' sinl 8. — 41
e 3/
0 R 126} Lag Lﬁ ] Laﬁ L/B B COS(9e
L, 1 cos206, I
Lp | =5 |1 —cos2e [L“ (2.10)
Log 0 sin26, "
3
w— \/; ' 2.11)

Furthermore, the o3-axes can be transformed into the dq-axes, whose d-axis coincides with the N-pole
of the permanent magnet. The transformation is the rotation by the electrical angle 6. This transforma-
tion allows the AC system of IPMSMs to be considered the DC system. The voltage and current in the

dg-axes can be described as eq. (2.12) and eq. (2.13) by using transformation matrix R,z_q4.

Vg [ cos 0. sin (96_ _Ua- -va
= =R 2.12
[vq] —sinf, cosb.| |vg af—dq 215] ( )
. r 9 . 9 ] r . ] B .
H o T N B I Z_“] (2.13)
iq —sinf, cosb| |ig i3
The voltage equation on the dg-axes can be derived as eq. (2.14) and eq. (2.15).
Vd R 0_ -1 id La Lag - —1 id 1 id
= R R R + R X
[’Uq] af—dq ( 0 R_ af—dq [Zq Laﬁ L,B af—dq i afB—dq iq
La Lag 1 id . —sin 9@
+|. IR +0.v
Log Lg ] aB—dg ¢ cos 6,
0Ly | |i L i :
_ | B etq| |t a O fial g g (2.14)
0Ly R Iq 0 Lg| |ig 1
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Fig. 2-2: Coordinate transformation of IPMSMs.

Lg| 3|1 1
Lyl 2|1 -1

The coordinate transformation of IPMSMs can be expressed by Fig. 2-2.

La
Lm] (2.15)

The power in the dg-axes can be expressed as eq. (2.16).

= R (i3 +i2) + Laigia + Lqiqiq + 0c (Vig + (Lg — L) iaiq) (2.16)

The electrical power and the mechanical power are expressed by eq. (2.16). The energy input to the motor
is consumed by the electrical circuit and the motion. The term of ¥i, represents the magnet torque. The
term of (Lq — Lg) iqiq represents the reluctance torque. Therefore, when the number of pole pairs is

Pyiep, the output torque 7 of IPMSMs can be expressed by eq. (2.17).
T = Polep (Wig + (Lg — Lg) iqiq) (2.17)

The mechanical angle 6 of IPMSMs whose number of pole pairs is P, can be expressed as eq. (2.18).

1
Polep

o — 0. (2.18)

When the disturbance 7% is applied to the IPMSM, the equation of motion can be expressed as eq. (2.19).
JO =7 — 7% (2.19)

Therefore, the desired torque can be generated by appropriate current control.
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2.2 General Current Control

In recent years, inverters used in servo drive systems have been voltage-type inverters with current
sensors. The overview of motor drive systems is shown in Fig. 2-3. In order to apply the desired current
to IPMSMs, the appropriate voltage should be applied to IPMSMs. The desired voltage is applied to
IPMSMs by switching the six switching devices on and off. The example is shown in Fig. 2-4. The
voltage is applied to each phase by pulse width modulation (PWM), which generates a mean voltage
by means of high and low signals of rectangular pulses within carrier periods. PWM pulses are derived
by triangular wave comparison methods and space vector PWM (SVPWM) methods. Fig. 2-5 shows
the triangular wave comparison method, which is used in this dissertation. The switching devices are
switched on and off when the relationship between the magnitude of the voltage command and the
triangular wave is switched. The triangular wave is the carrier wave.

The desired voltage can be derived by current control. Generally, the dg-axes current response follows
the current command by a proportional-integral (PI) controller. The voltage equation shown in eq. (2.14)

can be rewritten as eq. (2.20) using the Laplace operator s.

Vq
Uq

The voltage equation eq. (2.20) expresses a model in which the electric circuit is orthogonal in the dg-

R+ sl 0
0 R+ 5L,

_iqu
tqLg+ ¥

iq

+ 56, (2.20)

q

axes and has cross-coupling effects depending on the velocity. Since the circuit model is first-order, the
current response can follow the response by a PI controller with the compensation of the cross-coupling
effects. The compensation method called decoupling control is often used. The whole structure of the
current control is shown in Fig. 2-6. The angular velocity 6’265 of the rotors can be derived by position
information detected by position sensors attached to IPMSMs. In the block diagram of Fig. 2-6, the
disturbance ng‘s and vfllis are applied to voltage. Examples of the disturbance are modeling errors and
voltage output errors. However, the disturbance component is assumed to be sufficiently small for the
discussion in this section. When the decoupling control can work ideally, the current control and the
motor model can be expressed by Fig. 2-7. The d-axis current control system and the g-axis current
control system are decoupled. Therefore, the control gains of each axis can be set independently to

achieve an arbitrary control bandwidth. The open loop transfer function of the block diagram of the
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i J |

Gate Signal Processor | Current Detection

Control Processor

Fig. 2-3: Connection of a voltage-type inverter and an IPMSM.

d-axis current control system can be written as eq. (2.21).

1 1
Gl
ires ‘l( +Ti7ds> (Lds+R>

ignd o 1 1
1 iall
roulte ) ()

The transfer function can be simplified by using pole-zero cancellation by using gains expressed in

(2.21)

eq. (2.23) and eq. (2.23). The gain g; corresponds to the cut-off frequency of the current controller.

Gia = giLa (2.22)
Lq

T, 4= =22 223

4= p (2.23)

The simplified transfer function can be expressed as eq. (2.24).

JTes

o G
i " st

(2.24)

Therefore, the frequency characteristic of the current controller can be similar to the first-order LPF.
When gains G; 4 and T; , are set as eq. (2.25) and eq. (2.26), respectively, the transfer function of the

g-axis current control system can also be expressed as eq. (2.27).

Gi,q = giLq (2.25)
L
Ty = -2 2.26
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(b) Pairs of switching

Fig. 2-4: Pairs of switching and applied voltage.

“TEes
e G

igmd 54 g;

(2.27)

The current control bandwidth can be adjusted by tuning g;. The values of resistance and inductance
can be obtained by catalogs or measurements as nominal values. The block diagram of IPMSMs from
dg-axes current commands to velocity response can be shown in Fig. 2-8. As described above, existing
systems cannot be ideal because of the variations and errors in motor parameters and delays caused by
digital control systems. However, when the control bandwidth can be high enough, the approximation of

the modeling is sufficient to drive motors as desired.
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Fig. 2-5: PWM by the triangular wave comparison method.
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Fig. 2-6: PI controller and decoupling controller for dq-axes current control.
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Fig. 2-7: Current control system with ideal decoupling control.
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Fig. 2-8: Block diagram from current commands to velocity response.
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2.3 Position Estimation with the d-axis High-Frequency Voltage Injection

This section describes a basic position estimation method using high-frequency voltage injection on
the d-axis for low-speed operation. In order to realize current control in the dg-axes, the rotor position in-
formation is essential for the coordinate transformation. When an IPMSM is equipped with an absolute-
type position sensor, the rotor position during rotation can be obtained from the sensor. However, the
rotor position has to be estimated in position-sensorless control systems. The position estimation meth-
ods in this dissertation utilize a position estimation method using a high-frequency voltage injection on
the d-axis. The frequency of the injected voltage is synchronized with a carrier wave, and it is sufficiently
higher than the rotational frequency of the electrical angle in the low-speed operation. When the electric
angle rotates one revolution with the high-frequency voltage injection on the d-axis, the amplitude of the
currents on the «-axis and the -axis change sinusoidally. The phase difference of the variation in the
amplitude of the currents is 90 degrees. Therefore, the rotor position can be estimated by the operation
of the inverse tangent using the extracted envelope of the high-frequency currents on the «-axis and -
axis. The overview of the voltage injection and current variation is shown in Fig. 2-9. The variable k
represents the estimation processing timing. The following equations can express this phenomenon.

The high-frequency components in the voltage equation of eq. (2.14) can be expressed as eq. (2.28)

since the components relating to inductance are dominant in the high-frequency components extracted

van| | Lap 0
Uq,h 0 Lgn

The coordinate transformation between dgq-axes and a3-axes can be written as eq. (2.29) from eq. (2.13)

by the high-frequency voltage.

[i‘”b] (2.28)

iq,h

and (2.28) in the low-speed operation.
boh cosf —sinbe| |ign d | sinf, —cosfe| |ian
iﬁ,h sinfe  cosfe iq,h “| cosh, —sinb, iqh
cosf. —sinb, id7 h
sinf, cosf, iq, h

1
LanLgn

cosf., —sinb,

sinf, cosf, 0  Lan| |vgn

Lan 0 ] [”‘“‘] (2.29)

The injected square-wave-type voltage whose amplitude is v"/ can be expressed as eq. (2.30). The
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ntrol | Prc 1 .. Carrier
Current Detectipn 7N

V]Emd

Fig. 2-9: Overview of the voltage injection and the current variation.

variable 7 is a natural number representing the estimation processing timing.

vanplkl|  |vnlK]
) - [

- v (k= 2n)
onlk] = { i (k=2n+1)

The frequency of the injected voltage is the same or half of the carrier frequency. The amplitude of
the injected voltage is adjusted by trial and error to extract enough current variation. As a guide, the
standard amplitude of the superimposed voltage is 20 to 40 % of the supply voltage. If the supply voltage
is considered to be 4141V, the amplitude may be approximately +28 V to 56 V. The «5-axes current
can be written as eq. (2.31) by using eq. (2.30).

ia,h N ; cosl, —sinf.| |Lgp 0O +pind

i,@,h - LgnLgp |sinf. cosf, 0 Lgp 0
B +o" | cos b, 231
"~ Lgp |siné, :
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Therefore, position 6. by the conventional method can be extracted by eq. (2.32).
0, ~ tan~! [ 20 (2.32)
La,h
The algorithm described above is implemented as a discrete-time system. The time derivative terms of
current can be approximately expressed by eq. (2.33). A denotes first-order backward finite difference,

and t; is the current sampling period for the estimation.

Goh Nigplk]| 1 lialk] —ialk —1]
i’fj’h

. =-—1. . (2.33)
Aigplk]]  tst [ig[k] —iglk — 1]
Since the high-frequency voltage switches between positive and negative at each half period of the injec-

~

tion, the sign of the time derivative values in eq. (2.33) for the estimation also switches between positive
and negative at each half period of the injection to extract the envelope of the high-frequency current.
The estimation process with the positive sign is described. The estimated position at estimation timing k

is obtained as eq. (2.34).
A Aigplk
05" [k] = tan~" (W[ ]> (2.34)

Since the frequency of the injected voltage is generally higher than the cut-off frequency of the electri-
cal characteristics of IPMSMs, the resistance variation does not deteriorate the estimation performance
significantly. For example, a simple electrical system expressed by eq. (2.35) was defined to compare the

high-frequency current responses by different resistance values in simulation.

v 1

U:LS-I—R

(2.35)

The nominal inductance and resistance values were 3.7 mH and 2.87 €2, respectively. The electrical time
constant was 1.29 ms, and the cut-off frequency was 123 Hz. The current responses to a 5.3 kHz voltage
pulse, whose amplitude was 40V, is shown in Fig. 2-10 when the resistance was varied by a factor of 5
or 0.2. The transient responses of the current variation immediately after the start of the voltage injection
were different. However, the difference in the amplitude of the current variation is small. There was little
difference in the current responses after 30ms depending on the resistance values. Therefore, the resis-
tance variation does not deteriorate the estimation performance significantly. Applications of position-
sensorless control systems are often required to be robust to temperature variation. Although temperature
variation causes resistance and magnetic characteristics variation, considering magnetic characteristics

variation is much more significant to improve the accuracy of position estimation.
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Since the current variation has noises from the current detection, the estimated position also have
noises. The high-frequency noise deteriorates the current control performance because the coordinate
transformation between the UVW-axes and dg-axes becomes inappropriate. Therefore, phase-lock-loop
(PLL) is often applied to the estimated position égfmv [k]. The LPF effect by the PLL causes a phase delay
of the estimated position. The cut-off frequency of the LPF function of the PLL is generally under 100Hz.
In addition, the estimation method ignores the nonlinearity of the magnetic flux variation, which causes
estimation errors and vibrations. The position estimation errors, vibrations, and phase delay deteriorate
the performance of the position-sensorless control.

The resolution of the estimated position depends on the current sensors’ resolution, the amplitude of
the current variation from the injected voltage, and the cut-off frequency of PLL. The resolution of the
current sensor corresponding to the high-frequency current variation is the resolution of the estimated
position ég"””[k]. Since the output value of the LPF is internalized of the input values, the resolution
improves with the lower cut-off frequency of the LPF. However, the lower cut-off frequency of the LPF
causes the phase delay, the adjustment by experiments or simulation is essential. As described in Sec-
tion 1.5, position estimation errors are caused by the characteristics of motors and inverters. Therefore,
the resolution and the accuracy of the estimated position depend on motors, inverters, and estimation
methods. Confirmation of these characteristics are required in practical use.

The conventional position-sensorless control system can be expressed as Fig. 2-11. The LPF with

sen

the cut-off frequency ¢g*" applied to the detected current removes the current variation by the voltage
injection. The motion controller often has an LPF for the torque reference to remove the noise and

vibration. The cut-off frequency is g; ¢ in this dissertation.
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Fig. 2-10: Comparison of high-frequency current responses by different resistance values.

inf is ydis ,dis
tv vgls Uy Uy
P IR B I
Q&md Motion Control 'Iref " Current Control cmd AN
Torque/Current Uy e
—_— P-PI control or — cemd PI Control and Inverter
= Conversion 1 cmd
PD control with DOB q Decoupling control Uy AN
—_—
res|ires| ;res|
i L 2
u v w Motor
uvw
- ”
dgq gsen
ap s+ gsen —8
jeony
86

Position Estimation

Fig. 2-11: Conventional position-sensorless control.

_47 -




Chapter 3

Fundamental of Force-Sensorless Control

In this chapter, the fundamental of force-sensorless control and the 4DOF robot used in this disserta-
tion is described. In section 3.1, DOB and RFOB/RTOB are explained. In section 3.2, the modeling of
the robot utilized in experiments is explained. In section 3.3, the equivalent mass matrix for the utilized

robot is explained.

_48 —



CHAPTER 3 FUNDAMENTAL OF FORCE-SENSORLESS CONTROL

3.1 Disturbance Observer and Reaction Force/Torque Observer

This section describes disturbance observer (DOB) for disturbance compensation and reaction force/torque
observer (RFOB/RTOB) to estimate reaction force/torque. In this dissertation, the difference between the
force control and the torque control is only the motion direction. The assumed robots have rotational mo-
tors and linear motion in the workspace. Therefore, RTOB is utilized for 1DOF rotational motion and
joint coordinate motion, and RFOB is used for the workspace motion.

DOB estimates disturbances applied to systems and adds the estimated values to the control inputs to
achieve a robust control system in the bandwidth under the cut-off frequency g4, in the algorithm.
Although “disturbances” is a generic term for components out of the modeling in control, external
force/torque is excluded. The external force/torque is the control target in the force/torque control based
on the law of action and reaction in this dissertation. In a motion controller, the estimated value is the
force/torque value. Mechanical disturbances include mechanical parameter errors, response delays, fric-
tional force, a backlash of the reducers, internal interference force, gravity force, and external force. The
estimated mechanical disturbances 79°° by DOB in 1DOF systems can be expressed as eq. (3.1). Oy
denotes the nominal values.

- dob g dob dob )
T :W<T+Jng 9) — Jng®’0 3.

dob jncludes disturbances and external torque. In linear motion systems, the inertia

The estimated torque 7
Jy, and the angular velocity 0, are replaced by the mass M,, and the velocity X . In a current controller,
the estimated value is the voltage value. Examples of electrical disturbances are electrical parameter
errors, response delays, and voltage output errors due to dead time and internal resistance of semicon-
ductors. DOB for electrical systems is called voltage disturbance observer (VDOB) to distinguish it from
DOB for mechanical systems. The estimated electrical disturbances 939

eq. (3.2) and eq. (3.3).

and ﬁ};d(’b can be expressed by

vdob

~ g . . .

0 = i (00 L™ i~ Buia) ~ Lang" i (32)
aob _ 9" ema  p  wioh; g [ qvdob

'Ug ° m (’Ug —+ q,ngv © Zq an) q,ngv o Zq (33)

Block diagrams of DOB for a motion controller and VDOB for a current controller are shown in Fig. 3-1

and Fig. 3-2, respectively. The block diagram for motion control assumes that the control bandwidth of
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Fig. 3-2: VDOB for a current controller.

the current control system is sufficiently high, and the current control system is omitted from the block
diagram.

RFOB/RTOB is a method to estimate external force/torque from mechanical force/torque applied to
control systems. In this dissertation, since the external force/torque is the control target of force/torque
control, the external force/torque is distinguished from the other mechanical disturbances. The compo-
dis vis

nents of mechanical disturbances 7%*° can be expressed by eq. (3.4). Variables rint perr fric rvis

79 are internal interference torque, unintended torque caused by the modeling error, coulomb friction
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torque, viscous friction torque, and torque caused by the gravity, respectively.
Tdis — Tint 47T 7_fm'c + Tvis + 79 (3.4)

The purpose of force/torque control is to generate the desired external force/torque. Generating the
desired external force/torque is synonymous with controlling the reaction force/torque from the law of
action and reaction. RFOB/RTOB estimates only external force/torque by modeling components other
than external force/torque and removing them from the estimated torque by DOB. The estimated external

torque can be expressed as eq. (3.5).

7A_Tt0b — %ezt

rtob

= % (7_ + Jngrtobé _ 7A_int _gerr _ ,7A_f7“ic _ 7:1)1’5 _ 7:9) _ JnthObé (3.5)
sT4g

The estimated external torque is inaccurately estimated due to disturbance modeling errors. In particular,
accurate modeling of coulomb friction and viscous friction is difficult. Although it is possible to obtain
the friction force/torque by preliminary tests using starting torque and constant speed operation, it is
difficult to obtain the model of the friction force/torque accurately at all times because it varies with
temperature, humidity, and wear. Therefore, the friction in systems with RFOB/RTOB should be smaller.
The block diagram of RTOB is shown in Fig. 3-3. Force-sensorless force control can be realized using

the estimated external force/torque as feedback information.
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3.2 Modeling of Robots Utilized in Experiments

This section describes the modeling of the robot utilized in experiments.

A direct-drive 4DOF manipulator was utilized in experiments. The robot has a parallel mechanism
comprised of two-link parallel manipulators and two additional links connected by free joints. The
robot’s model and coordinate are shown in Fig. 3-4. The two-link manipulators are in the XY plane.
The Z coordinate reference is the tip of the two two-link manipulators. The gravity is applied in the
-Z direction. The two-link parallel manipulators are symmetrically placed, and two additional links
and free-rotating joints connect the tip of the manipulators with bearings. The free-rotating joints at
(X,,Y,) and (X;, Y;) have two degrees of freedom. Therefore, the motion at (X,,Y;) and (X;,Y;) can
be designed independently. The end-effector is at the connecting point of the additional links. The robot
has bearings in the rotating joints. The links of the robot are lightweight. These characteristics reduce
the frictional and gravitational disturbances of the robot.

The kinematics and dynamics of the robot are introduced. The coordinates (X, Y;.) and (X;,Y;) are

expressed by eq. (3.6) and eq. (3.7), respectively.

