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Executive Summary

This thesis presents a method for controlling synchronous brushless DC machines via advanced
control techniques that are usually reserved for use in high end industrial AC machine drives. The DC
machines this research is aimed at are commonly found in model aircraft, including advanced
research aircraft such as ‘drones’. However, this research is not limited to model aircraft or vehicles
and has applications anywhere BLDC motors are used.

It was hypothesised that by utilising an advanced control technique on a purpose built custom motor
controller, superior motor performance could be achieved when compared to that which is possible
with the current generation of commercial motor controllers. For the purposes of this research,
‘superior performance’ was defined as improved dynamic response, more stable (closed loop)
control, higher efficiency and the ability to commutate motors stably at lower speeds. In addition,
the controller to be developed aimed to be comparable with commercial options in terms of size,
weight and cost and to be able to be used wherever commercial controllers are currently used.

Current research was reviewed with particular focus on literature comparing Field Oriented Control
and Direct Torque Control which are the two most common methodologies for advanced motor
control. The intent was to investigate their potential application to small brushless DC machines.
Based on the results of the literature review conducted, Field Oriented Control (FOC) was the chosen
control technique to be applied. On the basis of further research, a commercial FOC solution by
Texas Instruments was chosen.

Using the commercial Field Oriented Control development solution, InstaSPIN™ by Texas Instruments,
the feasibility of the project was first assessed on a Tl development board. Following a partially
successful initial evaluation, a prototype custom controller was developed to better suit the
requirements of the research. This controller was then evaluated against commercially available
options in order to determine the viability of Field Oriented Control for the stated purpose.

This thesis documents the initial evaluation of TI’s InstaSPIN-FOC using a Tl development board, the
development of several prototype controllers as well as their empirical evaluation. It outlines
relevant theory and describes the methodology used in the development of a prototype custom
motor controller together with the reasoning that informed design choices that were made. It also
includes all data, descriptions of the data collection methods and data analysis.
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High Performance Brushless DC Motor Control

1 Introduction
1.1  Background

Over the past several decades, the brushed DC motor has been phased out in virtually all
applications in favour of the brushless DC (BLDC) motor. This is because the BLDC motor is superior
to its brushed counterpart in almost every way, including efficiency, power density, controllability
and reliability.

The BLDC motor has become the standard motor type for use in all small-scale electric vehicles from
low performance model aeroplanes to advanced research ‘drones’. The BLDC motor is perfectly
suited to these applications as it is inherently efficient, has a very high power-to-weight-ratio and
the lack of mechanical commutators (brushes) makes them extremely reliable. However, the current
state of commercial electronic controllers for these motors offer only limited controllability and are
not able to drive the motors to their full potential. This effectively limits the potential of all
applications of these motors, having a particularly noticeable effect on high performance vehicles.
Figure 1 below shows an advanced research drone with typical commercial motor controllers (red
‘box’ on each of the four struts) and BLDC motors (of a size this research is focussed on).

Figure 1. Research Drone with Commercial Motor Controllers Visible (SERL, 2014)

The performance issues associated with commercial controllers are a direct result of the relatively
simplistic control techniques that are invariably used. These controllers use a scalar control
technique called six-step control (see 2.1.1 Six Step Commutation) which, by nature, results in poor
dynamic response, sub-optimal efficiency and a high torque ripple leading to increased vibrations
and subsequently shorter motor life. In addition, these controllers are not capable of low speed
commutation. This is not a direct result of the six-step control technique, but reflects the simplistic
rotor position estimation technique used, back-EMF zero crossing detection (see 2.3.2 Back-EMF
Zero Crossing).

Patrick Fisher S0194504



High Performance Brushless DC Motor Control

1.2 Objective of the Research
This research aimed to show that advanced motor control techniques, currently reserved for high-
end industrial AC machine drives, can be successfully utilised in small DC machine controllers
designed for synchronous permanent magnet motors, with a particular focus on ‘hobby’ sized BLDC
motors (see Figure 1 for reference). This required the development of custom hardware which
utilised an advanced control technique as well as the empirical evaluation of the controller against
the current generation of commercial controllers.

A secondary aim of this research is to allow very low speed commutation by utilising a more capable
rotor position estimation technique.

1.3 Significance of the Research
If successful, this research will effectively increase the general performance all small-electric vehicle
applications which currently utilise standard commercial controllers. It is anticipated that this
research will be particularly useful for advanced research or hobbyist vehicles, notably, multicopters.
In addition, low speed commutation will allow a direct drive mechanical system to be used where
gearboxes or expensive electro-mechanical rotor position sensors were once required, reducing
maintenance requirements and costs. Small-scale autonomous submersible vehicles are an example.

1.4 Limitations of the Research

This research was limited by both time and money. There was a total of five months allocated to the
research (not inclusive of preparatory research time). This limited the total scope of the research as
well as the testing that could be conducted, due to unavailability of laboratory instruments. In
addition, this research was only aimed at BLDC motors of the type and size found in scale electric
vehicles. These motors vary widely in appearance, ratings and parameters, but, in general they are
‘outrunner’ types with rated current consumption of less than 20A and a bus voltage rating less than
21V.

1.5  Structure of the Thesis
The design of a custom motor controller for ‘hobby’-sized 3-phase synchronous permanent magnet
motors utilising an advanced control technique is outlined in this thesis. This includes the initial
research undertaken in preparation for the thesis (Chapter 2, Literature Review), the underlying

theory for the control technique chosen (Chapter 3, Theory), theory specifically pertaining to the
chosen solution (Chapter 4, InstaSPIN™-FOC), the research methodology including justification for all

decisions made (Chapter 5, Methodology), results of the research and discussion about their
meaning (Chapter 6, Results and Discussion) and finally, the conclusion and recommendations for

future work (Chapter 7, Conclusions and Recommendations for Future Work).

Patrick Fisher S0194504
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2 Literature Review

DC motors can be categorised in terms of the shape of the back-EMF waveform generated, either
sinusoidal or trapezoidal. Often, motors which ‘naturally’ produce sinusoidal back-EMF are referred
to as permanent magnet synchronous motors (PMSM) and motors with ‘natural’ trapezoidal back-
EMF are referred to as brushless DC motors (BLDCM). However, the literature on BLDC motor
commutation is not always consistent in this respect and the only physical difference between so-
called PMSM and BLDC motors is in the way the stator windings are wound. This does serve to make
each individual motor more suited to a particular commutation method but it does not limit the
motor to a particular commutation method. It should also be noted that it is ultimately the
commutation method employed that dictates the back-EMF waveform generated (Liu & Zhu, 2008).
In an effort to maintain consistency, when referring to motors with ‘natural’ sinusoidal back-EMF,
the term Permanent Magnet Synchronous Motor (PMSM) will be used and when referring to motors
with ‘natural’ trapezoidal back-EMF, the term Brushless DC (BLDC) motor will be used. However,
both motors are powered by a DC source and electrically commutated. Hence, both BLDC and PMSM
motors are brushless DC machines under any rigid definition.

2.1  Scalar Control
Scalar motor control drives only manipulate the voltage magnitude and frequency supplied to the
motor.

2.1.1 Six Step Commutation

Conventional BLDC motor control is a form of scalar control and relies on a method known as six-
step commutation. This results in the characteristic trapezoidal shape of the back-EMF waveform. In
six-step commutation, the three phases of the BLDC motor are energised in 120° degree sequences
and each winding remains ‘high’ for 120° degrees (See Figure 2). Current is passed through two of
the three windings at any time with one winding held at a high electrical potential and the other at a
low electrical potential (and the third off). This results in six-possible commutation states or six
sequential steps per revolution. The timing of these high/low sequences is critical to the motor’s
operation and requires knowledge of the rotor position relative to the stator windings. There are
several methods for obtaining this position including Hall Effect sensors, encoders, resolvers and
several sensorless options (Yedamale, 2003). Rotor position estimation is critical to most DC motor
control techniques and is discussed in section 2.3 (Rotor Position Estimation) below.

Six-step commutation has gained significant popularity due to its relative simplicity and cost
effectiveness. However, six-step commutation does have drawbacks, having only two windings
energised at any given time results in lower torque production and increased torque ripple. The
increased torque ripple leads to increased vibration, noise and subsequently a shorter motor
lifespan. The discrete nature of this commutation method also results in imprecise control and poor
performance at low speeds. A variation of 120° six-step commutation is 180° six-step commutation
and operates as the name suggests. This method generates more torque but results in even higher
torque ripple, noise and further decreases motor lifespan (Lee & Lemley, n.d.).

Figure 2 below provides a graphical representation of the principles of trapezoidal or six-step
commutation for a BLDC motor including the six-transistor power bridge.
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Figure 2 — Six-Step Commutation. (Microcontroller Solutions, n.d.)

2.1.2 Sinusoidal Commutation

The second common form of scalar control, aimed at PMS motors (sinusoidal back EMF) replaces the
flat peaks of the trapezoidal back-EMF of six-step commutation with sinusoids. The nature of
sinusoidal back-EMF requires that the commutation of phases be overlapped and that more than
one pair of switching semiconductors be on at any given time. This allows for substantially reduced
torque ripple and more precise control than trapezoidal commutation can achieve. However,
sinusoidal commutation also requires more complicated control algorithms and more precise rotor
position information. This calls for optical encoders, resolvers or (more) complex sensorless methods
to be used to provide rotor position feedback and this adds to the overall cost of the control method
(ATMEL, 2007).

Figure 3 below provides a graphical representation of the back-EMF of both the trapezoidal and
sinusoidal scalar commutation methods. Note, sinusoidal commutation has been labelled as
permanent magnet synchronous motor (PMSM) commutation. The figure also shows the slightly
different ‘natural’ stator flux linkage waveforms of PMSM and BLDC motors.
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Figure 3 —Sinusoidal vs. back-EMF Waveforms. (Torres, 2009)

Back EMF

2.2 Vector Control

Over the past decade, research into the high performance control of brushless DC motors and
permanent magnet synchronous motors has focussed on two competing methodologies: Field
Oriented Control (FOC) and Direct Torque Control (DTC). Both FOC and DTC are forms of vector
control and aim to effectively control certain motor parameters directly in order to force the motor
to the application setting regardless of external conditions. Proponents of each methodology claim
superiority over the other and each method (in terms of performance) is indisputably superior to
legacy DC motor control methods (scalar control). However, each control strategy does have distinct
advantageous and disadvantageous which need to be considered (Merzoug & Naceri, 2008).

2.2.1 Field Oriented Control Functional Overview

Field Oriented Control or Vector Control manipulates space vectors in the direct (d) and quadrature
(g) axes in order to accomplish very precise and efficient motor control. Controlling the voltage and
current space vectors directly in the d-q reference frame avoids a fundamental problem with
sinusoidal commutation in that the currents are no longer controlled in a time variant reference
frame. This overcomes bandwidth limitations of PID (Proportional-Integral-Derivative) controllers
and allows for precise motor control across a much wider speed range than scalar commutation can
offer. The torque and precision control that FOC offers are a direct result of the nature of FOC in that
the windings are ‘managed’ to keep the flux produced by the rotor’s permanent magnets orthogonal
to the stator field. This provides exceptionally precise torque control and is the real advantage of
operating in the d-q reference frame (Copley Controls Corp, n.d.).

The direct and quadrature components discussed above are simply the decomposition of the flux
linkage state vector into two discrete components, the flux (d) and torque (q) producing components.
Figure 4 below provides a graphical representation of the direct and quadrature components. Note
the intrinsically orthogonal nature of the direct and quadrature axes (John, et al., 2011).
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Figure 5-Functional block diagram of a generic FOC drive. (Lepka, 2009)

Figure 5 above provides a basic operational overview of FOC. Field oriented control requires the
measured phase currents to be transformed from the 3-phase static reference frame of the stator to
a static 2-phase reference (a, ) and finally to a rotating two-phase reference system aligned with
the rotor flux (d-q). FOC processing is carried out entirely in this reference frame. It follows, that in
order for the d-q reference frame to be aligned with the rotor, detailed information about the rotor
position is required at every sampling time. Significant research into rotor position estimation has
been carried out over the past 50 years, and recently, particularly in the past decade, research into
sensorless rotor position estimation has been undertaken. This research is reviewed in section 2.3
(Rotor Position Estimation) below. It should be noted that the two-phase d-q system is only rotating
with respect to the stator and that it is actually stationary with respect to the rotor. Transformations
from the static 3-phase reference frame into the two phase d-q reference frame result in two flux
vector ‘components’, the direct and quadrature components. The direct (d) component offers no
useful torque and only serves to increase ware on the motor bearings. It follows that it is beneficial
to minimise this component. The quadrature component is responsible for ‘actual’ motor torque and
this component is set by the application. The direct and quadrature components are then fed with
reference to zero and the application torque setting respectively into two PI (Proportional-Integral)
blocks. This results in a vector output that is (optimally) exclusively in the quadrature axis with a
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resulting torque tracked to the application setting. The output of these Pl blocks is two components
(d and q) of a voltage vector in the rotating d-q reference frame (Zambada & Deb, 2010). The output
of the two Pl ‘blocks’ are the (new) direct and quadrature voltage components of the required stator
voltage space vector. In order to actually drive the motor, these components are back-transformed
to the stator reference frame and used for Space Vector Pulse Width Modulation (SVPWM).

In the past decade, FOC has been successfully implemented in both PMSM and BLDC motor drives in
both sensored and sensorless forms. Many semiconductor companies including TI, Atmel and
Microchip provide retail microcontrollers with routines flashed on ROM that allow for simpler
implementations of FOC. However, at the time of writing, no commercially available Electronic

Speed Controllers for small (<100A) DC machines could be found that utilise field oriented control.

2.2.2 Direct Torque Control Functional Overview

Realistically, DTC is the only competition to FOC in terms of performance motor control for brushless
DC machines. Fundamentally, DTC aims to control the flux linkage and electromagnetic torque
directly by changing the relative angle between the stator flux and the permanent magnet flux
vectors. (Garcia, et al., n.d.) DTC directly controls motor torque by rapidly manipulating the stator
flux vector orientation by changing the voltage provided to the motor stator windings.

