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ABSTRACT 

The focus of this thesis is the control of a three phase brushless direct current (BLDC) motor to 

drive a force feedback (haptic) robotic hand in a radiological environment.  This thesis 

presents both the theory behind, and the specific hardware and software, implemented to 

operate the BLDC motor and resolver.  The discussion associated with the hardware includes 

the primary considerations of operating electronics in a radiation environment, selected 

brushless motor, selected resolver, developed Printed Circuit Board (PCB) implementing the 

three half bridge driver and resolver-to-digital circuit, and supporting LabVIEW Field-

Programmable Gate Array (FPGA) system.   

The associate software includes the LabVIEW code programmed on the fast/dependable 

operating, but restricted space, FPGA system.  The developed code effectively implements 

Space Vector Pulse Width Modulation (SVPWM) and position data acquisition using unique 

techniques to account for the restricted space available on the FPGA system.  Such techniques 

include small memory switching/comparison logic operators and simple operations such as 

addition, multiplication, and bit number truncation to execute operations traditionally 

performed via floating point operations and trigonometric functions.   

Additional evaluation is also presented regarding the means of selecting a suitable Pulse Width 

Modulation (PWM) duty cycle to ensure that the dynamics associated with the BLDC motor 

components as well as the digital resolver-to-digital converter are accounted for in order to 

generate smooth motion and position accuracy while minimizing the probability of 

overheating. Overheating is more prevalent in haptic finger torque control applications where a 

high torque, stall like position may be applied for extended periods of time.    
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The thesis concludes with a discussion of future work including the implementation of Field 

Oriented Control (FOC) and measuring the three phase currents using a single current signal 

and its relationship to the PWM signal profile.   
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

The focus of this thesis is to develop the circuitry necessary to drive BLDC motors embedded 

in a force-feedback (haptic) robotic hand under unconventional constraints.  These constraints 

are primarily imposed by the radiation environment in which the motors will operate.  The 

BLDC motors are applicable for this application because the brushes associated with 

conventional DC brushed motors cause impurities which are disadvantageous [1] and difficult 

to clean up in some radiation environments.  It is also more difficult to perform any 

maintenance (including motor change-out) in a radiation environment (which is required more 

often for brushed DC motors).  Additionally the BLDC motors have a higher torque to 

volume ratio.  The resolver position sensor is applicable for this application because of the ill 

effects that radiation has on most sensors conventionally employed to control the motors (e.g. 

Hall Effect sensors, encoders).  In summary, this thesis presents a force-feedback system 

capable of operating a BLDC motor utilizing a resolver shaft position sensor in a radiation 

environment. 

The primary challenge associated with this scenario is that conventional controllers are not 

designed to accommodate the unique combination of requirements.  The typical controllers 

that complement a brushless motor whose size is appropriate for this application (based on the 

application’s desired size and torque requirements) only accommodate Hall Effect sensor or 

encoder feedback and are primarily limited to position or speed control rather than the torque 

control deemed necessary for this force feedback application. 
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Although a system appropriate for this application would be able to implement some 

established technologies/practices (brushless motors, space vector modulation, resolvers, 

reading digital position signals, etc.), some novel techniques are required in order to fully 

integrate the these technologies together.   

The items of particular importance include the integration of the technologies into a flexible 

platform that can be adjusted/optimized/customized for use in human-machine interaction 

haptic hand studies.  The performance requirements to realize effective, robust, and 

dependable tele-operation transparency between a user and a robotic device in a radiological 

environment finds its way into every subpart of this project including motor selection, driver 

techniques, position sensing, and current feedback. 

A system that has the most potential for such an application is LabVIEW’s FPGA system 

which is characterized by fast, reliable, customizable functionality and is able to collect the 

operation of the multiple entities (motors, force sensors, and user information) into a single 

unit.  CAN serial systems also have the potential to control multiple motors but such systems 

are subject to time lags when communicating with multiple motors.  Given such a 

characteristic, the CAN system does not hold as much potential for use in a haptic system 

compared to the FPGA system.  This is because time lags are especially detrimental for 

applications that seek to produce a transparent experience between a user and a tele-operated 

robotic hand system.  However, the price for the advantages associated with the FPGA system 

is the limited available space in which to program the functions necessary to control all 21 

motors, which are completely controlled within the FPGA system due to the lack of a 
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commercial microcontroller with the ability to directly control torque and read resolver 

signals. 

The space restriction aspects associated with FPGA systems are especially important to 

consider because BLDC motor commutation techniques, such as SVM, which are 

characterized by higher performance attributes, traditionally use embedded operations that 

would require a substantial amount of space on an FPGA system (e.g. lookup tables of the 

space vector modulated profiles, floating point operations, trigonometric function, simple 

division, etc.). 

The novelty associated with this thesis includes the selection of complementary products 

necessary to accommodate the unique application of haptics within a radiological 

environment and the application of unique techniques to guarantee the associated operations 

are performed at a sufficient rate to produce effective haptic performance.   
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1.2 Thesis Layout 

This thesis is organized such that it discusses the background, implemented technology, 

results, and then future work to fully realize this system. 

The background section discusses: 

• Radiation environment effects on electrical equipment including circuit board 

structures and difficulties associated with maintenance activities that drive the 

need for more dependable equipment. 

• Force-feedback theory as it applies to the robotic hand which will implement 

the brushless motor system described in this thesis. 

• Brushless motor theory including a discussion of the three phase construction 

as it applies to the employed motors. 

• Resolver theory as it applies to conventional structure associated with 

employed device. 

• Brushless motor driver circuitry theory. 

• Brushless motor commutation (trapezoidal, sinusoidal, space vector 

modulation). 

• Field Oriented Control theory. 
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The implementation section discusses the hardware and software required to implement the 

above mentioned theories and includes: 

• The general components (haptic hand user interface and associated robotic 

hand) implemented in this force-feedback system. 

• The employed brushless motor and the criteria that drove its selection. 

• The employed brushless motor driver and the associated hardware (microchips, 

electrical component, PCB based on microchip application schematic) and 

software (LabVIEW programs) necessary to achieve its implementation. 

• The employed resolver.  

• The employed circuitry required to read the employed resolver (microchips, 

electrical component, PCB board design based on microchip application 

schematic) and its suitability for this application. 

• The LabVIEW field oriented controller that would be applicable for this 

application that was extracted from a National Instruments forum post as 

presented and developed by Dr. Ben Black from National Instruments. 

• The proposed three phase current measurement system based on single bus 

signal. 

 

The results section discusses the implemented system’s ability to accommodate the 

performance criteria imposed by the haptic and radiological constraints, including: 

• Smooth and reversible rotary motion (extensive discussion on the implications 

of this simple performance exhibition is included in the results section). 
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This thesis reports future work required to fully realize this system’s application in the 

proposed haptic application including: 

• The modification of an acquired LabVIEW Field Oriented Control program 

acquired from National Instruments to be applied for torque control rather than 

speed control. 

• The measurement of the three phase currents from a single bus signal current 

profile via its correlation to the applied PWM signals and how the system 

dynamics need to be considered via adjustments in the PWM period. 

• Experiments to validate that the proposed system will drive the haptic system 

adequately when performing tasks such as grasping and manipulation. 
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1.3 Background 

1.3.1 Radiation Environment Limitations 

Radiation environments influence both the mechanical and electrical performance properties 

of materials.  The primary phenomenon that drives this influence is that the energetic 

radiation particles and photons produce atomic displacements, electronic excitations, or both 

[2].  These actions can disrupt a semiconductor’s crystal structure or damage the insulator 

resulting in leakage.  Such damage can shift voltages within the circuit and cause devices 

which are designed to turn on/ off at well-defined operating points to function improperly [3].  

These phenomena are applicable to the circuitry associated with the Hall effect sensors and 

encoders employed in typical motor applications.  Table 1 [4] provides guidance with regard 

to the types of systems that can be employed with respect to radiation levels.  As shown 

effect, anything above a category D level recommends that no electronics be used.  

Table 1:  Indicative Radiation Scale for Typical Nuclear Tele-Operated Applications [4]. 
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To some effect, the research associated with this project is attempting to circumvent this 

limitation and identify a means by which electric motors with electronic driver and control 

can be employed in such an environment. In order to achieve this end, special set-ups are 

therefore needed, with remote electronics, radiation-hardened transducers, and adapted 

signal processing.  Resolvers are more reliable under radiation than their optical 

counterpart. A gamma radiation tolerance up to 10 MGy (which reaches far into category D 

as identified in Table 1) is achievable with proper design of the coils and the supply cables 

[4]. 

ASTM standard C1615-10 [1] provides exceptional guidance with regard to implementing 

technology, including electronics and motors, in a radiation environment. Like the resolvers, 

discussed above, BLDC motors have a similar internal makeup (e.g. winding and lack of 

brushes) and the standard identifies them as being applicable in radiation environments due to 

their high power density, reversibility, and long life in high irradiation fields for applications 

including robotics and precision positioning. As such, these components have similar 

robustness in a radiation environment as resolvers.   

The lack of brushes in BLDC motors also limits the amount of impurities that are undesirably 

introduced into some radiological environments.  This is not the case for conventional 

brushed DC motors which tend to produce graphite dust [1].  These impurities are 

disadvantageous because some of these environments have purity restrictions and the brush 

shavings are very difficult to clean up from such environments.  The difficulties associated 

with cleanup are also a huge factor in general system maintenance (including motor change-

out).  Because BLDC motors are more robust and reliable than their brushed DC motor 
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counterpart they are more ideal in this application.  It is also recommended in reference [1] 

that BLDC motors be used in applications where horsepower requirements are below 3750 

watts.  For power levels above 3750 watts, it is recommended that an AC motor be used.  

Motors in the recommended applications for hot cells are presented in Table 2. 

 

Table 2:  Motors and Their Recommended Applications in Hot Cells [1] 
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1.3.2 Force-Feedback Theory 

The force-feedback (haptic) system, in which the product of this thesis will be employed, is 

embedded in the system generated and patented by the author [5] (Figure 1).  The left portion 

of this figure is the user interface (additionally shown in Figure 2 and Figure 3) that monitors 

the configuration of the user’s hand and communicates the forces experienced by the robotic 

hand (right portion of the figure) back onto the user.  The user interface used brushed DC 

motors as it will be used outside of the radiation environment and its hardware is not subject 

to the same radiological concerns as the robotic hand shown on the right of Figure 2.  The 

robotic hand on the right of the figure (also shown in Figure 4 and Figure 5), will employ the 

BLDC motor, resolver, resolver to digital converter, brushless motor driver, and proposed 

torque control presented in this thesis. 

 

Figure 1:  Force-Feedback Robotic Hand System.  
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Figure 2:  CAD Model of Developed Haptic User Interface Using Brushed Motors and 

Force Sensors. 

 

 

Figure 3:  Developed Haptic User Interface as Shown Being Employed by User. 
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Figure 4:  CAD Model of Developed Robotic Hand Employing BLDC Motors. 