Xr|  |licosbi, —lysinbo, +1 3.6)
Y,| | lysinfy, + lycos by, ’
X _ - co's 01 + lysinfy — 1 37)
Y, {1 sin 07 + l4 cos Oy

The end-effector has 4DOF: X, Y, Z, and ®. The workspace position is defined as eq. (3.8). X-axis
motion and Y-axis motion can be expressed by X, + X; and Y, + Y}, respectively. Z-axis motion and
®-axis motion are substituted by X, — X; and Y, — Y}, respectively.

[ Xaif X, — X
X = Xcom o 1 X+ Xl
Yair 21Y.-Y

[ Yeom Y, +Y

1, (cos 01, + cos0y;) — Iy (sin O, 4 sin fy;) + 21
l1 (cos b, — cos ;) — Iy (sin fa, — sin by;)

= 3.8
l1 (sin @1, — sin6y;) + 14 (cos Oa, — cos Oy;) (3-:8)
l1 (sin 61, + sin 0y;) + 14 (cos B2, + cos by)
Joint angles 6y,, 02, 61; and 6o are expressed by eq. (3.9).
T
0= 61 6 61 6 (3.9)
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Fig. 3-4: Model of the 4DOF manipulator.

The relation between X and 6 is described as eq. (3.10). The equation eq. (3.10) is derived by the time

derivative of eq. (3.8). The matrix J 4, is the Jacobian matrix.

ll _élr sin 917« — 91[ sin 91[ — l4 éQT COS 927« + 921 COS 921
l1 —91r sin 6y, + 911 sinfy; ) — Iy 92r cos Oy, — ézl cos Oy

1 éhn cos 01, — éll cosfq) +14 —ézr sin 0o, + 921 sin 0y

Iy (61y cos 01, + 015 cos b1y ) + Ly ( —0ay sin Oa, — 0oy sin Oy

[~y sinfy, —lisinfy —lycosby. —lycosOy] [61r

| =lisin6y,  lysinfy  —lycosby  lycosBy 911
N l1cosbi, —lycosby; —lysinfy,. 1ysin by égr
| 11 cos Oy, l1cosbBy;  —lysinfy,. —lysinfy 925
= Jacob (3.10)

The relation between joint torque 7 and workspace force F' is expressed as eq. (3.11) by virtual work

principle.
Tir Fx,dif
F,
T = i = JacoT meom = JacoTF (3.11)
T2r Fy,dif
T21 Fy,com

The dynamics can be derived by the Lagrange equation of motion. Since the rotation of the additional

links is smooth by the bearings and the links are lightweight, the dynamics of the robot can be considered
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as consisting of the dynamics of two independent parallel two-link manipulators. In this modeling, the
mass point of each link is at the center of the link and that of the additional links is at the tip of the two-
link manipulator. The distance between the center of gravity of each link and the joint is indicated by a
subscript (4. The robot’s inertia matrix J is expressed by equations from eq. (3.12) to eq. (3.16). The
main moment of inertia of each axis is expressed as Ji, 17, Jor,2r, J11,11, and Jo; 2;. The cross-coupling
component of the moment of inertia of each axis is expressed as Ji,2,, Jor 1r, J11,21, and Jo; 1;. The
variables Jy g4, Jo2 4, J3 4, and Jy 4 are the moment of inertia of each link.

Jlr,lr J1r727’ 0 0
<]2r,17" J2r,2r 0 0

J= (3.12)

0 0  Juu Juxu

0 0  Juu Juxu
Jir1r = Juu = mllig + mglg,g + m4l% +Jig+ J3g (3.13)
Jiror = Jorir = (Malily,g — mslals g) sin (61, — 62y) (3.14)
Jia = Jau = (malils,g — mslals g) sin (01, — 02) (3.15)
Joror = Joyo1 = mzl;g + mglg + m4lig +Jog+ Jayg (3.16)

The motion equation is expressed as eq. (3.17).

JO = 7 — pdis _ peat (3.17)

When the disturbance and external force/torque is zero or the motion is in the steady state, eq. (3.18) can

be derived.

JO=7=Jgeo  F (3.18)
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3.3 Equivalent Mass Matrix

This section describes the equivalent mass matrix. The equivalent mass matrix consists of the Jacobian
matrix and the inertia matrix. Equivalent mass matrices can unite the reference values from workspace

position and force control in the force dimension. The time derivative of eq. (3.10) derives eq. (3.19).
X = Jacob + Jacob (3.19)

The motion of force control during contact with hard objects is low-speed, and the robot’s position and
posture do not change significantly. Therefore, the fluctuation of the Jacobian matrix can be considered as

negligible. When the fluctuation of the Jacobian matrix is small, eq. (3.19) can be rewritten as eq. (3.20).
X = Jaeob (3.20)

The relationship between the workspace position X and the workspace force F' can be expressed by

eq. (3.21) from eq. (3.18) and eq. (3.20).

X = Jacoé
= Jacod T
= Ja,coJ_lJacoTF (321)

Therefore, the equivalent mass matrix M can be defined as eq. (3.22).
M_l = JacoJ_ljacoT (322)

The equivalent mass matrix M expresses the mass of the workspace motion. Therefore, DOB and RFOB
can be used in the workspace by X, F', and M. The workspace DOB is called WOB.

A workspace hybrid position/force control system using equivalent mass matrices is shown in Fig. 3-5.
The gains G, (s) and Gy represent position controller gains and force controller gains. The position and
force controller derive acceleration reference values. The selection matrix S; extracts the acceleration
reference values for the position and force control axes and derives acceleration reference values s2Xref
for the workspace. The acceleration reference values are changed to the force reference values F"ef
with an equivalent mass matrix. When the equivalent mass matrix has nominal values, the derived
values are with the subscript (),,. The force reference values are transformed into the torque reference

values 77¢f for motors by using Jueo . The motor output, external force, and disturbance change
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Fig. 3-5: A workspace controller with the equivalent mass matrix.

motors’ position responses 8”7¢°. Robots’ position responses are generally obtained by the position
sensors attached to motors. Workspace position responses and workspace velocity responses are obtained
by using coordinate transformation. WOB using the force reference values, equivalent mass matrix, and
workspace velocity responses, estimates the workspace disturbances and external force and adjusts the
output. RFOB estimates the external force in the workspace, and the estimated values are used as the

feedback values of force control.
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Chapter 4

Challenges of
Position-and-Force-Sensorless Control

This chapter discusses the challenges of realizing position-and-force-sensorless (PFSL) control sys-
tems. Problems in general position-sensorless control systems are the position estimation accuracy and
robustness. The estimated position has errors, vibrations, and phase delay. These characteristics are
not appropriate for applications requiring precise positioning. However, the desired characteristics in
applications requiring force control functions are different from them. The reaction force/torque can be
more important than the instantaneous position-tracking error during contact motion, including rubbing
motion. Therefore, PFSL control systems can be applied to applications with contact motion and rubbing
motion.

A PFSL control system with the conventional methods can be expressed as Fig. 4-1. The issues in
the PFSL control system are explained. In MDOF PFSL control systems, the workspace position re-
sponses and the equivalent mass matrices are derived from the joint coordinate space position responses,
which are estimated values. The synchronization of each joint motion is essential to realize accurate
workspace control. Therefore, the inaccuracy of the estimated position disturbs the synchronization and
the accurate workspace motion. In addition, the estimated position is utilized by RFOB/RTOB in PFSL
control systems. Since the estimated force/torque by RFOB/RTOB is the feedback information in force-
sensorless control systems, the control performance is deteriorated by the position estimation inaccuracy.
Furthermore, the phase delay of the estimated position decreases the control bandwidth of PFSL control

systems. Since the bandwidth of the disturbance suppression by integral control or DOB (WOB) is low,
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Fig. 4-1: Block diagram of a PFSL hybrid control system with conventional methods.

the control robustness is low.

To confirm the adverse effects described above, the motion by the PFSL hybrid position/force control
was confirmed with the 4DOF manipulator in Section 3.2 with IPMSMs. The utilized PFSL hybrid con-
troller used the conventional position estimation method described in Chapter 2 and the force-sensorless
control system in Chapter 3. The motion commands were approaching the force gauge near the end-
effector and making contact with the force gauge. However, the torque reference diverged, and the
manipulator motion went out of control when commands were varied. The system could not achieve the
expected motion. Therefore, PFSL control systems with conventional methods have insufficient perfor-
mance to achieve desired operations. To deal with the problems, this dissertation presents the proposed

methods in Chapters 5, 6, and 7.
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Chapter 5

Proposed Position-Sensorless Control
Considering Cross-Coupling Factors

This chapter discusses development methods for position-sensorless control. In Section 5.1, the cross-
coupling factors of IPMSMs are introduced. Section 5.2 explains the proposed estimation method of
position and cross-coupling factors based on the voltage equation considering the cross-coupling factors.
Section 5.3 describes the proposed current control method with the estimated cross-coupling factors in
high-frequency bandwidth. Section 5.4 shows the experimental results of the position-sensorless system
with and without considering the cross-coupling factors in high-frequency bandwidth. Section 5.5 ex-
plains the proposed error compensation method for the position estimation and the estimation method of
cross-coupling factors in wide-frequency bandwidth. Section 5.6 introduces the proposed current con-
trol method with the estimated cross-coupling factors in wide-frequency bandwidth. Section 5.7 shows
the experimental results to explain the validity of the proposed position-sensorless control system. This

chapter is summarized in Section 5.8. The electrical angles’ unit is expressed as “elec..”
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CROSS-COUPLING FACTORS

5.1 Cross-Coupling Factors of IPMSMs

This section explains the modeling of IPMSMs considering cross-coupling factors of inductance. The
basic modeling of IPMSMs is described in Section 2.1. In that model, electrical systems in the d-axis
and the g-axis are electrically independent other than the influence of velocity. However, according to
previous research, there are cross-coupling factors of inductance between the d-axis and g-axis. In this
dissertation, JIMAG-Designer was used for the FEA, and the 2D analysis was performed at 5 degrees of
electrical angle increments. The FEA results of an IPMSM are shown in Fig. 5-1. The values of the
injected current were 0 %, 50 %, 100 %, 150 %, and 200 % of the rated current. The inductance values
of Lq, Ly, Lgg, and Lyq were calculated as equations from eq. (5.1) to eq. (5.4). The inductance L4, and
Lgyq are called cross-coupling factors. The variable ¢,,,, denotes the flux of the permanent magnet, and

the symbol § denotes the minimal change of the variables.

(l*pd (Zd + 57;(17 iQ7 ¢mag) - lpd (ida iq7 d)mag))

Ly = 5 5.1
L, = (¥q (td, 1g + 5iqa¢mg§;3 — Wy (id; ig, Prmag)) (5.2)
Lay = (Y4 (ia, g + 5iq,¢mgzz — W4 (4a; igs Pmag)) (5.3)
B CAUER RATS Y URNES) 5

(hd

The FEA results in Fig. 5-1 show that the inductance values of Lg, Ly, L4, and Lyq vary with the electric
angle and current. According to the general modeling of IPMSMs, the terms of cross-coupling factors
Lgq and L4 are not derived from the transformation between UVW-axes and dg-axes. Therefore, the
distribution of the magnetic flux of actual IPMSMs differs from the general model. The distortion of the
magnetic flux vector can be assumed. Current controllers and position estimation algorithms, which are
calculated based on the orthogonality of the dg-axes, get modeling errors of the cross-coupling factors.

The position estimation error can be defined as eq. (5.5).

9" = g — 9, (5.5)
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Fig. 5-1: FEA results of the inductance of an IPMSM

Fig. 5-2: Proposed model of IPMSMs

In this dissertation, an IPMSM model considering the distortion of the magnetic flux vector is intro-
duced. The modeling is shown in Fig. 5-2. Additional points from the general IPMSM model are the
orange &Q—axes and the blue vector. The &Q—axes, which is the estimated dqg-axes in position-sensorless
systems, is rotated from «3-axes by the estimated position 6. Because of the integrated permanent mag-
nets, the magnetic flux density at the rotor surface varies with position. In addition, high-torque-density
motors often use concentrated winding coils. In the case of concentrated winding, the UVW phases are

spatially discrete. As a result, the direction of the magnetic flux between the rotor and stator varies with
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the rotor position and current. In this dissertation, the magnetic flux vector is called “the magnetic flux
vector in the motor” to separate from the magnetic flux vector by integrated permanent magnets called
“the magnetic flux vector in the rotor”. The direction of the magnetic flux vector in the motor does
not match that of the rotor. The blue vector expresses the magnetic vector shift by the distortion. The
magnetic vector distortion in the motor causes the position estimation error from the modeling error of
IPMSMs.

In section 2.1, the inductance in UVW-axes is expressed by (2.2) with the variables L, and L,,,
representing the mean value and the ripple amplitude of the effective inductance in each phase. In the
introduced model, the L, is considered to be the inductance derived from the magnetic flux vector in the
d-axis direction. The inductance L is introduced to express the inductance derived from the distortion
component of the magnetic flux vector shown by the blue vector. The voltage equation in UVW-axes can

be written as equations from eq. (5.6) to eq. (5.8).

(% zu Lu (Z.d7 iqa 98) Luv (idy Z.q7 98) qu (id7 iq7 06) 'Lu
Uy = R iy | + Luv (ida iqv 66) L’U (id7 iQ) 06) va (id’ iq7 He) Iy
Vw _iw L'wu (id, iqa 96) L'Uw (id) itp 96) L'w (ida iqa 06) 'L"w

Lu (idaiqaee) Luv (idaiqaee) qu (idaiqaee) iu

+ Lu”u (ida iqa 96) Lv (Z.dv iqy 96) va (ida iqy 93) 7;1;

qu (idaiquee) va (idaiqvee) Lw (id7iQ796) iw
sin (0. + 05™)

g |sin (0 + 0T - g 5.6
3 err 4
sin | 0, + 05" — 5
Ly, (ig,iq,0e) 1 cos(26.) sin(26.) L (ig,iq,0e)
Ly (ig,ig,0e) | = |1 cos(20cy) sin(20c1)| | Lm (34, 7q, 0e) (5.7)
Ly (i, g, 0e) 1 cos(20c—) sin(20c—)| | Ls (iq,iq,0e)
Ly (ig,iq,0e) ) —1 2cos(20.—) 2sin(20c_)| | Lq (id,1q,0¢)
Ly (ig,iq,0e) | = 5 —1 2cos(26.) 2sin(26,) Ly, (ig,1q,0e) (5.8)
Loy (id, g, 0¢) —1 2cos(20cy) 2sin(20c—)| | Ls (id,%q,0e)

The transformation from the UVW-axes to the dg-axes with 6. derives the dg-axes voltage equation
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shown in eq. (5.9) and (5.10).
vi| | R—0eLga(iarig,0e)  —0cLy (iaig, 0c)
Vq éeLd (ida iq7 96) R+ Qequ (ida Z.q> 98)

i

Ld (de if]’ ‘9@) qu (?d7 .iqu 06) Zd + ée w —sin (zg:r) (59)
Lqd (id:iq,0e)  Lq (ia,ig,0c) | |iq cos (05)
Ly (ig,iq,0e) ST 10 [ L (ig,ig,0e)
Ly (iarigs0e) | =5 |1 =1 0| | L (iasig, ) (5.10)
Lyq (ig,iq,0e) 0 0 -1 _Ls(id,iq,ee)

The cross-coupling factors are in the non-diagonal elements of the inductance matrix, representing the
relationship between voltage and current variation. According to (5.3) and (5.4), the cross-coupling fac-
tors are defined as Ly, and L,q, which are expressed as the same value in this modeling. The expression
is reasonable since the FEA results in Fig. 5-1 show that L4, and L,q were similar.

The motor’s power can be expressed as eq. (5.11). The main difference from eq. (2.16) is the term of

—Lqq (ia,iq, 0c) (i3 — i2).

[ d] . [,d] = R (25 + zg) + L (id,iq,0c) tdia + Lq (id, g, 0c) iqiq
+Lya (idyig, 0e) idiq + Lyd (ia,iq, 0e) igia
—i—ée (W?;q CcOos 9:” — Wiy sin QZTT + (Ld (id, iq, 96) — Lq (id, iq, He)) idiq

—Laa (ig,ig, 0c) (i3 — i7)) (5.11)
Therefore, the motor’s output torque can be expressed by eq. (5.12).

T = Py (Wiq cos 92” — Wigsin 9:” + (Ld (id, iq, 96) - Lq (id, iq, 98)) 1dlq

—Lya (iasiq, 0c) (i — 7)) (5.12)

The effect of the cross-coupling factors in the conventional control method, shown in Fig. 2-11, was
confirmed by two kinds of simulation. One used motors with different inductance characteristics as the
control target. The other used the two-link parallel manipulator in the 4DOF manipulator described in
Section 3.2 as the control target.

In the simulation with motors, the utilized motion control was P-PI control with RTOB. The position

command was a ramp signal. It was increased by 1% of the motor’s rated speed. External torque
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Table 5.1: Motor and controller parameters for simulation with motors to confirm the effect of the cross—
coupling factors.

Motor Parameters Values Control Parameters Values
Resistance R (Ohm) 1.4 d-axis Proportional Gain (H-rad/s) 23.42
d-axis Inductance L, (mH) 1.9 d-axis Integral Gain (s) 0.0013
g-axis Inductance L, (mH) 23 g-axis Proportional Gain (H-rad/s) 29.02
Torque constant (Nm/A) 0.544 g-axis Integral Gain (s) 0.0016
¥ (V/(elec. rad/s)) 0.109 Velocity Proportional Gain (rad/s) 125.6
Rotor inertia (kgm?) 0.486x10~% | Velocity Integral Gain (s) 0.0318
Viscosity friction coefficient 6.8x10-5 Position Proportional Gain (1/s) 20.94
(Nm/(mech. rad/s) (Mechanical)) Cut-off frequency of 5007
Rated Power (W) 400 LPF for torque reference (rad/s)

Rated velocity (mech. rad/s) 314.2 Cut-off f{equency of 618.3
Rated torque (Nm) 1.27 PLL for 65°™" (rad/s)

Pole pairs 5 Cut-off frequency of DOB (rad/s)  62.8

was applied during the rotation. The control parameters in this simulation are expressed in Table 5.1.
Simulation results using two motor models were confirmed. One had fixed inductance parameters of Ly
and L, and the cross-coupling factors were ignored. The other had the variable inductance, including
cross-coupling factors, which were implemented by a parameter reference table. The simulation results
are shown in Fig. 5-3 and Fig. 5-4, respectively. Both figures show the position, the velocity, the torque
reference, and the external torque from the top. According to these results, responses by the simulation
using a motor model considering the cross-coupling factors had larger vibration.