DTC operates by comparing reference (application set) values of the stator flux and torque with
observed values. Hence, the only feedback parameters required for DTC are the torque and flux
(T and W) which are derived directly from the stator flux linkage. The stator flux linkage is estimated
by the equation W; = [(v, — Rqig)dt where W, is the estimated stator flux vector, v, is the
measured stator voltage vector, R, is the stator resistance and i, is the stator current vector (Inoue,
et al., 2011). DTC does not require rotor speed or position information to achieve torque control and
is considered an inherently sensorless control scheme.
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Figure 6. DTC Control Scheme for PMSM (Paturca, et al., 2006)

Figure 6 above provides a basic operational overview of DTC. It can be seen that DTC requires a
torque and stator flux vector estimator, a look-up table (switching table) and hysteresis comparators
(Paturca, et al., 2006). At each sample time, the stator currents i, and i, as well as the DC-bus
voltage are sampled. Using these values and the manufacturer data for the stator resistance, the
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stator flux is calculated in the a, 8 reference frame. By nature, the stator flux is rotating, ideally, with
the rotor. Referring to Figure 7 below, DTC breaks the full stator flux rotation into six possible
discrete ‘inverter voltage vectors’ (Paturca, et al., 2006). The calculated @ — § components of the
stator flux are used to determine the ‘sector’ (§; — Sg) in which the current flux vector is located.
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Figure 7. Inverter voltage vectors and stator flux vectors (Paturca, et al., 2006).

The magnitude of the stator flux and electromagnetic torque is then calculated and compared with
reference values in the relative hysteresis comparators (see Figure 6). Finally, the output of the
comparators with the current flux vector ‘sector’ is fed to a lookup table and the appropriate
inverter voltage vector is selected. No PWM is required with DTC, instead, PWM is replaced with a
simple lookup table.

Many variations of DTC exist, but all are based on the general principals outlined above. Like FOC,
DTC has seen implementation in both PMSM and BLDC motor drives with the former being more
common. DTC is often employed for large machine drives but currently has not been employed in
any commercially available small DC machine electronic speed controllers.

2.2.3 FOCand DTC Comparison

Casadei, Profumo, Serra and Tani (2002) argue that due to the identical goals and the ability to use
one scheme directly in place of the other, a direct comparison between FOC and DTC is valid and
that, in terms of performance, ultimately DTC or FOC can be deemed superior depending on the
application requirements. The aim of this project is the development of a low cost, high performance
single board ESC for small DC machines. Hence, the superiority of either DTC or FOC will be judged
on the scheme’s ability to meet these requirements. Casadei, Profumo, Serra and Tani go on to
make the comparison between DTC and FOC and reach the conclusion that while the ‘whole
performance of the two schemes is comparable’, DTC is preferred for high dynamic load applications
but does result in a higher current and torque ripple than FOC (Cassadei, et al., 2002). However,
further research has been conducted in an attempt to establish either FOC or DTC as a superior
control method with varying conclusions reached. In addition, it should be noted that very little
research has been done considering small DC machines specifically. While the conclusions reached
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must be considered with this fact in mind, the literature can be used to make a case for either DTC
or FOC for application in low cost, high performance, electronic speed controllers designed for small
DC machines.

In much of the literature surrounding DTC and FOC, the major stated advantage of DTC over FOC is
simplicity. DTC does not require any reference frame transformations or rotor position estimation.
This allows for lower capability (and cost) processors to be used in DTC and also requires less
development time. In addition, PWM is completely replaced in DTC with a simple lookup table
(Cassadei, et al., 2002). In contrast, FOC commutation requires substantial processing power in
order to perform the required transformations and control algorithms. However, as the price of
microcontrollers, DSPs and FPGAs have fallen while processing power has been increasing,
computational complexity is no longer a decisive metric and performance based criteria needs to be
considered.

Garcia, Zigmund, Terlizzi, Pavlanin and Salvatore (n.d) performed several comparison tests on DTC
and FOC. These experiments were done using a relatively large (2kW) PMSM motor in simulation.
Table 1 below provides the results of the simulations for the torque settling time of both DTC and
FOC at different speeds.

Table 1. Torque settling time at different speeds (Garcia, et al., n.d.).

Electrical Speed DTC FOC
0 rad/s 0.22ms 6ms
300 rad/s 0.32ms 5ms
1200 rad/s 1ms 15ms

The authors make specific note of the fact that while DTC offers a considerably faster response time,
the torque ripple observed was substantially higher than that observed with FOC. Further, torque
ripple for DTC was observed to increase at lower speeds which meant that DTC performance was
seen to reduce as speed was lowered from nominal. The results obtained for the steady state
performance testing of FOC and DTC may be seen in Table 2 below.

Table 2. Steady state performance indexes (Garcia, et al., n.d.).

DTC FOC
Stator Flux Average Error 0.3% 0.1%
Stator Flux Standard Deviation | 4.85% 0.15%
Torque Average Error 1.8% 0.08%
Torque Standard Deviation 12.8% 2.81%

Table 2 shows that the steady state performance of FOC is considerably higher than that of DTC.
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Further, the authors found that the torque distortion is ‘considerably bigger for DTC' and that FOC
has more consistent performance across a wider speed range than DTC (Garcia, et al., n.d.).

Garcia, Zigmund, Terlizzi, Pavlanin and Salvatore are not alone in reaching these conclusions. In fact,
most comparisons between FOC and DTC reach the same conclusions but place different weightings
on the advantages and short-comings of each method, thus reaching different overall conclusions.
While the superiority of one method is largely dependent on the application, the literature
surrounding FOC and DTC almost invariably contains a note on the fact that DTC results in higher
torque and current ripple than FOC and lower performance at low speeds. This problem is
exacerbated when DTC is applied to BLDC motors (‘natural’ trapezoidal back-EMF) due to the fact
that ‘the amplitude of the stator flux linkage cannot easily be controlled due to the sharp changes
and the curved shape of the flux vector between two consecutive commutation points in the stator
flux linkage locus [in regards to BLDC motors]’ (Ozturk & Toliyat, 2007). In an attempt to overcome
this issue, Ozturk and Toliyat (2007) introduced a method of DTC designed specifically for BLDC
motors. This method has similarities with legacy six-step commutation in that only two of the stator
windings are current carrying at any given time, producing the characteristic trapezoidal shape back-
EMF and allowing for better DTC performance when applied to BLDC motors. The authors argue that
by properly selecting the inverter voltage space vectors from a [newly designed] lookup table, two-
phase conduction DTC can offer a much faster torque response than conventional DTC. Further, the
method is suggested for reducing the low frequency torque ripple commonly seen in six-step
commutation in an effort to increase the performance speed range of DTC. The assertions made in
the journal article are validated in both simulation and experimentation. While this method is
promising, it has many of the limitations of six-step commutation including lower net torque
production (compared to 3-phase conduction) and increased torque ripple compared to FOC.

While numerous variations of FOC and DTC can be found in literature, each attempting to solve a
particular shortcoming, both methods have disadvantages as a result of the underlying principles.
These are outlined in Table 3 below.

Table 3. Comparison of FOC and DTC as implemented for a PMSM (Garcia, et al., n.d.) & (Merzoug & Naceri, 2008).

DTC FOC
Dynamic response for

Quicker Slower
Torque
Steady-state behaviour for
torque, stator flux and High ripple and distortion Low ripple and distortion
currents
Requirement of rotor

No Yes
position
Current control No Yes
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PWM modulator No Yes

Coordinate transformation No Yes

Variable, depending on the

operating point and

Switching frequency Constant

during transients

Spread spectrum, high noise
Audible noise P . P & Low noise at a fixed frequency
especially at low speed

Control tuning Hysteresis Bands Pl gains

Complexity and processing

Lower Higher
requirements
Parameter Sensitivity Lower High
Performance at lower speeds Not good Good

2.3  Rotor Position Estimation

Rotor position estimation is critical to most methods of DC motor commutation, with a single
notable exception, which is DTC. In fact, even DTC systems benefit from accurate rotor position and
speed information, with many ‘high-end’ implementations of DTC utilising complex rotor position
estimators to improve performance. In scalar and more specifically FOC based drives, inaccurate
rotor position estimation will result in very poor performance and in some cases lead to complete
drive failure. Many methods of rotor position estimation exist, from conventional sensored methods
to more complex sensorless techniques. The overwhelming majority of recent research into
brushless DC motor control applies some form of sensorless rotor position estimation.

2.3.1 Hall Effect Sensors

The simplest and most common forms of rotor position estimation utilise physical sensors. The most
common position sensor seen in rotating machines is the Hall Effect Sensor. When a current-carrying
conductor is placed into a magnetic field a voltage is generated perpendicular to both the current
and the field. This is known as the Hall Effect and has been used extensively in large machines for
rotor position estimation. For rotor position estimation, three Hall Effect sensors are placed on the
stator and generate a High or Low signal whenever rotor magnetic poles pass close by. Figure 8
below shows the electrical output of a three Hall Effect sensor rotor position estimation system (Lee
& Lemley, n.d.).
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Figure 8. Three-phase Hall sensor timing chart with 120° angle separation (Lee & Lemley, n.d.).

The most obvious drawback to the Hall Effect rotor position estimator is that it requires Hall Effect
sensors to be added by manufactures which adds to the overall cost of the motor. While this cost is
negligible in larger machines, in small DC machines the cost is significant and hence Hall Effect
sensors are rarely found in small DC machines. Hall Effect sensors also require their own power
supply and add additional wiring to the motor. Further, in the classical 3-Hall Effect sensor
configuration, rotor position is only estimated to an accuracy of 60°.

2.3.2 Back-EMF Zero Crossing

Back-EMF zero crossing is a sensorless method of rotor position estimation that has seen significant
development over the past two decades. When a brushless DC motor rotates, each winding
generates a back-EMF which opposes the voltage supplied to the winding in accordance with Lenz’s
law. Back-EMF zero crossing rotor position estimation is particularly suited to two-phase conduction
implementations of the commutation methods discussed. This is because the third ‘un-powered’
phase can be used for back-EMF detection. The zero-crossing is found by feeding the voltage of the
un-powered winding with respect to a virtual ground and half the DC bus voltage to a comparator.
At the point the output of the comparator changes state, the zero crossing has occurred and the
next commutation sequence can begin. (Ungurean, et al.,, 2010) Figure 9 below shows back-EMF
zero crossing detection with winding power flow.

Vdc
S
- } +
—7
f
£ =
GND 1 Comparater

Figure 9. Circuit model during PWM ON-time (Ungurean, et al., 2010).

Back-EMF zero crossing detection overcomes a lot of the problems associated with conventional
techniques in that it does not require physical sensors to be mounted in or on the motor and also
offers high accuracy at high speed. However, this method does have two serious draw-backs.

1. The back-EMF generated is proportional to the rotor speed. This means that back-EMF
simply does not work when the rotor is stationary (starting) and that accuracy is diminished
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at lower speeds (the problems associated with this have already been established). Some
methods have been identified to (somewhat) overcome this. For example, Urgurean,
Coroban-Schramel and Boldea (2010) propose a novel solution in which Hall-Effect sensors
are used at zero and low speeds and the back-EMF zero crossing is used to provide high
accuracy rotor position estimation when an appropriate speed has been reached. However,
this introduces the problems associated with Hall-Effect sensors (at low speed) and results in
more complicated control and additional expenses. Various other back-EMF methods have
been proposed but all suffer from the same fundamental problem, inaccuracy at low speeds
due to insufficient back-EMF generation.

2. The method requires a phase to be non-current-carrying in order to detect the back-EMF.
While almost all of the methods discussed have two-phase conduction variants, they all
result in lower torque generation and increased torque ripple. Further, two-phase
conduction results in trapezoidal back-EMF which results in diminished efficiency and
performance when applied to PMS motors.

2.3.3 Extended Kalman Filter

The Extended Kalman Filter (EKF) rotor position estimator is based on an extension of R.E. Kalman’s
recursive solution to the discrete-data linear filtering problem published in his famous 1960 paper.
This ‘extension’ takes the Kalman filter and applies it to non-linear state-space systems, in this case
brushless DC motor variables. EKFs have been employed in both BLDC and PMSM motor drives but
due to the relative complexity of the method, EKFs are normally reserved for high end drives or
experimentation. The real advantage of the EKF is that regardless of the precision of the variables
measured, EKF algorithms will provide an accurate estimate of the future state of the variables
(Jacob, et al., 2013). A common EKF used in the rotor position estimation of BLDC motors is
presented by Terzic and Jadric (2001). ‘An extended Kalman filter (EKF) is employed to estimate the
motor state variables by only using measurements of the stator line voltages and currents’ (Terzic &
Jadric, 2001). The authors note that ‘when applying the EKF, it was necessary to solve some specific
problems related to the voltage and current waveforms of the BLDCM’. This assertion leads to an
important point about sensorless rotor position and speed estimation techniques. That is, they are
very complicated and tailor made for each application. The methods discussed are only a broad
outline of the underlying theory and the application of any of the sensorless methods discussed to
this point requires significant design to ensure successful operation.

2.3.4 Sliding Mode Observer

Determining the rotor position and other motor parameters (e.g. speed) is the job of the motor
‘observer’. All of the sensorless rotor position estimation techniques discussed up to this point are
motor observers. Spurgeon (2008)makes the point that Sliding Mode Observers (SMOs) are unique
“in that the ability to generate a sliding motion on the error between the measured plant output and
the output of the observer ensures that a sliding mode observer produces a set of state estimates
that are precisely commensurate with the actual output of the plant’ (Spurgeon, 2008). The Sliding
Mode Observer (SMO) is in fact a branch of control theory with many rotor position and speed
estimation techniques falling under its umbrella. For instance, llioudis and Margaris (2008) employ
an SMO consisting of two discrete steps, ‘flux/current and speed/position estimation’. In this
method the ‘stator flux/current and resistance error converges to zero and afterwards speed and
position estimation is carried out using a modified back electromotive force (EMF) observer’ (llioudis
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& Margaris, 2008). Yet, another SMO method proposed by Lee and Lee (2013) is iterative in nature
and allegedly ‘improves the performance in estimating the motor speed and angle by reducing the
estimation error in the back electromotive force by iteratively applying the observer in the
sensorless operation’ (Lee & Lee, 2013). This goes to show the broad nature of SMO theory and the
significant design required for the successful implementation of any observer.

2.3.5 TIFAST

Rotor Flux, Angle, Speed and Torque (FAST) is Texas Instruments (TI) proprietary observer which is in
ROM on selected C2000 Piccolo devices (6x and 2x series). As the FAST observer is Tl proprietary
technology, limited literature exists with the exception of Tl marketing and application notes. Figure
10 below is taken from an InstaSPIN™ application note and provides an overview of the advantages
of the FAST™ sensorless observer.