 

 

 

Figure 5:  Developed Haptic Robotic Hand Employing BLDC Motors. 
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Feedback control as it applies to the device will appropriately utilize the general n-link 

manipulator dynamic equation as shown in (1).  In (1) ( )θM  is the inertia matrix, ( )θθθ &&
,C  is 

the Coriolis and centripetal torques, ( )θθ &
,V  is the friction (coulomb, viscous, etc.) related 

torques, ( )θG  is the gravitational related torques, and τ  is the control torque.  The employed 

control law will be that shown in (2).   Extensive description of the system, including a 

thorough survey of the type of haptic systems available in the associated control algorithm 

implemented to achieve the haptic behavior, is included in references [6] and [7].   

( ) ( ) ( ) ( ) τθθθθθθθθ =+++
&&&&&

,, VGCM                   (1) 

( ) ( ) ),(ˆˆ
,

1
θθθτ &VGffKJ

NLLdese

T
−−+=                                                              (2) 

Additionally, one of the most important aspects of haptic systems, as it pertains to this thesis 

research, is that the system must exhibit a reliable 1kHz communication rate in order to 

appear seamless to the user [8].  This requirement drives the system to perform at a frequency 

higher than this (without delays) in order to produce reliable performance. 
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1.3.3 Resolver Theory 

The primary components of a resolver, like the brushless motor, are the rotor and stator.  The 

resolver implemented in this thesis is a transformer consisting of three windings, one on the 

rotor and two on the stator (known as a classical resolver as shown in Figure 6).  The rotor 

winding is supplied an AC sine wave input and depending on the position of the rotor relative 

to the stator the voltage across each of the two secondary windings will be scaled by a factor 

of either cosine or sine of the rotor angle.  The equations relating the input to the output are 

shown in Figure 6 and the graphical representation of these equations from both the resolver 

vendor and the resolver to digital converter vendor are shown in Figure 7 [9] and Figure 8 

[10] (both figures are included to validate both resolver and the resolver-to-digital converter 

produce/read similar signals).   

 

Figure 6.  Primary Components Associated with Classical Resolver. 
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Figure 7. Characteristics of Excitation and Output Voltages as Supplied by Employed 

Resolver’s Vendor [9]. 

 

Figure 8.  Characteristics of Excitation and Output Voltages as Supplied by Employed 

AD2S1210 Resolver to Digital Converter [10]. 



16 

 

Figure 7 also includes a larger sinusoidal wave over the high frequency wave which 

represents the ratio between the outputs and the input excitation signal.  The overall angle can 

be extracted by taking the inverse tangent of the two signals divided by one another.  This 

process is shown in the following equation. 










−

−
=

42

13
arctan

SS

SS
θ                                                       (3) 



17 

 

1.3.4 Resolver Signal Reading Theory  

Because the resolver is an analog system, reading the position requires a device capable of 

reading such signals.  However, current data acquisition systems are primarily comprised of 

digital inputs/outputs because these signals are able to communicate information at much 

lower voltages and currents, thus requiring less substantial hardware than analog inputs and 

outputs. 

If a resolver were to be directly operated, up to two analog outputs and four analog inputs 

would be required.  However, there are resolver-to-digital chips available which provide the 

resolver with a sinusoidal analog input, read the corresponding analog output data, and 

convert the data into a digital signal.  As is true with any digital chip the format complexity 

required to communicate with the device depends on the device.  However, what is consistent 

is that these chips are also subject to the laws of physics and also exhibit dynamic responses 

within them.  Thus when communicating with these devices it is important to recognize that 

in order to send/receive a digital signal from such a device they must wait for the dynamics to 

settle out in order to achieve more reliable performance. 

However, to the benefit of these digital chips, most mechanical systems with which these 

chips can be implemented possess mechanical time constants much longer than those 

embedded within the chip.  This affords one to send/receive a signal to/from such a device, 

wait for the dynamics associated with that action to die out, write/read the steady state signal, 

and proceed to the next step (such as reading the next bit in a 10 bit number) an enormous 

number of times before the frequency of the data that they communicate has an adverse effect 

on the overall system itself.  This behavior holds for resolver-to-digital converters. 
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1.3.5 Brushless Motor Theory 

The primary components as well as the supporting components associated with the Maxon EC 

brushless motor employed in this thesis can be seen in Figure 9 [11].  BLDC motors consist of 

two primary components, the stator and rotor (permanent magnet).  The rotor embodies a 

permanent magnet and the stator is comprised of a three phase winding.  The various 

commutation methods associated with BLDC motors are dependent on the rotor position in 

order to apply the proper fluxes to the proper phases in order to generate the proper 

movement.   

 

Figure 9:  Primary BLDC Motor Components [11]. 
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The advantages of the BLDC motor over the conventional brushed motor according to 

references [11] and [12] consist of: 

• Excellent torque characteristics (similar torque profiles as conventional DC motors) 

• High power density (BLDC motors have the highest running torque per cubic inch of 

any DC motor). 

• Extremely wide speed range (A BLDC motor can operate at speeds above 10,000 rpm 

under loaded and unloaded conditions). 

• Outstanding controllability. 

• Responsiveness and quick acceleration (Inner rotor BLDC motors have low rotor 

inertia, allowing them to accelerate, decelerate, and reverse direction quickly). 

• High reliability/lifespan (BLDC motors do not have brushes, meaning they are more 

reliable and have life expectancies of over 10,000 hours. This results in fewer 

replacements and repairs with less overall down time). 

 

Disadvantages include: 

• More complex three phase control which will be discussed in section 1.3.7: Brushless 

Motor Commutation Theory. 
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As included in the lists of advantages and disadvantages, BLDC motors have relatively good 

power density, reliability, and responsiveness.  However, these advantage are more applicable 

for the motors being implemented in higher speed applications rather than slow speed (if not 

fixed position) torque control applications such as the target haptic finger.  As such, the 

performance of the motor at stall conditions is an important consideration.  In the stall 

condition one or more of the phases can experience sustained currents that may overheat and 

damage the device.  Given this characteristic, BLDC motor vendors provide a plot (Figure 10 

[13]) which outlines the recommended operating ranges for continuous and short term 

operation thus recognizing that stall conditions are allowable but only for short durations.   

 

Figure 10:  Operating Range Associated with a Sample BLDC Motor [13, pg. 209] 

 

In addition to operating range plots, BLDC motor vendors also report motor characteristics 

that can be used to size the motor based on application conditions.  Some important 

characteristics include: 
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• Continuous motor torque 

• Stall torque 

• Speed limitation 

• Nominal voltage 

• Speed torque gradient 

• Torque constant 
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1.3.6 Brushless Motor Driver Circuitry Theory 

In order to drive a three phase brushless motor, a circuit implementing six independent half 

bridges is required. Each bridge is comprised of a combination of two FETs (1 p-type and one 

n-type).   A graphic of the three independent half bridge layout of the switching amplifier 

implemented in this research is shown in Figure 11.   

 

Figure 11:  General SA306-IHZ Switching Amplifier Layout, Including the Three 

Independent Half Bridge Circuits to Drive the Brushless Motor [14]. 
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Combinations of these FETs are implemented to provide magnetic imbalance within the 

brushless motor.  These combinations are driven by PWM signals, of which the widths of 

each phase are driven by the strategies discussed in section 1.3.7.  These combinations route 

the current through the appropriate phases.  An example of the FET on/off activations is 

shown in Figure 12 and can be viewed as four different segments: 

• Segment 1: 1H, 2H, 3H active 

• Segment 2: 2H, 3H, 1L active 

• Segment 3:  2H, 1L, 3L active  

• Segment 1: 1H, 2H, 3H active 

It can also be seen in Figure 12 that there is a slight delay between when a high FET becomes 

active and its corresponding low FET becomes inactive.  If both a high FET and low FET, in 

the same phase, are active at the same time, a short can be created, resulting in current being 

shot though the FETs.  The resulting high current can cause damage to the FETs.  

 

Figure 12:  Example FET On/Off Activation Profile as they Pertain to the Driver’s Three 

Half Bridge Configuration. [22]. 

              1             2             3           4 

PWM3H 

PWM3L 

PWM2H 

PWM2L 

PWM1H 

PWM2L 
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While surveying available technology for brushless motor drivers two versions of the three 

half bridge circuit were found which employ discrete components [15][16].  The schematics 

associated with these systems (Figure 13 and Figure 14) show the three half-bridges 

fabricated with discrete components.  Implementing a driver comprised of discrete 

components would provide more flexibility when designing a circuit in order to accommodate 

the idiosyncrasies with a motor system (e.g. high current levels) that may not be 

accommodated by a commercial product such as the single-chip driver referenced in Figure 

11. 

 

Figure 13:  Brushless Motor Controller – Dan Strother’s Design Schematic [15]. 
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Figure 14:  Brushless Motor Controller – Schematic Associated with Dr. Ben Black 

Design [16]. 
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1.3.7 Brushless Motor Commutation Theory 

There are several means to operate a BLDC motor using the three independent half bridge 

circuit layout discussed in section 1.3.6. The ones considered for this research include the six 

phase (trapezoidal or block), sinusoidal, and SVM.  Each of these techniques relates the rotor 

position to each of the stator phases and identifies a flux that will pull on the rotor and 

generate torque.  These commutation theories range from a relatively simple but less efficient 

(six phase), to more complex but smoother and more efficient (sinusoidal), to most complex 

but still smooth and most efficient by about 15% (SVM).  More details associated with each 

of these techniques will be discussed in the following sections. 
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1.3.7.1 Six Phase (Trapezoidal) Commutation 

Six phase trapezoidal commutation divides motor into six phases per revolution. Within each 

phase the current is directed through the three independent half bridge circuit by turning 

on/off the high/low sides of each circuit such that the rotor observes the appropriate flux that 

leverages the rotor to rotate.  Although simple and effective, the discrete nature of this 

technique provides a varying torque throughout the motor motion resulting in motion that is 

not as smooth as the other commutation techniques discussed below.  Figure 15 and Figure 16 

demonstrate the implementation of trapezoidal control given position inputs from Hall 

sensors.  

 

Figure 15.  Trapezoidal Commutation of a Maxon Multi-Pole EC Motor Relating Hall 

Sensor Response to Circuit Output [11]. 
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Figure 16.  Trapezoidal Commutation Technique Implemented in LabVIEW Relating 

Hall Sensor Response (Top Left), to a Phase Which Activates the Appropriate FET 

Activation Combination in the Condition Block Which Feeds into the Circuit Outputs 

[16]. 

 

In Figure 15 and Figure 16 the input provided to the motor is achieved via Hall sensors.  

Depending on which one or two of the three Hall sensors is active drives which FETs are 

active.  For instance, in Figure 15 if Hall sensor 3 is active the rotor is in conductive phase VI 

and FET B upper and FET C lower are active.  Figure 16 shows inputs from the Hall sensors 

which identifies the rotor as being in phase 6 which activates the upper FET C and lower FET 

A (the full set of conditions for this LabVIEW program is shown in Table 3).  As can be seen 

when comparing these two they are slightly different which can be attributed to a different 
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Hall sensor arrangement or directionality (clockwise or counter-clockwise), thus it is 

important to understand the Hall sensor arrangement when applying this strategy.  Regardless, 

the primary means to generate motion in trapezoidal commutation is to activate one high FET 

and one low FET corresponding with the position of the rotor to get a magnetic leverage to 

create the torque that causes the rotor to rotate.  