In the simulation with the two-link parallel manipulator, the utilized motion control was P-PI control
in the workspace, and the coordinate transformation was based on the equivalent mass matrix with design
values. The manipulator model and the motion command in the simulation are shown in Fig. 5-5 and
Fig. 5-6, respectively. The characteristics of the two motors in the manipulator were the same in each
simulation. External torque was not applied. The control parameters in this simulation are expressed
in Table 5.2. Simulation results using four kinds of motor models were compared. The motors had
the cross-coupling factors’ values that were 1, 0.5, 0.25, and 0.125 times those obtained by FEA. The
simulation results are shown in Fig. 5-7 and Fig. 5-8. The larger the cross-coupling factors, the larger
the vibration in the workspace position responses and the larger the differences between responses and

estimated values. The position responses by “1 x L,;” and “0.5 x Lgq” did not converge at position
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Fig. 5-3: Simulation results with a motor model with fixed inductance.
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Fig. 5-4: Simulation results with a motor model with variable inductance based on FEA results.
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Table 5.2: Motor and controller parameters for simulation with the two-link manipulator to confirm the
effect of the cross-coupling factors

Motor Parameters Values Control Parameters Values
Resistance R (Ohm) 1.4 d-axis Proportional Gain (H-rad/s) 23.42
d-axis Inductance L, (mH) 1.9 d-axis Integral Gain (s) 0.0013
g-axis Inductance L, (mH) 2.3 g-axis Proportional Gain (H-rad/s) 29.02
Torque constant (Nm/A) 0.544 g-axis Integral Gain (s) 0.0016
¥ (V/(elec. rad/s)) 0.109 Velocity Proportional Gain (rad/s) 31.4
Rotor inertia (kgm?) 0.486x10~* | Velocity Integral Gain (s) 0.127
Viscosity friction coefficient 6.8510-5 Position Proportional Gain (1/s) 7.85
(Nm/(mech. rad/s) (Mechanical)) Cut-off frequency of 250.0
Rated Power (W) 400 LPF for torque reference (rad/s)

Rated velocity (mech. rad/s) 314.2 Cut-off f{equency of 314.1
Rated torque (Nm) 1.27 PLL for 65°™" (rad/s)

Pole pairs 5

I, =0.1(m)
my = 8.3 (g)

L, =0.1(m)
my; =54 (g)

I, = 0.05 (m)
my = 2.7 (8)

I3 = 0.1 (m)
m3 = 5.4 (g)

Fig. 5-5: Simulation model of the two-link parallel manipulator.
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(Xcmd.’ycmct) i (0_1’0.1) '\
T

(xemd, yomd) = (0.14,0.0)

Fig. 5-6: Motion command of the two-link manipulator in the simulation.

command even at 3s. These undesired responses can be considered the reason for the divergence of
the torque reference in the experiment described in Chapter 4. Since actual motors have the cross-
coupling factors in the dq-axes inductance, vibration reduction by considering the cross-coupling factors
is required. It is desirable to reduce the adverse effects of cross-coupling factors to the level where a
response of “0.25 X Lyq” can be obtained. The maximum estimation errors of the electrical position in
each joint are shown in Table 5.3. According to Table 5.3, the maximum estimation errors were over
0.34 elec. rad without compensation. When the maximum estimation error is lower than 0.06 elec. rad,
the workspace position responses converged. The target value for estimation error reduction is 0.06 elec.

rad or less.
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Fig. 5-7: Comparison among workspace position responses depending on the cross-coupling factors in

the simulation of the two-link manipulator.
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Fig. 5-8: Comparison among electrical position responses depending on the cross-coupling factors in the

simulation of the two-link manipulator.

Table 5.3: Comparison among the maximum estimated errors in the simulation of the two-link manipu-

lator.

“1 X qu”

“0.5 X Lgq”

“0.25 X Lyq”

“0.125 X Lyg”

Joint 1
Joint 2

0.34 (elec. rad)
0.38 (elec. rad)

0.15 (elec. rad)
0.24 (elec. rad)

0.06 (elec. rad)
0.07 (elec. rad)

0.03 (elec. rad)
0.04 (elec. rad)
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5.2 Proposed Estimation Method of Position and High-Frequency Cross-
Coupling Factors

This section explains the proposed estimation method of position and cross-coupling factors based on
the voltage equation considering the cross-coupling factors. The proposed estimation method is based
on the method described in section 2.3.

The frequency of the injected voltage is synchronized with a carrier wave, and it is sufficiently higher
than the rotational frequency of the electrical angle in the low-speed operation. Furthermore, the am-
plitude of the injected voltage is constant. The high-frequency components in the voltage equation of
eq. (5.9) can be expressed as eq. (5.13) since the components relating to current variation are dominant

in the bandwidth around the frequency of the injected voltage.

vanh| _ | Lan (iayiq,0c)  Ladn (idig, 0e) idn (5.13)
Uq,h qu,h (id, iq, 06) Lq,h (idv ig, 96) ith_
The inductance matrix in eq. (5.13) is defined as eq. (5.14).
L . . 9 L . . 9 T
Lh (id, iq, 06) — d,h (Z.d7 Zf]) 6) qd,h (?d??Q’ 6) (5.14)
qu,h (Zda lq, 96) Lq,h (2d7 1q, 96) ]

The relationship between the time derivative terms of current on a3-axis and dg-axes can be written as

eq. (5.15) since the velocity is low in the assumed operation.

imh costl, —sinf, idﬁ d | sinf, —cosfe| |ian
A - . B e . .
i8,h sinf, cosf. ig,h cosfle  —sinbe | |ign

costl, —sinb, id7 h

sinf, cosf. i'q’h

costl, —sinb, 1, . Vd,h

— . Lh (Zdv an 06)
sinf, cosf, Vg,h

B 1 cosf, —sinb,
~det (Lp, (ig,iq,0c)) |sinf.  cosf,

Lgn (id,iq,0c)  —Lgan (id,1q,0e)| |van (5.15)
—Lgan (id,iq,0c)  Lan (id,iq.0e) | |Vgn

Since the injected high-frequency voltage is on the estimated d-axis, the voltage is expressed as eq. (5.16).

[vd,h[k:]] _ [Uh [K] cos 92”"] (5.16)

vg,n (K] vp[k] sin O™

o Vinj (k = Qn)
vplk] = { vy (k=2n+1)
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The time derivative terms of current on the a3-axes by the injected voltage are expressed by equations

from eq. (5.17) to eq. (5.22).

ia,h N 1 cosf, —sinb, ‘
i@h det (Lp (id,1q,0c)) |sinfe  cosfe
quh (id7 iqa 06) _qu,h (ida iq7 He)

—Lgan (id,ig:0e)  Lap (id,iq, 0e)

+v"" cos 65"
0™ gin 9"
cos 0" — ¢ (iq, iq, 0c) sin 05"

— Ay (ig,i0,0
1 (id, ig, Be) [ —c (g, g, 0c) cos 05" + 7 (ig, ig,0c) sin O

¢ (ig,iq,0¢) cos 05" — v (ig, iq,0c) SN O™ cos 6,
cos 05" — ¢ (ig,1q,0c) sin 6" sin 6,

1
= Ap (iq,1q,0¢) ¢ (id,iq,0c) cos 05" — 7 (ig, ig,0.) sin O

cos 0" — ¢ (iq, iq, Oc) sin G5

cos 6?@]

cos 0" — ¢ (iq, iq, Oc) sin G5

¢ (ig,iq,0c) cos 05" — v (iq, iq,0¢)sin O™
sin 6,

1

= BL (id7iQ798)

1 Cr (i4,iq,0c) | |cosO
—Cp, (ig,iq,0e) 1 sin 0,

o cosf, sinb,
== BL (Zd7ZQ79€) [

1
CL (id7 iqa 06)]

sinf, —cosé,

o Lqan (iq,iq, 0c)
c(ig,iq,0e) = 22— =2
(d 1 6) Lq,h (ldazqaee)
o Lap (ia,iq,0e)
id, g, 0e) = —————=
7 (g, 0c) Lgn (ig, i, 0e)

ivinj
Lq’h (id, ’iq, 96) det (Lh (id, iq, (9@))

AL (id, iqv 06) =

By, (i4,1q,0e) = Ap (ig,ig,0e) (cosO" — esinf™)
+0" (cos 05" — ¢ (ig,iq, 0 ) sin OCT)
Lth (id, iq, 06) det (Lh (’id, iq, 96))

c(id,iq,0e) cos 05" — v (iq,iq,0¢)sin O™

CL (ida iq; 06) =

cos 0" — ¢ (iq, iq, Oc) sin 05"

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

(5.22)
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The variable « corresponds to the inverse of the saliency ratio, with values ranging from 0.5 to 1 for most
IPMSMs. The relationship between the time differential terms of current on o3-axes and the electrical

angle can be rewritten as eq. (5.23).

1
" By (iayig,0e) (C? (iayig, 0e) + 1)

sin 6,

[cos 0.

1 _CL (ida iqu 06)] [ia,h

. (5.23)
Cr (ig,iq, 0c) 1 Zﬁﬁ]

The position 6, can be derived as eq. (5.24) by the additive theorem for the inverse tangent.

0., = tan~l e be
c cos 0,

" Cr (igyig, 0¢) tan +ign
lah — CL (id, iq, 06) 18,k

Q

o ig.n
CL (Zd77'q7 06) + 677
= tan~! Z?"h
. 18,h
1- CL (Zd7 g, ‘96) './87
la,h
= tan~! (Z“> +tan™ (C, (ig, iq, 0e)) (5.24)
ta,h

The first term on the right side is the value derived by conventional position estimation. The second
term shows the estimation error in the conventional position estimation method. Since estimation error

is defined as eq. (5.5), eq. (5.25) can be obtained.
tan~! (Cr) = —0<" (5.25)

The equations eq. (5.22) and eq. (5.25) can derive eq. (5.26).

c(id,iq,0e) cos 05" — 7y (iq, iq,0c) sin 6™

—tan " = 5.26
e cos 0" — ¢ (ig4,1q,0c) sin 65" (5:26)
The position estimation error can be derived as eq. (5.27).
_ 2Lgd,n (id; ig, Oe)
0" — Z tan 1 < S qa, )P A (5.27)
© 2 Lan (idyig,0c) — Lqn (ids iq, 0c)

Therefore, the conventional estimated position has the estimation error shown in eq. (5.27).

The instantaneous variation of the inductance is ignored in the estimation algorithm. However, the
high-frequency voltage injection methods cause the high-frequency variation of the estimated position
and the cross-coupling factors. When the estimated position varies, the estimated d-axis, on which the

high-frequency voltage is injected, also varies. Since the cross-coupling factors relate to the magnetic
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flux vector distortion, the variation of the voltage injection angle causes the cross-coupling factors varia-
tion. As shown in eq. (5.27), the variation of the cross-coupling factors and the position estimation error
are related. Therefore, the position estimation error variation and cross-coupling factors are circulated.
As a result, the cross-coupling factors can be varied in each voltage injection timing, and the variation is
in high-frequency bandwidth. Even if the rotor position is fixed, the circulation occurs, and the estimated
position gets vibration. In addition, cross-coupling factors are not zero in the steady state. Therefore, the
cross-coupling factors variation are in wide-frequency bandwidth.

The algorithm described above is implemented as discrete-time systems. The relationship shown in

eq. (5.17) can be rewritten as equations from eq. (5.28) to eq. (5.30) in discrete-time systems.

Aignlk]| Bulk] 1 Crlk]| |cosb[k]
Nigplk]| TP =] 1 | |sin6e[k]
B cosB.[k]  sinf.[k] 1
= Bkl 0.]k] —cosO[k]| |CL[K] (5:25)
cosOc[k]| _ 1 1 —Crlk]| |Aignlk] (5.29)
sinfc[k]| ~ Bplk] (C3[k] +1) |CLlk] 1 Aig p[k] '
L | 1 |cosOclk] sinO[k] | |Aignlk] (5.30)
Crlk]| ~ BLlk] |sin@c[k] —cos@e[k]| |Aigylk] '
The estimated position 6, [k| and C [k] can be obtained by eq. (5.31) and eq. (5.32), respectively.
~ -1 Aib’,h[k] -1

Ay psinbe[k] — Aig p, cos O [k]
- Aig p cos O [k] + Aig p, sin 0, [k]

CL[K] (5.32)

However, since 6.[k|, which is required to derive C'[k], still has not been estimated in this process-
ing timing in discrete-time systems, the latest estimated position 0, [k — 1] at this processing timing is
substituted into 0. [k] in eq. (5.32), as shown in eq. (5.33).

Crlk] = Nig k] sinGe[k — 1] — Aig k] cos B[k — 1]
O N nlF) o8 o[k — 1] + Mg p[K] sin o[k — 1]

(5.33)

By substituting eq. (5.33) to eq. (5.31) and using an additional gain gy, the estimated position can be
obtained as eq. (5.34). The gain g;, adjusts the effect of using the previous value 0, [k — 1] ineq. (5.33).

0c[k] = tan™" (%) + gptan™? (C’L[k]) (5.34)
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The variable C, [k] can be expressed as eq. (5.35) from eq. (5.33) by the additive theorem for the inverse

tangent.
A - 1 [ Aigplk]
1 = —1]= 1 20BRIM]
tan™ " Cp[k] = 0.[k — 1] — tan <Aia,h[l€]> (5.35)
The estimated position 6, [k] can be rewritten as eq. (5.36).
~ 1 [ Aigplk] N
K] =(1 - L e[k —1 :

Therefore, the gain g, works as the cut-off frequency of a 1st-order LPF in the position estimation. In
addition, eq. (5.35) can be also rewritten as eq. (5.37).
o A [ Qg plk]
tan ! (C k ) = gptan”! ( k—1 ) tan ™! | — 2
an k] gn tan Ll ]) + tan Ao [F]

1 Aigplk — 1]

The gain g, works as the cut-off frequency of a 1st-order HPF in the (', estimation. Therefore, the
estimation method can compensate for the high-frequency variation of the estimated position. However,
the position estimation error in the low-frequency bandwidth caused by the cross-coupling factors cannot
be compensated only by the algorithm.

Since cross-coupling factors Lgq p, is in the variable c, as shown in eq. (5.18), Lyq j, can be derived by
using eq. (5.18), eq. (5.22), and eq. (5.25). The variable c in discrete-time systems can be expressed as
c[k] shown in eq. (5.38).

o] = %@[k] (538)
By using nominal or actual values of L, obtained from catalogs or measurements, the cross-coupling

factors Lgq 1, in the high-frequency bandwidth can be estimated as eq. (5.39).

priohpg — L=kl b gy Ik 5.39
qd,h[] GATL LIk] Lgnlk] (5.39)

When reference tables or functions for variable values of L, ,, and L ,, from FEA results or experimental
results, the variable values can be applied to L, ,, and Ly, If the input values have few errors and
vibrations, the estimation accuracy can increase.

When the high-frequency voltage is approximated as being injected on the actual d-axis, an assump-

tion 5" ~ 0 can be assumed in equations. Similar calculation derives the estimated position and
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cross-coupling factors, expressed as equations from eq. (5.40) to eq. (5.42).

f.[k] = tan™" (%) + tan~t (&[k]) (5.40)
) . Nig k] sin Ge[k — 1] — Aigp[k] cos Ok — 1]
¢lk] = CLlk] = — o (5.41)

LM [k] = ¢[k] Ly.n[K] (5.42)

The similarity of eq. (5.34) and eq. (5.40) indicates that the estimated positions are thef same. This
algorithm can obtain similar position estimation results with or without consideration of the axis on
which the high-frequency voltage is injected. This advantage is linked to the disadvantage of not being
able to compensate for the position estimation error in the low-frequency bandwidth. The estimated
cross-coupling factors of eq. (5.39) and eq. (5.42) are different. IPMSMs where the magnetic saliency
is Ly < Lg are generally used, and v < 1 can be assumed. The cross-coupling factors of general
IPMSMs are smaller than L,y and L,. The values of Cp[k] by eq. (5.33) and ¢[k] by eq. (5.41) are
sufficiently smaller than 1. Therefore, the estimated cross-coupling factors of eq. (5.42) are larger than
that of eq. (5.39). However, since the values have only high-frequency values and are smaller than L,
and L4, the difference in the effects on the control systems is small. The estimation processing time to
derive eq. (5.42) is shorter than that of eq. (5.39). Since the period of current control and estimation are
short, the processing time of them is required to be short. The estimation algorithm shown in equations
from eq. (5.40) to eq. (5.42) is adopted in this dissertation. The estimated cross-coupling factors can be
used in the current control based on the voltage equation considering cross-coupling factors.

The block diagram of the estimation method can be shown in Fig. 5-9. The difference in the viewpoint
of the estimation bandwidth can be shown in Fig. 5-10. The upper part in Fig. 5-10 shows the conven-
tional position estimation method and cross-coupling factors from reference tables. The lower part in
Fig. 5-10 shows the proposed position and cross-coupling factors estimation described in this section. In
conventional methods, cross-coupling factors are derived from reference tables whose input information
is the estimated position. Since the estimated position is through an LPF function, the derived cross-
coupling factors are in the low-frequency bandwidth. The cut-off frequency of the LPF is often smaller
than the frequencies of current control bandwidth, 6 times the electrical rotation, and the high-frequency

vibration caused by the relationship between the position estimation error and the cross-coupling factors.
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Fig. 5-10: Block diagram of the position and cross-coupling factors estimation

In addition, when the estimated position has errors or vibrations, the obtained cross-coupling factors
also get errors. The conventional method with reference tables cannot completely compensate for those
problems. On the other hand, the proposed method does not require reference tables and has inductance
models in high-frequency bandwidth. Since values in high-frequency bandwidth can be utilized in the
current control, the disturbances from the cross-coupling factors in high-frequency bandwidth can be
reduced. Although the low-frequency errors cannot be reduced, the errors cannot be reduced to zero,

even with the reference tables. Therefore, the proposed method is more practical because it can be used

without prior analysis or experiments.
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5.3 Proposed Current Control Considering Cross-Coupling Factors

This section explains the proposed current control method using the estimated position and cross-
coupling factors.

General current controllers use the PI controller and the decoupling control described in Section 2.2.
Although the control theory is based on fixed motor parameters, inductance varies with the rotor position
and current, as shown in Fig. 5-1. High integral control gains can compensate for the modeling errors up
to high bandwidth. However, position-sensorless control systems cannot have high integral control gains
because of position estimation errors and vibrations. Therefore, the responsiveness and robustness of
current control by PI control in position-sensorless systems are lower than those of systems with position
sensors. The compensation for the cross-coupling factors can be included as shown in Fig. 5-11. The

compensation value by the decoupling control can be expressed by eq. (5.43).

ff . . rhigh
v —igL StgL

Gl =s0| " 4| TR (5.43)
vy tqLgn + Yy SZqud,h

Although the vibrations from the cross-coupling factors in high-frequency bandwidth can be reduced, the
disturbances, such as parameters fluctuation in the bandwidth around the electrical rotation and current
control, are not compensated. In order to deal with the nonlinearity of motor parameters and position
estimation errors, a nonlinear control structure is proposed. The proposed control method uses a sliding-
mode current controller (SMC) and voltage disturbance observer (VDOB) based on the voltage equation
considering the cross-coupling factors in the dg-axes inductance.

The state-space representation of the voltage equation can be expressed by equations from eq. (5.44)

to eq. (5.49). The speed electromotive force terms are considered disturbances and included in D.

1= A (ig,iq,0) 1 + Be (id,iq,0c) v + De (5.44)
. T
i=|[iadt ia [igdt i) (5.45)
T
v= [vd vq] (5.46)
[0 1 0 0 |
0 — Lq (idviqvee)R 0 qu (id,iqaee)R
Acinit) = | det (L (()id,iq,He)) 0 det (L (z’ld,iq,Qe)) (5.47)
o Laaliaigb)R - La(iaig,0c) R
det (L (ig, iq, 02)) det (L (ig, ig, 0c))
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Fig. 5-11: Block diagram of the decoupling control with compensation for cross-coupling factors.