Rotor Flux FAST™ Software Encoder (Sensorless Observer)

F * High integrity signal for * Universal 3-phase motor software encoder supports
stable field control < Synchronous (BLDC, SPM, IPM) -
o Asynchronous (ACI) motors FAST ;thnrilhm
Rotor Angle < Unigue, high-guality feedback signals for use in control
= | ocks within one electrical systems
le of rotati

A oy € 1 * Performance

= Stable through zero
* Robust under dynamics
* Recovery after stall events

< Tracks below 1 Hz
« Tracks through zero on speed reversals
< Stable feedback to control system when rotor is at zero speed

Rotor Speed * Motor parameters
S * Mechanical and electrical < Relies on fewer parameters than other observers
speed estimations < Off-line commissioning learns the needed electrical motor parameters
* Near zero phase lag < Optional on-line observer tracks parameter changes to ensure estimation accuracy over
time and temperature
Rotor Torque ,
+ Accurate for load » Tuning , ,
T monitoring, flow rat, < No tuning of the observer required
unbalanced load, motor Included in ROM on select Piccolo™ MCUs, with software APl
diagnostics

Figure 10. FAST™ Sensorless Observer. (Texas Instruments, 2013)

FAST is a very promising observer as it is offers very high performance for low implementation time.
Fast offers precise rotor position estimation over a very wide speed range for both PMSM and BLDC
motors. Further, it is integrated with the InstaSPIN™ FOC environment which offers routines to assist
with the implementation of FOC. InstaSPIN™ and FAST are available on selected Tl Piccolo
microcontroller units (MCU).

2.4  Power Control Schemes

Without exception, the penultimate output of any three-phase motor drive is the switching signals
required to drive the power stage of the drive. The method to generate these signals is unique in
each method, ranging from a simple lookup table for DTC to PWM for scalar and more complex
SVPWM for FOC based drives. The ultimate step of the motor drive is the controlled passing of
current through stator windings to produce rotor movement. This is done by switching
semiconductors at a high frequency in response to control signals.
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2.4.1 Low/High Dedicated Driver

To pass current through a stator winding, one winding must be held high and the other held low.
Many methods to accomplish this have been established and proven, from Application Specific
Integrates Circuits (ASIC) to custom logic implementations.

Dedicated driver ICs offer many advantages including:

e very fast switching time;

e allowing the use of high-side n-channel MOSFETSs or IGBTSs;
e intrinsically safe, internal low-voltage cut-off;

e capable of handling large supply voltages (V+ <600V);

e easy implementation.

However, IC drivers do have disadvantages in that they are expensive and require substantial space
on the board (Lock, 2012).
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Figure 11. IR2101 implementation for one phase of a MOSFET power stage (Lock, 2012).

Figure 11 shows the implementation of an IR2101 dedicated MOSFET driver utilising n-channel
MOSFETs as both the high and low side switching semiconductor. Dedicated drivers are generally
recommended when using a supply voltage above 15V (Lock, 2012).

A distinction must be made between high side drivers (IR2101) and all in one IC drivers. High side
drivers ‘take-up’ space only because they are required to drive the high side switching devices. All in
one drivers include all driving logic and additional functionality such as current amplifiers. In addition,
all in one three-phase drivers exist, such as Tls DRV8301. This driver allows independent control
through 6 PWM signals, has integrated ‘bootstrapping’, integrated duel shunt current amplifiers and
much more functionality which could not be implemented using discrete components in a
comparable size. These drivers, considering functionality, actually save substantial space on the
board.

2.4.2 Low-Side Devices
A popular method for switching the power board without utilising IC drivers is the use of logic-level
switching devices on the low-side. These devices have a much lower gate drive requirement and can
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be efficiently driven by MCU level logic. This eliminates the need for extra ICs on the board which
can be a big factor especially in small form-factor boards. However, this method is slower than a
dedicated driver and results in a less efficient drive (Lock, 2012).

Low-side devices as the name suggests are only used on the low side of the power inverter and a
high side devices is required to complete each ‘leg’ of the bridge.

2.4.3 High-Side Devices

P-Channel devices can be used as the high side switch but they are less popular than n-channel
devices and hence more expensive. Further, it is very difficult to find p and n-channel devices with
matching voltage and current ratings. This means that it is difficult to design and implement a high
performance power inverter utilising both p and n-channel devices.

A more popular choice for the high-side switch is to use an n-channel device. These allow matched
high and low side switches. However, a high-side n-channel device will not switch on a logic level
signal and requires a ‘bootstrapping’ circuit in order to saturate. The ‘bootstrapping’ circuit works as
a high voltage floating supply and is necessary in order to switch the device on and off. Further, the
high-side n-channel device operates active-low. That is, the logic signal is reversed.
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Figure 12. High-side p-channel device (left) and high-side n-channel device (right) implementation (Lock, 2012).

Figure 12 above provides a basic generic circuit diagram for both p and n-channel devices.
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2.5  Literature Review Conclusion and Control Method Selection

Upon reviewing the current literature on performance DC motor control, several conclusions have
been drawn. In the past decade, research into performance motor control has almost exclusively
focussed on one of two competing methodologies: DTC or FOC. Further, significant research has
been conducted on the comparison of the two methods, with neither of the methods consistently
found superior by the community. Another important revelation that came from the literature
review is that very little research has been conducted on the performance control of small DC
machines.

Conducting the literature review has allowed for an informed decision to be made regarding the
suitability of FOC and DTC for application in small DC machine drives. Small DC machines are
constantly employed in applications requiring a wide speed range (model aircraft for example) and
the superiority of FOC in this regard cannot be ignored. Steady-state stability and torque ripple are
also important factors pertaining to the decision and the literature consistently showed FOC
outperforming DTC in these areas. In addition, what would have been a major draw-back for FOC
even a decade ago, the high processing power required, has largely been overcome with modern
MCUs.

The literature review has also resulted in many insights into the observer method chosen. While a
custom observer based on the extended Kalman Filter or Sliding Mode Observer theory may offer
some performance increases, it is not realistically possible to design an observer based on any of
these methods in addition to the other components of the ESC in the available time. For this reason,
Tls FAST observer will be used within the InstaSPIN™ environment. This means that a Tl Piccolo MCU
will be used as the controller for the ESC.

While conducting research for the literature review, it was found that the majority of small DC
machines are BLDC and not PMSM. For this reason, the ESC will be developed specifically for BLDC
motors. However, as established, the PMSM is very similar to the BLDC motor and the ESC will be
capable of driving PMS motors.
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3 Theory

The basic theory underpinning field oriented control has already been established in section 2.2.1
(Field Oriented Control Functional Overview) above. What follows is an extension of this theory and
should not be read prior to section 2.2.1.

3.1  FOC Operation Theory

FOC requires the current space vectors to be manipulated directly in the d—q reference frame. It
follows that it is necessary to transform the measured (sensed) currents from the static three-phase
stator reference to a rotating (aligned with the rotor) two axis d-q reference frame. This is possible
through computationally intense mathematics known as Parks and Clarkes transformations. It is
these transformations that call for the high processing power of DSPs, microcontrollers or FPGAs in
FOC motor control (John, et al., 2011).

The first step in this transformation takes the 3-phase stator currents, i,, i, and i, (time variant, A, B,
C) out of the two-dimensional stator reference frame and into a two-phase equivalent system still
referenced to the stator (Zambada & Deb, 2010). The two phase variables are denoted as @ and 8
and are by nature orthogonal. This is the Clarke transform and is defined mathematically as follows:

Vg = Vg
2v, + v,

Vp =
g V3

A zero sequence component is added in order to make the transformation invertible.

[faﬂo] = TaBO [fabel

where f represents voltage, current, flux linkages or electric charge. In this case, f will represent the
three-phase stator currents. The transformation matrix T is given as:

_1 1 1_
2 2
2 V3 V3
Ta’30:§ 0 7 —7
1 1 1
L2 2 2 -

(Dan, 2008).

Figure 13 below provides a geometric overview of Clarke’s transformation.
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Figure 13-Clarke’s Transformation. (Zambada & Deb, 2010)

Next it is necessary to transform the (now) two-phase orthogonal system (a, f) from the stationary
stator reference frame to a two-phase system that is rotating aligned with the rotor flux. This is
possible using Park’s transformation. Mathematically:

isq = iq cos(0) + ig sin(H)
isq = —ig sin(8) + ig cos(0)

(Dan, 2008).

Figure 14 below provides a geometric overview of Park’s transformation.

Iy |
— 9
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lg = Iy cOSH + |y sing
lg = i sind + iy cos8

Figure 14 - Park’s Transformation. (Zambada & Deb, 2010)

The angle 0, in the Park’s transformation is the rotor flux angle as referenced to some constant point
on the stator. This is why accurate rotor position estimation is integral to the operation of FOC.

With the stator current vectors now in a two-phase system aligned with the rotor flux (in the d-q
reference frame), FOC processing can begin. The direct (d) component is minimised as it offers no
useful torque generation. The quadrature component is responsible for ‘actual’ motor torque and it
is this component that is set by the application. The direct and quadrature components are fed with
reference to zero and the application torque setting respectively into two Pl blocks. In order to
achieve stable motor control, these Pl block require ‘tuning’ to achieve the required response.
Methods for this range from manual adjustments to semi-automatic tuning. The output of these PI
blocks is a two component (d and q) voltage vector in the rotating d-q reference frame (Zambada &
Deb, 2010).

With FOC processing now complete it is necessary to ‘back’ convert to a stator referenced two-phase
system for Space Vector Pulse Width Modulation (SVPWM) generation.
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As discussed, the output of the two PI ‘blocks’ are the (new) direct and quadrature voltage
components of the required stator space vector. In order to actually drive the motor, these
components are transformed to the stator reference frame using an inverse Park’s transformation.
The inverse Park’s transformation is defined as follows:

Vo = Vg cos(8) =V, sin(0)
Vg = Vg sin(@) + V;cos (6)

The two-phase system can now be used to generate SVPWM signals to switch the power
components and drive the motor.

3.2 Space Vector Pulse Width Modulation

The outputs of the two Pl controllers discussed in section 3.1 above represent a voltage space vector
with respect to the rotor. Using the inverse Park transform, these signals are transformed from the
rotating d-q reference frame to the stationary stator reference (a, ) frame for SVPWM signal
generation (John, et al., 2011). It is these PWM signals that control the power electronics in order to
drive the motor.

PWM is used to signal power semiconductors (transistors) to switch on and off at a high frequency.
This allows a DC source to be ‘converted’ to an AC source of a desired frequency and rms voltage.
This is best described graphically as shown in Figure 15 below:

™ T L NN I R S S ™ T

Reference
Limits
Output

Analog signals
o

+
-’
.
-

PWM signal

Time
Figure 15. PWM used to generate a varying analogue equivalent. (Acroname, 2007)

In the case of three-phase DC motor control, six PWM signals are required to drive the switching
components in the power stage (see Power Electronics). Because the voltage signals are in the a, 8
reference frame, it is necessary to use space vector PWM control techniques. The basic 3-phase
inverter shown in Figure 16 must be controlled so that at no point both switches in the same leg are
closed as this would result in a very low impedance short. It follows that there are eight switching
vectors with six of these being non-zero.
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Table 4. SVPWM Switching Vectors. Ref: Figure 16

Vector +A | +B | +C | —A | =B | —C | Vyp Vee Vea
Vo = 000 | OFF | OFF | OFF | ON ON ON 0 0 0 Zero Vector
V; =100 | ON | OFF | OFF | OFF | ON | ON | +Vp, 0 —Vpc | Active Vector
V, =110 | ON | ON | OFF | OFF | OFF | ON 0 +Vpc | —=Vpc | Active Vector
V; =010 | OFF | ON | OFF | ON | OFF | ON | =Vp¢ | +Vp¢ 0 Active Vector
V, =011 | OFF | ON | ON | ON | OFF | OFF | —=Vp¢ 0 +Vpc | Active Vector
Vs =001 | OFF | OFF | ON | ON | ON | OFF 0 —Vpc | +Vpc | Active Vector
Ve =101 | ON | OFF | ON | OFF | ON | OFF | +Vpc | =Vpc 0 Active Vector
V; =111 | ON | ON | ON | OFF | OFF | OFF 0 0 0 Zero Vector
------ STV A AU

Figure 16. Basic Three Phase Inverter.

The non-zero vectors (V/; — V) are shown graphically in the , 8 plane in below.

Figure 17. Non-zero voltage vectors in the a, B plane. (Virginia Tech, n.d.)

Several different SVPWM ‘schemes’ exist to generate a three-phase output at the bridge for a
desired line-to-line output voltage represented in the a, f reference frame. This is an extensive
subject in and of itself and requires the consideration of many factors that can only be determined
during the implementation phase of the project. Within the InstaSPIN™ environment, SVPWM is split
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into a space vector modulation scheme which is a part of InstaSPIN™ and general PWM which is
external to InstaSPIN™. A detailed PWM (whether utilising InstaSPIN™ SVM or not) scheme will be
determined during the implementation phase of the project.

3.3 Sensorless Rotor Position Estimation

FOC algorithms, like all electronic commutation methods, require information on the rotor position
relative to the stator. In fact, if the rotor flux position is not accurate, the PI blocks will be working
with incorrect flux (d) and torque (q) components of the stator current. This will obviously lead to
very poor motor control (Akin & Bhardwaj, 2013). In reviewing the literature on motor observers, it
was determined that it is not feasible to design an observer from the ground up and that Tls FAST
observer will be used.

The limited literature available on FAST has been examined in section 2.3.5 (TI FAST) above.

Figure 18 below shows the (A, B, C), (a, 8) and (d, q) reference frames aligned with the correct rotor
flux position. The stator current and stator voltage space vectors (shown) rotate synchronously with
the d-q reference. This can only be achieved with an accurate observer such as Tl FAST.

Figure 18. Current, Voltage and Rotor Flux (W) in the d-q Rotating Reference Frame and Their Relationship with A(a),
B(b),C(c) and (&, B) Stationary Reference Frame. (Akin & Bhardwaj, 2013)
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4 InstaSPIN™-FOC

The literature review provided significant insight into the current areas of study into advanced motor
control techniques. After careful consideration of the available literature, field oriented control was
deemed the most suitable control methodology for this project. The rationale for this decision can
be seen in Literature Review Conclusion and Control Method Selection in the literature review above.
It was decided that TI’s InstaSPIN™-FOC would be evaluated initially and, conditioned on promising
results, ultimately used for the motor controller.

While the underpinning theory required for a generic implementation of FOC has been established
in the literature review and theory chapters, no theory specifically regarding InstaSPIN-FOC has been
provided. The relevant theory specifically relating InstaSPIN™-FOC follows.