Table 3:  Trapazoidal Commutation FET Combinations Given Hall Sensor Data. 

Hall 

A 

Hall 

B 

Hall 

C 

FET A 

Upper 

FET B 

Upper 

FET C 

Upper 

FET A 

Lower 

FET B 

Lower 

FET C 

Lower 

1 1 0 OFF ON OFF OFF OFF ON 

0 1 0 OFF ON OFF ON OFF OFF 

0 1 1 OFF OFF ON ON OFF OFF 

0 0 1 OFF OFF ON OFF ON OFF 

1 0 1 ON OFF OFF OFF ON OFF 

1 0 0 ON OFF OFF OFF OFF ON 
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1.3.7.2 Sinusoidal Commutation 

Sinusoidal control relates the amplitude of current supplied by each phase to the rotor angle.  

For one rotation the current amplitudes for the three phases represent three sinusoidal profiles 

that are 120 degrees out of phase from each other as shown in Figure 17.  This provides much 

smoother operation than trapezoidal commutation but also requires more precise rotor 

position measurement than can be achieved with Hall sensors as further explained in Figure 

17. 

 

Figure 17.  Sinusoidal Commutation of a Maxon EC Motor Relating Rotation Angle to 

Phase Current Magnitudes [11]. 
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1.3.7.3 Space Vector Modulation Theory 

The profile comparison between the sinusoidal and space vector modulated commutation is 

shown in Figure 18  and Figure 19 [17].  As shown, the space vector modulated profile form 

in Figure 19 (repeated in Figure 20) has a unique shape.  However, when correlated to the 

line-to-line voltage (e.g. PWM1 - PWM2 → VA – VB), a sinusoidal voltage relationship 

transpires (which relates to a sinusoidal current profile) as shown in Figure 21.   

 

 

Figure 18:  Center Voltage of Sinusoidal Commutation Does Not Float in Space [17]. 

 

 

Figure 19: Center Voltage of Space Vector Floats in Space [17]. 
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Figure 20:  Space Vector Modulation Profile [22]. 

 

 

Figure 21:  Line-to-Line Voltages Extracted from SVM Profile (Figure 20) [22]. 

 

Although the resulting line-to-line form for SVM is similar to sinusoidal commutation the 

advantages of SVM per references [18] and [19] include less harmonic distortion in the output 

voltages and motor windings and utilization of 15% more of the available bus voltage due to 

the floating neutral. 

 

 



33 

 

One means of generating the SVM profiles, as implemented by the AVR32710 

Microcontroller [20], is the use of (4), (5), Table 4, and Figure 23.  In this system the currents 

or voltages from the systems three phases are transformed into the q and d axis reference 

frame via the Park’s and Clarke’s transforms discussed in Section 1.3.8.2.1: FOC Position 

Feedback Requirements.  This space is then divided into six sectors as dictated by the six 

possible non-zero switch combinations than can be achieved by the driver.  Table 4 (using (4) 

and (5) and defining T as 100% duty cycle) then identifies the duty cycle associated with each 

of the three phases necessary in order to drive the motor in either the clockwise or counter-

clockwise direction.  An example of the PWM outputs that result from the calculation are 

shown in Figure 23 where T represents the total period of each cycle and Ta, Tb, and Tc are the 

periods associated with the a, b, and c phases respectively.  The calculations generate the 

wave forms show in Figure 20.  Further explanation associated with this technique is 

discussed in Section 2.2: Employed Brushless Motor Circuit and Associated LabVIEW Script. 

 

Figure 22:  Basic Space Vectors [20]. 
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−= θ

π

3
sindx                      (4) 

( )θsin=dy                       (5) 

Table 4:  SVM Table from AVR32710 [20]. 
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Figure 23:  PWM Output Switching Pattern Example (Sector 1 in Table 4) [20]. 
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1.3.8 Brushless Motor Control Theory 

1.3.8.1 Desired Control Strategy 

BLDC motors can be controlled in either an open-loop or closed-loop manner.  Typically 

open-loop control is implemented when loads are relatively constant or performance is not 

paramount.   An example of such a system would be a fan blowing air where the system is set 

up such that the circuit supplies a current or sequence of PWM signals (whose characteristics 

are set around an operating point).  

However, in this thesis’s haptic application, a high level of precision is required to 

accommodate both the position and force control conditions.  A simple position controller 

would not be adequate as the system is dependent on force as opposed to geometric position. 

An example scenario might be where the hand is holding a heavy object with its palm down 

and the only thing holding it is simple friction contact between the object and the fingers.  If 

position control were employed the fingers would have to deviate from the desired position 

set point in order for a torque signal to be sent to the motor, in which case the object may 

slightly deviate from the desired position and the lack of a large torque signal to compensate 

would allow the object to fall from the finger’s grasp.  With torque control applied the 

appropriate amount of force can be applied to the object to maintain the robotic hand’s grip on 

the object. 

Because of the application’s intense need to control the motor torque, FOC appears to be a 

suitable technique to control the BLDC motors employed in this application and will be 

discussed below. 
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1.3.8.2 Field Oriented Control 

Unlike brushed DC motors whose torque is directly proportional to the applied current 

(regardless of speed), the BLDC motor must transform the currents being delivered to each 

phase to a form identifying the stator field vectors.  One of these (the q vector) is in the 

direction which produces maximum torque relative to rotor position.  This allows one to 

control the motor torque directly, which is highly desirable in a haptic application.  An 

example of FOC being implemented in LabVIEW is shown in Figure 24. 

In the top left of Figure 24 the system inputs a speed set point and compares it to the 

measured speed in the PI controller.  The control output is related to torque and is then 

compared with the iq controller.  This is the torque current value that is extracted from the 

Clarke (9-11) and Park’s (12-13) transforms executed in the bottom left corner using the 

system’s phase A and B currents and rotor angular position data.  In addition to sending the iq 

torque to the iq controller the Park’s transform also sends the id current to the id controller 

which compares it to a zero set point.  The control output from the iq and id controllers are 

processed back into voltages for the A, B, and C phases using the Inverse Park’s (14-15) and 

Inverse Clarke (16-18) transforms.  This data is then sent to the SVPWM block (which in this 

code was a lookup table) in order to determine the duty cycle associated with each phase. 
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Figure 24:  FOC Block Diagram Generated by Dr. Ben Black [16]. 
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As shown in Figure 24, two of the phase currents are fed into a Clarke transform block.  The 

processed data is then fed into the Park’s transform block.  The resulting d-q currents are fed 

into PI controllers which provide the desired torque set point for the iq current and a zero set 

point for the id current.  Only two currents versus three are provided to the Clarke transform 

as the sum of the three currents is always zero and this fact was implemented in the blocks as 

shown in Figure 24.  The outputs from the control blocks are in the form of a voltage which, 

since they are in the q and d axes, are applied to the inverse Park’s and inverse Clarke 

transforms in order to convert them back to the three phase form necessary to control the 

SVM.  The equations for the Clarke and Park’s transforms and inverse transforms are shown 

below as extracted from [21]: 

 

Clarke Transform 

a
ii =

α
                                             (6) 

ba
iii ⋅+⋅=

3

2

3

1

β                      (7) 

0=++
cba
iii                                   (8) 

Park’s  

( ) ( )θθ βα sincos ⋅+⋅= iii
d

                              (9) 

( ) ( )θθ βα cossin ⋅+⋅−= iii
q

                    (10) 
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Inverse Park’s 

( ) ( )θθ
α

sincos ⋅−⋅= qd VVV                     (11) 

( ) ( )θθβ cossin ⋅+⋅= qd VVV                     (12) 

Inverse Clarke 

α
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a
=                                  (13) 

βVVV
ab

⋅+⋅−=

2

3

2

1
                     (14) 

βVVV
ac

⋅−⋅−=

2

3

2

1
                     (15) 

 

1.3.8.2.1 FOC Position Feedback Requirements 

As discussed above, the resolver was selected as the means of monitoring the position control 

needed to accommodate the BLDC motor’s three phases as well. The resolver position data is 

input as θ in Figure 24 and (12) – (15). 

1.3.8.2.2 FOC Three Phase Current Feedback Requirements Using Bus Current 

As discussed above the Clarke transformation within FOC requires current measurements 

from each phase of the three phase system. However, if there are a limited number of 

available wires to communicate with the FPGA software, a more elaborate strategy is required 
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in order to measure the current associated with each phase.  One means to achieve this is to 

employ a single shunt resistor in the return bus line and employ an understanding of the 

current behavior through the resistor with respect to the overlap of the PWM signals 

(corresponding to the activation of each phase).  A sample correlation between the bus current 

and the PWM signals for each phase is shown in Figure 25 extracted from reference [22].   

 

Figure 25:  Bus Current Profile Which Can be Correlated to PWM Signals Associated 

with Each Phase [22]. 

 

To understand the technique’s details one must first recognize the three different current 

levels in Figure 25. The zero current level corresponds to times when all the phases are either 

on or off. The highest level corresponds to times when two of the phases (in this case phase 1 

and phase 3) are active. The middle level corresponds to times when only one phase is active 

(in this case phase 1).  Two items of particular importance in Figure 25 includes the 

correlation between the PWM signals and the IBUS signal as well as the observation that the 
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period of the PWM signal is sufficient to allow the current dynamics to settle out between 

transitions and take a sample of the current immediately before the next transition.  It is 

anticipated that providing a sufficient PWM period which allows the current dynamics to 

properly settle out will be a key feature to consider when implementing this technique of 

extracting the three phase currents via a single bus current with the employed motor and 

FPGA platform. 
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1.3.9 Field-Programmable Gate Array Theory 

FPGA technology provides more software process efficiency.  This is especially important for 

real-time applications, such as the haptic systems that the associated brushless motors support, 

where delays can have highly adverse effects.  Per the NI description [23] FPGAs operate by 

reprograming the physical chip itself rather than operating through a software program and its 

associated overhead operations which can lead to time lags when applied to motor drivE 

applications.  Some of the advantages of FPGAs per [23] are: 

• Faster I/O response times and specialized functionality (useful for haptics where 

communication frequency is critical and time lags are detrimental). 

• Exceeding the computing power of digital signal processors. 

• Rapid prototyping and verification without the fabrication process of custom ASIC 

design (because this is a research application, a lot of trial and error is employed and 

more rapid verification helps accommodate these actions). 

• Implementing custom functionality with the reliability of dedicated deterministic 

hardware (reliance that the system will not be “interrupted” by other computer 

processes helps to avoid time lags that are detrimental to haptic operation). 

• Field-upgradable eliminating the expense of custom ASIC re-design and maintenance. 
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Although FPGA systems have great capabilities, one critical disadvantage (as it applies to the 

hardware implemented in this research), is that space is limited.  Thus, the number of 

operations that can be programed on the FPGA system can be limiting.  If such limitations are 

encountered a unique program form and operations have to be employed. 
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1.4 Introduction Summary 

 The introduction presented the:  

• Radiation environment effects on electrical equipment including circuit board 

structures and difficulty associated with maintenance activities that drive the 

need for more dependable equipment. 