Ly (ig ig, fe)  Lgaliaig0e) 17
o - det (L (ig,iq,0e)) det (L (ig,iq,0e))
Be ('Ldv 1q, 96) - 0 qu (id; ZZ’ 06) Ld (id7 iq, 5@) (548)
det (L (idv iqv 96)) det (L (ida iqa 06))
L (igin 00 Log (isic. 6
L i,y 00) = | Pt 0e) B ot ) (5.49)

qu (id,iq,ee) Lq (idaiqaee)

As shown in Fig. 5-1, Ly and L, are larger than the cross-coupling factors, det (L) cannot be zero. The

error between the current command and response is defined as eq. (5.50).
e =14 —4omd (5.50)

The proposed SMC is expressed by equations from eq. (5.51) to eq. (5.58). Since the parameters fluc-
tuation of R, L4, and L, are considered disturbances and included in D,, nominal parameters are used
. Ahigh high : high high : . = high
in A9 and B9 . The matrices A2'9" and B9 have the estimated cross-coupling factors L gdoh -
Gains for SMC are p and K. The subscripts from (g1 to (g4 in p indicate the matrix element num-

ber to distinguish each other. The f is a saturation function to avoid the chattering from the signature

function in the basic sliding mode control.

oMk = — (p Bl K]) T pT A Ke[k] — (pTBMR k) T K f (pTek])  (551)

smec smc smec
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[0 1 0 0 ]
> high
_ Lq,n[k]Rn qu?h [k]Rn
Ahigh[L] — det (Ln[k]) det (Ln[k]) 550
s 1M 0 0 0 1 (-52)
# high
0 qu?h [k]Rn . Ld,n[k]Rn
i det (Ly[k]) det (Ly[k]) |
~ hi T
o Lonlt] - Lylk]
Bhigh(p] — detA(;gg% k]) det (Ln[k]) (5.53)
~ LganlH Lan K]
det (LK)~ det (LnlH])
: Lan[k] LMok
Lhigh(] = Ahi’gh[ I Lyan 5] (5.54)
Lyan (k] Lgnlk]
T
p= [pd pq} _ |Pd1 Pd2 Pd3 Pd4] (5.55)
Pg1 Pq2 DPg3 Pg4
K
Kx— |Ka O (5.56)
0 K,
T T T 5
f(p elk]) = {sat (pa*elk]) sat (pq e[k])] (5.57)
1 (z>1)
sat (z) = x (-1<z<1) (5.58)
-1 (x<-1)
The voltage equation on the SMC can be expressed by eq. (5.59) from eq. (5.44) and eq. (5.51).
e = Aligte Bligto™ s Dligt
— Dl p " (o Abighe + 5" Bzt o)
= Dhish _p"TK f(pTe) (5.59)

In the sliding surface Sgme, €q. (5.60) can be expressed. The integral terms are transformed to Laplace

operator s.

Seme(e) = pTe

%pcu ed + Pdzeqd + %pd3eq + Paseq
%pqled + pg2eq + %pqi’)eq + Pga€q

I
S g

(5.60)
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From eq. (5.60), eq. (5.61) can be derived.

((Paspq1 — Pa1Pg3) + (PaaPg2 — Pa2Pgs) °

eq
+ (pazpqg2 + PdaPg1 — Pd2Pg3 — Pd1Pg4) S) [e ] =0 (5.61)
q

The natural frequency wg,,. and the attenuation coefficient (s, can be written as eq. (5.62) and eq. (5.63).

Wame = Pd3Pq1 — Pd1Pq3 (5.62)
PdaPq2 — Pd2Pq4

_ Pd3Dq2 F DdaPql — Pd2Pq3 — Pd1Dg4

Come = (5.63)
2Weme (pd4pq2 - pd2pq4)

Gains in p can be designed to set desired wgp,c and Cgme.
When Lyapunov function Vg, is defined as eq. (5.64), the time derivative term of Vg, can be

expressed by eq. (5.65).

1
Vome (€) = 5 Ssme’ (€) Ssme (€) (5.64)
Vime = (597 ,oSume + 55T, 8
smec  — 9 smesme 9P smesme
a8
_ ST smc
smec 86
— ST T ( Ahighe | Bhighgemd | Dhigh)
= ST (p"DMah _ K f(Sgme)) (5.65)

When K and K, are enough larger than disturbances, Vsmc can be negative definite function. The
system can be stable with large K, and K, by suppressing disturbances. However, too large gains
cannot make the control systems stable in actual systems. Therefore, VDOB is also applied to the
proposed current control. The electrical models of SMC and VDOB are the same.

VDOB modifies the voltage command calculated by SMC. VDOB compensates for the disturbances,
including parameter variations. under the bandwidth of the cut-off frequency. The block diagram of the
proposed VDOB is shown in Fig. 5-12. The differences from the disturbance observer shown in Fig. 3-
2 are the estimated cross-coupling factors. When the model-based resistance compensation is applied
to each voltage in the UVW-axes after the compensation by VDOB, VDOB can remove the resistance

terms.

—81-



CHAPTER 5 PROPOSED POSITION-SENSORLESS CONTROL CONSIDERING
CROSS-COUPLING FACTORS

semd cmd

g Va
— D, L 4
+
SMC +
- ~
semd vcmd 17 *
Lq T q +
high res
Laan ta
1es
g
jres
q jres
a
svdob
Va

VDOB

Fig. 5-12: Block diagram of proposed voltage disturbance observer with cross-coupling factors in the
high-frequency bandwidth.
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5.4 Experiments to Confirm the Validity of Considering Cross-Coupling
Factors

This section shows the experimental results to confirm the methods in Section 5.2 and Section 5.3.

5.4.1 Setup and Parameters for Experiments to Confirm the Validity of the Cross-Coupling
Factors

The responses from four control systems in Table 5.4 were compared. The decoupling control includes
the compensation terms of cross-coupling factors, as shown in Fig. 5-11.

The block diagrams for the experiments are shown in Fig. 5-13 and Fig. 5-14. Fig. 5-13 was for “PI I”
and “PI II.” Fig. 5-14 was for “SMC I’ and “SMC IL.” The LPF with the cut-off frequency g°*" removed
the current variation and noises caused by the voltage injection. The bandwidth of the LPF with ¢ is
enough higher than the current control bandwidth.

The experiments focused on estimation error, vibration during position control, and torque-velocity
characteristics. The electric and mechanical angles units are expressed differently as “elec.” and “mech.”.

The experimental systems are shown in Fig. 5-15. These motors and controllers were made by
YASKAWA Electric Corporation. The motors were SGM7J-04A7A61 and SGM7A-04AFA61. SGM7J-
04A7A61 was the test motor, and SGM7A-04AFA61 was the load motor. Their shafts were connected
by a coupling. Although each motor had position sensors, the information was for the actual response
confirmation and the control of the load motor. The feedback position information in the test motor
control was the estimated position. The current control systems, including position and cross-coupling
factors estimation shown in the yellow parts in Fig. 5-13 and Fig. 5-14, were implemented on the func-
tional test board. The motion controller MP3300 had the motion control function shown in the blue parts
in Fig. 5-13 and Fig. 5-14. The motion controller MP3300 also collected the command and responses of
the motors. The motion control was P-PI-type position control or PI-type velocity control. An LPF was
applied to the torque reference, which is the output of the position or velocity controller. The oscillo-
scope collects the U-phase current data. The load motor was driven by the normal function of the servo
amplifier and the motion controller MP3300. The test motor was driven by the control methods for the
evaluation.

The Laplace operator “s” were implemented on the controller as a first-order backward difference

to save memory and reduce processing time. The time derivative methods for the velocity depend on
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Table 5.4: Main different points of confirmed four control methods.

Methods Name Current Control g (Cut-off frequency) zflmd
PI1 PI control and 0.8 (424Hz) 1 %
Decoupling Control
PIII PI control and 0.8 (424Hz) 5%
Decoupling Control
SMC I SMC and 0 1%
VDOB
SMC II (Proposed) SMC and 0.5 (1698 Hz) 1%
VDOB

q
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- cind
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. . . Conversion 4 :
Decoupling Control including ires ies
Cross-coupling Factors f‘;@&'l lié&* w
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Fig. 5-13: Block diagram of the control system with PI current controller for experiments to confirm the

validity of considering cross-coupling factors.

the controller. The velocity response of Fig. 5-13 was derived by a first-order backward difference of

the estimated position in the motion controller since a PI-type phase-lock-loop (PLL) for the position

estimation reduced the high-frequency noise. On the other hand, The velocity response of Fig. 5-14 was

derived by a pseudo derivative of the estimated position in the motion controller. The pseudo derivative

was implemented on the motion controller. Since the position estimation bandwidth setting of Fig. 5-14

was higher than that of Fig. 5-13, noise reduction was required.

The nominal parameters of the test motor are shown in Table 5.5. Control parameters, including

sampling periods, are shown in Table 5.6 and Table 5.7
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Fig. 5-14: Block diagram of the control system with SMC for experiments to confirm the validity of

considering cross-coupling factors.
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Fig. 5-15: System configuration for experiments to confirm the validity of considering cross-coupling

factors.

The control parameters were adjusted by trial and error to prevent significant vibration in a steady
state. The sampling periods of the motion control were adjusted to reduce vibration while checking the

response. SMC Gains p were adjusted to make wg, and (g 133 Hz and 1, respectively. SMC Gains
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Table 5.5: Nominal parameters of the test motor in experiments to confirm the validity of considering

cross-coupling factors.

Parameter Value

R (Ohm) 1.4

Ly (mH) 1.9

Ly (mH) 2.3
Torque constant (Nm/A) 0.544

¥ ( V/(elec. rad/s) ) 0.109
Rotor inertia (kgm?) 0.486x10~*
Viscosity friction coe.fﬁc1ent 6.8x10-5
(Nm/(rad/s) (Mechanical))

Rated Power (W) 400

Rated velocity (mech. rad/s) 314.2
Rated torque (Nm) 1.27

Pole pairs 5

K4 and K, were decided by trial and error from the small values. The bandwidth of the PI controller and

the cut-off frequency of VDOB were adjusted to be similar, and values were larger than the electrical

velocity in the low-speed operation, under 20 % rated speed (50 Hz). Although the motion control gains

and a sampling period of “PI I’ and “PI II” were lower than those of “SMC I” and “SMC II,” the

adjustment was based on the same policy to prevent significant vibration.

— 86 —



CHAPTER 5 PROPOSED POSITION-SENSORLESS CONTROL CONSIDERING
CROSS-COUPLING FACTORS

Table 5.6: Control parameters for “PII” and “PI II”.

Parameter “PIT’,“PIII”
Sampling Period (Motion) (us) 2000
Sampling Period (Current) (s) 94
Position Proportional Gain (1/s) 2
Velocity Proportional Gain (rad/s) 32
Velocity Integral Gain (s) 0.02
Cut-off frequency of Torque Filter (rad/s) 250
Cut-off frequency of Pseudo differentiation (rad/s) -

Gain in Position Estimation 0.8 (2666 rad/s)
d-axis Proportional Gain (H-rad/s) 1.91
d-axis Integral Gain (ms) 1.3
g-axis Proportional Gain (H-rad/s) 2.31
g-axis Integral Gain (ms) 1.6
Cut-off frequency gsen(rad/s) 10667
PLL Cut-off frequency (rad/s) 144

Table 5.7: Control parameters for “SMC I”” and “SMC II”.

Parameter “SMC I” “SMC II”
Sampling Period (Motion) (us) 125 125
Sampling Period (Current) (us) 94 94
Position Proportional Gain (1/s) 32 32
Velocity Proportional Gain (rad/s) 94 94
Velocity Integral Gain (s) 0.003 0.003
Cut-off frequency of Torque Filter (rad/s) 250 250
Cut-off frequency of Pseudo differentiation (rad/s) 1600 1600

Gain in Position Estimation 0.0 0.5 (10667 rad/s)

1333 14 27 0.0025

SMC Gains pT
27 0.0025 1333 1.8

SMC Gains K4,K, 21 21
VDOB gain ¢°" (rad/s) 1099 1099
Cut-off frequency gsen(rad/s) 10667 10667
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5.4.2 Results of Position Estimation Error

The error between the estimated and detected positions by the position sensors attached to the motors
was compared. The data of the estimated and detected position were acquired at 4 elec. degrees each and
30elec. degrees each. Position control was performed for 0.6 s at each angle. The sampling period of
the data logging was 1 ms. The compared methods were “SMC I”” and “SMC II” to reveal the difference
from considering the cross-coupling factors. The mean values of estimation errors at each electrical
angle are shown in Fig. 5-16. The variance of the estimation errors at each electrical angle is shown in
Fig. 5-17. The red points are “SMC I” results, and the blue are “SMC II” results. As shown in Fig. 5-16
and Fig. 5-17, the maximum mean value of “SMC II” was larger than that of “SMC I,” However, since
the relationship between the magnitude of the error depends on the electric angle, it cannot be concluded
that one was more valid than the other. On the other hand, the maximum variance value of “SMC II”
was smaller than that of “SMC 1.” When the estimation error variance was large, the estimated position
vibrated at the electrical angle. The fast Fourier transform (FFT) results of the estimated position at
60elec. degree and 108 elec. degree are shown in Fig. 5-18 and Fig. 5-19, respectively. As shown in
Fig. 5-18 and Fig. 5-19, the peak level of “SMC II” was smaller than that of “SMC 1.” The experimental
results show that the position estimation considering cross-coupling factors into account reduced the

vibration, although it cannot reduce the steady state estimation error, as shown in eq. (5.36).
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Fig. 5-16: The mean values of position estimation errors in experiments to confirm the validity of con-

sidering cross-coupling factors.
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Fig. 5-17: The variance of position estimation errors in experiments to confirm the validity of considering

cross-coupling factors.
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Fig. 5-18: FFT results of position estimation errors at 60 elec. degrees in experiments to confirm the

validity of considering cross-coupling factors.
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Fig. 5-19: FFT results of position estimation errors at 108 elec. degrees in experiments to confirm the

validity of considering cross-coupling factors.
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5.4.3 Results of Vibration during Position Control

The command tracking performance and the vibration during rotation were verified. The position
command was increased in constant until the target position 25.1 mech. rad. The increased value was
equivalent to 3.14 mech.rad/s, which is 1 % of the rated speed, and 2.5 Hz for the electrical rotation.
The compared methods were “PI I,” “SMC 1I,” and “SMC II” to reveal the differences depending on the
control methods and the proposed methods considering the cross-coupling factors. The experimental
results are shown in figures from Fig. 5-20 to Fig. 5-23

Fig. 5-20 shows the position command and position responses. All position responses followed the
command and achieved the target position.

Fig. 5-21 shows the velocity responses with a 2.5 Hz LPF applied. According to Fig. 5-21, the velocity
responses of “SMC I”” and “SMC II”” quickly rose. The responses of “SMC I”” and “SMC II"” were almost
similar. However, the rising time of “PI I was longer than those of “SMC I’ and “SMC II” as “PI I”” had
lower motion control gains. The peaks of the vibration in the steady state velocity between 2.5s and 8 s
were similar for the three methods,

The differences in the vibration can be confirmed in Fig. 5-22 and Fig. 5-23. These figures show
that the FFT results of the velocity response and the current response from 0.5 s to 2.5 s (2000 sampling
points). In Fig. 5-22, the peak level of “PI I’ were higher than those of “SMC I and “SMC II”” over
10Hz, which was over the control bandwidth of “PI 1.” The FFT results of “SMC I’ and “SMC II”” were
similar under the velocity control bandwidth. In addition, the peak level of “SMC I” and “SMC II”’
were smaller than that of “PI 1.” Therefore, velocity control performance can be improved by SMC and
VDOB. The peak level of “SMC I” was larger than that of “SMC II”” around 220Hz, over the current
control bandwidth. A similar difference over the current control bandwidth can be shown in Fig. 5-
23. “SMC II” had the estimated cross-coupling factors in the controller. Therefore, current control

performance can be improved by using the estimated cross-coupling factors.
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Fig. 5-20: Position command and response in experiments to confirm the validity of considering cross—

coupling factors.
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Fig. 5-21: Velocity response in experiments to confirm the validity of considering cross-coupling factors.
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Fig. 5-22: FFT results of the velocity response in experiments to confirm the validity of considering

cross-coupling factors.
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Fig. 5-23: FFT results of the U-axis current response in experiments to confirm the validity of considering
cross-coupling factors.
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5.4.4 Results of Torque-Velocity Characteristics

It was confirmed how much load torque the position-sensorless control system could operate with-
out stalling for each velocity command. The velocity commands were shifted by 6.28 mech. rad/s up to
62.8 mech rad/s, which was 20 % of the rated speed. The load torque applied by the load motor was grad-
ually increased for each velocity command. The maximum load torque was 1.27 Nm, which was 100 %
of the rated torque. The operation in each velocity command was stopped when the load motor rotated
the test motor or the error between the estimated and detected position was larger than 1 mech. rad. The
load torque values, which were at the stop timing, were measured. When the test motor could rotate
without stalling with the maximum load torque, the maximum load torque was recorded. The measured
or recorded values are shown in Fig. 5-24. According to Fig. 5-24, “SMC II”” could rotate at low-speed
without stalling under the load torque of nearly 100 % of the rated torque.

In “PI L,” the test motor did not start properly with the load motor. In “PI II,” the test motor was out
of control at low-speed under 31 mech. rad/s (10 % of the rated speed) with 0.2 Nm (15 % of the rated
torque), and it was out of control at 63 mech. rad/s(20 % of the rated torque). However, it was possible to
operate under a load torque of more than 1 Nm (90 % of the rated torque). Since the difference between
the “PI I and “PI II” were the d-axis current, one of the reasons for the “PI I” results was the disturbance
caused by output voltage error at low current.

In “SMC I” and “SMC II,” similar characteristics were confirmed. “SMC II” was more robust than

“SMC I1.” “SMC II” was able to operate more than 15 mech. rad/s under the load torque more than 1 Nm.
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Fig. 5-24: Torque-velocity characteristics in experiments to confirm the validity of considering cross—

coupling factors.
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5.4.5 Discussion of the Experimental Results of Methods Considering Cross-Coupling
Factors

“SMC II” had large mean values of estimated errors around 60 elec. degree and 300 elec. degree but
smaller variance over a wide range of electrical angles in Fig. 5-16 and Fig. 5-17. The maximum value
of the variance was less than one-third. Since the variance in “SMC I” exceeded 100 elec. degree?, the
instantaneous estimation error can be more than 10 elec. degree higher than the mean values. As shown
in Fig. 5-18 and Fig. 5-19, the frequency of position estimation vibration was over 10 Hz, which was
higher than the motion control bandwidth. The peak frequency was around 220 Hz, which was higher
than the current control bandwidth. The vibration was a disturbance for the controller, and the sensitivity
function effect cannot be ignored. Therefore, less variance in the estimated positions over a wide range
of electrical angles is desired to allow a more stable operation. The estimated positions in “SMC II”
had smaller estimation error variances and vibration by applying the model of the cross-coupling factors
in the estimation algorithm. In addition, “SMC II” had the LPF function, as shown in eq. (5.36). As
Table 5.7 shows, the cut-off frequency was 1698 Hz, which was much higher than that of generally used
PLL. Therefore, the estimated positions in “SMC II”” are more reliable than the conventional estimated
position because there is small variability and phase delay from the filter.

According to Fig. 5-22 and Fig. 5-23, the levels were large around 220 Hz. Since the cut-off frequency
of VDOB was 1099 rad/s (175 Hz), it was related to the sensitivity function of VDOB. When the con-
troller had no model on dg-axes cross-coupling factors, the cross-coupling effects from the other axis
were all disturbance for the controller. In “SMC II”’, SMC and VDOB had the estimated cross-coupling
factors, and the cross-coupling effects were compensated in the controller. On the other hand, “SMC
I”” did not have the cross-coupling factors and the cross-coupling effects were disturbances. As a result,
“SMC I”” got larger vibration than “SMC II”.