4.1 InstaSPIN-FOC Overview and Functions

InstaSPIN-FOC is a motor control solution by Texas Instruments which allows for the rapid

development of advanced FOC based motor controllers. This solution includes a proprietary unified

observer structure, FAST, and all required FOC ‘blocks’. These ‘blocks’ include Clarke and Park

transformations as well as the required Pl controllers. InstaSPIN-FOC is best summarised by Figure

19 below.
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Figure 19. InstaSPIN™-FOC Block Diagram (Texas Instruments, 2013)

4.2  FAST Estimator

The FAST estimator is arguably the ‘heart’ of InstaSPIN-FOC and, continuing established
nomenclature, is a unified observer structure. That is, FAST provides feedback on the Flux, Angle,
Speed and Torque of a motor which is required for high efficiency motor control. Importantly, this is
done entirely ‘sensorlessly’ with no encoders or resolvers required. Instead of expensive
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electromechanical sensors, FAST only requires phase voltage and current feedback. TI's FAST

estimator remains closed source and is supplied on ROM of selected C2000 Piccolo devices. As such,

the specifics of the observer remain unclear. It should be noted that the FAST estimator is the only

element of InstaSPIN™-FOC without fully documented source code provided. The following table

(taken directly from InstaSPIN™ manual) shows a comparison of TIs FAST estimator with typical

estimator methods.

Table 5. FAST Estimator Compared to Typical Solutions (Texas Instruments, 2013)

Topic

Typical Software Sensors and FOC

Solutions Fast Estimator and InstaSPIN-FOC
Solution

Electrical Motor
Parameters

Motor-model based observers heavily
dependent on motor parameters.

Relies on fewer motor parameters. Off-line
parameter identification of motor — no data
sheet required. On-line parameter monitoring
and re-estimation of stator resistance

Estimator Tuning

Complex observer tuning, done multiple times
for speed/loads, for each motor

No estimator tuning required. Once motor
parameters are identified, it works the same
way every time, across speed/torque
dynamics.

Estimator Accuracy

Angle-tracking performance is typically only
good at over 5-10Hz with challenges at higher
speeds and compensation for field weakening.

Dynamic performance influenced by hand
tuning of observer, Motor stalls typically crash
observer.

FAST provides reliable angle tracking which
converges within one electrical cycle of the
applied waveform, and can track at less than 1
Hz frequency (depending on quality and
resolution of analogue sensing).

Angle tracking exhibits excellent transient
response (even with sudden load transients
which can stall the motor, thus enabling a
controlled restart with full torque).

Start-up

Difficult or impossible to start from zero speed.

Observer feedback at zero speed is not stable,
resulting in poor rotor angle accuracy and
speed feedback.

InstaSPIN-FOC includes:

e  Zero Speed start with forced-angle
. 100% torque at startOup
e  FAST rotor flux angle tracking

converges within one electrical cycle.

FAST is completely stable through zero speed,

providing accurate speed and angle estimation.

Current Loop

Tuning FOC current control is challenging-
especially for novices

Automatically sets the initial tuning of current

controllers based on the parameters identified.

User may update gains or use own controllers
if desired. The identification process to fully
tune the observer and torque controller takes
less than two minutes.

Feedback Signals

System offset and drifts are not managed.

FAST includes automatic hardware/software
calibration and offset compensation. FAST
requires 2-phase currents (3 for 100% and
over-modulation), 3-phase voltages to support
full dynamic performance, DCbus voltage for
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ripple compensation in current controllers.
FAST includes an on-line stator resistance
tracking algorithm.

Motor Types

Multiple techniques for multiple motors:
standard back-EMD, Sliding Mode, Saliency
tracking, Induction flux estimators, or “mixed
mode” observers.

FAST works with all 3-phase motor types,
synchronous and asynchronous, regardless of
load dynamics. Supports salient IPM motors
with different Ls-d and Ls-q.

Includes PowerWarp™ for induction motors =
energy savings.

Field-Weakening

Field-weakening region challenging for
observers — as Back-EMF signals grow too
large, tracking and stability effected

FAST estimator allows easy field weakening or
field boosting applications due to the stability
of the flux estimation in a wide range.

Motor Temperature

Angle tracking degrades with stator
temperature changes

Angle estimation accuracy is improved from
online stator resistance recalibration

Speed Estimation

Poor speed estimation causes efficiency losses
in the FOC system and less stable dynamic
operation

High quality low noise Speed estimator,
includes slip calculation for induction motors

Torque Estimation

Torque and vibration sensors typically required

High bandwidth motor Torque estimator

4.3

Control Loops

InstaSPIN™-FOC has both torque and speed control loops available with full access to Pl loop gains to

allow user tuning. As a true FOC implementation, the torque controller maintains two state variables,

the direct and quadrature components of the torque. The direct component is minimised as it

provides no useful torque and the quadrature component is controlled to the application set-point.

With InstaSPIN™-FOC configured directly as a torque controller, the quadrature component is simply

the user supplied set-point. InstaSPIN’s speed controller is simply cascaded with the torque

controller as shown in Figure 20 below.

spdx;on'es

Commanded Speed

SEFes

Ky
spdi """"” Kluriu Load
— Motor ﬁ Motor i .'n‘:!nia
Commanded Current | Valts . =, Torque |
Pl » J-] " E Y :J
—» Controller —+ Controller b j i
Motor Current
Speed Feedback

/-‘

/ Lo

Figure 20. Speed controller cascaded with a current controller (Texas Instruments, 2013).

2\

All commercial BLDC controllers for hobby motors are torque controllers, in fact, virtually every

‘speed’ controller with a user set throttle, is a torque controller. To illustrate this point, consider the

‘speed’ controller in a car. With a constant ‘set-point’ (throttle pedal depression) the vehicle will

increase or decrease speed depending on the incline of the traversed plane. In this analogy, cruise
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control is a true speed controller. While cascaded speed loops add complexity to the system, there
are scenarios where they are very useful, usually when the load is highly dynamic.

4.3.1 Torque Controller

The torque controller can best be analysed by considering a series Pl control loop such as the one
shown in Figure 21 below.

Commanded

Value Output
> 2

Measured
Value

g Ko™ =K,
2 .
g K?G"EE: Ki! Kp
E_ K3°"* is simply a series gain term
| - K **"* term specifies the inflection frequency
J00 1000
Frequency

K.;.eries

Figure 21. Generic Series Pl control (Texas Instruments, 2013).

The gain of the Pl controller, K;mes and Kise”es as per Figure 21, have a substantial effect on the
controller’s performance. K;e”es sets the gain for all frequencies and K" defines the inflection
point (zero, see Figure 21) of the controller in rad/sec (Texas Instruments, 2013).

The s-domain transfer function of the controller is given by:

K;eries * Kiseries <1 + S >

i series i
series , Ki Kiserles

PI(s) = -2

series —
+ K, =

S Equation 1

From this, it is clear that a pole exists at s = 0 and a zero exists at s = K "5, The figure below
shows the PI controller and the equivalent stator coil circuit (first order approximation of stator
winding using a series inductance, resistance and back-EMF voltage source).
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Commanded
Current

N

K'sen'e.s
1

Measured
Current

Figure 22. Torque Control System (Texas Instruments, 2013).

The small-signal transfer function from motor voltage to motor current is given by:

L
R Equation 2

The loop gain of the controller is the product of the defined Pl controller transfer function and the
voltage to current transfer function for the stator coil equivalent circuit, established immediately
above:

1) (ngries " Kiseries (1 + K§§ries> %
GlOOp(S) = PI(S) * V(S) = S : L
\ 1+%S
Equation 3
The closed loop response can be found by:
G(s) = Gloop(s)
1+ Groop(s) Equation 4

assuming H(s)=1.

Substituting Equation 3 into Equation 4 yields the torque controller’s closed loop transfer function:
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(o)
p i =
Kisenes RL
S
1+ FS
o G(S) =
KI.JS'ETIESKiSETLES 1 + ~ories l
K; R
1+
s 1+ Ls
R
Equation 5
After some algebraic manipulation, the transfer function can be defined as:
S
1+ K;eries
G(s) = :
L 2 R 1 1
K;eriesKiseries sc+ K;eriesKiseries + Kiseries s+ Equation 6

From Equation 6, it is clear that the denominator is a second order expression, meaning that there
are two poles in the transfer function. Therefore, correct selection of ng”es and Kise”es is critical to
avoiding complex poles and to maintain a stable control system. It is necessary to choose poles that
are not situated near the jw axis to avoid large resonant spikes.

The denominator of Equation 6 can be factored into the following expression:

L R 1
: — 2
G(s)(denominator) = <—ngrieSKiseries> 52+ (ngﬁes&smes + Kiggﬂ.gg) s+1

= (1+Cs)(1+ Ds) Equation 7

where C and D are real numbers. Multiplying out the expression and equating terms:

L
W =CxD Equation 8
and,
.R — + —=C+D
KgeTies gperies | K series Equation 9
,-,#=Cand—.=D
ngrlesKiserleS Kperes Equation 10
Substituting the factored equivalent denominator (Equation 10) into Equation 6 yields:
o 1+ Kisesries
s) =
(1+ (ot ) ) (1+ (e )
Kgeries g sertes Kerees Equation 11
28
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As can be seen in Equation 11, the ‘D’ substitution has resulted in a pole that cancels out one of the
zeroes of the original transfer function. Therefore, with the correct selection of ‘C’ and ‘D’, a closed
loop system with no zeroes and only one real (i.e. non-complex) pole can be achieved. This is a
system with no resonant responses and a single-pole low-pass roll off response (Texas Instruments,
2013).

Further, substituting the expressions for C and D established in Equation 10 into Equation 8 results in
the following equality:

K;eries i
t L Equation 12

The frequency at which the controller zero occurs (K 7'¢S) is given by Equation 12. In order to

achieve the desired response (no-zero, one real pole), it is a simple matter of setting K¢ to the
pole of the plant (Texas Instruments, 2013).

Continuing with substitutions made to this point:

G(s) = => K;mes = L * Bandwidth

L s+1

series
KP

Equation 13

Considering Equation 12 and Equation 13 it is clear that Kl-se”es should be set to the pole of the plant
and that Klfe”'es sets the bandwidth of the current controller. It is clear that the loop gains, Kl-se”es
and K;e”es and the motor’s series impedance and inductance are critical to the performance of the
controller. Traditionally, these values would be obtained from manufactures data sheets. However,
manufactures of small hobby grade BLDC motors rarely (if ever) provide data sheets with their
product. To overcome this, InstaSPIN™-FOC incorporates an ‘identify’ routine which allows for quick
and easy identification of pertinent motor parameter’s which can then be used to establish initial
values for the loop gains discussed. Pl loop gains must be fine-tuned in order to achieve the
maximum possible performance from the controller.

Texas Instruments provides fully open source sample code to implement InstaSPIN-FOCs torque
controller.

4.3.2 Speed Controller
InstaSPIN’s speed controller can best be described as a parallel Pl controller as shown in Figure 23
below.
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Commanded +
Value + fi\ Error Owtput
~

- +
Measured ’ E I
Value

K, term specifies the gain at higher frequencies

=t . K; term specifies the gain at lower frequencies
1 10 100 1000
Frequency

Figure 23. Parallel Pl Control (Texas Instruments, 2013).

As shown in Figure 20 above, the speed controller is cascaded with the current (torque) controller. It
is also important to note that the speed controller resides in the mechanical domain where time
constants are much slower. The transfer function describing the cascaded speed controller is:

Kp
(1+75) X
Gloop (s) = PI(s) * Keyypr x Mech(s) = K; fl * Keyrr * (?)

K+K * K; K
Gloop(s) = ————— (1 + —ps)
loop 52 K; Equation 14

(Texas Instruments, 2013)

Where K., is a constant gain representing the current controller and K is a gain representing the

Kp
KK K; (1 + 75)
i

52 + KKeyrr Kps + KKeurr K

motor’s voltage constant and inertia.

Gloop (s) =
Equation 15

The free-body diagram of an analogous mechanical mass, spring and damper system is shown in
Figure 24 below.
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Figure 24. Mass, spring, damper mechanical system (Texas Instruments, 2013)

The transfer function defining Figure 24 above is:

1
]
Trmecn(s) = b ky
244 =2
s ] S J Equation 16

Equating terms in the denominators of Equation 15 and Equation 16 allows the following
relationships to be defined:

Kpocb

K; kSP Equation 17

It is clear that increasing k; has the same system effect as increasing a spring constant. That is,
increasing k; has the effect of stiffening the system. Increasing K, has the effect of increasing the
dampening of the system. Selecting the correct K, and K; is important and requires tuning for each

motor.

The closed loop transfer function for the current controller is given by Equation 13 above where
K,**"* is the Pl controller’s error multiplier in the Pl structure. With correct inductance and resistance
values, the torque controllers K™ does not impact the speed controller as it is set to cause
pole/zero cancellation. The transfer function used to define the torque controller can also be used to
define the speed controller as follows.

Sdegeries * Sdeiseries

Pl — + d Kseries
(s) S spdK,
) Sdepserzes * Sdeisenes <1 + Sdeiseries)
B S Equation 18

For a BLDC motor under FOC Control, the transfer function between quadrature-axes current and
motor torque is given by:
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3P 3
Mtr(s) = EEAT =-PA,

4 Equation 19

(Texas Instruments, 2013)

Where P is the total number of rotor poles and A,. is the rotor flux. The transfer function from motor
torque to load speed is:

11
Load(s) = -—
Js Equation 20

Where J is the inertia of the load and the motor (Texas Instruments, 2013).

Combining (multiplying) Equation 13, Equation 29, Equation 30 and Equation 31 yields the composite
open-loop transfer function:

(Sdeseries % Sdeiseries <1 + SdeS.series>w .
GH(s) = 5 L I K
/ Kseries s+1
p Equation 21
Where K represents all motor and load parameters:
k=(372)(55)
4TI\ s
Equation 22
Some algebraic manipulation yields:
. . s
GH(s) AT AT (1 i sdef"”"’S>
S) =
L
s? (1 + Kseries S)
14 Equation 23

Kseries
14

(the current controllers pole) and a zero at

series
p

Equation 23 shows two polesats = 0, 1 poles =

s = spdK?¢"'S. For stable operation, the pole at s = must be of a higher frequency than the

zero at s = spd K "5, Figure 25 below shows the Bode plot for the system providing that the unity

KSET'I.ES

gain frequency occurs somewhere between s = spdK;®"*** and s = -
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Figure 25. Ideal Speed Controller Bode Plot (Texas Instruments, 2013).
Wpole = dwoap

Woap = 0 Wyero
— K2
Wpole = 8 Wzero

Equation 24
From Equation 1 above, wy4je and w,er, have been defined in terms of the PI coefficients:
series
i p
S dK'SETLGS —
paiti 62L Equation 25

where § is the system damping factor. By increasing §, system stability can be increased but at the
cost of controller bandwidth. Equation 29 shows that Equation 23 will be unity gain at a frequency
equal to the zero inflection point frequency multiplied by é:

K « Sdegeries * sdeiseries (1 + m)
i

1= 3
s? (1 + K series S) )
p s=jéspdK;eTes Equation 26
Solving Equation 26 yields the last remaining loop gain:
_ OKspd Ko
series
52 Kp—
6%L
Ksereis Ss dK;eries
Sdesereis —__P — paf
p L6K K Equation 27

Tl (InstaSPIN-FOC user’s manual) provide the following equation (Equation 28) to determine the
speed controllers bandwidth.
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series
KP

L

)
= BW, (5 +2.16e28 — 1.86) (T4 sec)

K sereis 5Sde§eries
Sdesereis —__P — l
P L6K K Equation 28

BW, =

where:

BW. is the current controller bandwidth;
K,**"*is a current loop PI cooefficient;

L is the motor inductance;

BW; is the speed controller bandwidth;
4 is the damping factor;

Using Equation 25, Equation 27 and Equation 28 the Pl loop gains can be calculated for both the
speed and torque controllers.