• Force-feedback theory as it applies to the robotic hand which will implement 

the brushless motor system described in this thesis. 

• Brushless motor theory including a discussion associated with the three phase 

construction applicable to the employed motors. 

• Resolver theory as it applies to conventional structure associated with 

employed device. 

• Brushless motor driver circuitry theory 

• Brushless motor commutation (trapezoidal, sinusoidal, space vector 

modulation) 

• FOC theory 

The following chapters discuss how these theories were implemented in the BLDC motor 

system used for this application. 
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CHAPTER 2: EMPLOYED HARDWARE AND SOFTWARE 

The components implemented in this project include the brushless motor, resolver, developed 

circuit integrating the motor driver (APEX SA306) and resolver-to-digital converter (Analog 

Devices AD2S1210) as discussed in more detail in the following sections.  The data sheets for 

these components are included in the appendices.    

Additional support hardware and software necessary to operate the driver and converter, as 

shown in the overall system diagram (Figure 26), included the: 

• National Instruments NI PXIe-8133 Embedded Controller LabVIEW software and 

Field-Programmable Gate Array (FPGA) module.  Preliminary studies showed a 

serial CAN system was subject to delays on the order of 30ms which is inappropriate 

for haptic systems which require 1kHz (1ms) [8].   

• NI PXI-6225 M Series Multifunction DAQ. 

• SCB-68 M Series Devices Connector. 

• 24V A24H1500M Acopian power supply. 

• Array of brushless motor drivers and resolver to digital converter circuits. 

Photos of these components are shown in Appendix I. 
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Figure 26:  Overall Diagram of Brushless Motor Driver System. 
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2.1 Employed Brushless Motor 

As stated in section 1.3.5: Brushless Motor Theory, BLDC motors are more appropriate for 

applications in a radiological environment than traditional DC motors.  The employed motor 

was a Maxon EC 22 sensorless brushless 40W 48V (data sheet included in Appendix A and 

associated photo in Appendix I).  The motor was sized in order to accommodate the force 

requirements at the end of the robotic finger.  The requirements and associated calculations, 

including the gear ratios involved in the robotic finger transmission, are shown below.  In 

these calculations the expected peak required torque is 27% of the stall torque, the peak 

expected speed is 93.5% of the specified limit, and the peak expected current is 5.5 Amps 

which is an important factor considered in the selection of the associated circuit driver. 
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2.2 Employed Brushless Motor Circuit and Associated LabVIEW Script 

The means to drive the brushless motor was accomplished via the APEX SA-306 three phase 

switching amplifier (the sample drive circuit shown in Figure 27 was provided by the APEX 

data sheet as shown in Appendix F).  The primary motivations to employ this amplifier 

included: 

• Its ability to handle peak currents up to 15 amps (data sheet for employed motors 

reports a stall torque of 20 amps but as stated in the previous section the expected 

peak current under the expected haptic loads is approximately 5.5 Amps.  However, 

this circuit may be implemented for larger motors in the future, and this aspect will 

have to be reconsidered for any alternate motor which this driver might be applied). 

•  Its ability to control the six FET inputs in order to achieve effective SVM and 

calculate the FOC parameters off the chip. 

• It does not require any additional inputs such as Hall sensors. 

• Its ability to provide low current signals for each of the phase currents that will be 

used in the FOC strategy to be employed. 

• It has ports to communicate faults associated with temperature and short circuit 

conditions. 
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Figure 27:  Sample Drive Circuit for the APEX SA-306 [14] Three Phase Switching 

Amplifier Provided in the Data Sheet in Appendix F. 

 

A few issues associated with the proposed circuit in Figure 27 when applied to the target 

application were that the microcontroller (TI UCC3626) required Hall sensors and appeared 

to be more applicable to speed control rather than the desired FOC.  Even if FOC was 

appropriate, an additional circuit would have to be employed to convert the resolver signal to 

a Hall sensor signal.  As such, this project chose to control the driver via LabVIEW’s FPGA 

software. 
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The actual circuit designed and fabricated in this research is shown in Figure 28 and Figure 

29.  Most of the components implemented in the circuit were soldered to the board except the 

actual driver chip which was plugged into a connector on the surface.  This was done to allow 

it to be rapidly replaced if it failed. 

 

 

Figure 28:  Portion of Developed Circuit Associated with Brushless Motor Driver as 

Interpreted from Schematic Shown in Figure 27. 
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Figure 29:  PCB Design Replicating Driver Schematic Represented in Figure 27 {Bottom 

(Green Lines), Top (Red Lines), and Top Components (Outlined in Yellow)}. 

Phase A, B, and C outputs 

to BLDC motor 

Schottky Rectifiers 

and capacitors 

Proto-Advantage SMT to 

DIP for driver identified 

as U1 in yellow 

Voltage Regulators 

for both driver and 

resolver circuits  

Outputs to LabVIEW 



55 

 

The following LabVIEW code was generated in order to apply SVM to the selected motor.  

Initially it was found that simple look-up tables (Figure 30) of 1024 points (associated with a 

10 bit number) representing the SVM profiles for each phase would operate the motor when 

applied to the circuit above.   

 

Figure 30:  Look-up Table Method for Applying SVM to Motor [16]. 

 

However, when incorporated into the FPGA system it appeared that storing that much data 

was memory intensive (at least in the LabVIEW table structure) and consequently prevented 

all of the programing associated with this system from fitting on the FPGA system.  As such, 

it was found that a series of switches and basic numerical operations (addition and 

multiplication) using 64-bit integers (rather than floating point numbers), use of the division 

operation, or trigonometric functions was able to fit on the chosen FPGA system’s limited 

space to implement the SVM profile. 
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In order to represent the SVM profiles in terms of simple addition and multiplication 

operations, which require much less space on an FPGA system, a method implementing curve 

fits of the profile was developed.  The method divided the profile into four distinct portions 

(curve up, curve down, linear increase, linear decrease) and then implemented switches to 

connect the appropriate portion to the appropriate phase as driven by the sector with which the 

motor operated. The SVM profile data necessary to apply the curve fit technique used the 

equations and table represented in section 1.3.7.3: Space Vector Modulation Theory to create 

the profiles shown in Figure 31 and Figure 32.  Data associated with the four distinct sections 

of the profile were then scaled up by a factor of 223 such that it could be presented with 

sufficient accuracy (maybe even more than sufficient) into the LabVIEW code without the 

need to use any floating point values as discussed above. By using a factor of two to a power 

allowed one to simply convert the number to a smaller bit size, which is essentially dividing 

the number by a factor of two to a power.  These curve fits are shown in Figure 33 through 

Figure 36.  The generated equations can be seen in the LabVIEW code blocks in Appendix D. 
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Figure 31:  SVM Profile for Counter-Clockwise Motion Generated in Appendix C Using 

the Equations and Table Presented in Section 1.3.7.3. 

 

Figure 32:  SVM Profile for Clockwise Motion Generated in Appendix C Using the 

Equations and Table Presented in Section 1.3.7.3. 
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Figure 33: Curve Fit Associated with SVM Up Curve Profile. 

 

 

Figure 34:  Curve fit Associated with SVM Down Curve Profile. 
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Figure 35:  Curve Fit Associated with SWM Ascending Profile (Modified to Ensure 

Beginning and End Points Intersect with Other Profiles in LabVIEW Code) 

 

 

Figure 36:  Curve Fit Associated with SWM Ascending Profile (Modified to Ensure 

Beginning and End Points Intersect with Other Profiles in LabVIEW Code) 



60 

 

The primary components associated with the SVM LabVIEW code are shown in Figure 37.  

The four primary portions of the figure are discussed in the following list with a numerical 

example following each description.  This system proved to be very dependable and will 

allow the research to work with items such as the PWM duty cycle, if need be, in order to be 

cohesive with characteristics associated with the rest of the system (e.g. dynamics, digital chip 

sample rate requirements, etc.). 

 

Figure 37:  Primary Components of SVM LabVIEW Code. 
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Sector determination portion:   

This portion takes the position signal calculated by the resolver, converted to a 10 bit 

number, and via a series of comparisons identifies which sector the rotor is in.  The 

sector number data is fed into the case structure and the position value is subtracted 

from lowest position value belonging to the sector of interest.  This is done because all 

the curve fits begin at zero degrees and this action shifts the data to operate in that 

sector.  The modified position data is then sent to the profile calculation portion.  An 

example might be a position of 132 degrees represented as a 10 bit number 376 which 

when subject to the comparison block identifies it as belonging to sector 2 and the 

case structure subtracts 342 from 376 to get 34 which is fed into profile calculator 

block.   

Profile calculation portion:   

This portion takes the modified position signal calculated in the sector determination 

block and applies it to all four of the curve fit equations.  The results from the curve fit 

equations can be a number up to 43 bits due to the square operation applied to a 10 bit 

number times a 23 bit number.  Rather than use the division function the bit size of the 

number is reduced back to a 10 bit number which is then sent to the phase block.  An 

example might be the 10 bit number 34 is input into the profile calculator block’s 

curve up equation to generate a number of 105,012,347 which is then reduced to the 

10 bit number 12 and then fed into the phase block.   
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Phase portion:   

This portion takes the sector information identified in the sector determination block 

as well as the clockwise/counter-clockwise determination to identify which curve fit 

value corresponds to which phase.  An example might be the identified sector is 2, the 

motor is rotating clockwise, and the input number from the curve up equation is 12 

which is then routed to be the period that will be applied to phase b which is fed into 

the PWM logic for the three phase block. 

PWM logic for three phases portion:   

This portion takes 10 bit periods calculated for each phase (represented as number of 

clock ticks) and compares them to the current number of ticks that have passed for this 

period (identified here as a maximum ticks of 2000).  The 10 bit scale was chosen 

such that the pulse width modulation signals would never have a full hundred percent 

duty cycle. This was done because, in this application, the motor has to hold a position 

(stall), in which case, current would be highest and would be constantly flowing 

through the FET defined to have a full hundred percent duty cycle and rapidly cause 

overheating of both the driver and motor.  Experience showed this to be true as 

indicated by one of the drivers catching fire during testing.  The periods calculated in 

the portions discussed above are performed in a single iteration out of the 2000 in 

order to reduce the number of calculations and ensure real-time conditions such as 

rotor position are employed. An example might be that for a phase b period of 12 the 

PWM signal only becomes active for values less than 12 and the remainder of the time 

is off until the next cycle. 
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2.3 Employed Resolver 

The resolver employed in this project was the Tamagawa Smartsyn TS2605N31E64 [9] as 

shown in Appendix I.  The data sheet and the key geometric features of the component and 

the associated wiring diagram are included in Appendix B.  Reference [9] describes this 

resolver as having: 

Wide temperature range. 

• Operating temperature range: -55 + 155°C (radiation environments can exist at either 

end of this spectrum). 

Superior environment resistance. 

• Vibration: 196m/s2{20G} at 10Hz .500Hz, for 2 hours to each of three axes. 