The higher robustness of “SMC II”” shown in Fig. 5-24 came from the above two advantages. Although
the effects of the position estimation errors in the low-frequency bandwidth remained, the robustness
to the mechanical external force has been improved because it is not necessary to compensate for the
variance of the estimated position and the cross-coupling effects between the current control axes during
rotation as disturbances. All experimental results show the control performance of “PI I’ and “PI II”
were worse than that of “SMC I’ and “SMC IL.” The integral gain cannot be high because of uncertainty

in the PI controller. Low-gain PI controllers cannot adequately compensate for the effects of estimation
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error and model uncertainty. By using SMC, the uncertainty is compensated by the robustness of the
controller. Therefore, the current controller with SMC and VDOB considering cross-coupling factors is
suitable for position-sensorless servo drive systems.

These experimental results suggest that the problems to be solved were the steady state position es-
timation errors and the stalling by the load torque at zero-speed operation. Since the estimation error
relates to the cross-coupling factors, the cross-coupling factors estimation in low-frequency bandwidth

is required. In addition, an output torque compensation is also required.
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5.5 Proposed Estimation Error Compensation and Wide-Bandwidth Cross-
Coupling Factors Estimation

This section explains the proposed estimation of the cross-coupling factors in the low-frequency band-
width, the position estimation error compensation, and the output torque compensation. In addition, the
estimation of the cross-coupling factors in the wide-frequency bandwidth is also explained.

The current variation on the dg-axes by the injected voltage can be expressed by eq. (5.66).

Fd’h] . L yin Lo (id ig,0¢)  —Lqan (idviq»é’e)] [COS@?M] (5.66)
ig,h

" det (Lp, (idsiq, 0e)) | —Lgan (idrig,0c)  Lan (idyiq,0e) | |sinfe
The relation among the estimation errors, cross-coupling factors, and current is derived by eq. (5.67).

Laan (igyig, 0e)ian + Lon (igyig, 0e) ign

tan 0" ~ : :
Lap (id,iq,0c) tan + Ladan (id,ig, 0e) ign

(5.67)

The approximation sign is considered an equal sign. From the additive theorem of tangent shown in

eq. (5.68), eq. (5.69) can be derived from eq. (5.27) and eq. (5.67).

2 tan 9"
tan 20:TT = Trpeggrr (5.68)
Lyan (iayig, 0e) ian + Lo (id,iq. 0c) ign
2Lgan (id,iq,0e) B Lap (i, iq,0e) tan + Lean (i, g, 0e) ign 5.69
Lan (idrig,0c) — Lop Giayig 00) . — . 2 O
d,h \td> tq> Ve q,h \d,tq,Ve 1 qu,h (Zdquaee> Zd,h+Lq,h (Zd7lq;06> Zq,h
Lgp (id,iq,0c) tan + Ladan (id,ig, 0e) ign
Therefore, eq. (5.70) can be obtained by the transformation of eq. (5.69).
. . N )
det (Ln, (id,iq,0e)) (qu,h (id,iq,0e) <(ld,h) — (ign) )
+ (Lapn (idsig, 0e) — Lap (iayig, 0c)) (ian) (ign)) =0 (5.70)
Since the determinant of Ly, is not zero, the cross-coupling factors can be derived by eq. (5.71).
o Lap (id,iq,0e) — Lap (ia,ig,0e)) (ian) (ign
Loan (i, g, 6.) = ( ( q e) : q2 ( : q 25)) ( ) ( q )
(ian)” = (ign)
— (Ld,h (ida iqu 06) - anh (id) iQ’ 05)) . (?q,h) (571)
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In discrete-time systems, the dq-axes current values are obtained after the position and cross-coupling
factors estimation processing. The latest dq-axes current responses in the cross-coupling factors estima-
tion at timing k are values at timing £ — 1. The estimated cross-coupling factors can be expressed by

eq. (5.72)

T v =
_<Am%—ﬂ>

When the high-frequency voltage is approximated as being injected on the actual d-axis, an assump-

tion 6" ~ 0 can be assumed, and eq. (5.66) can be rewritten as eq. (5.73).

ian| _ +o'm L (id,iq,0e) 5.73)
7:q,h det (Lh (idv iQ) 06)) _qu,h (id, itp 96)
The cross-coupling factors can be approximately derived by eq. (5.74).
o . g
qu,h ('Lda 1q, 96) ~ _Lq,h (Zda 1q, 08) (:q ) (5.74)
(ia)
The estimated cross-coupling factors can be expressed by eq. (5.75).
. Adgplk — 1
Lyanlk] = —Lgnlk] " k= 1] (5.75)

Nigplk —1]
Since the injected voltage is on the estimated d-axis, Aig p, is sufficiently larger than Ai, j, and the square
of the current ratio in eq. (5.72) can be approximated as 1. The main difference is the coefficient of the
current ratio, Lgp (k] — Lgnn[k] and —Lgp, ,[k]. Although actual Lg and L, vary during operation,
fixed values are often used in control processing. Therefore, the accuracy of the cross-coupling factors
estimation depends on the utilized values of inductance. Furthermore, the detected current also has
errors. Since these effects can be adjusted by a gain, both eq. (5.72) and eq. (5.75) with a gain can be
utilized for the cross-coupling factors estimation in a low-frequency bandwidth. From the viewpoint of
the processing time, the processing time for eq. (5.75) is shorter than that of eq. (5.72). Therefore, the
estimation of eq. (5.75) is adopted in this dissertation.

Since the detected current has noise, the cross-coupling factors ﬁéodlf’h in the low-frequency bandwidth

are estimated by eq. (5.76) by applying a Ist-order LPF with a cut-off frequency ¢*°”. The variable ¢

denotes the sampling period of the estimation.

. 1 Nigplk —1] i
low _ low _ q;h low _
qu,h[k‘} N 1+ glowtst (g Lst < A’Ld h[k — 1] Lq,n[k]> + qu,h[k 1]> (576)
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The position estimation error in the low-frequency bandwidth is estimated by eq. (5.77). The gain g<°™”

adjusts the effect of the assumption 65" ~ 0 to use eq. (5.73).

N 2Llon i
65 (k] = = g™ tan ™" <, (5.77)
M= 39 <Ld7n[k] — Logn|H]
The estimated position with the error compensation can be derived by eq. (5.78).
O] = Oe[k] — 0[]
A 1 2L1ow k]
= 0.k] — g™ tan~! % (5.78)
[ ] 29 (Ld,,n[k] - Lq,n[k]

Furthermore, the wide-bandwidth cross-coupling factors can be estimated by eq. (5.79). The gain gy,

adjust the effect of the assumption 6" = 0 to use eq. (5.73).

LEi%e[k] = gr Lo k] + Ly k] (5.79)

The block diagram of the whole estimation algorithm is shown in Fig. 5-25.

The conversion between the torque reference and the current command is modified. The position
estimation method utilizes high-frequency voltage injection on the d-axis. The injected voltage has the
same amplitude and alternates between positive and negative values. The mean value of the d-axis
current in the low-frequency bandwidth can be considered zero. Therefore, the reluctance torque can be

considered zero when the d-axis current command is zero. According to eq. (5.12), the output torque

2

q). Since the amplitude of the injected voltage is large to extract the current

has a term —Lyq (zfl —1
variation, i?j by the injected voltage cannot be ignored. The relationship between torque and current can

be expressed by eq. (5.80).

. T qu .2 .2
= = — 5.80
K Ppiep ¥ cos 96T 14 (Zd Zq) ( )

Although the proposed estimation method can estimate the position estimation error ég?”“, the accuracy
and the vibrations are not suitable to compensate for the magnet torque components in the torque refer-
ence in the viewpoint of the bandwidth. Therefore, the proposed conversion between torque reference

and current command is derived as eq. (5.81).

-cmd,comp [k‘] —

. s grLion [k] ( >
q

*TES _ '7’652
o o (i k] [k]) (5.81)

The utilized estimated cross-coupling factors are not ﬁ%fﬁf [k] but f/éfiwh[k] Since an LPF with cut-

off frequency g;s is applied to the torque reference to reduce the noise of the current command, the

—-100 -



CHAPTER 5 PROPOSED POSITION-SENSORLESS CONTROL CONSIDERING
CROSS-COUPLING FACTORS
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Fig. 5-25: Block diagram of the position and cross-coupling factors estimation with compensation in

low-frequency bandwidth.

ism™4 k] "
TTBf [k] . 1 . - [;m L.comp
Polepqln + N
iEBS[k]Z _ i;eS[k]Z 1
- X _—
g1, L [k] —— P

Fig. 5-26: Conversion from the torque command to the current command.

compensation terms without the detected values should have only low-frequency components. The block
diagram of the conversion can be expressed as Fig. 5-26. More complex calculations are required when
the reluctance torque is utilized for maximum torque-per-ampere (MTPA) control or field-weakening
control. However, the main topic of this dissertation is considering the effect of the cross-coupling

factors, those calculations are future work.
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5.6 Proposed Current Control using Estimated Cross-Coupling Factors
in Wide-Frequency Bandwidth

This section explains the proposed current control method using the estimated position and cross-
coupling factors in wide-frequency bandwidth.

The base of the proposed current controller is described in Section 5.3. The proposed SMC is ex-
pressed by equations from eq. (5.82) to eq. (5.89). The utilized cross-coupling factors are changed from

LZ;Q,? to L;ﬁ%@' Other terms are the same as equations in Section 5.3.

o] = (p B pABelelr] — (pT B[k K (pTelt]) (552
[0 1 0 0 |
o Lq,n[k]Rn L;Ué,(%f[k]Rn
A;u%dce k] = det (Ly[k]) det (Ly[k]) (5.83)
0 0 0 1
o Ladn KR  Lya[k|Rn
i det (L, [k]) det (Lpk]) |
Lol L ]
Bwide[L] — det (Ly[k]) det (L, [k]) s34
smc[] 0 L;Uj:i}f[k?] Ldyn[k] ( )
det (Lalk])  det (Lnlk])
Lanlk] ﬁwjd;f[k]]
Lokl = | % ad, (5.85)
" [L;"éie[k] LynlH]
T
p= [pd pq} _ [pdl Pd2  Pd3 pd4] (5.86)
Pq1 Pq2 Pq3 Pqg4
K= [Kd 0 ] (5.87)
0 K,
T
f (pTe[k:]) = [sat (pYelk]) sat (p?e[k:])] (5.88)
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1 (z>1)
sat (x) = r (-1<z<1) (5.89)
-1 (z<-1)

The discussion on the sliding surface and the responsiveness are the same as in Section 5.3.
VDOB can also use ﬁ;”jfff. The block diagram of the proposed current control is shown in Fig. 5-27.
The position-sensorless control system using all proposed methods is expressed as the block diagram
shown in Fig. 5-28.

The estimation and compensation bandwidth can be expressed as Fig. 5-29
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Fig. 5-27: Block diagram of proposed voltage disturbance observer.
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Fig. 5-28: Proposed position-sensorless current control.
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5.7 Experiments to Confirm the Validity of using the Estimated Cross-
Coupling Factors in Wide-Frequency Bandwidth

This section explains experimental results to confirm the validity of the proposed position-sensorless

control system with cross-coupling factors estimation in wide-frequency bandwidth.

5.7.1 Setup and Parameters for Experiments to Confirm the Validity of the Compensa-
tion in Low-frequency Bandwidth.

The responses from the three control systems in Table 5.8 were compared to evaluate the position es-
timation error, the vibration during rotation, and the torque-velocity characteristics. The block diagrams
for the experiments are shown in Fig. 5-30 and Fig. 5-31. Fig. 5-30 was for “Base” and “High.” Fig. 5-31
was for “Prop.”

The experimental systems are shown in Fig. 5-32. The system configuration was almost similar to
that described in Section 5.4. The different point is the connection between the motion controller and the
servo amplifier for the load motor. The responses of the test motor and the load motor can be obtained
synchronously.

The nominal parameters of the test motor are shown in Table 5.9 Control parameters, including sam-
pling periods, are shown in Table 5.10. The compensation bandwidth in low-frequency was under 30 Hz
since g;q¢ Was 188 rad/s. Gains for current control were higher than those shown in Table 5.7. The gains
are set as high as possible based on the same policy to prevent significant vibration with experiments
in Section 5.4. Since the experimental results are not compared with the results of the method using PI
control, there is no need to align the bandwidth with PI control. Therefore, the gains were higher than

those of experiments in Section 5.4.
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Fig. 5-30: Block diagram of the position-sensorless control system without compensation in low-fre-
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Table 5.8: Relationship between indexes and experimental conditions.
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Fig. 5-31: Block diagram of the position-sensorless control system with compensation in low-frequency
bandwidth.
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Fig. 5-32: System configuration for experiments to confirm the validity of the compensation in low-fre-

quency bandwidth.

Table 5.9: Nominal parameters of the test motor in experiments to confirm the validity of the compensa-

tion in low-frequency bandwidth.

Parameter Value  Parameter Value
R (Ohm) 14 Rated Power (W) 400
Ly (mH) 2.6 Rated velocity (mech. rad/s) 314.2
L4, (mH) 3.1 Rated torque (Nm) 1.27
Torque constant (Nm/Arms) 0.544  Pole pairs 5
Rotor inertia (gm?) 0.0486
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Table 5.10: Control parameters for experiments to confirm the validity of the compensation in low-fre-

quency bandwidth.
Parameter “Base” “High” “Prop”
Sampling Period (Motion) () 125
Sampling Period (Current) (us) 94
Position Proportional Gain (1/s) 48
Velocity Proportional Gain (rad/s) 192
Velocity Integral Gain (s) 0.0156
SMC Gains pT 91 0.07 1 1.6x107°
for the hyperplane 1 1.6x107° 91 0.07
SMC Gains K4,K, 50
VDOB gain ¢"°” (rad/s) 1099
Cut-off frequency of 250
Torque Filter (rad/s)
Cut-off frequency of 127
Pseudo differentiation (rad/s)
Cut-off frequency gsen, of 10667
LPF for current (rad/s)
Gain gy, to derive 0, 0 0.5 0.5
Gain gy, with LI in LY 0 0 0.25
Gain g°°""P in 05" 0 0 0.025
Cut-off frequency g;4q of 0 0 188

LPF for ifi(f;w (rad/s)
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5.7.2 Results of Position Estimation Accuracy

The detected position by the position sensor and the estimated position were compared to confirm the
estimation accuracy. The data of the estimated and detected position were acquired at 4 elec. degrees
each and 30elec. degrees each. The sampling period was 1 ms. Position control was performed for
0.6s at each angle. The mean values of the estimation errors are shown in Fig. 5-33. The green points
are “Base” results, the red points are “High” results, and the blue points are “Prop” results. The root
mean square (RMS) and variance of the estimation error in one round of the electric angle are shown
in Table 5.11. As shown in Fig. 5-33, the position estimation error was not reduced to zero, even with
the proposed compensation method. However, the RMS shows the position estimation error reduction
by the proposed method. In addition, the variance also decreased. These results indicate the proposed
method can achieve rotation with less vibration. Therefore, the proposed method improved the position

estimation accuracy.
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Fig. 5-33: The mean values of position estimation errors in experiments to confirm the validity of the

compensation in low-frequency bandwidth.

Table 5.11: RMS and variance of estimation error in a rotation.

Item Base High Prop
RMS (elec. rad) 0.18 0.17 0.14
Variance (elec. rad® ) 0.032 0.030 0.019
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5.7.3 Results of Vibration during Position Control

The command tracking performance and the vibration during position control were verified. The
position command was increased in constant until the target position was 25.1 mech. rad. The increased
value was equivalent to 3.14 mech.rad/s, which was 1 % of the rated speed and 2.5 Hz for the electrical
angle rotation. The experimental results are shown in figures from Fig. 5-34 to Fig. 5-40

Fig. 5-34 shows that the responses by the three methods followed the position command, and the
steady state errors were in the assumed estimation error range from the results in Table 5.11. No charac-
teristic difference cannot be seen in Fig. 5-34.

Fig. 5-35 shows the velocity responses with a 2.5 Hz LPF applied. According to Fig. 5-35, the transient
velocity responses were similar, and the vibration of the “Prop” was smallest between 0.5 s and 8s. The
FFT results of the velocity between 0.5s and 2.5 s are shown in Fig. 5-36. The FFT results also show
the vibration by “Prop” was the smallest in the compared methods. In particular, the peaks at 7.5 Hz,
12.5Hz, and 15 Hz were reduced.

Fig. 5-37 and Fig. 5-38 show the estimated cross-coupling factors. Fig. 5-37 shows the time-series
values, and Fig. 5-38 shows the values per electrical angle. According to Fig. 5-37 and Fig. 5-38, the pro-
posed wide-bandwidth cross-coupling factors estimation could obtain the variance of the cross-coupling
factors. The FFT results of the estimated cross-coupling factors between 0.5s and 2.5 s are shown in
Fig. 5-39. The peak values are 7.5 Hz and 15 Hz, which were 3 and 6 times the rotational frequency,
respectively.

The FFT results of the U phase current between 0.5s and 2.5s are shown in Fig. 5-40. The results
of “Prop” had a larger peak at the rotation frequency than the others. In addition, the peaks at 12.5 Hz
and 15 Hz were reduced by “Prop”. Therefore, the suitable current could be applied to the IPMSMs by
“Prop.” These results expressed the performance of the position-sensorless control was improved by the

proposed methods.
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Fig. 5-34: Position command and response in experiments to confirm the validity of the compensation in

low-frequency bandwidth.
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Fig. 5-35: Velocity response in experiments to confirm the validity of the compensation in low-frequency
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Fig. 5-36: FFT results of the velocity response in experiments to confirm the validity of the compensation

in low-frequency bandwidth.
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Fig. 5-37: Time series estimated cross-coupling factors in experiments to confirm the validity of the

compensation in low-frequency bandwidth.
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Fig. 5-40: FFT results of the U-axis current response in experiments to confirm the validity of the com-

pensation in low-frequency bandwidth.
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5.7.4 Results of Torque-Velocity Characteristics

The torque-velocity characteristics were compared to confirm how much load torque the position-
sensorless control system could operate without stalling for each velocity command. The load torque
was increased from 0% to 100 % of the rated torque in 6.25s for each velocity command of the test
motor. The velocity commands were shifted by 6.28 mech. rad/s from 0 to 62.8 mech. rad/s. The max-
imum load torque was 1.27 Nm, which was 100 % of the rated torque. The operation in each velocity
command was stopped when the load motor rotated the test motor or the error between the estimated and
detected position was larger than 1 mech. rad. The load torque values, which were at the stop timing,
were measured. When the test motor could rotate without stalling with the maximum load torque, the
maximum load torque was recorded. The measured or recorded load torque values were shown in Fig. 5-
41. All systems could operate without stalling over 20 mech. rad/s with over 75 % rated load torque. The
main difference was at zero speed. Only the proposed control system could operate without stalling at
zero speed even at 100 % rated load torque. Therefore, the compensation using estimated cross-coupling

factors improved the robustness at low-speed operation, including positioning.
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Fig. 5-41: Torque-velocity characteristics in experiments to confirm the validity of the compensation in

low-frequency bandwidth.
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5.7.5 Discussion of the Experimental Results with Estimated Cross-Coupling Factors in
Wide-Frequency Bandwidth

The problems of the method described in Section 5.2 were the steady state position estimation errors
and the stalling by the load torque at zero-speed operation according to the experimental results. Since
“Prop” did not stall at zero-speed operation, the robustness was improved by the proposed compensation
methods. However, the steady-state position estimation errors could not be zero. According to RMS
values in Table 5.11, the RMS of the estimation errors by the proposed method was reduced from 0.18 to
0.14 elec. rad. According to Fig. 5-33, the maximum estimation error by the proposed method was over
0.3 elec. rad. The simulation results in Fig. 5-7, Fig. 5-8, and Table 5.3 showed the results of “0.25x L ;4"
and “0.125x L4q” were desired responses. The simulation results showed the maximum estimation error
should be smaller than 0.06 elec. rad (3.4 elec. degree) for MDOF position-sensorless control systems.
The possible causes of errors are gains gy, and g“°”*P, output voltage error, modeling error of the current,
current sensor noise, and current sensor resolution.