This is, of course, done automatically by InstaSPIN™-FOC after parameters are given or identified. A
full speed controller is provided open-source as part of the InstaSPIN™ package, defined as above.
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4.4  Motor Identification

InstaSPIN’s Motor identification functionality is particularly critical to this research as small BLDC
motors are rarely (if ever) provided with any more information than current and voltage ratings and
the number of poles. (This is sometimes not provided but is easily found). As established above, the
identified parameters have a direct effect on the system poles, and hence, the overall performance
of the controller. A state diagram for InstaSPINs motor parameter estimator may be seen in Figure
26 below. Additionally, Figure 27 below shows the sequence of events that happen inside of the
controller and estimator state machines.

Controller Enabled

Motor is identiflad AND
Rs Recalibration Disabled AN
Contraller Enablad

Wait Explred AND

Controller Motor Is Identified

Motor ts Identified AND
Disabled s Recalibration Enabled

Controller
Disabled

» Roverl
Maotor Is Mot ‘Wait Expired
Identified

Walt
Expired

‘Walt Expired
AND

Motor |5 Mot
Identified

Wait Explred AND

Wailt Expired ‘Wait Expired
Motor Is Mot Identified AND ¢ qatrallar AND AND
Walt Expired Mator Is an ACIM Disabled Miotor is Mot an Motor Is an
ACIM ACIM
AND
Motorls

Identifled

‘Walt Expired
AND

Maotor Is Mot
an ACIM

‘Wait Expired
AND

Matar Is an
ACIN

Controller
Enabled Walt
Expdred

Wailt
Expired

Walt Expired AND
Maotor Is Mot an
ACIM

Wait Explred AND
Maotor Is am ACIM

Figure 26. Estimator State Diagram (Texas Instruments, 2013)

Figure 26 above is a general overview of InstaSPIN’s estimator and includes functionality not

relevant to this research. That is, anything regarding ACIM motors (lock rotor for example) is not
relevant.
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CTRL State Machine
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Figure 27.InstaSPIN Motor Identification Sequence (Texas Instruments, 2013).
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Figure 26 and Figure 27 above show the general processes and estimator state steps required for
motor identification. However, the intricacies of InstaSPIN’s motor identification routine cannot be
outlined in a meaningful way here due to their inherent complexity. (Full explanations could easily
fill this document). Instead, it is recommended that the reader review the relevant literature
provided freely by Texas Instruments at http://www.ti.com/lit/ug/spruhjid/spruhjld.pdf,
specifically, chapter 6.
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5 Methodology

This research was designed to be conducted in three distinct phases. These are outlined below.

1. Initial InstaSPIN™-FOC Evaluation
0 InstaSPIN™-FOC was evaluated using hobby BLDC motors and a Tl development kit;
0 InstaSPIN-FOC sample code was used for motor identification and torque and speed
controllers;
0 An evaluation platform was developed to empirically test InstaSPIN’s performance;
0 Substantial familiarity was gained with Texas Instrument’s Code Composer Studio
(CCS) IDE, specifically with the MotorWare package;
2. Custom Motor Controller Hardware Development
0 Hardware for a custom controller was developed and fabricated;
0 Several PCB layouts were trialled;
0 Two revisions were fully populated and evaluated.
3. Custom Motor Controller Evaluation
0 The final (to this point) Custom Motor Controller revision (2C) was empirically tested
on several hobby BLDC motors and compared with commercial BLDC controllers.

5.1 Evaluation Board

Before InstaSPIN™ could be effectively evaluated, it was necessary to develop a method for
determining its performance empirically. From the outset, several requirements for the evaluation
board were identified:

e Accurate to 50mA bus current sensing and capable of up to 20A;

e Accurate to 0.5RPM rotor speed evaluation and capable of up to 30kRPM;
e Real time feedback;

e Data logging;

o Accomplished using the TI F28027 LaunchPad (LP) Development board.

e PCB to be developed using the CNC mill available at CQU.

38
Patrick Fisher S0194504



High Performance Brushless DC Motor Control

PriTaatile 13FD

128*128 OLED

Relay Outputs

Figure 28. Evaluation Board

Figure 28 above shows a labelled photograph of the evaluation board developed. This was designed
in Eagle CAD and fabricated using the CNC mill at CQU. Bus current sense was achieved using an
AttoPilot Current Sense breakout from Sparkfun. This is a high side current shunt resistor and op-
amp which scales 0-45A to 0-3.3V. The current limit is set by the I?R losses of the shunt resistor, in
this case 0.0001Q at 2W. The schematic for the current sense board may be seen in Figure 29

immediately below.
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Figure 29. 45A AttoPilot Current Sense board (AttoPilotinternational, 2011)

Initial ADC sampling of the potential difference across the shunt resistor using the F28027 LP proved
inconsistent and noisy. By adding a low pass filter and oversampling, a very clean and accurate result
was obtained. The accuracy of the current sense was verified at 50mA using known loads and bench
meters. In addition, loads of up to 35A (DC) have been tested without issue.
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An AMT-103 capacitive rotary encoder was used for rotor speed sensing. The encoder is mounted
directly on the rotor shaft of the motor to be tested and is rated for speeds up to 30kRPM (speeds
over 35kRPM have been successfully tested). The AMT-103 only supports TTL level logic which is not
compatible with the CMOS (3.3V) voltage levels of the F28027 LP. It was necessary to use a logic
level converter to take the 5V out from the encoder to 3.3V.

/6

Figure 30. AMT-103 Rotary Encoder.

The AMT-103 produces two standard quadrature encoded signals, offset from each other by 90°.

CHANNEL A LEADS CHANNEL B

LTy 1
Channel A ’f@jQrL +2: I )
1

{)

L,

Channel B [p< Cl

Channel A ’.}O

{)

L

Channel B B« Cl

&> cUIINC

Figure 31. Quadrature Encoding (CUI INC, 2010)

As Figure 31 shows, this offset allows the direction of the motor to be identified, if channel A is High
while B is low, the motor is spinning clockwise and vice-versa. This functionality was successfully
implemented in early code revisions. However, it was not required for the evaluation of the motors
and was discarded in later code revisions, allowing rotor speed sensing to be achieved using only a
single GPIO. The number of pulses per revolution (PPR) is user selectable via a dip switch. The PPR
for this application was set to 48PPR, to provide high resolution across the widest possible speed
range. A 32bit timer was used to provide a 50ms count window.

o
Speed = @

0 Equation 29
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where C is the number of pulses counted in a given time t.

=

4
0.0

6
5

Speed =

vl

a ©

=2 Equation 30

To ensure accuracy, an external interrupt was used on the selected GPIO instead of simple polling
which may well miss a pulse. The 48PPR provides much higher resolution than the required 0.5RPM.
The indicated speed has been verified using an optical tachometer as well as comparing against the
rotor speed estimated by InstaSPIN-FOC’s FAST observer.

The real time feedback requirement was achieved using a 128*128 pixel OLED display module by
freetronics. This screen utilises 16,384 full colour RGB pixels in a 1.5” screen. As no support was
offered for Tl microcontrollers, several functions were written to create textbox’s, shapes and read a
font header. The screen uses the SPI communications protocol clocked at 8MHz. The dedicated SPI
peripheral on the F28027 LP was used to communicate with the screen.

Figure 32. 128*128 Pixel OLED Display

The OLED screen used on the evaluation board displays rotor speed and bus current to two decimal
places as well as graphing the rotor speed in real time.

Data logging was handled using a terminal program and the SCI (UART) peripheral on the F28027 LP.
Bus current and rotor speed is sampled and sent every 50mS with a time stamp. A baud rate of 9600
baud was selected for the protocol, this proved more than fast enough for the 50ms window.
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5.2  Initial InstaSPIN-FOC Evaluation

InstaSPIN-FOC was evaluated using a DRV8301-69M-KIT
development board (see Figure 33 right) selected during the
planning phase of this research. This is an InstaSPIN- FOC enabled
60V, 40A continuous inverter designed specifically for evaluating

InstaSPIN technology. During the initial evaluation of InstaSPIN-FOC,  Figure 33. DRV8301-69M-KIT (Texas
Instruments, 2014)

several problems were encountered, including;

e Misidentifying BLDC motor;
0 Complete failures to identify motors or identified values were incorrect and
inconsistent.
= A PMSM motor was successfully identified without issue. However, the
problems with identification existed with all BLDC motors tested.
e Very poor performance with speed controller in loop;
0 Resonant control responses, physically observable rotor vibrations and generally
poor performance was observed using InstaSPIN’s speed controller.
e Complete motor failure (dielectric breakdown in motor windings leading to fire);
0 Single incident, unknown cause.

These problems, with the exception of motor identification, were overcome gradually and were
simply problems with initial InstaSPIN configurations.

Figure 34. Initial InstaSPIN™-FOC evaluation (Evaluation and Development boards visible).
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5.2.1 Motor Identification

Several weeks were spent specifically trying to identify small hobby sized BLDC motors using the
DRV8301-69M-KIT development board. This was because motor identification was particularly
important to this research as the manufactures of the motors this research is aimed at only provide
very basic nameplate data. During the initial evaluation, motor identification would invariably fail to
accurately estimate the inductance of the motors. This would result in both the torque and speed
(speed more so) controllers operation being very unstable (see 4.3 Control Loops) and resulted in
extremely poor general motor performance. In one notable case, the motor identification routine
resulted in complete dielectric failure of one of the tested PropDrive motors which resulted in a
small fire on the rubber grommet surrounding the phase wires. The cause of this remains unknown
and was a single (and unrepeatable) event. It is important to note that the development board was
configured to allow only half of the motors rated current to pass through each phase. It is unlikely
that the fault was caused by a significant overcurrent event. It may have been a result of a
manufacturing fault within the motor. Also note that the Tl development board was not damaged by
the event.

Several methods were tried to identify the trailed motors including reducing software voltage
feedback scaling, adding external inductors to each of the three phase wires, loading the motor to
produce more feedback and much more. Further, the user configuration file user.h was
experimented with (generally, changes were checked or advised by Tl engineers) and several
variations were tried. Ultimately, no success was had and some trailed methods were in fact
detrimental to the identification routine results (notably, loading the motor). After discussion with
Texas Instruments engineers, it was decided that the most likely cause was the very low inductance
of hobby BLDC motors and the feedback scale of the development kit which is (hardware) scaled for
60V bus voltage and 40A continuous current. The motors this research is aimed at are very rarely
driven from more than a 21V (5 cell LiPo) source and generally consume less than 20A continuous
under steady-state conditions. In addition, the target motors produce very little back-EMF at low
speeds (<100RPM) resulting in identification issues. It was decided that the best solution to this
problem was to simply guess the motor parameters such that loop gains would be in the ‘ballpark’
and the torque and current controller could be more effectively evaluated using BLDC motors.

5.2.2 Torque Controller

As discussed above, motor parameters used by InstaSPIN for setting Pl loop gains were guessed as a
result of automatic motor identification being unsuccessful. Nonetheless, excellent performance was
achieved using InstaSPIN’s torque controller (with guessed parameters). With the motor unloaded,
the InstaSPIN-FOC development board (DRV8301-69M-KIT) was able to drive the motor up to some
upper limit and remain stable while running at the motors upper speed limit. No noticeable
vibrations were present and step responses appeared critically damped with no control oscillations
present. Time was invested in Pl loop tuning, however, no substantial improvements to the
controller’s performance were noted. With the motor loaded with a model aeroplane propeller,
performance was also excellent, in this case however, step responses were considerably faster and
smoother with some Pl loop gain tuning.

Note, Pl loop gain tuning was conducted as advised in Texas Instruments InstaSPIN Users Guide. This
can be found here: http://www.ti.com/lit/ug/spruhjld/spruhjld.pdf - Chapter 12, Tuning Regulators.
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5.2.3 Speed Controller

The speed controller’s performance (again using guessed motor parameters) was found to be stable
only between about 1500RPM and 8000RPM (maximum speed found using the torque controller
was 15000RPM) using the unloaded PropDrive motor. When speeds outside of this range were
commanded, the motor would become unstable, the further outside of this range, the more
unstable the motor would become. With the motor loaded, the controller was able to commutate
from about 800RPM to 4000RPM, again, losing stability outside of this range. Pl tuning was able to
extend this range from 500RPM to 5000RPM, but the motor was still not able reach its speed limit
(or inverter current limits). It is believed that Pl tuning was not able to tune the loop gain to
optimum values because the initial loop gains (derived from guessed motor parameters) were too
far away from their optimal values for tuning to converge. Additionally, a stated goal of the research
was sensorless low speed commutation. What exactly constituted ‘low speed’ was not explicitly
stated, but it was hoped that stable speeds below 100RPM could be achieved.

A PMSM motor was tried with the development board with great success. This motor was able to
run stably from 80RPM to 4000RPM (its rated top speed) with identification running smoothly with
very consistent results. Some very minor Pl tuning (again, following procedures outlined by Texas
Instruments) resulted in excellent step responses and very fast ramp-up times. This was done just to
assess InstaSPIN on a PMSM motor as anecdotal evidence had suggested that these motors would
be easier to identify. However, the stated goal of the project was to commutate BLDC motors using
advanced control techniques, and so, only very little time was spent evaluating with the PMSM
motor.

5.2.4 [Initial InstaSPIN FOC Evaluation Conclusion

After discussing the aforementioned issues extensively with Texas Instruments (InstaSPIN) engineers
and the project supervisor, it was decided to persevere with Texas Instrument’s InstaSPIN FOC. This
was justified by the fact that problems encountered with the speed controller were almost certainly
a result of the failed motor identification routine, itself likely a result of less than optimal hardware
scaling. This did mean that the DRV8301-69M-KIT could not be used as the basis for custom
hardware design (as initially planned) as the same issues would undoubtedly ensue.