• Shock: 981m/s2{100G} for 6ms, 3 times to each of 6 axes, 18 times in total (in a haptic 

hand application it is expected that the device will be subject to impact loads). 

• Humidity: 90% RH or above at 60°C. 

High speed rotation. 

• 10,000min-1{rpm} (Size 08: 40,000min-1{rpm}) (not as critical for this application). 

High reliability. 

• Extremely long life and high reliability are assured by the structure of mechanical 

parts and automated coil incorporation (good for operating in a radiation 

environment). 

• Absolute position detection (good for high precision operation). 

• Long-distance transmission robustness against noise enables long-distance 

transmission (beneficial due to location of electronics being outside cell).  
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2.4 Employed Resolver Circuit and Associated LabVIEW Script 

The means to read the resolver position and velocity could have been accomplished via 

analog means (reading the analog signal and extracting the position and velocity data in 

LabVIEW).  However, the analog signals were not fed directly into LabVIEW because the 

National Instrument system employed had limited analog inputs that were already reserved to 

read the analog current feedback signal.  As such, the Analog Devices AD2S1210 resolver to 

digital converter with reference oscillator was implemented.   

This project implemented the circuit presented in the converter’s associated data sheet (Figure 

38 and Figure 39 extracted from Appendix G:  Employed Resolver-to-Digital Converter 

(AD2S1210) Data Sheet).  Figure 38 is a circuit which indicates how one is to connect the 

chip in order to send the resolver the proper excitation signal and read the corresponding 

signal and send it to the digital input.  Figure 39 is the buffer signal indicated in Figure 38 

which is used to filter out any noise that may adversely affect the data. 

This circuit was designed into the printed circuit board shown (PCB) in Figure 40 and Figure 

41.  In Figure 40 the AD2S1210 chip is connected to a base board which is then plugged into 

the  PCB.  The details associated with the circuit shown in Figure 40 can be seen in more 

detail in Figure 41.  The lower portion of Figure 41 shows the resolver connector that 

communicates the analog signals, the upper portion shows the FPGA connector which 

communicates the digital signals from the chip, and the intermediate portion shows the 

location of the chip and how all components is connected to replicate the schematics shown in 

Figure 40.   
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Figure 38: Circuit Identified by Analog Devices to Connect AD2S1210 to the Resolver 

[10]. 

 

 

Figure 39:  Buffer Circuit Referenced in Figure 38 [10]. 
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Figure 40: Resolver-to-Digital Converter Portion of Developed Circuit. 
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Figure 41: Bottom (Green Lines), Top (Red Lines), and Top Components (Outlined in 

Yellow) Used to Replicate Schematic Represented in Figure 38 and Figure 39. 
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The front panel for the LabVIEW program associated with the resolver is shown in Figure 42.  

The associated configuration mode setting table is shown in Table 5 indicating the values of 

A0 and A1 that are required to place the chip in position or velocity read modes.   

 

Figure 42:  Front Panel of Inputs/Outputs Corresponding to Resolver Portion of Circuit. 

 

Table 5: Configuration Mode Setting 
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Figure 43 shows the steps required to read the digital resolver position and velocity data.  

Figure 44 shows a representative block from 10 possible blocks to demonstrate which of the 

input variables correspond to the steps associated with Figure 43 and the corresponding 

portion of the data profiles presented by the resolver-to-digital converter data sheet.  As 

indicated in Figure 44: 

• Step 1 and Step 2 are primarily driven by switching the variable “Sample delay” on 

and off to properly initiate the system. 

• Step 3 is driven by the “A1 delay” input which determines if the chip is to read either 

position or velocity. 

• Step 4 and 5 are initially driven by the “SCLK delay” input which determines how 

long between switching instances the system is required to wait in order to read each 

bit of the 16 bit output signal and 8 bit fault signal.  The “A1 delay” then follows each 

reading in order to reset the A1 variable input in Step 3. 

• Step 6 is driven by the “Break delay” to reset the circuit. 

Appendix E extensively describes each of the 10 possible block conditions and their 

associated step from Figure 43. These figures embedded in the appendix are paired such that 

each LabVIEW block diagram can be correlated to the digital signal input/outputs 

received/supplied by the chip in order to communicate the appropriate data.  Each figure pair 

is preceded by a description of the primary functionality of the presented blocks (formatting 

was single spaced in order to fit the description, LabVIEW block diagram, and resolver 

sequences onto one page. 
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Figure 43:  Steps Processed in Reading Resolver Data as Illustrated in Figure 44. 
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Figure 44:  LabVIEW Block Diagram Which Corresponds to Steps in Figure 43. 
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2.5 Proposed Field Oriented Control 

This project generated the above system such that it would be able to accommodate FOC.  

This project proposes to implement a modified version of Figure 24. The Park’s and Clarke 

transformation aspects embedded in the approach presented in Figure 24 will remain the 

same. However, instead of a speed controller, the proposed system will control torque. 

Highlights associated with this modification are shown in the future work section. 

 

Figure 45:  LabVIEW Block Diagram Associated with FOC [16]. 
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2.6 Proposed Single Signal Three Phase Current Feedback/Sensing 

FOC control requires both position/speed and current/torque feedback.  Because there are a 

limited number of analog inputs available from the FPGA system, only a single current 

(generated by combining all three phase currents together) and time-based information will be 

implemented to identify the current associated with all three phases.   

Interestingly enough the driver actually supplied outputs for all three of the current signals to 

the user which would have been valuable data if there had been a sufficient number of analog 

system inputs.  These signals were combined by routing them into a single line and sending 

them to the FPGA system as shown in Figure 46.  The resulting current signal will be run 

through a resistor to generate a voltage and its association with the PWM signal as well as the 

dynamics will be used to extract the current associated with each phase.   

Data included in the results section will illustrate the preliminary results and demonstrate the 

correlation between the PWM signals and the current response.  A more extensive description 

of the proposed techniques that will be employed to read the three phase currents will be 

discussed in the future work section. 
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Figure 46:  Three Output Current Signals Combined when Sent to FPGA. 
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2.7 Employed Hardware and Software Summary 

 The employed hardware and software section presented the following:  

• The employed BLDC motor including the calculations validating its 

performance with regard to the haptic robotic hand application. 

• The employed BLDC motor driver circuit including justification that its form 

(three half bridge circuit) and sizing (up to 15 Amp capacity) are sufficient to 

drive the selected BLDC motors. 

• The employed resolver and justification for its use in this application. 

• The employed resolver circuit including the resolver-to-digital aspects 

necessary to convert the analog signals to digital signals in order to 

complement the employed LabVIEW FPGA’s lack of analog input/outputs and 

plethora of digital input/outputs. 

• A sample LabVIEW program that may be modified in order to implement FOC 

to control the BLDC motor given torque commands as dictated by the haptic 

requirements. 

• The developed aspects of the BLDC driver circuit necessary in order to 

implement three phase current acquisition from a single current signal and its 

correlation with the PWM pulses. 

 

The following chapters demonstrate how this hardware and software were effectively 

implemented as well as a discussion of future work that will have to be realized in order to 

fully implement the BLDC motor system into the targeted haptic robotic hand application. 
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CHAPTER 3: RESULTS 

Because the components associated with this research were repurposed prior to the BLDC 

motors being implemented in a haptic application, the results do not demonstrate the upper 

most level of haptic-feedback between the user interface and the robotic hand.  However, the 

simple act of demonstrating smooth and reversible rotary motion via the employed hardware 

and software does demonstrate the implemented system’s ability to accommodate the 

performance criteria imposed by the haptic and radiological constraints, including: 

• The circuitry driving the motor was adequately sized to drive the motor.  

• The three space vector modulated signals were all operating in their proper 

respective sectors in both directions. 

• The curve fit approximations associated with the space vector modulated 

signals were sufficiently accurate. 

• The resolver position signal properly identified the position of the rotor relative 

to the stator’s three phases. 

• The software and associated strategies (e.g. approximated curve fit associated 

with space vector modulated signals, switch) developed on the FPGA system 

operated properly within the associated memory space constraints. 

• The selected time period associated with the PWM signals provided sufficient 

time needed to: 

o Extract the resolver position data every cycle such that the present 

position is constantly communicated to the device. 
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o Allow the dynamics of the current signal to die out in order to more 

accurately determine the current data associated with each phase as 

extracted from the single bus signal (platform for future development). 

 

Results are also presented below related to the required future work necessary to fully realize 

this system’s application in the proposed haptic application including: 

• The modification of an acquired LabVIEW FOC program acquired from 

National Instruments to be applied for torque control rather than speed control. 

• The measurement of the three phase currents from a single bus signal current 

profile via its correlation to the applied PWM signals and how the system 

dynamics need to be considered via adjustments in the PWM period. 
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3.1 General BLDC Motor Rotational Operation 

Figure 47 shows the BLDC motor being operated. This was performed at full pulse width 

modulation potential (100% maximum duty cycle). The motor’s operation was extremely 

smooth and reversible based on the sign of the input signal.  This indicated that the coding, 

which controlled the space vector modulation program, works effectively in employing the 

position data extracted from the resolver-to-digital converter.  Under this no load and no 

motion inhibition, the cycling of the phases was allowed to cool sufficiently during rotation 

and neither the driver nor the motor overheated.  
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Figure 47:  Smooth Motion Progression of Motor Shaft as Motor Turns. 
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3.2 General BLDC Motor Operation in a Haptic Related Scenario 

Unlike the experiment above where the motor movement was uninhibited, haptic applications 

often require a mechanism to remain in a fixed position while still supplying a torque. This 

may be the case if the robotic hand is squeezing a compliant object such as a rubber block.  

This was tested by rigidly securing the shaft and applying a maximum control signal 

corresponding to a 100% maximum duty cycle potential by any of the phases. When this was 

applied, the SA 306 driver chip overheated, failed, and was destroyed. In order to prevent this 

in the future, this research implemented in the coding a maximum possible duty cycle output 

of less than 100%.  A 52% duty cycle has been shown to be sufficiently low that overheating 

did not occur during the testing.  Further testing will have to be conducted to validate that a 

52% maximum duty cycle will be sufficient for this application, which is expected to be the 

case since the calculated demand to capacity ratio comparing the torques required to apply the 

expected loading (maximum desired fingertip force) to the related motor torque capacity 

calculated in Section 2.1 is less than this value (27.1%).  However, this parameter may be 

further tuned based on its function when employed in the final device as is discussed in 

Section 3.3: Duty Cycle Related to Initial Performance. 

Another experiment demonstrated the motor/resolver system employed in a single robotic 

finger. Figure 48 shows the finger both flexing and extending at maximum duty cycle of 

0.1/24 = 0.4%.  In the video corresponding to this figure it was shown that despite the 

extremely low duty cycle, the finger clasped at a rate commensurate with that of casual 

human hand movement. This is encouraging because it shows that the dead zone associated 

with these BLDC motors is relatively minimal.  The dead zone corresponds to friction that 
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could have been an issue in this haptic application.  This is because the hand motion requires 

the motors to constantly change direction and sometimes hold a position but still maintain a 

certain level of torque.  If there is a dead zone that is rather large, the motors will tend to wind 

up with potential energy or an amplified torque signal while trying to overcome the dead 

zone.  When they overcome the dead zone there is a sudden release leading to jerky motion.  