Gains g7, and g°°? changes the estimated values. However, the variation frequency per electrical
rotation frequency cannot be changed by gains. In addition, the analyses show the appropriate values of
gr,- Although the range of the assumed values of g°™? is wide, the value was adjusted by trial and error
in the experimental system. Therefore, there were other reasons the proposed method could not reduce
the estimation errors to zero.

The output voltage is affected by dead time in PWM and the characteristics of power semiconductors
in the UVW phase. The output voltage error cause the unexpected current in the dg-axes. Since the
method uses high-frequency voltage synchronized with the carrier period, it is highly sensitive to distur-
bances at each carrier period. The disturbances may cause errors in the position and cross-coupling fac-
tors estimation. One of the solutions to decrease the errors is that the frequency of the injected voltage is
lower than the carrier frequency to equalize the disturbances to the high-frequency current. Since a trade-
off exists between injected voltage frequency and estimated bandwidth, the injected voltage frequency
cannot be lowered to maintain a high estimation bandwidth. Therefore, using power semiconductors
that can switch faster and inverters that can set higher carrier frequencies will improve the estimation
performance. However, it can only be applied to specific inverter and motor combinations because there
is a suitable carrier period depending on the motor characteristics. Furthermore, the switching loss may

be the problem of the systems.
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The modeling error of the current is from the coordinate transformation from the UVW-axes to the
dg-axes and the nominal parameters. Since the current responses are derived by the transformation us-
ing ™ the utilized current responses are not the dg-axes current responses but the ac}axes current
responses. The current controller in the dd-axes or a new control axis considering the oblique coordi-
nate will be required for the estimation performance improvement. In addition, Lg, and L, , were the
fixed parameters in experiments. According to the FEA results shown in Fig. 5-1, Ly and L, vary with
position and current. A position-sensorless system, which can acquire those variations, the estimation
performance will be improved Future work focuses on methods to solve this point.

Current sensor noise and current sensor resolution cause errors in the dg-axes responses. However,
the equipment used in these experiments was designed and adjusted as a product. Therefore, the effect
on the estimation errors was considered small.

The estimated values per electrical angle in Fig. 5-38 differed from the FEA results shown in Fig. 5-
1. The analytical results showed a variation in the frequency of 6 times the rotation of the electrical
angle, while the estimated results with an actual motor showed a different variation. The reasons for the
difference are the simplified motor model for the FEA and the same reasons for the position estimation
error.

In Fig. 5-40, the results of “Prop” had a larger peak at the rotation frequency than the others and
smaller peaks at other frequencies. While other methods used torque generated by currents with com-
ponents different from the rotational frequency to rotate, the “Prop” could rotate the motor by currents
corresponding to the rotational frequency. Since unintended current harmonics lead to energy loss, the
proposed method cannot only improve robustness but also contribute to highly efficient drives.

According to the gains in Table 5.10, the compensation bandwidth was under 30 Hz, and the esti-
mation bandwidth of cross-coupling factors in high-frequency bandwidth was over 1.7 kHz. When the
cross-coupling factors vary with the frequency of 6 times the rotation of the electrical angle, as shown
in FEA result, the compensation in low-frequency bandwidth worked until 5 Hz of the electrical angle
rotation. Since the compensation corresponded to zero-speed motion, the proposed method improved the
torque-velocity characteristics at zero speed. However, position estimation methods based on magnetic
saliency are generally used from the zero-speed to around 10 Hz of the electrical rotational frequency.
Therefore, the expansion of the compensation bandwidth is expected, and it will be achieved by the as-
sumed improvement methods described above. Since the high-frequency cross-coupling factors’ varia-

tion relates to estimation frequency, the estimation bandwidth of cross-coupling factors in high-frequency
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bandwidth was enough.

The robustness of the disturbance was improved by the proposed method. However, the results of the
torque-velocity characteristics were on the disturbances in the steady state. The effects of the disturbance
variation were not confirmed. Load torque in each joint torque of robots varies with the motion and tasks.
Therefore, the confirmation of the robustness of the disturbance variation is also future work. Motor
temperatures also change during prolonged operation. As temperature varies, resistance and magnetic
characteristics vary. The effect of resistance variation on position estimation is small, as shown in Fig. 2-
10. However, the variation in magnetic characteristics affects the accuracy of position estimation. The
proposed method corresponds to the dynamic variation of the cross-coupling factors. Therefore, a part of
the effects can be compensated by the proposed methods by using nominal inductance values of L, and
L, in the application environments. However, the validity is not quantitatively confirmed. These issues

in actual operation also need to be evaluated in future work.
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5.8 Summary

This chapter presented a position-sensorless control system considering cross-coupling factors of dq-
axes inductance. The voltage equation considering the cross-coupling factors was introduced. The po-
sition and cross-coupling factors estimation based on the high-frequency voltage injection on the d-axis
was proposed. The a3-axes current responses were utilized to estimate position and cross-coupling fac-
tors in high-frequency bandwidth. The vibration reduction and the improvement of the robustness by
the estimation were confirmed by experiments. However, the steady-state position estimation error and
the robustness at zero speed were the subject to be solved. The position estimation error compensation
method using the estimated cross-coupling factors in low-frequency bandwidth and the torque compen-
sation considering the cross-coupling factors improved the estimation performance and robustness. In
particular, the system could operate without stalling at zero speed with the load torque at the rated torque.
Therefore, the performance of position-sensorless control systems was improved by the proposed meth-

ods.
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Chapter 6

Force-Sensorless Control with Proposed
Equivalent Mass Matrices for Rubbing
Motion

This chapter discusses multi-degree-of-freedom (MDOF) force-sensorless hybrid position/force con-
trol systems and the design method of equivalent mass matrices in the systems. In Section 6.1, MDOF
force-sensorless workspace hybrid position/force control systems are introduced. In Section 6.2, the ef-
fects of the utilized equivalent mass matrices are revealed with equations. In Section 6.3, the proposed
equivalent mass matrices for the hybrid control system are introduced. In Section 6.4, the experimental
systems and results to confirm the validity of the proposed design method are shown. This chapter is
concluded in Section 6.5. In this chapter, position response is not the estimated values but the detected

values by position sensors.
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6.1 MDOF Workspace Hybrid Position/Force Control

This section describes two MDOF force-sensorless hybrid control systems. They are shown in Fig. 6-
1 and Fig. 6-2. The difference between the two control systems is the reaction force estimation methods.
One uses the workspace RFOB, and the other utilizes the joint coordinate space RTOB and the coordinate
transformation from the joint coordinate space to the workspace. The general method of the coordinate
transformation is from the joint coordinate space torque to the workspace force by Jyco - . However, the
coordinate transformation in the acceleration dimension is utilized. The estimation method using RTOB
with the coordinate transformation in the acceleration dimension is called RTOBwCT in this dissertation.
The inertia matrix J ];t"b can be the inertia matrix J with design values since they can be derived in any
posture. When the equivalent mass matrices M, ;f °b and M. ;t"b are the same as M with design values,
the estimated force ﬁ‘;;f b and p:;tob are the same value.

The detected values are the position responses of motors at joints. The velocity responses at joints and
workspace responses are derived by calculation. In hybrid control, position and force control are in the
workspace control axes. The components of equivalent mass matrices can be expressed as eq. (6.1). The
mass matrices with subscripts O, and (), indicate the cross-coupling effects between position and
force control axes.

. —1
X = )fp — M lF = Mipp Mipy| |Fp _ Mpp My Fp 6.1)
Xy Misp Miygr| |Fr Mygp Myy Fy

In MDOF control systems, cross-coupling effects between control axes physically exist. Position control
based on a physically accurate model can reduce disturbances from the modeling error and make it
easy to design arbitrary control responses. However, in hybrid position/force control, the cross-coupling
effects disturb the force control response. In particular, arbitrarily designed equivalent mass matrices
generate undesired disturbances from the modeling error. Therefore, suitable nominal equivalent mass

matrices for hybrid position/force control for contact motion are required.
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Fig. 6-1: Workspace hybrid controller with RFOB.
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6.2 Effects of the Equivalent Mass Matrices

This section describes the effects of the equivalent mass matrices in the workspace hybrid controller.
Force-sensorless workspace hybrid control systems have equivalent mass matrices in the controller,
WOB, RFOB, and RTOBwWCT. General equivalent mass matrices are with design values. However, the
inverse Jacobian matrix diverges to infinity around singular configurations of robots. Designed nominal
mass or inertia parameters can change the controllers’ response and stability. For these reasons, equiv-
alent mass matrices are often arbitrarily designed. These equivalent mass matrices can be expressed by
nominal equivalent mass matrices. The nominal equivalent mass matrices are expressed by M S, MY ob,
M:Lf ob M;:tOb in the controller, WOB, RFOB, and RTOBwCT, respectively.

The relationship between the velocity response and the acceleration reference can be shown in Fig. 6-
3. The acceleration reference values are derived by the position controller with gains G, (), the force
controller with gains G, and the selection matrix S¢;. The output of WOB in Fig. 6-3 is written by
eq. (6.2).

wob
et = (gs > (M52 XTed — Mpobs?XTes) (6.2)

When M and M:{’Ob are the same as M, the WOB output can be simplified as eq. (6.3).

[ wob
Fn

gwob
( ) MM (Ms*X"ef — Ms*X7es)
S

= M,M 'Fwob (6.3)
The acceleration response is expressed by eq. (6.4).
2xres — pf-l (Mﬁs2xref 4 p:luob> M1 (Fdis i Femt) (6.4)
Regarding force response, €q. (6.5) can be obtained when M° and M, 7‘{"’{’ are the same as M.

Fres — MSQX'r'es

_ Manl (Fref + Fwob) _ pdis _ pext (6.5)

The estimated workspace force by RFOB is described in eq. (6.6).

R g’/‘fob . 5 R
Fpiot = <s + grfob <(I - MM (M"S X<l + Fwo}))
_i_M:;fobel (Fdis + Femt) _ Fdis) (6.6)
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Fig. 6-3: The velocity response from the acceleration reference..

The estimated workspace force by RTOBwWCT is expressed by eq. (6.7). The inertia matrix is J with
design values.
rtob

ﬁv;;tob — M:LtobM—l (Sigrmb> (Fd'is _ frdis + Femt) (6.7)

When M:{f °b and M:;t"b are the same as M, eq. (6.6) and eq. (6.7) are rewritten as eq. (6.8). The

cut-off frequencies ¢"*°” and ¢7/°? are also considered the same.
rtob
Frfob _ F’rtob _ 9 (Fdis _ Fdis + Fe:l:t) (6.8)
s+ grtob :

According to eq. (6.6), eq. (6.7), and eq. (6.8), the estimation error comes from the difference between
the nominal equivalent mass matrices and the actual matrix, as shown in M,, M ~!. The main difference
between eq. (6.6) and eq. (6.7) is the LPF effect. Since M,, M ~1 is out of the LPF, the effect of the
nominal equivalent mass matrix Mr’;t"b can be designed. The characteristic is based on deriving the
acceleration dimension values of the estimated torque by the inertia matrix derived from design values or
identified values in RTOBwCT. When the coordinate transformation is from the joint coordinate space
torque to the workspace force by Jaco . the effect of the equivalent mass matrix cannot be extracted.
Therefore, this dissertation utilizes the hybrid controller with RTOBwCT.

The transfer function from the disturbance and the external force to the force response can be ex-

pressed as eq. (6.9) based on Fig. 6-3 when Fr’;ef is zero.

wob -1
Fres — _ (I+ 9 M,;fLUObM_1> X (Fdis 4 Femt) (69)
S

This equation expresses the sensitivity function. The characteristic is also affected by the product of M,
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and M ~'. When M,, M ~! is not the identity matrix I, the disturbance force in a control axis works as
disturbances in other control axes because of the cross-coupling elements in the matrix.

When the velocity of the force control axes is zero, the block diagram of the force controller can be
rewritten as Fig. 6-4. The velocity of the force control axes is zero or negligibly small during motion
contacting with hard objects. Since the velocity of the force control axes is zero, the output force by
motors is the same as the disturbance force and the external force based on the law of action and reaction.

The force control axes force are derived as eq. (6.10).

Ffis 4 Fgot = Fpel o fryped
— (14 g“ Me. 2xref c  2vyref
= ( S ) ( FrmS Xp o + Mg, 57Xy )
_ ngb M'wob 2Xres
( M X ) (6.10)

This equation indicates that the force applied to the contact object gets the cross-coupling effects from the
position control axes. When the estimated force matches the force command, the acceleration reference
in the force control axes is zero. As eq. (6.10) shows, output force in force control axes has effects from
position control axes command and response. Therefore, force response in force control axes is varied by
the motion of the position control axes even though the force response follows the force command. The
cause of the cross-coupling effects between the position control axes and the force control axes is from
M,,, which is different from M,, M ~! shown in equations from eq. (6.2) to eq. (6.9). Since eq. (6.5) and
eq. (6.10) are different, suitable equivalent mass matrices to reduce the cross-coupling effects depend on

the velocity of the force control axes.
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Fig. 6-4: Block diagram of force control when the velocity is zero.
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6.3 Proposed Design Method of Equivalent Mass Matrices

This section presents the method to decrease the cross-coupling effects from position control axes to
force control axes.

According to equations from eq. (6.1) to eq. (6.10), the cross-coupling effects caused by equivalent
mass matrices depend on the velocity of the force control axes. Desired hybrid control performance
depends on the motion. Although position control performance is important during non-contact (free
motion), force control performance is important during contact. In rubbing motion during contact with
hard objects, the velocity of force control axes is zero or negligibly small, and the force response of
force control contributes to the operation results. Therefore, equivalent mass matrices according to the
expected velocity of the force control axes are designed.

When the velocity is not zero, the relationship between F' and Fy, is expressed as eq. (6.11).
F=MM, 'F, (6.11)

The relationship is similar in reference values, WOB, RTOBwCT, and the sensitivity function. On the
other hand, when the velocity is zero, the external force depends on M,,, as shown in eq. (6.10). Since the
transfer function from force to position has s~2, and usual systems have mechanical damping, the cross-
coupling effects can be suppressed in position response. On the other hand, the cross-coupling effects
in the force dimension directly affect the force control performance. Therefore, reducing the cross-
coupling effects from position control axes to the force control axes in force dimension by equivalent
mass matrices is effective. The cross-coupling terms in M M,, ! and M,, are desired to be zero with
switching operation depending on the expected velocity of the force control axes.

When the velocity of force control axes is not zero, the suitable equivalent mass matrix is M based
on the physically accurate modeling. However, suitable equivalent mass matrices other than M are also
required to reduce the calculation time. One of the other suitable equivalent mass matrix candidates is
expressed as eq. (6.12).

M, = M3 ! = [Mi”‘p 0 ] (6.12)
Mi,pp M5
The relationship between the actual control axis force and calculated control axis force is expressed as

eq. (6.13).

Fy 0 MysrMiyrr| |Frn
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This equation shows that the cross-coupling terms from position control axes to force control axes are
zero. As the terms from force control axes to force control axes are not I, a gain adjustment can be used
to compensate with M ¢ M; ¢y for further control performance improvement.
If the equivalent mass matrix M can be derived, the nominal values can be set as eq. (6.14).
—1
My, = Mps = [M”” 0 ] = [A”” 0 ] (6.14)
Myp Myy Byp Dyy
The relationship between the actual control axis force and calculated control axis force is expressed as
eq. (6.15).
[Fp] _ [Mprfp +1 Mprff] [Fp,n] (6.15)
Fy 0 I Fy .,
Unlike eq. (6.13), the terms from force control axes to force control axes are I, and there is no need to
be compensated. The cross-coupling elements from the calculated force in the position control axes to
that in the force control axes are zero in eq. (6.13) and eq. (6.15). Since the force control axes can avoid
the undesired disturbance from position control axes, unexpected motion in the force control axes can
be prevented. Conventional decoupling methods have used a nominal equivalent mass matrix with zero
in all non-diagonal elements. However, an equivalent mass matrix in which all elements vary based on
the posture and design values is shown to be suitable for MDOF position control. The proposed design
method uses elements in position control axes, which vary based on posture and design values. The
decoupling is between the position and force control axes. Therefore, M, 3 is one of the suitable nominal
equivalent mass matrices when the velocity of force control axes is not zero. Since the matrix has zeros
as elements, the calculation time can be reduced. Position control axes get cross-coupling effects from
force control axes. Position control axes can suppress the disturbance because of the control robustness
from the higher control bandwidth than the force control axes’ motion bandwidth. The component of
the disturbance acting on the force control axes that interfere with the position control axes is suppressed
within the range of the disturbance suppression of the position control axes.
When the velocity of force control axes is zero, the suitable equivalent mass matrix candidates for

reference values and WOB are expressed as eq. (6.16) and eq. (6.17).

[ M, 0
My, ' = | 5PP (6.16)
| 0 Mgy
M 0
M, = pp (6.17)
0 Mff
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According to eq. (6.10), F}“S + F]‘Emt is independently generated from position control axes and force
control axes by the equivalent mass matrices shown in eq. (6.16) and eq. (6.17). The reaction force by the
controller with equivalent mass matrices with design value can be expressed by eq. (6.18) by substituting

eq. (6.1) for eq. (6.10).

F}.ﬁs—f—F}?wt — F}'ef+ﬁ1}vob

gwob 5 f 5 P
— c re c re
= <1+ 5 )(Mffs Xf —|—pr3 Xp )

gwob b 2
wo res
—( . pr s Xp ) (6.18)

When M,y and M ¢}, are not zero, the motion of the position control axes interferes with the motion of

the force control axes. On the other hand, when eq. (6.17) is utilized, eq. (6.10) is rewritten as eq. (6.19).

Ffis 1 Fgot = Fpel o frived
gwob 5 f
J— '] re
- <1+ S) (Mffs b'¢/ ) (6.19)

Therefore, M, 2 is a suitable nominal equivalent mass matrix when the expected velocity of force control
axes is zero.

When the bandwidth of WOB is infinity, M2 decouples the axes even in the motion, whose velocity
in the force control axes is not zero. However, the cut-off frequency of WOB has an upper limit, and
the limit is lower than the disturbance bandwidth in practical use. The proposed method also utilizes
the nominal equivalent mass matrix M2 in the controller. The matrix in the controller decouples the
position and force control axes in the force reference derived by the commands and responses. As a result,
cross-coupling effects between position control axes and force control axes are suppressed. Furthermore,
robots need to move as fast as possible in free motion to decrease the operation time. The acceleration
is also high. When M, is utilized in the controller and WOB in the free motion, the modeling error in
the non-diagonal elements makes the controller’s and WOB’s compensation values larger. Since actual
systems have torque limitations, which cramp the output force, the compensation cannot work correctly.
In addition, the cut-off frequency of WOB with M2 may be smaller than that with M. Therefore,
M, is unsuitable when the velocity of force control axes is not zero. On the other hand, since the speed
and acceleration are not high in contact motion, the force control performance is more important than
the stability. Therefore, M,,2 can be used to decouple the position control axes’ and force control axes’

motions.
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Fig. 6-5: Block diagram of the proposed hybrid position/force control with equivalent mass matrices
switching.