5.3  Custom Controller Development

Several iterations of custom hardware were developed, with two ‘versions’ being fully populated
and tested. Texas Instruments establishes several hardware prerequisites necessary for the correct
operation of InstaSPIN;

e Bidirectional phase current sense;

e At least two phase current sense, preferably three;
e Correct polarity current sense;

e Three phase voltage sense;

e Voltage filter pole location;

e Bus voltage sense (optional);

Due to the limited time-frame available for this project, a complete ‘ground up’ (i.e. ‘start from
scratch’) hardware design was not feasible nor planned. It was known that the development kit
initially evaluated was not a suitable design (for this application). Instead, the BOOSTXL-DRV8301
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Motor Drive BoosterPack by Tl was used as a reference guide. This Booster pack was designed with
far more suitable scaling and also utilised the DRV8301 gate-driver which had been previously
selected for use on the basis of the Literature Review and experience with the IC gained using
DRV8301-69M-KIT. The BOOSTXL-DRV8301 design files are released by TI. In fact, TI recommends
using their hardware designs as a ‘starting point’ for custom designs.

The BOOSTXL-DRV8301 did not meet several design requirements for the custom speed controller,

including;

e Form factor was far too big;
0 PCB layout was completely redesigned.
e No microcontroller — this is a Booster Pack, designed to be used with Tl LaunchPads and not
as a standalone device (analogous to the popular Arduino ‘shields’).
0 A C2000 piccolo and associated components (including full JTAG header) were added
to the design.
e Availability of components
0 Some components were not available and were substituted.
e Power stage is quite small.
O Alarger power stage was designed but not implemented — this is a suggested
improvement (see 7.9 Recommendations for Future Work).

Figure 35. TI’s DRV8301 BOOSTXL (Texas Instruments, 2014).

5.3.1 Microcontroller

Tl currently only offers InstaSPIN on selected MCUs in their C2000 Piccolo range. Within this subset,
InstaSPIN technology is available on the F28027F and the F28069F models (F indicates InstaSPIN™). A
brief comparison between the F28027F and F28069F C2000 microcontrollers can be seen in Table 6

below.
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Table 6. C2000 InstaSPIN-FOC Capable Microcontroller comparison.

F28027F F28069F

NO YES
ADC 12-Bit 13 Channel 12-Bit 16 Channel
e YES YES
90.16 201.64

Given the requirement for a physically small motor controller, the F28027F was chosen. This is
despite the fact that the development board initially experimented with utilised the F28069F MCU
which has substantially more capability and supports CAN bus. A full list of each of the MCUs
features may be seen on Texas Instrument’s website.

The F28027F microcontroller is more than capable for this application, and, while its performance is
less than that of the F28069, it is more suitable in this application. No planned feature of the custom
FOC controller was rejected due to the selection of the F28027F microcontroller.

5.3.2 Gate Driver

Several methods for driving MOSFET gates were investigated during the literature review. After
considering the merits of the various options considered, a pre-driver was decided upon. Specifically,
Tls DRV8301 was chosen as the most suitable pre-driver as it includes several protection schemes as
well as two current amplifiers on chip which can be used as part of the phase current feedback
circuit. Specifically, the DRV8301 was chosen because it offers;

e A wide supply range voltage of 6V-60V,;

e Integrated Duel Shunt Current Amplifiers with adjustable gain and offset;
e Integrated buck converter to support 1.5A external load;

e Independent control of three or 6 PWM inputs;

e Bootstrap Gate Driver with 100% Duty Cycle Support;

e Programmable Dead Time to Protect External FETs from Shoot Through;
e Slew Rate Control for EMI Reduction;

e Support for both 3.3V and 5V Digital Interface;
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e SPl Interface;
e Thermally Enhanced 56-Pin TSSOP PAD DOWN DCA Package.
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Figure 36. DRV8301 Simplified Application Schematic (Texas Instruments, 2011).

The DRV8301 provides three half bridge drivers each capable of supporting two N-type MOSFETSs,
allowing N-Channel FETs to be used as both the high and low side switching device. This is
advantageous as N-Channel FETs are faster than P-Channel FETs. Additionally, using identical FETs
allows for impedance matching on the high and low side devices. Several important protection and
auxiliary systems are implemented on-chip. These include automatic handshaking when high or low
side FET is switching to prevent current shoot through; active current limiting; integrated duel shunt
current amplifiers with adjustable gain and offset; integrated buck converter (1.5A) and an SPI
interface. Through the SPI interface, several parameters may be set, including slew rate, dead time,
overcurrent protection (detected by drain-to-source voltage), gain (current amplifiers, 4 settings)
and DC calibration settings. Fault reporting is also available through the SPI interface. While this is
not used per se (system will shut down on fault but SPI registers are not checked), it was invaluable
during the prototyping stages of the project.

5.3.3 Current Sense

A prerequisite of most sensorless motor controllers, including InstaSPIN, is accurate phase current
feedback. Phase current feedback is provided for all three phases using precision shunt resistors and
op-amps. Due to the nature of three-phase BLDC motors, it is necessary to measure bidirectional
phase currents in some fashion. As the ADCs on the F28027F microcontroller cannot handle
bidirectional currents natively, a reference voltage of 1.65V was used to allow the measurement of
both positive and negative flowing currents. This reference voltage allows the measurement of
bidirectional currents by denoting the maximum negative current as OV and the maximum positive
current as 3.3V. The required 1.65V reference was achieved using a voltage follower scheme, using
the same external op-amp as used for the external current amplifier (see Figure 39. OPA2374
External Amplifier below) and two 10k precision resistors in a voltage divider format. A precision
(10K) voltage divider is also used to provide the DRV8301 internal current amplifiers with the
required 1.65V reference voltage (see APENDIX | FOC Speed Controller Full Schematic (1/5)).
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Phase currents are measured by observing the voltage drop across a low side shunt resistor placed
on the ground leg of each of the three half-bridges as shown in Figure 37 below.
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Figure 37. Inverter Stage with Low Side Shunt Resistors Circled in Blue.

Figure 37 also shows 0() resistors on both the high and low side of each shunt resistor, this is to
allow for true differential routing and will be explained further in section 5.3.7 (PCB Layout) below.
Sizing the shunt resistors correctly is critical to the operation of the speed controller. The shunt
resistor size determines the resolution of the current feedback and is also one of the primary current
‘bottlenecks’. As all phase current must flow through the shunt resistor to ground, its ability to
dissipate heat is a critical design criteria. The differential amplifier configuration used for phase
current feedback may be seen in Figure 38 below.

165V

Rl

‘|| -

P
VAVATA

Figure 38. Differential Amplifier (Texas Instruments, 2013).

A small controller rated for 10A continuous and 14A peak current was required for the first
prototype. Therefore, the output from the differential amplifiers is required to be OV for -14A phase
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current and +3.3V for +14A phase currents. In addition, the amplifier should maintain linearity for all
mid-range phase currents. Considering Figure 38, the output (V,,;) is given by:

(Repi + Rin) * Repi .
(Repk + Rin) * Rin Rstunt
VRshunt = Iin * Rshunt

(Repic + Rin) * Rppic
(Rpk + Rin) * Rin

R
bk
Vour = 1.65 + IinRshuntT
in

Voue = 1.65 +

o Vour = 1.65 +

* 1 inRshunt

Equation 31

As can be seen in Figure 37, a shunt resistor value of 0.01 was chosen initially as the value for the
shunt resistor. Additionally, setting the input resistance to 1.0k{) and assuming a maximum peak
current of 15.4A (+10% of peak current), Equation 31 can be solved for the required feedback
resistor value:

R
3.3 = 1.65 + 15.4 % 0.01 22X

1k
bek = 10.7k =~ 10kQ Equation 32

Using a 10k} feedback resistor will allow -16.5A to + 16.5A to be scaled to 0-3.3V respectively.

An OPA2374 op-amp is used as the third current amplifier and is set to mimic the internal amplifiers
of the DRV8301. A gain of 10 is set with a reference voltage of 1.65V (using a voltage follower as

-

discussed).

Figure 39. OPA2374 External Amplifier

As stated previously, the shunt resistors must be capable of sinking the entire phase-ground current.
This means 10A continuous (RMS), 14A peak and scaled for 16.5A. There is much literature on the
correct size and impedance of a low-side shunt resistor. The primary considerations are the required
resolution and the maximum current required. With a smaller value resistor, I?R losses are much
smaller, but the result is a smaller potential difference across the resistor and therefore a lower
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resolution. To achieve the greatest resolution (required as the motors produce only a small back-
EMF at low speeds) possible, the largest resistor that will handle the required current should be

selected:
P=1I’R
P =16.5%2 ¥ 0.01
P=27W = 3W Equation 33

A 3W 0.01R resistor was used in a 2512 package was chosen to ensure that no thermal limits will be
reached even under prolonged heavy load use.

5.3.4 Voltage Sense

Phase voltage feedback is a prerequisite for the FAST observer with bus voltage feedback being
optional but enabling InstaSPIN’s™ DC bus compensation feature. As such, the custom motor
controller provides voltage feedback for all three phases as well as DC bus voltage feedback. Voltage
feedback is accomplished using precision voltage dividers as can be seen in Figure 40 below.

AN

-
R

Figure 40. Bus and Phase Feedback Voltage Dividers.

A
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The output of the voltage dividers shown in Figure 40 above for the designed maximum bus voltage,
24V, is:
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VApg = LSHA
R37 + Rsg

4,99k

~ 34.8k + 499k
= 3.01V Equation 34

And, with the set scaling, software scaling (see section 5.3.9 - InstaSPIN™-FOC User Configuration)
needs to be set to:

VAFB = &SHA
R37 + Rsg
499k
33V = 318k + 499k A
SH, = 26.314V Equation 35

Figure 40, Equation 34 and Equation 35 above show the operation of the voltage dividers used for
phase voltage feedback. Bus voltage feedback is obtained in an identical manner. Capacitors
C34, C35 and C34 shown in the figure above (as well as C,5 (see Appendix 1)) are used to form the low
pass filter. The pole location for these low-pass filters are used by InstaSPIN-FOC and can be
calculated as shown in Equation 36 below.

1
fe = 27RC
_ 1
2 (L+L)_1 £0.1
T\7299k " 328k H
= 364.68Hz Equation 36

5.3.5 Switching Devices (MOSFETs)

Six Tl CSD18533Q5A NexFETs™ were used for the power inverter. These are N channel Power
MOSFETs (<6.5mQ) in a SON5*6(mm) package and were chosen simply because this is what is used
in the BOOSTXL-DRV8301. This decision was made to minimise development time while maximising
the chances of the controller functioning as intended. The power inverter may be seen in Figure 40
in the section immediately above.

The CSD18533Q5A NexFETs™ were initially only intended for use in Revision 2 controllers and a
more capable (higher current rating) inverter was designed using BSCO16NOALS G FETs by Infineon to
be utilised on Revision 3 boards. A complete power stage update was designed, including the
necessary changes required to the phase current feedback circuitry. However, due to longer than
expected Revision 2 build times, revision 3 boards were never fabricated.

5.3.6 Miscellaneous

Power for the control electronics was provided by the isolated internal buck regulator included in
the DRV8301 pre-driver. The buck is capable of supplying 1.5A to external loads, more than enough
for the MCU, Op-amps, JTAG and other control electronics used.
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Figure 41. DRV8301 Buck Converter

The output voltage is adjusted using a precision divider from the output node to VSENSE. In this
case, all control electronics require 3.3V:

(Vour — 0.8V)
f=Re < 0.8V

_ 1o @3V —08V)
Bl 0.8V
R, = 31.25kQ Equation 37

where 0.8V is the chip-set reference voltage.

A 31.6k(Q resistor was used to complete the voltage divider, giving a theoretical output voltage of
3.328V ~3.3V. Values for the buck converter capacitor C11, Inductor L1 and catch Diode D3 were
taken directly from the DRV8301 application note. This could be reviewed, and components sized for
this specific application, but no performance issues were identified during testing. The Buck
switching frequency is determined by the external timing resistor R;4, in this case 570kHz, again, this
value was simply taken from the device application note.

The board has many other features, including PNP transistors (Qs,Q,) used to turn LEDs (1, 2) on to
indicate active low faults reported by the DRV8301, large SMD bus capacitors (Cy, Cy1) for supply
filtering, transient voltage suppression IC (U,) and several more secondary systems components.
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5.3.7 PCB Layout

As can be seen in Figure 52 below, several versions of the custom FOC controller were designed and
fabricated. All versions of the custom FOC controller were designed in Eagle CAD by CadSoft and
were routed by ‘hand’. That is, the auto-router available in Eagle was not used as initial testing
showed less than optimal results. In addition, every revision of the board went through multiple
iterations in order to achieve good component placement and optimal signal routing. Figure 42
immediately below shows the custom FOC controller (revision 2C) Eagle CAD board layout. Note, all
dimensions are in mm.

Figure 42. Custom FOC controller (Revision 2C) PCB layout.

DRV8301 Pre-Driver

A custom footprint was developed in Eagle CAD for the DRV8301, this was verified on the footprint
test board. The DRV8301 datasheet outlines several criteria for the DRV8301 pre-driver and
associated components regarding how they
should be laid out on the PCB. These criteria
include the placement of C,;, C,, C4, Cs, Co, Cys
and C;; which should be placed as close to their
corresponding pins as possible with a low
impedance path to the device. The placement

53

(0l bl < j 504
Figure 43. DRV8301 Pre-Driver and Associated Components

(Revision 2C).



High Performance Brushless DC Motor Control

of these components (for revision 2C) may be seen in Figure 43 to the left.

Figure 43 also shows several (30*0.3mm) vias placed directly on or immediately beside a large
landing area. This was done to accommodate the power pad on the bottom of the DRV8301 as
recommended in the device datasheet.

Encapsulation Material Die Bond Wire PowerPADT™

fadtoBoard  The power pad serves as the only ground

Signal
Trace

Lead pin for the device and often must
dissipate substantial amounts of heat
energy, this is the reason for the large
number of vias located under the power
Figure 44. Cross Section of PowerPAD™ Package Mounted to PCB and pad. This was a major problem with initial
Resulting Heat Transfer (Kummerl, 2011) prototyping of the boards as the mill at

CQU only supported large vias (0.6mm
minimum) and does not support through-plating. This meant that any thermal advantage gained by
adding vias under the power pad was lost. This fact was simply ignored for earlier prototypes as one
of the ultimate goals of the project was to have a PCB professionally fabricated, which would allow
0.3mm vias to be through-plated. However, this limitation did mean that overly-long high current
runs were avoided with prototypes developed using CQU’s mill. The prototype (revision 2A) was still
able to reach its 10A continuous (RMS) current rating.