If the dead zone is small the wind up of potential energy when proceeding through the dead 

zone is less significant and leads to much smoother motion. 

 

Figure 48:  Smooth Motion Progression of Finger as it Closes (1-3) and Opens (4-6) 
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3.3 Duty Cycle Related to Initial Performance 

Given the demonstrated smooth performance presented above it was shown that with a duty 

ratio allowed to perform up to 100% duty cycle at the peak of the SVM profile input, the 

system was able to operate smoothly under continuous motion.  However, stall conditions are 

expected in the haptic finger application associated with this research which can produce a 

consistent current going through each phase resulting in overheating of both the driver circuit 

and motor.  If the maximum allowable duty cycle is not too high the motor gets repeated relief 

and overheating is mitigated even in a stall condition.  As such, the current program employs 

a 52% maximum duty cycle which may be modified depending on future performance studies 

as discussed in Section 4.2: Tuning the Duty Cycle. 

The above discussion applies to the duty cycle as it applies to the motor and driver which is 

based on the fact that the software in its current configuration sends the PWM signals a 10 bit 

number (maximum 1024) to represent the maximum number of clock ticks associated with a 

PWM signal compared to the current period of 2000 clock ticks (thus the maximum 

1024/2000 = 52% duty cycle mentioned above).  However, this only considered the driver 

itself and not that of the resolver circuit. 

In the resolver circuit the software had to implement the appropriate timing and delays to 

communicate with the associated digital resolver-to-digital circuit.  Some delays implemented 

in the initial programming attempts were not sufficient and erratic position measurements 

ensued.  This was believed to be a consequence of the dynamics within the system not being 

allowed to die out prior to sampling of the signal and thus producing improper data.  As a 

result these delays were extended in order to allow the dynamics to die out.  However, the 
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project desired to supply the driver with current position data every cycle and consequently 

targeted for the position acquisition cycle to be shorter than the period applied to the driver 

(2000 ticks).  The current period for the resolver position and velocity acquisition is 1,575 

ticks using conservative delays. 
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3.4 Reading the Three Phase Current Signals from a Single Analog Line 

As discussed, the limited number of available analog inputs prevents this project from 

acquiring the currents associated with all three phases. As such, this research employed a 

technique of measuring the three phase currents outputs from the driver, which are combined 

into a single signal, and correlate them with the pulse width modulated signals associated with 

each phase. 

 This combined current signal could have also been acquired from the driver bus current.  

However, because the SA306 circuit provided these currents independently, the output from 

nodes were all combined into one line which generated a voltage across a small shunt resistor 

and was read into the NI system.  The circuit nodes that were combined to create this unified 

current signal are shown in Figure 49. 
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Figure 49:  Independent Phase Currents Combined and Delivered to FPGA System. 
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As discussed in Section 1.3.8.2.2: FOC Three Phase Current Feedback Requirements Using 

Bus Current the PWM signal correlates will with the transitions seen in the bus current signal.  

This is shown in Figure 50 through Figure 52.   

The results in Figure 50 through Figure 52 correspond to a PWM period of 2000 ticks (50 µs) 

and show that the current dynamics do not appear to settle out between transitions.  In the 

results shown in Figure 53 and Figure 54 the PWM period was increased to 40,000 ticks (1.25 

ms).  These figures show that the dynamics have had time to settle out after the first initial 

first order response, which would produce more reliable current data measurements.  The 

40,000 ticks (1.25 ms) which results in a frequency (800 Hz) is lower than the 1kHz necessary 

for effective haptic operation.  To get the appropriate 1kHz (1ms) period, the PWM period 

would have had to be adjusted down to 32,000 ticks.   

 

Figure 50:  Combined Phase Currents Over the Course of the Mid-Sized PWM Signal. 
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Figure 51:  Combined Phase Currents Over the Course of the Largest PWM Signal. 

 

 

Figure 52:  Combined Phase Currents Over the Course of the Mid-Sized PWM Signal. 
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Figure 53:  Combined Phase Currents Over the Course of the Largest PWM Signal. 

 

 

Figure 54:  Combined Phase Currents Over the Course of the Largest PWM Signal. 
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3.5 Results Summary 

The results section presented data necessary to validate that the employed hardware, software, 

and techniques have sufficient promise to enable effective haptic hand operation in a 

radiological environment.  The presented data includes:  

• An experiment demonstrating smooth continuous rotational motion employing 

a maximum duty cycle of 100%. 

• An experiment demonstrating the BLDC system’s ability to smoothly operate 

the haptic finger in flexion/extension with adequate speed for manipulation. 

• Validation that the currently employed duty cycle (52%) provides promise 

with regard to generating the necessary torque for this application while 

providing sufficient breaks in a stall condition such that the motor or driver 

circuit will not be overloaded and potentially overheat. 

• Validation that the correlation between the three phase PWM signals and the 

single current measurement generated from all three phase signals combined 

into one has a form suitable to determine the currents experienced by each 

independent phase. 

• Validation that all the software techniques were intelligently structured using 

switches and operations that were simple enough that they did not require more 

memory space than the employed FPGA system could provide. 

 

The future work chapter will discuss what work is needed to fully realize the implementation 

of these BLDC motors into the haptic robotic hand application. 
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CHAPTER 4: FUTURE WORK 

4.1 Haptic Related Testing 

 In order for the developed BLDC system to be fully qualified for use in a haptic hand 

application within a radiological environment it will have to demonstrate: 

• Speed commensurate to the rotary motion of the human hand joints. 

• Torque commensurate to that of the human hand joints to get a desired fingertip force. 

• Ability to reliably communicate signals from the BLDC system within a radiological 

cell to outside the cell with limited distortion. 

 

Experiments to validate these requirements will include manipulation and grasping tasks.  

Quantitative experiments that will be applied to the device will be similar in nature to those 

devised by the author and presented in [6] and [7].  The first of these experiments was 

grasping a virtual cup being filled with a fluid and the second was to use the finger to trace a 

circle as quickly and accurately as possible.  Both experiments were performed while 

requiring that the user operated within a particular force range.  The force range requirement 

implemented in the virtual cup grasping task simulated a fragile cup that may be crushed if 

held too tightly or slip out of the hand if held too loosely.  The force range requirement 

implemented in the circle trace application simulated a manipulation task that requires 

dexterity but applying too much force may cause the object being handled to be broken or flip 

out of the relatively awkward postures often implemented during manipulation tasks.  

Rather than a virtual cup or surface the robotic hand will need to be tested by performing an 

array of tasks including grasping of a cup being filled with a fluid, tracing a circle on a 
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surface, operating a screw driver, and screwing in a light bulb, to name a few.  Because the 

robotic finger has its own force sensors it will be able to report quantitative data to qualify and 

enhance its performance to execute these tasks. 
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4.2 Tuning the Duty Cycle 

Future work will also be performed in order to determine if the haptic performance (as 

specified in the previous section) can be enhanced by altering the BLDC system’s current 

duty cycle from 52% to an elevated level and the implication this may have on any 

overloading considerations.  Simply changing the duty cycle to a fixed value may present an 

acceptable intermediate operating point.   

More advanced strategies to limit the compromise between stall heat overloading and 

maximum torque/speed capability may be achieved by also implementing motor velocity 

measurements.  It is proposed that during faster velocities, the motor phases oscillates 

between high and low current loads and thus allows for breaks which help prevent 

overheating.  During stall, when velocities are near zero, one phase may experience a high 

current command for an extended period of time and be more prone to overloading.  

Consequently, it may be of interest to correlate the maximum allowable current with the 

experienced velocity (e.g. at maximum expected velocity the maximum allowable duty cycle 

is 100% and at zero velocity the maximum allowable duty cycle is 52%).  Experiments may 

be required to identify optimal values for these two end points and possible linear or nonlinear 

profiles to link them.  The total period is also an intertwined aspect which may need to be 

adjusted to allow the dynamics to settle out of the current applied to each phase in order to get 

its full potential without overloading the motor. 

Adjusting the period has implications on the resolver-to-digital signal as well and any 

adjustment will have to provide sufficient time for the inherent dynamics to die out and the 

circuitry to provide reliable digital outputs. 
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4.3 Reading the Three Phase Current Signals from a Single Analog Line 

Future work will also have to be performed to determine the proper technique to extract the 

current data.  The current period (2000 ticks) shown in Figure 50 through Figure 52 indicates 

that the current may not have reached its full potential prior to being switched to another 

phase.  The results in Figure 53 and Figure 54 show the result had the PWM period been 

increased to 40,000 ticks (1.25 ms) and show that the dynamics have settled out and would 

produce more reliable current data measurements.  However, an adverse consequence of 

increasing the period is that it may cause excessive heating without relief within the driver or 

motor if the motor is in a stall state.   It is postulated that measuring the current immediately 

before the switch operation will produce the best results.  This will have to be validated. 
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4.4 Adapting NI’s FOC Program from Speed to Haptic Torque Control  

In order to utilize the FOC control presented in Figure 45 this research intends to modify the 

PI controller to utilize the torque input as determined in haptic finger serial link torque 

calculations, which were not discussed in this thesis.  The motor torque will be extracted from 

the measured phase currents.  The SVPWM block will be replaced with the SVPWM 

LabVIEW code developed in Section1.3.8.2: Field Oriented Control.  These modifications 

are shown in Figure 55.   
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Figure 55:  Modified LabView Block Diagram Associated with FOC [16]. 
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4.5 Adapting LabVIEW Code to Simultaneously Operate Multiple Motors 

Future work is also required in order to adapt the LabVIEW programs such that they are able 

to simultaneously operate up to 21 motors.  It is anticipated that relatively simple programing 

would be required to adapt both the driver and resolver-to-digital converter programs. 

It is proposed that the BLDC motor driver code presented in Section 2.2: Employed Brushless 

Motor Circuit and Associated LabVIEW Script would require a simple switch that routes the 

position and control data associated with each motor to the curve fit equations and then to 

their corresponding PWM period data carrying wire (the data carry wires for all the additional 

motors would also have to be implemented).  This is possible because the current program 

identifies the required PWM period for each phase only during the first iteration of the cycle.  

The switch would progress through the motors such that the PWM periods for the first motor 

are calculated in the first iteration, for the second motor in the second iteration, and so forth.  

Inputs for each motor’s position and outputs sending the PWM data to the driver would also 

be required. 

The resolver read code presented in Section 2.4: Employed Resolver Circuit and Associated 

LabVIEW Script would also have to add additional data carry wires but just for the position, 

velocity, and fault data associated with each motor.  Either additional matrix write blocks or a 

switch to rotate which motor data is updated could be implemented.  Because the delay 

associated with writing this data in the current program (SCLK delay = 14) is relatively short 

compared to the number of motors for an entire robotic hand/arm system some adaptation 

may be required (extending SCLK during the reading portion) if the switch technique using 

just one FPGA card for all motors is pursued.  Additionally, because all of the resolver 
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circuits require the same input activation signals, they can all be output from the system and 

connected in parallel to all of the resolver-to-digital converter chips which frees up space on 

the FPGA system and required digital outputs. 
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4.6 Future Work Summary 

The future work section presented the techniques and experiments that will be pursued in 

order to fully realize the implementation of these BLDC motors into the haptic robotic hand 

application.  The techniques include: 

• Tuning the overall period and duty cycle necessary in order to achieve sufficient 1kHz 

feedback rate necessary for haptic applications, smooth motion, reliable current data 

acquisition, and reliable reading of the resolver-to-digital chip without overheating, 

especially during stall conditions. 