Since the suitable equivalent mass matrices depend on the expected velocity of the force control axes
in the viewpoint of the force control performance, the parameter switching depending on tasks is intro-
duced. The block diagram of the proposed controller is shown in Fig. 6-5. The controller uses RTOB-
wCT for the workspace reaction force estimation since the interference effect between control axes can
be simply expressed according to eq. (6.7).

Utilized equivalent mass matrices in the controller and WOB are changed between motions, such as
approaching and rubbing motions. When motions are changed, the previous motion is steady, and the
velocity of position control axes is zero or negligibly small. Therefore, chattering from the switching
can be negligible. Moreover, as shown in Fig. 6-3, when s X"¢® is zero, the output of WOB depends on
only Ff;ef . The switching effect of M is like a step command for WOB. When the changed elements
are large values in the equivalent mass matrices or the interference from the other axes is dominant,
the switching may make the system unstable. The unstable situations are considered when the robot’s
posture is around the singular configuration or has a large disturbance force on the position control axes,
even in the steady state. However, the problem can be negligible since general robot applications with
rubbing motion are not used in a singular configuration and with a large load in position control axes.

Therefore, when both controllers with M, 2 and M3 can be in a stable state, the proposed controller
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can be in a stable state after the switching. Furthermore, the difference in the elements between Mo
and M, 3 is smaller than that between M2 and M in the viewpoint of the number of zero elements.
Therefore, the switching effect can be smaller by using M2 and M, 3 in the control system.

Since the force controller to derive s> X "¢f independents with the equivalent mass matrices switching,
an arbitrary force controller can be used with the proposed method. A simple proportional controller was
used in this paper for clarity. When stable responses at the impact to contact objects are required, other

controllers, such as a controller with velocity feedback, can be used.
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6.4 Experiments of Force-Sensorelss Hybrid Control

In this section, force response vibration and estimated external force during rubbing motion were

evaluated.

6.4.1 Setup and Parameters for Experiments to Confirm the Validity of the Proposed
Equivalent Mass Matrices

A parallel link type 4DOF manipulator was used in experiments. The kinematics and dynamics are
described in Section 3.2. The inertia matrix Jflt"b was the inertia matrix J with design values. The
length and mass of links and the frequency characteristics of the pushing motion to the force gauge
(Yeom-axis) are expressed by Fig. 6-6. The connection and the communication of devices are expressed
by Fig. 6-7. The material of these links was ABS. Each joint has bearings, and the friction at each
joint was small enough to be ignored. The manipulator does not have reduction gears to remove the
friction from the gears. Therefore, the disturbance force F%* (torque 7%%) was assumed to be zero,
and the main estimated force was the external force at the end-effector. The main external force at the
end-effector is the pushing force to the force gauge on the Y,.,-axis, and the friction force between the
end-effector and the force gauge on the X ;r-axis and the X,,-axis. The force gauge on the Y,.,-axis
detected the pushing force on the Y,,,,-axis. The Y_.,-axis was the force control axis, and the other
axes were the position control axes. The proposed hybrid controller was implemented on the motion
controller MP3300 with CPU302 made by YASKAWA. The Laplace operator s was approximated as
first-order backward differencing. The force gauge and the motion controller were connected to the PC
for data logging. The frequency characteristics of Y.,-axis push motion are also shown in Fig. 6-6.
The characteristics were obtained by injecting a chirp signal to F;ec{;m with the hybrid controller whose
equivalent mass matrices were M. The position control axes commands were constant, and the force
control axes command were 0.5 N. According to the result, the resonance frequencies were around 20 Hz
and 60 Hz.

The validity of the proposed controller was confirmed by four kinds of experimental commands shown
in Table 6.1. “Step” showed the force control performance during contact with the force gauge. “Freq”
was to confirm the similarity of the motion in a non-contact motion among the equivalent mass matrix
conditions. “Chirp” showed the cross-coupling effects and the vibration suppression by the proposed

method in rubbing motion by sinusoidal command. In the experiments for “Chirp,” the responses by the
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Fig. 6-6: The 4DOF manipulator and the frequency characteristics of the pushing motion.

experimental commands and the switching effect of equivalent mass matrices were confirmed. “Slide”
showed results in rubbing motion by repeated step commands. The sequence of the motions imitated the
expected rubbing motion. The center of the end effector and the force gauge was at (Xg; r, Xcom, Yair) =
(0.068,0,0). Since the force gauge can measure the accurate force around the center, the area of the
motion was around the center of the force gauge. Force commands were decided according to the rated
torque of motors in experiments “Step,” “Chirp,” and “Slide.” The force command in the experiment
“Freq” was decided to suppress the Y,,,,-axis motion. The acceleration reference values s> X"/ are
derived as eq. (6.20).

(G + Goas) (X = X557 )|
(Gp + Gyas) (Xamd — X1es)

com com

82Xref —

(6.20)
(G + Guass) (Yl = V35 )
L Gf (chjyodm - Fch?m) ]

The conditions of equivalent mass matrices during the experimental commands are shown in Table 6.2.
The condition “M” is an ideal controller for free motion since the equivalent mass matrices in the con-
troller were the same as the mechanical model. The responses from condition “M” was the standard of
the comparison. The condition “M3” is the proposed controller for tasks whose expected velocity of the
force control axes is not zero. On the other hand, the condition “M2” is the proposed controller for tasks

whose expected velocity of the force control axes is zero.
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Fig. 6-7: System configuration for experiments of force-sensorless hybrid control.

In the experiment using the condition “M2”, equivalent mass matrices were switched between the
task of approaching and experimental commands. The switching timing was in a steady state between
the motion. The whole sequence for the experiment “Step,” “Chirp,” and “Slide” using the condition
“M2” is shown in Fig. 6-8. Since the peak value of the noise in the velocity response was under 3 mm/s,
the threshold to judge the steady state was 3 mm/s after the vibration was converged. In experiments
“Step,” “Chirp,” and “Slide,” experimental commands started in a steady state after the manipulator
contacted the force gauge.

The experimental parameter is shown in Table 6.3. The parameters were designed by trial and error

based on the frequency characteristics shown in Fig. 6-6.
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Table 6.1: Relationship between indexes and experimental command.

Index of
Experimental | Fmd (N) Xgmd, Xemd, yemd (m)
Command
Step signal: Constant values:
Step cmd cmd _ cmd _ cmd _
Fjtom = 0.3and 0.6 | X0 = 0.07, X707 = 0.0, Y77 = 0.0
Constant value: Constant frequency signals:
Freq ch,%% =0.02 Xg?}d = 0.068 — 0.02 sin 27t,
Xoml = 0.02sint, Y7 = 0.015 sin 67t
Step signal: Chirp frequency signals during: szfgo‘fn =0.3
Chirp Fimd, =0.0and 0.3 | Xg = 0.068 — 0.002 cos 2t
Xoowl = 0.002sin 2%, Y7 = 0.0
Constant value: Repeated step signals:
Slide Femd = 0.3 X g = 0.0675 and 0.0655,
Xoml = 0.0, Vg4 = 0.0

Table 6.2: Relationship between indexes and equivalent mass matrices setting.

Utilized P ters duri
Index of ! IZE.‘, arameters curing Confirmation Points of
. Experimental Commands )
Condition . wob tob Experimental Responses
M M M M Standard of comparison
M3 M,s | Mpus M3 Similarity with “M”
M2 Mo | M2 M3 Reducing vibration

Table 6.3: Parameters for the experiments for force-sensorless control methods.

Parameters Values | Remarks | Parameters Values | Remarks
Position Gain G, | 987 5Hz gwob 5Hz

Velocity Gain G ¢; | 63 5Hz gtob 5Hz

Force Gain Gy 15 Encoder Resolution | 20 bit

Sampling Time 0.5 ms
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Fig. 6-8: Sequence of the experiment using the condition “M2.”
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6.4.2 Results of “Step”

Experimental results of the detected force and estimated force in “Step” are shown in Fig. 6-9. The
estimated force was similar to each condition and followed the external force. The motion was only
on the Y,.,m,-axis. These results showed that “M3” and “M2” performed similarly to “M” when there
was no interference from other control axes. The detected force had a vibration and an overshoot in the
transient response. According to Fig. 6-6, the resonance frequency was around 20 Hz. The frequency of
transient response vibration was also around 20 Hz. The main cause of the vibration was the frequency
characteristics from the mechanical impedance. The overshoot was generated since this paper used a
simple proportional force controller to confirm the difference from the equivalent mass matrices. The

overshoot can be suppressed by a force controller with velocity feedback.
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Fig. 6-9: Force responses in experiments “Step.”
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6.4.3 Results of “Freq”

Experimental results of position response and fast Fourier transform (FFT) results of Fwob i “Freq”
are shown in Fig. 6-10 and Fig. 6-11, respectively. The position responses and estimated disturbance
in position control axes were similar in each condition. According to Fig. 6-11, the response of “M3”
was similar to that of “M” in the force control axis. However, it was different from that of “M2.” In
“Freq,” the motion of the force control axes was not constrained, and the end effector could move freely
according to the command and disturbance. The difference is from the interference between the position
and force control axes. Since the non-diagonal elements of M M,,5 ™~ were not zero, the output force
had errors from the calculated force reference values according to eq. (6.11). If the disturbance by the
interference is larger, the difference will increase. Since “M” is an ideal controller for free motion, the

condition “M3” is better than “M2” for the motion without contact on force control axes.
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6.4.4 Results of “Chirp”

Experimental results of force response and FFT results of detected force in “Chirp” are shown in
figures from Fig. 6-12 to Fig. 6-17. In the experiment using “M?2”, equivalent mass matrices were
switched between the task of approaching and experimental commands. The switching timing is shown
by dashed lines (0.9 s and 6.2 s) in Fig. 6-12, Fig. 6-15, Fig. 6-16, and Fig. 6-17. These figures show the
response from “Start” to “End” in Fig. 6-8. Fig. 6-12 and Fig. 6-13 show the estimated force and force
response detected by the force gauge. Fig. 6-14 shows the FFT results of F;ﬁf)m during the rubbing
motion. Fig. 6-13 shows the force responses vibrated in all conditions, although the force command
was constant. According to Fig. 6-14, the vibration was mainly up to 10 Hz, which was the chirp signal
bandwidth in the position control axes. Since the position control bandwidth was 5 Hz, the response could
not follow the chirp signal command, whose bandwidth was up to 10 Hz. That worked as a disturbance
in position control axes. In addition, the frictional force between the end effector and the force gauge
worked as a disturbance. Therefore, the vibration of force control axes under 10 Hz was caused by
interference from the motion of position control axes. The difference in vibration amplitude was large in
the bandwidth from 5 Hz to 10 Hz, which was outside of the control bandwidth. Fig. 6-13 and Fig. 6-14
show that the detected force in “M2” had smaller vibration than the others, even though the bandwidth
is higher than the control bandwidth.

Fig. 6-15 shows the WOB outputs of all axes. Fig. 6-16 and Fig. 6-17 show singular values ¢ and
elements of M® and M}l”"b, respectively. The equivalent mass matrices switching was once and in-
stantaneous. The WOB outputs of “M2” did not become unstable, as shown in Fig. 6-15. According to
Fig. 6-16 and Fig. 6-17, the matrices and the switching can be applied. Therefore, “M2” is better than
“M” and “M3” for a rubbing motion when the velocity of the force control axes is expected to be zero

during contact with hard objects.
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6.4.5 Results of “Slide”

In this experiment, the repeated step position command was applied to X g’}d instead of the chirp signal
in experiments “Chirp.” The friction between the end effector and the force gauge at the beginning of the
motion was the interference disturbance force. The position response X fﬁd, force response Fy com, and
FFT results of F), .o, are shown in Fig. 6-18, Fig. 6-19, and Fig. 6-20, respectively. Fig. 6-18 showed
that the position responses were similar to others. Fig. 6-19 showed that the force gauge response had a
vibration at the beginning of the step motion, and the peak in the response of “M2” was smaller than that
of the others. The smaller vibration can also be confirmed in Fig. 6-20. The cause of the error between
the estimated and detected force by the force gauge was the modeling error of friction, backlash, and
stiffness. A mechanical improvement and higher gains may be required to decrease the error. However,
the validity of the proposed method was confirmed since the mechanical condition and controller gains

were the same.
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6.5 Summary

This dissertation presented design methods of equivalent mass matrices in the force-sensorless hybrid
position/force controller for rubbing motion. In free motion, the equivalent mass matrix M with design
values or the nominal equivalent mass matrix expressed by M3 are suitable. Since the controller for
position control axes has appropriate dynamics, the undesired disturbance from the modeling error can
be small, and the systems are more stable. On the other hand, the nominal equivalent mass matrix
expressed by M2 is suitable in the controller and WOB in contact motion, including rubbing motion.
Since the motion is at a low speed and force control performance is more important than the position
control performance, decoupling the position control axes’ motion and the force control axes’ motion
is required. According to the experimental results, the decoupling of the motion was achieved by the

proposed design method.
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Chapter 7

Proposed Position-and-Force-Sensorless
Control

This chapter discusses the proposed position-and-force-sensorless (PFSL) control. In Section 7.1,
DOB using estimated position is explained. In Section 7.2, the proposed PFSL admittance control system
is explained. In Section 7.3, the experimental systems and results to confirm the validity of the proposed
PFSL admittance control method are shown. In Section 7.4, the proposed PFSL bilateral control system
is explained. In Section 7.5, the experimental systems and results to confirm the validity of the proposed
PFSL bilateral control method are shown. In Section 7.6, the proposed PFSL hybrid position/force
control system is explained. In Section 7.7, the experimental systems and results to confirm the validity of

the proposed hybrid position/force control method are shown. This chapter is summarized in Section 7.8.
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7.1 DOB and RTOB using estimated position

This section explains the DOB and RTOB using estimated position.

In PFSL control systems, DOB and RTOB for a motor utilize the estimated position. The block dia-
gram is shown in Fig. 7-1. Since the position estimation utilizes the detected current, the resolution of the
estimated position depends on the current sensor. The resolution of current detection is generally lower
than the resolution of position sensors attached to servomotors. In low-speed operation, the resolution
of the velocity derived by the first-order backward differential is low, and the high-frequency compo-
nent is amplified. Therefore, the estimated velocity is derived by pseudo derivative. A higher cut-off
frequency is better regarding phase delay, but a lower cut-off frequency is better for pseudo-increasing
the resolution of the estimated velocity. Therefore, gP*¢ is set to a value lower than the cut-off frequency
of position estimation determined by the gain g5, and higher than the DOB and RTOB cut-off frequency.
Since the cut-off frequency of PLL in conventional position estimation methods is generally set lower
than 100 Hz. However, the cut-off frequency of the proposed position estimation was 1.7 kHz, accord-
ing to the utilized gain g;. Therefore, the proposed method expands the estimation bandwidth, and the

cut-off frequency of DOB and RTOB can be higher.
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7.2 Proposed PFSL Admittance Control

This section explains the proposed PFSL admittance control systems.

Admittance controllers are outside the position control loop and derive the position and velocity com-
mand from the force command and force response to realize the desired admittance or impedance be-
tween the control targets and the contact objects. General industrial position control systems have a
P-PI controller, which derives velocity command from the position controller. Therefore, the utilized
admittance controller derives only position command in this dissertation. Since the integral control is
implemented in the velocity control part, DOB is not used for the disturbance compensation. The block

diagram of the admittance control with estimated position is expressed in Fig. 7-2.
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7.3 Experiments with the Proposed PFSL. Admittance Control

This section shows the experimental setup and results of the proposed PFSL admittance control.

The experimental system shown in Fig. 7-3 was utilized. The control parameters for the proposed
PFSL admittance control are described in Table 7.1. The control was compared with the PFSL admit-
tance control without compensation in the low-frequency bandwidth described in Section 5.5. The exper-
imental results are expressed using superscripts ()9 and (OP"°P. The torque command was 0.13 Nm.
The load torque was a sinusoidal chirp signal, whose amplitude was 0.13Nm and frequency was from
0 Hz to 3 Hz. The load imitates contact with flexible objects. Frequency analysis of the estimated torque
could confirm the intended RTOB output and unintended vibrations.

The experimental results are shown in Fig. 7-4, Fig. 7-5, and Fig. 7-6. According to Fig. 7-4 and
Fig. 7-5, the test motor rotation was varied according to the load torque. Therefore, a flexible motion
was achieved. However, the position responses were different though the load torque was the same. The
green dashed line in Fig. 7-4 shows the desired position command from the load torque. The effect was
removed from the desired position command since the identified dynamic friction value was 0.025 Nm.
The position response by the proposed method was much similar to the desired position command.
Fig. 7-6 shows the FFT results of RTOB output from 1.1s to 7.5s (6400 sampling points). In the FFT
results, the peak levels of the proposed method were smaller than those of the conventional method over
5 Hz. The FFT results of the estimated torque by the proposed method were much similar to those of the
load torque. When the feedback torque information has an error, the admittance control response cannot
achieve the desired performance. In addition, since the undesired vibration in the estimated reaction
torque makes it hard to tune the force controller, the proposed method is suitable for PFSL control

systems.
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Fig. 7-3: System configuration for experiments to confirm the validity of the proposed PFSL admittance
control.
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Table 7.1: Control parameters for experiments of the proposed PFSL admittance control.

Parameter Values
Sampling Period (Motion) (ys) 125
Estimation Period (Position) (us) 94
Torque Proportional Gain (rad/s/Nm) 185
Position Proportional Gain (1/s) 48
Velocity Proportional Gain (rad/s) 192
Velocity Integral Gain (s) 0.0156
Cut-off frequency for 250
Torque Command (rad/s)
Cut-off frequency of 10667
Compensation (rad/s) g™
Cut-off frequency of 760
Compensation (rad/s) ¢!
Cut-off frequency of 127
Pseudo Derivation (rad/s) gP*¢
Cut-off frequency of

62.8
RTOB (rad/s) g"t°
Cut-off frequency of 6.8
DOB (rad/s)
Gain in Position Estimation g 0.5
Gain in Error Estimation g®™? 0.025
SMC Gains pT 91 0.07 1 1.6x107°
for the hyperplane 1 1.6x107° 91 0.07
SMC Non-linear Gain 50
Cut-off frequency of 1280

VDOB (rad/s)
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7.4 Proposed PFSL 4ch-Bilateral Control

This section explains the proposed PFSL 4ch-bilateral control systems.

4ch-bilateral control systems have “main” and “remote” systems. The “main” systems are used by
operators, and the “remote” systems work to realize tasks at remote places. The control goals of the
4ch-bilateral control are to achieve the positional following (differential mode) and the action-reaction
law (common mode) between the “main” and “remote” systems. In this dissertation, the “main” system
is the force-sensorless system, and the “remote” system is the PFSL system to imitate the systems in
harsh environments. Since the “main” system can be in the same place as the operator and include the
position sensor attached to the motor, the current control system can be used in the standard system in

servo-amplifier products. The control goal can be expressed by eq. (7.1) and eq. (7.2).

1

edif = 5 (Qmain - Hremo) =0 (7.1)
1

Tecom = 5 (Tmain + Tremo) =0 (72)

The “remote” system is the PFSL system. The information of Oyeme is 0527 in the controller. Since

RFOB/RTOB with short sampling time and high-resolution position sensors can estimate external force/torque
in wider bandwidth than F/T sensors, 4ch-bilateral control systems often have RFOB/RTOB. The infor-
mation of Ty,qin and Tremo 1S the estimated value in the controller. In PFSL systems, DOB is applied to
each mode, and RTOB is applied to each system. Achieving the control target in each mode is more im-
portant than the instantaneous tracking performance of each system in 4ch-bilateral control systems. The
block diagram can be expressed in Fig. 7-7. The common mode controller was a proportional controller,
and the differential mode controller was a proportional-differential controller.