TMS320F28027F Microcontroller

It was also necessary to create a custom footprint for the F28027F microcontroller used. The
microcontroller placement was largely a result of board
minimisation and was actually moved to the bottom side of
the custom FOC Controller from revision 2 onwards. This can
be seen in Figure 45 to the left. Figure 45 also shows several
vias placed immediately beneath where the microcontroller is
seated. While most of these are simply stitching for the
ground plane, some are connecting top and bottom layer
signals. This was not possible on any of the prototypes milled

=P : ; at CQU because the vias had to be manually joined (top to

Figure 45. F28027F MCU Placement . .

(Revision 2C). bottom) which created an uneven landing surface for the
device. The ability to have through plated Vias beneath

components allowed the board size to be further reduced from revision 2B (and earlier) to revision

2C.

CSD18533Q5A MOSFETs and Sense Resistors

A custom footprint was also required for the power MOSFETs used. This can be seen in Figure 46
below. A large exposed pad can be seen on each of the FET landing areas, this is because Tls
NexFET™ incorporates a PowerPad™ not
dissimilar to that of the DRV8301 pre-driver.
Vias could be placed on the PowerPad
landing area to increase thermal dissipation
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(see DRV8301), but, in this case the layout did not allow for it. Board revision 1 (see Figure 52) did
utilise vias on the PowerPAD™ landing area but this design did not allow the MOSFETs to be placed
on opposite sides of the board (as in later revisions) which meant that a significantly larger overall
board size was required.

The current shunt resistors (Rss, R3s and Rsg) can also be seen in Figure 46. These resistors must be
capable of sinking the entire phase current flowing from the low side MOSFET through to ground.
The ground side of these resistors is grounded using the ‘main’ ground polygon (plane). Ordinarily,
thermal relief (see Figure 47 - left) is added by
default when the ground polygon is created. This
is so that components can be more easily soldered
(copper plane acts as a heat sink making soldering
difficult), but this also increases the effective
impedance to ground, effectively limiting the

Figure 47. Rys With (Left) and Without (Right) Thermal Relief. power rating of the components. The same

current must also flow through the side of the
current shunt resistors connected to the low side MOSFET drain. This means that thermal relief
cannot be applied on either side of the current shunt resistors. From Revision 2 onwards, no thermal
relief was applied to these resistors, and, large copper planes (created using polygons) are used to
connect all high current devices. In addition, the shunt resistors were placed immediately beside the
low side MOSFET (see Figure 46) to ensure a minimum impedance path.

Differential, Power and Ground Traces

There are several differential signals required for the custom FOC controller. These signals are used
for current feedback and run directly from the high and low sides of the shunt resistors to their
respective op-amps, DRV8301 for phases A and B and an external op-amp for phase C. Rsq to Rgs (See
Appendix | - FOC Speed Controller Full Schematic (4/5)) are 0Q jumper resistors used to allow Eagle
CAD to treat the signals as true differential signals. These resistors are only required because Eagle
does not support joining nets and does not directly support a ground differential trace. Having the
signals recognised as differential by Eagle allows the use of Eagle’s differential signal router. This
essentially routs the two differential signals simultaneously to minimise any difference in signal
length, an important factor for differential signals. Figure 48 below shows the differential signals and
the lengths of the traces.

55
Patrick Fisher S0194504



High Performance Brushless DC Motor Control

EAGLE Version 6.4.0 Copyright (c) 1988-2013 CadSoft

List of signals with length and its max. frequency [ current

exported from C: UsersPatrick/Documents feagle fFOC_ESC/ESC_Schematic.brd
at 9/05/2014 8:04:00 PM

Cu thickness = 0.035 mm

Signalj f rmax. [MHz] | [mim] R [mOhm] w omin [mm] wmax [rmim] Imax [4]
+3.3V 1592.52 188.255 368 .46 0.254 0.610 0.80
+INA 7772665 3.857 7.55 0.254 0.254 0.80
+PYDD 4201.06 71.363 23279 0.152 3.048 0.50
A_ISEMSE_M 7132.40 42,034 82.27 0.254 0.254 0.80
A_ISEMSE_P 6983.95 42927 84.02 0.254 0.254 0.80
B_ISEMSE_M 9080.84 33.015 80.77 0.203 0.254 0.65
B [SEMSE P 2977 36 33,399 21,71 0,202 0.254 0085
BIASVDD SPI_28305.56 10,569 20,60 0,254 0,254 0.80
C_ISEMNSE_M 8737.62 34311 83.95 0.203 0.254 0.65
C_ISEMNSE_P 8817.84 33.999 66.55 0.254 0.254 0.80

[ Save J [ Close

Figure 48. Differential Signal Parameters.

Note, in Figure 48 above, it appears as though multiple width traces are used for the differential
signals. This is not the case. The differential signal was increased from 0.203mm to 0.254mm and
some sections of 0.203mm trace still exist under component pads. There is no physical trace of
copper that is less than 0.254mm on the custom FOC controller PCB.

High current carrying traces must be designed properly to ensure the controller will perform as
expected. The custom FOC controller has several high current traces supplying the three-phase
FOCSESC=RI inverter. By design, all high power components were
confined to the top end of the PCB as can be seen in
Figure 49 to the left. A common rule-of-thumb 10mil
(millionths of an inch)/Amp was used to size the
power traces. Revision 2C was designed for 10A
continuous current and 14A peak current. However,
due to priorities being placed on board size, in some

cases, high current traces are not large enough

Figure 49. High Current Traces (Revision 2C). according to the 10mil/A rule-of-thumb (they are
close). In the author’s opinion, this is the most
serious flaw in the current board design and should be addressed in future revisions.

Connecting the High and Low side MOSFETs was done using the three-phase output wires. The
1.8mm (drill) diameter vias that were used for the three-phase outputs can be seen in Figure 49
abov. The three output wires of the controller were used to connect the Low side MOSFETs Qz, Q4
and Qs with the high side MOSFETs Qg, Q; and Qg (see Appendix |). This is a very high current
connection, and, would otherwise require a dozen or more small vias to effectively ‘carry’ the
current.

The PCB ‘ground’ is perhaps the single most critical design element for a high functioning board. This
becomes more critical when higher currents are present with noise sensitive feedback as in the
custom FOC controller. In this case, all high current components are located on the top third of the
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board (in all design revisions) to minimise the chances of transients entering signal traces. This also
allows for maximum width traces to be used without resulting in an overly-large board. Additionally,
it allows for a much greater ground plane to be applied as it (the ground plane) is not interspersed
with small passive components (resistors, capacitors, etc) which limit the amount of ground plane
copper. Figure 49 above shows 2mm (drill) vias used for the main ground and power lines. These
also serve to connect the top and bottom power and ground plane as was done for the phase
outputs. No thermal relieve is applied to the main power and ground connections for the reasons
discussed above. This did make soldering particularly difficult as there was a substantial amount of
copper on both the top and bottom layers of the power and ground connection (which acts like a
heat sink).

Additionally, great care was taken to ensure that no high impedance ground loops existed in the
board design (particularly for revision 2 onwards). It can be seen in Figure 42, that for almost every
grounded component, there are several paths for ground currents to flow and none are particularly
lengthy or high impedance (i.e. trace width is significant). The grounding design has been validated
in that no issues that arose during testing were discovered to be related to poor ground design.

Placement Sensitive Components
In addition to placement critical components already discussed, there are several voltage divider

— E - e mgl components whose placement on the board was a
| | | significant design choice. Phase voltage sense resistors
(R37 to R43) and capacitors (Cs; to Czs) can be seen
immediately below their respective pahse output in
Figure 50 to the left. The traces to the ADC were kept as
short as possible in an effort to minimise any noise pick

. up. The traces were also intentionally routed away from
Figure 50. Phase Voltage Sense Dividers. any inductors for this reason. These lines also must run
across a trasient supression IC (U2). The placement of
this IC (U2) was not critical and was made such that the track length from the voltage dividers to the

MCU was as short and direct as possible.

There are several other placement sensitive components on the custom FOC controller board.
Notably, a large inductor, L;, used for the buck converter, bus capacitors C;;, C,; and Cy, and a
shottky diode D; used for the buck converter. Care was taken to ensure that these components were
effectively placed. For example, L; was not placed above any noise sensitive signals to mimmise
noise injection from this component. In addition, components were grouped according to the
schematic. This allows for a more compact board design and mimimises the number of lengthy
traces on the board.
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JTAG Header

One of the most significant secondary elements is JTAG, and more specifically, the header used. The

Figure 51. 2.54mm and SAMTEC Headers.

controller board.

5.3.8 Prototyping

JTAG header used prior to revision 2C was a standard 2.54mm
double row male header. This header took up a substantial
amount of board space and it was deemed necessary to either
remove it completely or replace it with a much smaller option.
Given the nature of the project and its potentially
experimental uses, it was decided that the JTAG header should
remain on all revisions of the board. A micro header by
SAMTEC was found with a substantially reduced footprint, this
can be seen in comparison to a standard 2.54mm header in
Figure 51 to the left. The micro header by SAMTEC is also
surface mount (as opposed to through-hole) which allowed
the header to be placed immediately above (opposite side) the

MCU. This was not possible with through-hole headers and
allowed a further reduction in the size of the custom FOC

Figure 52. Custom Motor Controller Unpopulated Boards.

Figure 52 starting from left (largest board) and moving clockwise;

e Footprint test board;

0 Used to verify several custom footprints including the DRV8301 pre-driver;

e Revision 1;
0 Never populated;

Patrick Fisher
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e Revision 2A;

0 Fully populated and successfully tested;
e Revision 2B;

0 Never populated;
e Revision 2C;

0 Fully populated and successfully tested.

53.8.1 Unpopulated Prototype Boards

The first and largest PCB that can be seen in Figure 52 above was used to assess the performance of
the CNC mill at CQU and verify some of the custom footprints created (primarily the DRV8301). The
DRV8301 landing area which can be seen clearly in the figure has several 8mil traces extending from
it. The 8mil traces were found to be broken in several locations by the Mill. In response, all 8mil
traces were increased to 10mil width which allowed the mill to route the circuit perfectly. This
change is present in all revisions of the custom controller, traces for revision 2C onwards could be
changed back to 8mil if necessary, provided they are professionally fabricated. In addition to
discovering the limitation of the mill at CQU, the footprint developed for the DRV8301 (and some
secondary components) was verified.

Revision 1 was initially intended to be populated and tested. However, while waiting for parts to
arrive, several non-critical PCB design issues were discovered. The most significant design flaw was
the poor differential signal routing and the landing areas for the power supply leads. The differential
signals were routed (not in pairs as in revision 2 onwards) unevenly and had unnecessarily long
traces. The power pads (which can be seen at the top left) had only very small copper landing areas
and the width of the traces to the power inverter were arbitrarily chosen and too small for the
required current. A decision was made to address these issues and re-mill the board before
attempting to populate any boards. This resulted in significant board changes, for example, half of
the three-phase inverter was moved to the bottom side of the PCB, the 0f) jumper resistors were
added to allow for true differential routing and many other general design improvements were
made. The new board was designated revision 2A which was the first prototype to be successfully
tested.
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5.3.8.2 Revision 2A

Figure 53. Custom FOC Controller Revision 2A Top Side.

Figure 54. Custom FOC Controller Revision 2A Bottom Side.
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Revision 2A was the first revision of the Custom FOC Controller to be fully populated and tested. This
board was fabricated using the mill at CQU without issue. However, using the mill at CQU did mean
that the board had no solder mask or silk screen and all vias had to me joined manually. Components
were placed with continual reference to the Eagle board layout and were methodically marked off a
list once placed. In addition, due to the lack of solder mask, great care was taken to avoid bridging
components and traces.

The DRV8301, MOSFETs and microcontroller were soldered using solder paste and hot air. All other
components were hand placed and soldered. The shunt resistors proved difficult to solder due to the
large copper planes, connecting the low side MOSFET and the current sense resistor, acting like a
heat sink. Because several small (0603) passive devices were already mounted around the shunt
resistor, hot air could not be used (0603 devices would likely fall off) and instead, a large chisel tip
iron was used to heat up the entire copper plane.

A decision was made to populate the board in sections in an attempt to maximise the chances of
success. The first ‘section’ to be populated was the DRV8301 pre-driver and associated buck
converter components. This was done so that the 3.3V output could be tested before potentially
damaging the voltage sensitive microcontroller. The first test on this section was unsuccessful as it
was found that the buck converter was regulating at 5.65V and not the required 3.3V. After verifying
the buck converter passive component values were correct, the chip was removed with hot air and it
was found that the PowerPad™ was not soldered to the ground plane. This resulted in the ground
floating up (~0.5V) resulting in a high reference voltage and subsequently the high output voltage.
After reviewing the reflow profile found in the device datasheet, it was found that temperatures
initially used were not high enough. This was adjusted and upon re-testing, the buck converter was
regulating at the desired voltage.

The next ‘section’ to be populated was the microcontroller and associated components (including
JTAG). No problems were encountered and the operation of the microcontroller was verified by
writing a small program to oscillate some GPIOs from high to low.

Finally, the MOSFETs and all remaining components were placed on the board. At this point,
InstaSPIN was tried, unsuccessfully. However, no fault was reported by either the DRV8301 (active
low output) or the microcontroller and InstaSPIN appeared to be running. It was found that the
DRV8301 was not responding to PWM signals from the microcontroller and that it had locked the
MOSFETs in a high impedance state. All feedback signals (to the DRV8301) were check and verified
and the fault output was investigated to see why an apparent fault was not being flagged. A solder
bridge was found which connected a via on the fault line to the main +3.3V line. When this was
cleared, InstaSPIN responded to the fault (entering a CTRL Fault state) and the red fault LED was
illuminated. Several days were spent troubleshooting the controller (checking all signals that could
result in a fault being reported by the DRV8301) but no issues were discovered. The DRV8301 was
replaced and the top layer of the board was reflowed. This resulted in the controller successfully
spinning and even identifying the troublesome PropDrive BLDC motor! Whether the DRV8301 was
faulty from multiple reflows and a fault line short circuit or a solder bridge was cleared when the
top-layer was reflowed remains unclear.

Revision 2A was tested up to its design rating of 10A continuous and was also able to identify several
BLDC motors (which the development board was not able to do). The controller was also able to
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commute BLDC motors at considerably lower speeds (~100RPMs) than had been possible during the
initial evaluation. Notwithstanding the considerable time taken to achieve a fully-functional
controller (two weeks), the prototype board was considered a success and work began on a revision

of the PCB to be professionally fabricated.