• Applying grasping and manipulation experiments (e.g. holding a collapsible cup being 

filled with fluid, screwing in a light bulb, etc.) to validate that the BLDC motor system 

can operate sufficiently in a variety of conditions. 

• Develop a strategy to read the currents of each phase from a single signal. 

• Adapt a LabVIEW FOC program to accept haptic torque set points to be used in 

control. 

• Adapting the LabVIEW SVM and resolver read programs to control/read 21 motors 

that will be employed in the final haptic hand/arm system. 
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CHAPTER 5: CONCLUSIONS 

This thesis presented a BLDC motor and resolver system driven by SVM commutation 

capable of controlling a haptic robotic hand in a radiological environment.  The employed 

BLDC motor and resolver technologies have been identified as capable of operating in 

radiological environments up to and including category D environments (<10,000 Gγ per 

hour, 1 MGγ total dose).  The torque, speed, current, and voltage requirements associated with 

the BLDC motor were also shown to accommodate the specified haptic force requirements 

deemed appropriate for targeted in-cell tasks.   

The additional hardware capable of supporting the motor’s voltage and current needs was also 

identified.  This included the LabVIEW FPGA system and its associated support hardware 

capable of achieving at least a 1kHz communication rate (without delays) as required for 

effective haptic operation.  The most involved components of the system supporting the motor 

and resolver were the BLDC driver and resolver-to-digital converter and the supporting 

software programs. 

The driver circuit implemented components capable of handling up to 15 Amps compared to 

the expected 5.5 Amps calculated for the motor when executing expected tele-operation tasks.  

The associated LabVIEW software program implemented a unique SVM technique in order to 

fit within the limited space of the implemented FPGA system.  The technique implemented a 

switching form and curve fits to represent the four primary portions of the SVM form.  This 

technique implemented switching/comparison logic and simple operations such as addition, 

multiplication, and bit number truncation (replaces division operation) to execute operations 
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traditionally performed via floating point numbers/operations, trigonometric functions, and 

division which take up a lot more space on an FPGA system as implemented. 

The resolver-to-digital circuit was implemented with adequate timing and lag periods to 

effectively read the resolver’s position, velocity, and fault data.  This action was achievable 

for every cycle performed by the driver circuit thus ensuring that the driver was operating 

with an appropriate level of real-time data.  Like the driver code, the sequence of switchings 

was sufficiently small in terms of its FPGA footprint to fit on the implemented FPGA system. 

Smooth rotary motion of the motor to open and close the haptic finger demonstrated that the 

mentioned curve fit approximations associated with the space vector modulated signals were 

sufficiently accurate and properly referenced with respect to the motor phases, and the 

resolver was sufficiently prompt and accurate to direct the SVM coding. 

Proposed future work will include the development of the three phase current measurement 

system via a single bus current signal and studying the implications that the selected PWM 

periods may have in achieving this end.  Once the current measurement technique is 

established the project will implement a modified version of the LabVIEW FOC program 

acquired from National Instruments to be applied for torque control rather than speed control.  

Only relatively minor adaptations to the driver and resolver-to-digital codes, primarily 

consisting of straight forward switching structures, are anticipated to convert the system from 

a single motor to the 21 motors that will be embedded in the proposed haptic robotic hand and 

arm.  
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APPENDIX A:  EMPLOYED BRUSHLESS MOTOR DATA SHEET 

The following Figures indicated which motors where applied in this research as extracted 

from reference [13]. 

 

Figure A 1:  Brushless Motor Employed in Research. 
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Figure A 2:  Brushless Motor Employed in Research. 
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Figure A 3:  Brushless Motor Employed in Research. 
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APPENDIX B:  EMPLOYED RESOLVER DATA SHEET 

Although Maxon Motors did not have a resolver in their catalog that would fit the selected EC 

22 motor they did identify the tamagawa TS2640N321E64 resolver would fit the application. 

 

Figure B 1:  Data Sheet for Maxon Resolver [13]. 
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Figure B 2:   Geometric Dimensions Associated with Tamagawa Smartsyn 

TS2605N31E64 Resolver [9]. 

 

 

Figure B 3  Wiring Diagram Associated with Tamagawa Smartsyn TS2605N31E64 

Resolver as Identified on Top of Circuit Board Shown in Figure 40 [9]. 

 



109 

 

 

Table B 1:  Properties Associated with Tamagawa Smartsyn TS2605N31E64 Resolver 

[9]. 

Size 21 

Model TS2640N321E64 

Type 1x-BRX 

Primary R1-R2(Rotor) 

Input voltage AC7Vrms 10kHz 

Transformation ratio [K] 0.5±5% 

Electrical error (Accuracy) ±10'Max 

Residual voltage 20mVrms Max 

Phase shift +1°Nom 

Input impedance Zro 100+j140Ω±15% 

Output impedance 
Zso 140+j270Ω±15% 

Zss 120+j240Ω±15% 

Allowable rotation speed 10000min-1{rpm} 

Operating temperature range -55°C∼+150°C 

Dielectric strength 500V AC rms for one minute 

Insulation resistance 100MΩMin 

Mass 0.28kg Nom 
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APPENDIX C:  MATLAB SCRIPT CALCULATING SVM PROFILE 

%This script calculates the SVM signal that should go to the brushless DC 

%motor.  The coding followed the values provided by the ATMEL 32-bit AVR 

%Microcontroller application note (32094B-AVR32-05/09)Table 6-1.  However, 

%when plotting the data it was apparent that there were some 

%inconsistencies that made the profiles discontinuous (primarily with the 

%linear like region where descending and ascending slopes were switched) as  

%such this code modified those inputs from the values provided in the table 

step=pi/512; 

i=0:step:2*pi; 

Ts=1024; 

Ts=1; 

for k=1:length(i)    

    if i(k)<=pi/3 

        dk(k)=sin(pi/3-i(k)); 

        dkp1(k)=sin(i(k)); 

        Ta(k)=Ts*(1-dk(k)-dkp1(k))/2; 

        Tb(k)=Ts*(1+dk(k)-dkp1(k))/2; 

        Tc(k)=Ts*(1+dk(k)+dkp1(k))/2; 

    end 

    if i(k)>pi/3 && i(k)<=2*pi/3 

        dk(k)=sin(pi/3+i(k)); 

        dkp1(k)=sin(5*pi/3+i(k)); 

        Ta(k)=Ts*(1-dk(k)+dkp1(k))/2; 

        Tb(k)=Ts*(1-dk(k)-dkp1(k))/2; 

        Tc(k)=Ts*(1+dk(k)+dkp1(k))/2; 

        m=k 

    end 
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    if i(k)>2*pi/3 && i(k)<=pi 

        dk(k)=sin(i(k)); 

        dkp1(k)=sin(4*pi/3+i(k)); 

        Ta(k)=Ts*(1+dk(k)+dkp1(k))/2; 

        Tb(k)=Ts*(1-dk(k)-dkp1(k))/2; 

        Tc(k)=Ts*(1+dk(k)-dkp1(k))/2;         

    end 

    if i(k)>pi && i(k)<=4*pi/3 

        dk(k)=sin(5*pi/3+i(k)); 

        dkp1(k)=sin(6*pi/3-i(k)); 

        Ta(k)=Ts*(1+dk(k)+dkp1(k))/2; 

        Tb(k)=Ts*(1-dk(k)+dkp1(k))/2; 

        Tc(k)=Ts*(1-dk(k)-dkp1(k))/2;%Modified from Ts*(1-dk(k)+dkp1(k))/2        

        M=k 

    end 

    if i(k)>4*pi/3 && i(k)<=5*pi/3 

        dk(k)=sin(4*pi/3+i(k)); 

        dkp1(k)=sin(1*pi/3-i(k)); 

        Ta(k)=Ts*(1+dk(k)-dkp1(k))/2; 

        Tb(k)=Ts*(1+dk(k)+dkp1(k))/2; 

        Tc(k)=Ts*(1-dk(k)-dkp1(k))/2; 

    end 

    if i(k)>5*pi/3 && i(k)<=6*pi/3 

        dk(k)=sin(6*pi/3-i(k)); 

        dkp1(k)=sin(1*pi/3+i(k)); 

        Ta(k)=Ts*(1-dk(k)-dkp1(k))/2; 

        Tb(k)=Ts*(1+dk(k)+dkp1(k))/2; 

        Tc(k)=Ts*(1-dk(k)+dkp1(k))/2; 
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    end 

end 

  

I=0:length(i)-1 

Figure(1) 

plot(I,Ta,'r',I,Tb,'g',I,Tc,'b') 

title('SVM CCW Profiles') 

ylabel('duty cycle duration') 

xlabel('Resolver 10 bit Position') 

axis([0 1024 0 1]) 

legend('Ta','Tb','Tc') 

  

n=1:length(i); 

MTa(:,1)=n;     MTa(:,2)=Ta; 

fileIDa = fopen('Ta.txt','w+'); fprintf(fileIDa,'%12.8f\r\n',Ta); 

fclose(fileIDa) 

  

MTb(:,1)=n;     MTb(:,2)=Tb;  

fileIDb = fopen('Tb.txt','w+'); fprintf(fileIDb,'%12.8f\r\n',Tb); 

fclose(fileIDb); 

  

MTc(:,1)=n;     MTc(:,2)=Tc; 

fileIDc = fopen('Tc.txt','w+'); fprintf(fileIDc,'%12.8f\r\n',Tc); 

fclose(fileIDc); 

  

clear 

step=pi/512; 
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i=0:step:2*pi-step; 

Ts=1; 

for k=1:length(i)    

    if i(k)<=pi/3 

        dk(k)=sin(pi/3-i(k)); 

        dkp1(k)=sin(i(k)); 

        Ta(k)=Ts*(1+dk(k)+dkp1(k))/2; 

        Tb(k)=Ts*(1-dk(k)-dkp1(k))/2; 

        Tc(k)=Ts*(1+dk(k)-dkp1(k))/2;%Modified from Ts*(1-dk(k)+dkp1(k))/2; 

    end 

    if i(k)>pi/3 && i(k)<=2*pi/3 

        dk(k)=sin(pi/3+i(k)); 

        dkp1(k)=sin(5*pi/3+i(k)); 

        Ta(k)=Ts*(1+dk(k)+dkp1(k))/2; 

        Tb(k)=Ts*(1-dk(k)+dkp1(k))/2;%Modified from Ts*(1+dk(k)-dkp1(k))/2; 

        Tc(k)=Ts*(1-dk(k)-dkp1(k))/2; 

        m=k 

    end 

    if i(k)>2*pi/3 && i(k)<=pi 

        dk(k)=sin(i(k)); 

        dkp1(k)=sin(4*pi/3+i(k)); 