The “remote” system utilizes the proposed position and cross-coupling factors estimation and the
proposed current controller using SMC and VDOB. Even if the same type of motor is used, there will
be differences in the characteristics exhibited by the motor between the “main” and “remote” systems.

However, this can be compensated for because DOB is applied in each mode.
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7.5 Experiments with the Proposed PFSL Bilateral Control

This section shows the experimental setup and results of the proposed 4ch-bilateral control, including
the PFSL control system in the “remote” system.

The experimental system shown in Fig. 7-8 was utilized. The control parameters are described in
Table 7.2 A handle was attached to each motor. The handle in the “main” system was used by the
operator, and the handle in the “remote” system rotated and contacted the aluminum block. The operation
consisted of two back-and-forth free motions and two pressing movements against the aluminum block.
The pressing movements were finished when the user felt the large reaction force, and the handle was
released. The experimental results are shown in Fig. 7-9, Fig. 7-10, Fig. 7-11, and Fig. 7-12.

The position responses and estimated position are shown in Fig. 7-9. The position sensor values in
the “remote” system are obtained to confirm the estimation error effect. The estimated torque values
are shown in Fig. 7-10. The estimated torque %ﬁ;@mo’em was derived by the torque command and
the position response by the position sensor. Although the values were not used in the control, they
were obtained to confirm the estimation accuracy of the estimated torque by the estimated position. In
free motion, although the differential mode responses had errors and delays, the position response in
the “main” system and the estimated position in the “remote” system followed each other. In contact
motion, since the “remote” system contacted the aluminum block, the position could not move. On the
other hand, the “main” system’s position was varied. The action-and-reaction was achieved. Therefore,
although the operator could not know the actual stiffness of the aluminum block, could detect the contact

and feel the reaction force. The reason for the differential mode error was considered the low controller

gain in the differential mode.
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Table 7.2: Control parameters for experiments for the proposed PFSL bilateral control.

Parameter Values
Sampling Period (Motion) (ys) 125
Estimation Period (Position) (us) 94
Position Proportional Gain (1/s2) 3948
Velocity Proportional Gain (1/s) 125
Cut-off frequency of 10667
Compensation (rad/s) %"
Cut-off frequency of 760
Compensation (rad/s) gl"“’
Cut-off frequency of 127
Pseudo Derivation (rad/s) gP*¢
Cut-off frequency of

62.8
RTOB (rad/s) g"t°®
Cut-off frequency of 314
Common mode DOB (rad/s)
Cut-off frequency of 6.8
Differential mode DOB (rad/s)
Gain in Error Estimation g«°™" 0.025
SMC Gains pT 91 0.07 1 1.6x107°
for the hyperplane 1 1.6x107° 91 0.07
SMC Non-linear Gain 50
Cut-off frequency of 1280

VDOB (rad/s)
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7.6 Proposed PFSL Hybrid Position/Force Control

This section explains the proposed PFSL hybrid position/force control system for rubbing motion.

As described in Chapter 4 and experimental results in Section 5.7, the PFSL control systems’ posi-
tioning performance is insufficient. When the estimated position has vibrations, the controller, WOB,
and RFOB output values also have vibrations. In MDOF control systems, the vibrations in each control
axis affect each other as a disturbance. By decoupling position control axes and force control axes, the
circulation of the effects from the position estimation errors and vibrations can be reduced. The same
design method of equivalent mass matrices in the controller, WOB, and RTOBwCT is utilized in the
proposed PFSL hybrid control system. The block diagram of the proposed PFSL hybrid control system
for rubbing motion is expressed in Fig. 7-13. Since the resolution of the estimated position depends on
current detection systems, whose resolution is generally smaller than the resolution of position sensors,
LPFs are utilized to derive the mechanical joint angles. These LPFs can reduce the noise and increase

the resolution in integer arithmetic.
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7.7 Experiments with the Proposed PFSL Hybrid Control

This section shows the experimental setup and results of the proposed PFSL hybrid control system

using a 4DOF manipulator.

7.7.1 Setup and Parameters for Experiments of PFSL Hybrid Control Systems

The experimental system shown in Fig. 7-14 was utilized. The link length and the kinematic model are
the same as the manipulator shown in Fig. 6-6. The differences are the utilized motors and the material of
the links. As a result, the frictional force of the manipulator was larger than the manipulator in Fig. 6-6.
A similar type of motor used in Section 5.7 was used. The material was changed from ABS to aluminum
to increase the stiffness of the links.

The rubbing and pushing motions were performed against the force gauge. The frequency character-
istics of the pushing motion to the force gauge are also shown in Fig. 7-14. The gain values of frequency
characteristics had larger around 30 Hz. The frequency response was obtained by using position sen-
sors attached to the utilized motors and the force gauge, which is the contact target. However, other
experiments did not use the detected position and force for the feedback information.

The nominal parameters of the test motor are shown in Table 7.3.

The force responses by two configurations of equivalent mass matrices were compared. One used
equivalent mass matrices M, M#’Ob, and bet"b shown in eq. (6.3) and eq. (6.4). The index is Ox.
The other used the matrices M with design values in the controller and RFOB. The index is (O)ps. The
parameters involved in position estimation were the same for each experiment. The control parame-
ters are described in Table 7.4 The validity of the proposed controller was confirmed by two kinds of
experimental commands shown in Table 7.5.

“Step” showed the force control performance during contact with the force gauge. “Chirp” showed
the cross-coupling effects and the vibration suppression by the proposed method in rubbing motion by
sinusoidal command. Force commands were decided according to experimental trial and error. The force
command value was allowed to change within a range of about 0.5 N. However, when the value was too

small, the manipulator did not move. In addition, when the value was too large, the control diverged.
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The acceleration reference values were derived by eq. (7.3).

(Gy + Gours) (X3 — X557
(Gp + Guers) (ch% - Xres )

(Gy + Guass) (Yl = V357 )
Gf (chd _ Frtob )

y,com y,com

s2Xref = (7.3)
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Table 7.3: Nominal parameters of motors in the 4DOF manipulator shown in Fig. 7-14.

Parameter Value
R (Ohm) 1.4
Ly (mH) 2.6
Ly (mH) 3.1
Torque constant (Nm/A) 0.544
¥ ( V/(elec. rad/s) ) 0.109
Rotor inertia (kgm?) 0.486x 1074
Rated Power (W) 400
Rated velocity (mech. rad/s) 314.2
Rated torque (Nm) 1.27
Pole pairs 5
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Table 7.4: Control parameters for experiments to confirm the validity of the proposed hybrid PFSL

control.
Parameter Values Remarks
Sampling Period (Motion) (us) 500
Position Estimation Period (ys) 94
Position Gain G, (1/s%) 158 2Hz
Velocity Gain G, (rad/s) 25.1
Force Gain Gy (1/kg) 1
Cut-off frequency of 250
Torque Filter (rad/s)
Cut-off frequency of 126
Pseudo Differentiation gP*¢ (rad/s)
Cut-off frequency of 500
Position Response (rad/s)
Cut-off frequency of
12.6
RTOB (rad/s) gt
Cut-off frequency of 12.6
DOB (rad/s)
Cut-off frequency of 10667
Compensation (rad/s) %"
Cut-off frequency of 760
Compensation (rad/s) gl"“’
gp, in Position Estimation (-) 0.5
g™ in Position Estimation (rad/s) 251
g“°™P in Position Estimation (-) 0.02
SMC Gains pT 91 0.07 1 1.6x107°
for the hyperplane 1 1.6x107° 91 0.07
SMC Non-linear Gain 50
Cut-off frequency of 1280

VDOB (rad/s)
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Table 7.5: Relationship between indexes and experimental command.

Index of
Experimental | Fd (N) Xgnd, Xeond, v (m)
Command
Step signal: Xg?}d = 0.066,
Step cmd cmd __ emd __
Fomd, =12and 1.5 | X3W = 0.0, Y74 = 0.0
Chi Constant value: X7 = 0.068 — 0.002 cos 0.04 - 2t
1T
P Femd =15 Xemd — 0.004sin0.04 - 272, Y7 = 0.0
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7.7.2 Results of “Step”

Experimental results of the detected force and estimated force in “Step” are shown in Fig. 7-15. The
detected and estimated force was similar to each condition and followed the external force, although the
force vibrated. The detected force had a steady state error of about 0.2 N. The reasons for the error were
the output torque error by position estimation error and the friction in the manipulator. According to the
rising time, the responsiveness can be considered 2 Hz, a similar value to the cut-off frequency of RTOB.
These results show that the proposed PFSL control system can achieve pushing motion by force control

without other axes’ motion.
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7.7.3 Results of “Chirp”

The command and response in each axis are shown in Fig. 7-16. The position tracking performance
needed to be improved in both configurations of equivalent mass matrices. The force response F;ﬁ’;m M
by the equivalent mass matrix with design values had O values and vibrations around 8 s. Since the force
gauge could detect only pushing force, the response indicates that the end-effector bounced back from
the contact surface of the force gauge. On the other hand, the force response Fyeﬁf)m n With the proposed
design method did not have 0. The end-effector could keep in contact. According to the result in Fig. 7-
16 and Chapter 4, the proposed PFSL control system can achieve the rubbing motion. The FFT results of
the detected force show the reasons for the unsatisfactory performance of the PFSL control system. The
FFT results are shown in Fig. 7-17. The peaks by the proposed PFSL control system were lower than
those by the PFSL control system using an equivalent mass matrix with design values. The experimental

results show that the proposed position-sensorless control system and the equivalent mass matrix design

method reduced the vibrations on the force control axis and realized the rubbing motion keeping contact.
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7.7.4 Discussion

According to Fig. 7-17, the responses had peaks around 15Hz, 30Hz, and 60 Hz. The frequency
characteristics by pushing motion, shown in Fig. 7-14, indicated the mechanical system had gain peaks
around 30 Hz. In addition, as a separate experiment, the vibration of the position estimation at the electric
angle of the motor during the rubbing motion was confirmed. The data acquisition method was the same
as in Section 5.7. The FFT result of the estimated position is shown in Fig. 7-18. The peak was around
67 Hz. Therefore, the vibrations on the force control axes were from the mechanical characteristics and
the estimated position. The proposed PFSL hybrid control system reduced the mechanical and electrical
cross-coupling effects on the force response during the rubbing motion. According to Chapter 4, a
conventional position-sensorless control method could not achieve the rubbing motion. The validity of
the proposed methods described in Chapter 5 and Chapter 6 was confirmed.

The reason for the unsatisfactory performance of the position control axes was the low gain from the
errors and vibrations in the estimated position. The position estimation error means that some electrical
angles cannot be achieved. The control systems vibrate if even one of the four axes fails to reach the
electrical angle required for position synchronization for workspace motion. The solution is the improve-
ment of the position estimation accuracy. Although the proposed methods realized rubbing motion by

the PESL control system, further position estimation accuracy is essential for practical use.
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7.8 Summary

This dissertation proposes the PFSL control systems. The PFSL control systems comprise the pro-
posed methods described in Chapters 5 and 6. The results of the admittance control, the 4ch-bilateral
control, and the hybrid position/force control were confirmed. The proposed methods improved the PFSL
force control performance. The vibration of the reaction force was reduced. The feeling of contact can
be transmitted from the “remote” system to the operator of the “main” system without position and force
sensors in the “remote” system. In addition, the rubbing motion with the 4DOF manipulator could keep
contact with the force gauge. The proposed methods in Chapters 5 and 6 realized pushing and rubbing
motion with the PFSL control system. However, since the position estimation error is not zero, the po-
sitioning performance and the control gains are still insufficient. Even the performance of the proposed
control method was unsatisfactory compared to the performance required in actual applications. Further

improvement of position estimation accuracy is required.
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Conclusions

8.1 Conclusions of This Dissertation

Realization of position-and-force-sensorless (PFSL) robots is expected to extend applications of robots
outside the factory. Those applications often require the force control function for flexible or contact
operations. One of the examples of contact operation is rubbing motion. However, the control per-
formance of PFSL systems with conventional methods needs to be improved for practical use. PFSL
control systems consist of position-sensorless and force-sensorless control systems and utilize estimated
position and force as feedback information. Since force estimation uses the estimated position, the per-
formance improvement of position estimation is required as the fundamental technology. In addition,
cross-coupling effects between position and force control axes decrease the force control performance of
multi-degree-of-freedom (MDOF) systems. The cross-coupling effects can be expressed by the equiv-
alent mass matrix. In PFSL control systems, the external force and the estimated position errors cause
vibrations in position control axes. The cross-coupling effects from position control axes to force con-
trol axes cause vibrations in force control axes. A PFSL robot with a conventional position estimation
method and an equivalent mass matrix with design values could not work. Therefore, position-sensorless
control systems and an equivalent mass matrix design method for hybrid position/force control systems
were proposed.

In Chapter 5, position-sensorless control methods considering the cross-coupling factors are described.
Cross-coupling factors express the distortion of the magnetic flux vectors in motors and cause position

estimation errors. The cause of the cross-coupling factors was explained by introducing the voltage
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equation for IPMSMs, which takes into account the distortion of the magnetic flux vector. The position
and cross-coupling factors estimation methods were proposed based on the introduced voltage equation.
Unlike conventional methods, the method did not require reference tables from previous experiments or
analyses. Since the current control model was based on the introduced voltage equation, the estimated
cross-coupling factors were used in the controller and the conversion between the torque reference and
the current command. The experimental results showed the position estimation error reduction, the vi-
bration reduction, and the improvement of robustness to the disturbance. Although further improvement
is essential concerning position estimation accuracy, it is clarified that position estimation and current
control methods considering the cross-coupling factors can improve position-sensorless control systems.

In Chapter 6, the effect of the equivalent mass matrices in hybrid position/force control for MDOF
systems was explained, and the suitable matrices for free motion and contact motion were discussed.
Since an equivalent mass matrix can express the mass in the workspace motion, the non-diagonal ele-
ments show the cross-coupling effects between the workspace control axes. In free motion, an accurate
model is important for stable operation. When the manipulators move fast, WOB with the equivalent
mass matrix using design values can work accurately. On the other hand, in contact motion at low speed,
the reaction force control is more important than stability. Since the non-diagonal elements of the equiv-
alent mass matrix transport the disturbance effects from the position control axes to the force control axes
in the force dimension, the decoupling between the position control axes’ motion and the force control
axes’ motion is required. Therefore, the equivalent mass matrices with zero values in the non-diagonal
elements for position and force control axes were introduced. The hybrid position/force control with
switching of equivalent mass matrices was proposed. The switching depends on the expected velocity
of the force control axes. The equivalent mass matrix decoupled the position control axes’ motion and
the force control axes’ motion during contact. The disturbance, including vibrations, did not circulate
between the position and force control axes. The experimental results showed the vibration reduction of
the force control axes in the rubbing motion on hard objects.

In Chapter 7, the proposed PFSL control systems were described. In the PFSL control systems, DOB
(WOB) and RFOB (RTOB) utilize the estimated position rather than position responses obtained from
position sensors. With the improved position estimation accuracy and robustness of position-sensorless
control systems by the proposed methods in Chapter 5, the vibration of the estimated force/torque in
admittance control and 4ch-bilateral control with PFSL control systems is reduced. In MDOF PFSL

hybrid position/force control systems, equivalent mass matrices described in Chapter 6 were used to
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Table 8.1: Comparing the target bandwidth and achieved bandwidth.

Description Force Control Force Estimation Position Control Position Estimation
Goal 10Hz 20Hz 10Hz 200 Hz

Current - - 2 Hz (1 axis) 20 Hz (1 axis)
Proposed(1DOF) 3 Hz 10Hz 10Hz 1.7kHz
Proposed(MDOF) 0.1Hz 2Hz 2Hz 1.7kHz

decouple the position and force control axes’ motion. The decoupling function suppressed the vibration
from the position estimation. As a result, although the vibration and the control bandwidth were still
insufficient for practical use, the rubbing motion keeping contact with the contact target was realized by
combining the proposed methods.

This dissertation reveals the effectiveness of considering cross-coupling factors in the dg-axes induc-
tance of IPMSMs in position-sensorless control systems and cross-coupling effects by the equivalent
mass matrix in workspace control. The target bandwidth and the achieved bandwidth expressed by the
controller gains are compared in Table 8.1. Although the achieved bandwidth of the gain setting in
the force control and force estimation was lower than the goal, the bandwidth was expanded and im-
proved. On the other hand, the bandwidth of the position control and position estimation gains for IDOF
achieved the goal. Since position estimation errors and vibrations disturb the synchronization of each
joint in MDOF systems, the position control gain could not achieve the goal. Therefore, although the
validity of the proposed methods can be confirmed, further position estimation error reduction is future

work.
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8.2 Future Work and Prospects

The fundamental problem of PFSL robots is position estimation errors and vibrations. The validity
of the proposed equivalent mass matrices was confirmed by using detected values by position sensors.
According to the simulation in Section 5.1, the desired maximum value of the position estimation error is
0.06 elec. rad. However, the proposed method could not achieve the desired goal. In position-sensorless
control, the remained modeling error is from the axis of the utilized current. Modeling based on the
actual dg-axes current has been used in this dissertation, assuming convergence of the estimated dq-
axes to the actual dg-axes. Therefore, the next step is modeling based on the estimated dqg-axes, and
similar algorithms and findings could be used. Reducing the position estimation errors may increase the
bandwidth of control and estimation. The proposed PFSL control system uses the estimated position
and force derived from the common information of the detected current. The proposed configuration is
considered more accessible to synchronize position and force data compared to the case where position
and force data are obtained from a position sensor and a force sensor. Since hybrid control controls
position and force simultaneously, the increased bandwidth may make the control systems more stable
than sensor use. Furthermore, the confirmation of the robustness of the disturbance was on the load
torque in the steady state. The load torque of each joint of robots dynamically varies with the posture
and the motion of tasks. In addition, the temperatures of motors and environments around the robots
also change during prolonged operation. As temperature varies, resistance and magnetic characteristics
vary. Although position estimation methods by high-frequency voltage injection have the robustness of
resistance variation, they are affected by the variation of the magnetic characteristics. The variation of the
magnetic characteristics causes the variation of the cross-coupling factors in the dg-axes inductance. The
proposed method corresponds to the dynamic variation of the cross-coupling factors. Therefore, some
of the effects can be compensated by the proposed methods by using nominal inductance values of Ly
and L, in the application environments. However, the other adverse effects should also be confirmed and
compensated for practical use. These issues in actual operation also need to be evaluated per applications
in future work.

The proposed method improved the performance of the 1DOF position-sensorless system itself. Since
cross-coupling factors relate to the magnetic saturation and resistance, the effects are significant in high-
torque density IPMSMs. Therefore, the proposed method may contribute to the downsizing of IPMSMs

for general position-sensorless control systems.
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Since the position estimation accuracy is lower than that of position sensors, tasks requiring precise
motion do not suit PFSL robots. However, the desired characteristics in applications requiring force
control functions differ from those for precise positioning. The reaction force/torque can be more impor-
tant than the instantaneous position-tracking error during contact motion, including rubbing motion. The
advantages of PFSL robots with the proposed methods are mechanical robustness, cost, and size. For ex-
ample, tasks in farms, construction, and welfare require force control functions and these characteristics.
MDOF robots have not yet been widespread in these environments. PFSL robots are expected to develop

these markets and contribute to a more productive society.
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