        Ta(k)=Ts*(1+dk(k)-dkp1(k))/2;%Modified from Ts*(1-dk(k)+dkp1(k))/2; 

        Tb(k)=Ts*(1+dk(k)+dkp1(k))/2; 

        Tc(k)=Ts*(1-dk(k)-dkp1(k))/2; 

    end 

    if i(k)>pi && i(k)<=4*pi/3 

        dk(k)=sin(5*pi/3+i(k)); 

        dkp1(k)=sin(6*pi/3-i(k)); 
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        Ta(k)=Ts*(1-dk(k)-dkp1(k))/2; 

        Tb(k)=Ts*(1+dk(k)+dkp1(k))/2; 

        Tc(k)=Ts*(1-dk(k)+dkp1(k))/2;%Modified from Ts*(1+dk(k)-dkp1(k))/2; 

        M=k 

    end 

    if i(k)>4*pi/3 && i(k)<=5*pi/3 

        dk(k)=sin(4*pi/3+i(k)); 

        dkp1(k)=sin(1*pi/3-i(k)); 

        Ta(k)=Ts*(1-dk(k)-dkp1(k))/2; 

        Tb(k)=Ts*(1+dk(k)-dkp1(k))/2;%Modified from Ts*(1-dk(k)+dkp1(k))/2; 

        Tc(k)=Ts*(1+dk(k)+dkp1(k))/2; 

    end 

    if i(k)>5*pi/3 && i(k)<=6*pi/3 

        dk(k)=sin(6*pi/3-i(k)); 

        dkp1(k)=sin(1*pi/3+i(k)); 

        Ta(k)=Ts*(1-dk(k)+dkp1(k))/2;%Modified from Ts*(1+dk(k)-dkp1(k))/2; 

        Tb(k)=Ts*(1-dk(k)-dkp1(k))/2; 

        Tc(k)=Ts*(1+dk(k)+dkp1(k))/2; 

    end 

end 

I=0:length(i)-1 

Figure(2) 

plot(I,Ta,'r',I,Tb,'g',I,Tc,'b') 

title('SVM CW Profiles') 

ylabel('duty cycle duration') 

xlabel('Resolver 10 bit Position') 

axis([0 1024 0 1]) 

legend('Ta','Tb','Tc') 
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APPENDIX D:  BRUSHLESS MOTOR LABVIEW PROGRAM 

The figures in this appendix demonstrate all possible conditions that might arise in order to 

realize full SVM using the curve fit technique. 
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Figure D 1:  False condition that occurs during the majority of the time forcing the 

calculated control signal to only be read once every 2000 ticks of the clock. 
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Figure D 2: True condition phase 1 clockwise SVM operation. 
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Figure D 3:  True condition phase 2 clockwise SVM operation. 
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Figure D 4:  True condition phase 3 clockwise SVM operation. 
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Figure D 5:  True condition phase 4 clockwise SVM operation. 
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Figure D 6:  True condition phase 5 clockwise SVM operation. 
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Figure D 7:  True condition phase 6 clockwise SVM operation. 
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Figure D 8:  True condition phase 1 counter-clockwise SVM operation. 
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Figure D 9:  True condition phase 2 counter-clockwise SVM operation. 
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Figure D 10:  True condition phase 3counter-clockwise SVM operation. 
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Figure D 11:  True condition phase 4 counter-clockwise SVM operation. 
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Figure D 12:  True condition phase 5 counter-clockwise SVM operation. 
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Figure D 13:  True condition phase 6 counter-clockwise SVM operation. 
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APPENDIX E:  RESOLVER READ LABVIEW PROGRAM 

Figure E 1 to Figure E 20 represents the LabVIEW programing necessary to acquire the 

resolver position and velocity signals.  These Figures are paired such that each LabVIEW 

block diagram can be correlated to the digital signal input/outputs received/supplied by the 

chip in order to communicate the appropriate data.  Each Figure pair is preceded by a 

description of the primary functionality of the presented blocks (formatting was single spaced 

in order to fit the description, LabVIEW block diagram, and resolver sequences onto one 

page. 
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Step 1 (Figure E 1 and Figure E 2) baselines Sample, WR, and SCLK high and A1 low and 

waits until “Start 2” is pressed before proceeding.  

 
Figure E 1:  Step 1 

 

 
Figure E 2:  Portion of serial interface read timing corresponding to step 1(Figure E 1). 



131 

 

Step 2 (Figure E 3 and Figure E 4) sets sample high once it has proceeded past the specified 

sample delay (a minimum of 16 ticks as specified in Figure E 4) . 

 
Figure E 3:  Step 2. 

 

 
Figure E 4:  Portion of serial interface read timing corresponding to step 2 (Figure E 3). 
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Step 3 (Figure E 5 and Figure E 6) sets A1 to either 0 or 1 depending if the blue wire carrying 

the variable for A1 has been altered from its initial value of 0 to 1 which will occur in step 4.  

A1=0 corresponds to position output and A1=1 corresponds to velocity output. 

 
Figure E 5:  Step 3. 

 
Figure E 6:  Portions of serial interface read timing corresponding to step 3 (Figure E 5). 
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Step 4 (Figure E 7 and Figure E 8) sets SCLK low and WR to be low while the number of bits 

desired by user plus the 8 bits associated with the fault signal which is tacked onto the end of 

the position and velocity signals.  WR goes high in between these output signals which 

indicates to the resolver-to-digital converter to change states.  The duration of this stage is 

dictated by SCLK delay in order to ensure that the chip dynamics settled out prior to 

switching to the next stage.  Once the fault signal is fully read the SCLK total counter exceeds 

its limit and the variable controlling A1 is adjusted to 1 and the process is repeated for 

velocity.  Once velocity and its fault signal are read the system jumps to step 6. 

 
Figure E 7:  Step 4. 

 
Figure E 8:  Portion of serial interface read timing corresponding to step 4 (Figure E 7). 
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Step 5 (Figure E 9 and Figure E 10) when A1=0 and the number of iterations is less than 16 

reads SDO output from the resolver-to-digital converter for each of the binary numbers 

associated with the 16 bit signal desired/defined by the user and reads it into the position 

matrix.  This binary position value is converted to a number from the 16 bit signal and 

truncated to a 10 bit signal and then read again in order to determine how significant the 

number of bits was with respect to this application (had little difference).  The duration of this 

stage is dictated by SCLK delay to ensure that the chip dynamics settle out prior to switching 

to step 4. 

 
Figure E 9:  Step 5 when A1=0 and the number of iterations is less than 16 reads. 

 
Figure E 10:  Portion of serial interface read timing corresponding to step 5 (Figure E 9). 
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Step 5 (Figure E 11 and Figure E 12) when A1=0 and the number of iterations is between 16 

and 24 reads SDO output from the resolver-to-digital converter for each of the binary 

numbers associated with the 8 bit binary signal corresponding to any fault condition and puts 

it into a matrix.  The duration of this stage is dictated by SCLK delay in order to ensure that 

the chip dynamics settled out prior to switching back to step 4. 

 
Figure E 11:  Step 5 when A1=0 and the number of iterations is between 16 and 24. 

 
Figure E 12:  Portion of serial interface read timing corresponding to step 5 (Figure E 

11). 
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Step 5 (Figure E 13) when A1=1 and the number of iterations is less than 16 reads SDO 

output from the resolver-to-digital converter for each of the binary numbers associated with 

the 16 bit signal desired/defined by the user and reads it into the velocity matrix.  This binary 

position value is converted to a number based on the 16 bit signal and was truncated to a 10 

bit signal and then read again in order to determine how significant the number of bits was 

with respect to this application (had little difference).  The duration of this stage is dictated by 

SCLK delay in order to ensure that the chip dynamics settled out prior to switching to step 4. 

 
Figure E 13:  Step 5 when A1=1 and the number of iterations is less than 16. 

 
Figure E 14:  Portion of serial interface read timing corresponding to step 5 (Figure E13). 
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Step 5 (Figure E 15) when A1=1 and the number of iterations is between 16 and 24 reads 

SDO output from the resolver-to-digital converter for each of the binary numbers associated 

with the 8 bit binary signal corresponding to any fault condition and puts it into a matrix.  The 

duration of this stage is dictated by SCLK delay in order to ensure that the chip dynamics 

settled out prior to switching back to step 4.  

 
Figure E 15:  Step 5 when A1=1 and the number of iterations is between 16 and 24. 

 
Figure E 16:  Portion of serial interface read timing corresponding to step 5 (Figure E 15). 
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Step 5 (Figure E 17) when lower condition block is false because SCLK Delay value x 2 is 

greater than Delay Counter.  This forces the position, velocity, and fault data to only be read 

at one point in time at the end of the iteration when it is known that the system dynamics have 

settled. 

 
Figure E 17:  Step 5 when lower condition block is false because SCLK Delay value x 2 is 

greater than Delay Counter.  

 
Figure E 18:  Portion of serial interface read timing corresponding to step 5 (Figure E 17). 
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Step 6 (Figure E 19) delays the length of the defined “Break Delay” variable before repeating 

the process beginning with step 1 to read the data from the circuit. 

 
Figure E 19:  Step 6 delays the length of the defined “Break Delay” variable before 

repeating the process beginning with step 1 to read the data from the circuit. 

 
Figure E 20:  Portion of serial interface read timing corresponding to step 6 (Figure E 19). 
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APPENDIX F:  EMPLOYED BRUSHLESS MOTOR DRIVER (SA306) DATA SHEET 
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APPENDIX G:  EMPLOYED RESOLVER-TO-DIGITAL CONVERTER (AD2S1210) DATA 

SHEET 
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APPENDIX H:  DEVELOPED PRINTED CIRCUIT BOARD FIGURES 

 

 

 

Figure H 1:  Bottom (green lines), top (red lines), and top components (outlined in 

yellow) associated with designed circuit board. 
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Figure H 2:  Black and white copy showing component and hole outline on top of 

designed printed circuit board as viewed from top. 
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Figure H 3: Black and white copy showing top of designed printed circuit board as 

viewed from top. 
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Figure H 4: Black and white copy showing bottom of designed printed circuit board as 

viewed from top. 
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APPENDIX I:  PHOTOS OF IMPLEMENTED HARDWARE 

 

 

Figure I 1:  NI PXIe-8133 embedded controller and NI PXI-6225 M Series Multifunction 

DAQ connecting to array of SCB-68 M Series Devices Connectors. 
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Figure I 2:  Array of SCB-68 M Series Devices Connectors used to link driver and 

resolver circuit with NI system. 

 

Figure I 3:   Labeled SCB-68 M Series Devices Connectors used to link driver and 

resolver circuit with NI system. 
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Figure I 4:  Acopian 24V power supply implemented in this project. 
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Figure I 5:  Array of brushless motor drivers connected to SCB-68 M Series Devices 

Connectors. 
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Figure I 6:  Maxon EC 22 brushless motor 

 

 

Figure I 7: Tamagawa Smartsyn TS2605N31E64 resolver employed in this project. 

 