5382

Revision 2C of the custom FOC Controller may be seen fully populated in the photographs below.
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Figure 56. Custom Controller Revision 2C Bottom Side.
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Revision 2C of the Custom FOC Controller required no major circuit changes from revision 2A. Some
secondary system components, most noticeably the JTAG header, were changed but the
fundamental operation of the controller remained unchanged. The major changes from revisions 2A
to 2C were, differential signal routing optimisation, some component repositioning, JTAG header
minimisation and a professionally fabricated PCB.

In contrast to Revision 2A, Revision 2C was fully populated (4hrs) before any power was applied. At
this point, the output of the buck converter was verified at 3.3V and the microcontroller was
successfully tested by running a JTAG integrity test. InstaSPIN — FOC was then loaded and tested at
which point a fault was reported. Checking the SPI registers, it was found that the fault was related
to the power inverter, and by looking into this, the fault was found to be a result of the gates of the
transistors not being soldered to their respective pads correctly. This was most likely a result of
mistakenly not applying solder paste to the gate pin or pad. With this issue fixed, the board was able
to identify and spin motors. For a full breakdown of capability of the custom FOC controller, see
chapter 6 Results and Discussion.

5.3.9 InstaSPIN™-FOC User Configuration

All InstaSPIN™-FOC user configuration is done in a single header, user.h. This header allows InstaSPIN
to be highly configurable and everything from identification ramp times to maximum bus current to
PWM frequency and everything in between is set here. The correct configuration of user
parameters, located primarily in user.h, is critical to the performance of the controller and requires a
great deal of consideration. Configuring user.h for the Custom FOC Controller proved to be a
somewhat experimental process and the user.h header was continually evaluated and updated
throughout the entire course of the research. Experience gained with the Tl development board
initially was invaluable and dramatically decreased the time required to correctly configure the
user.h file for the custom FOC controller.

The full user.h header that was used may be seen in Appendix IlI.

5.3.9.1  Software Execution Timing
The F28027F microcontroller has a maximum clock speed of 60MHz, driven by the internal crystal
(10MHz) and a phased-locked loop (PLL). The Custom FOC Controller was clocked at this speed by
#define USER_SYSTEM_FREQ_MHz (60.0).

InstaSPIN-FOC operates around a main interrupt service routine triggered at a configurable
frequency, fisg . This frequency is decimated further to run particular control elements.
USER_NUM_ISR_TICKS_PER_CTRL_TICK is the first decimation factor seen in user.h and decimates
the interrupt frequency to create an execution frequency for the top-level controller. This was set to
(1), meaning that the controller clock rate is the same as the PWM frequency. The next decimation
factor is USER_NUM_CTRL_TICKS_PER_CURRENT_TICK, this sets the execution frequency for the
current controllers by the equation that follows:

1 1
numCtrlTicksPerCurrentTic * numlsrTicksPerCtriTic * fisk Equation 38

f CURRENT =

USER_NUM_CTRL_TICKS_PER_CURRENT_TICK was set to (1), from Equation 38, this sets fryrrenT
to the main interrupt service routine frequency, fisg-
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Similarly, USER_NUM_CTRL_TICKS_PER_SPEED_TICK, is used to set the execution frequency for the
speed controller, this was set to (10) in order to best match the PWM frequency. fsppep is set as per
Equation 38 with the exception that numcCtriTicksPerCurrentTic is changed to
USER_NUM_CTRL_TICKS_PER_SPEED_TICK.

The next decimation factor is USER_NUM_CTRL_TICKS_PER_EST_TICK, this decimates the top-level
controller frequency to create an execution frequency for the estimator. This was set to (1), meaning
the estimator frequency, fzgsr is set to the main interrupt service routine, fisg.

Finally, a decimation for the trajectory generator, USER_NUM_CTRL_TICKS_PER_TRAJ_TICK, must
be set. This was set to (10) and the frequency frgy; is set by making the established alteration to
Equation 38 as shown for fspggp-

The PWM frequency generated is one of the most critical user set parameters within user.h. This is
set by t#tdefine USER_PWM_FREQ_kHz, in this case to (45). This is above Tls recommended setting of
(30) but was found to work well with small hobby BLDC motors. Figure 57 below shows the phase-
ground waveform for the custom FOC controller.
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Figure 57. Phase-Gnd Waveform: Custom FOC Controller.

This waveform is repeated for the remaining two phases. The 45kHz PWM is further ‘modulated’
depending on the torque or speed set-point to achieve the required rotating stator flux (these are
synchronous motors — no slip). An attempt was made to capture the ‘modulation’ (considerably
slower than 45kHz) signal using fast Fourier transforms on an oscilloscope but was unsuccessful.

5.3.9.2 InstaSPIN-FOC Hardware Parameters

There are several hardware parameters that are required for InstaSPIN-FOC to operate correctly on
the Custom FOC Controller.
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USER_IQ_FULL_SCALE_FREQ_Hz defines the full scale frequency for the IQ variable in Hz. This
parameter must be set larger than the maximum speed expected from the motor. This was initially
set to (800) by default (TI) but was changed to (4 * USER_VOLTAGE_FILTER_POLE_Hz) to allow for
the Kv (thousands RPM Volt) rating of all motors evaluated to be tested.
USER_VOLTAGE_FILTER_POLE_Hz is set to (364.68), this is the voltage filter pole and is explained in
section 5.3.4 Voltage Sense above. Additionally, the number of voltage and current sensors can be
set directly in user.h - #define USER_NUM_CURRENT_SENSORS, #define
USER_NUM_VOLTAGE_SENSORS. These are both set to (3) for obvious reasons.

Full scale voltage and current feedback is required to be set in user.h. This relates to the scaling
discussed in section 5.3.3 Current Sense, namely, what a full (or empty) ADC result register indicates
in terms of phase voltage or current. In this case, a OV (0x00;) reading signifies -16.5A and a +3.3V
(OXFFF;) reading signifies a +16.5A reading for phase current feedback. Hence, #define
USER_ADC_FULL_SCALE_CURRENT_A, is set to (33). Additionally, the parameter
USER_IQ_FULL_SCALE_CURRENT_A set to (20) to reflect the 10A (bidirectional) soft limit of the
custom FOC controller, this limit can be set to whatever limit is required, for instance, if it was
desired that the board supplied no more than 6A (RMS) continuous, this parameter would be set to
(12). Likewise, the maximum feedback voltage must be set for correct scaling. From a hardware
perspective these settings are discussed in section 5.3.4 Voltage Sense. Hence, #define
USER_ADC_FULL_SCALE_VOLTAGE_V was set to (26.314). Finally, the full scale voltage for the
custom FOC controller was set to (24) by #define USER_IQ_FULL_SCALE_VOLTAGE_V. Like the full
scale current, this parameter can be set to any value (<26.314) if it is known that the voltages will
not exceed the set value. For example, when testing the Custom FOC Controller, this was set to (16)
such that the absolute maximum resolution was achieved. If either the phase of bus voltage exceeds
this value, the register will overflow resulting in a destructively inaccurate reading (and, obviously
poor performance).

5.3.9.3 InstaSPIN-FOC Motor Parameters and ID Settings
A user motor is added to InstaSPIN by the following declaration #define USER_MOTOR My_Motor,
the following parameters can then be set in #elif (USER_MOTOR USER_MOTOR == My_Motor):

#define USER_MOTOR_TYPE

This defines the type of motors, in this case, this parameter is set to MOTOR_Type Pm to reflect that
the motors are synchronous permanent magnet motors. Theoretically, there is no reason why the
board (as is) could not be used to drive (very small) asynchronous induction motors, in which case
the parameter would be set to MOTOR _Type_Induction.

#define USER_MOTOR_NUM_POLE_PAIRS

This parameter is used to calculate rotor speed and is simply the number of poles (permanent
magnets) divided by two. Motors with 2 pole pairs all the way up to 11 pole pairs have been used
with the Custom FOC Controller.

#define USER_MOTOR_Rr

This is the rotor coil resistance, identifiable, but not used for the Custom FOC Controller (there are
no rotor coils), hence it was set (Null).
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#define USER_MOTOR_Rs

This is the identified phase-neutral winding resistance for star equivalent circuits in Ohms. This is
unique for every motor and can only be populated after identification has been run or with a
datasheet value.

#define USER_MOTOR_Ls_d

For the BLDC motors used, this is the average stator inductances in Henrys. This parameter is slightly
different for induction motors. Again, this value is found using InstaSPIN’s ID routines.

#define USER_MOTOR_Ls_q

For the BLDC motors used, this is identical to the #define USER_MOTOR_Ls_d explained above.
Hence, the two values are always identical.

#define USER_MOTOR_RATED_FLUX

This is the total flux linkage between the rotor and the stator in Webers (Volts*Seconds) and is
found by automatic identification.

#define USER_MOTOR_MAGNETIZING_CURRENT
Not applicable for BLDC motors, set (Null).
#define USER_MOTOR_RES_EST_CURRENT

This is the maximum current used for Rs identification. This is user set, typically to about 10-20% of
the rated motor current.

#define USER_MOTOR_IND_EST_CURRENT

This is the maximum current used for Ls identification. This is user set, ideally, just enough to make
the rotor turn (experimental).

#define USER_MOTOR_MAX_CURRENT

This sets the maximum current command output of the speed Pl controller to the torque PI
controller during run-time and ID.

#define USER_MOTOR_FLUX_EST_FREQ_Hz

This is used during motor ID and sets the maximum commanded speed (during ID), recommended
10% of rated motor speed in Hz.

5.9.3.9 Added Abstractions

To allow the developed controller to be used with typical RC equipment, it was necessary to develop
a method for responding to RC signals. RC signals are 50Hz 1-2ms high time signals which command
the motor controller to increase or decrease the torque set-point. Revision 2C of the Custom FOC
Controller has GPIO12 broken out for specifically this purpose. The full code for the 50Hz PWM ‘read’
may be seen in Appendix Il but the basic principal is outlined in the pseudo code below:
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Configure PIE for interrupt on both high and low GPIO12 transitions;
On low to high transition, start 32bit (60Mhz) timer;

On high to low transition, stop 32bit (60Mhz) timer;

Calculate the per-unit set-point request;

Check the set-point request is valid;

Set the commanded set-point;

oA WN R

The code developed has been successfully tested.

In addition to GPIO12, both SCL and SDA have been broken out (Revision 2C) such that I12C may be
used instead of 50Hz PWM. This is because 12C is quite a common protocol for experimental craft
that may benefit from the controller developed. In addition, 12C allows InstaSPIN data to be
transmitted by the controller, this data includes rotor speed, torque and even motor temperature
(all gathered sensorlessly). The benefits of this are obvious. While some 12C abstractions have been
written (and can be seen in Appendix Ill), this work (at the time of writing) is not yet complete.

67
Patrick Fisher S0194504



High Performance Brushless DC Motor Control

6 Results and Discussion

The performance of the custom FOC controller was evaluated using several hobby BLDC motors.
Additionally, several commercial controllers from mid-high performance (Plush 40) to low-
performance (HobbyKing ss) were compared with the custom motor controller.

Figure 58. Evaluated Motors, Controllers and Loads.

Figure 58 starting from top-left and moving clockwise;

e PropDrive 1200Kv Outrunner Motor with Custom FOC Controller.
e 2728 1000Kv Outrunner Motor with Custom FOC Controller.

e All motors and controllers tested.

e load: 12*4.5” model aeroplane propeller.

e Unknown motor with FOC Controller.

The rotary encoder can be seen mounted under each motor in Figure 58 above.

The data that follows has not been altered in anyway, it has merely been presented in a more
coherent form than what it was collected in. In addition, while the data is not averaged at all, the
tests were run several times to ensure that all results were consistent across multiple runs.
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6.9 Test Motors and Controllers

Several hobby BLDC motors and electronic controllers were selected at random for evaluation.
These motors and controllers are typically used for hobby and academic purposes in model
helicopters, aeroplanes, boats and multicopters. A motor with no known parameters (not even the
brand) was obtained to assess the capability of the controller to identify and drive a motor without
any name plate data. The ‘unknown’ motor poles were simply counted (permanent magnets can be
clearly seen through ventilation holes) and a continuous current rating of 10A was assumed. It is
believed this is a very conservative rating given the physical size of the motor. This is the only data
that is absolutely essential for the Custom FOC Controller and is always provided by the
manufacturer.

Table 7 and Table 8 below show the known parameters of the selected motors and controllers.

Table 7. Selected Hobby Motors and Known Parameters.

©0
o0 C
S 3 .
= g2
a c 2 5
o 3 o 5
2 2 Q 3
o 1S N O
= S N
= =)
b
Rated Kv (kRPM*v) 1200 ? 1000
#Poles 6 14 14
Power (W) 530 ? 250
Max Current (A) 36 10 18
Nominal Operating Voltage (V) 14 ? 14
Table 8. Selected Motor Controllers and Known Parameters.
o o
< — v
< < )
[} %) [eT0]
= = =
a o A;
> >
1) a0 Q2
> 5 T
(= [
Rated Voltage (V) 25 20 12.6
Continuous Current (A) 40 10 8
Burst Current 55 12 10

Note, the Hobbyking ss (HK-10) was destroyed by overcurrent. All data, although minimal, gathered

using this controller is provided.
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Results

All motors were first identified using the custom motor controller developed (version 2C as pictured).
All motors identified successfully with very consistent results over multiple identification runs. The

results may be seenin Ta

Table 9. Identification Results.

ble 9 below.

> 2
— U -
5 < i
2 3 : 3
& % < =
= -} Xa
= ~
= ~
Stator Resistance (m) 53.88501 65.27009 93.52004
Quadrature Inductance (uH) 8.263837 7.773364 13.37453
Direct Inductance (uH) 8.263837 7.773364 13.37453
Rated Flux (mV /Hz) 10.08105 3.875713 4.709641

This is in contrast with the Tl development kit initially tested which would not successfully identify
any of the three motors outlined in Table 9 above. The success in motor identification is due to the
custom board voltage and current feedback being scaled for much more suitable levels for these
motors. Because all of the tested motors are rated at or less than 14V, the user.h parameter #define
USER_1Q_FULL_SCALE_VOLTAGE_V was changed from the board limit (24V) to (16V). This allows for
slightly more resolution to be garnered from the same hardware. However, no substantial difference

was seen in identification results for any of the motors tested.

6.11 Unloaded

The motors were initially tested un-loaded and the results for these tests can be seen in the table

and figures below.

Table 10. Unloaded Motor Results.

Controller: InstaSpin FOC Plush 40 Plush 10 HobyKing SS

— — — —
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o 2 |= 2 = 2 |= 2

1 - [l o+ 1 +— 1 +—

o] > o0 =} o0 > 0 >

~ o N o N e ~ @)

(] 7 (0] %) () wn () (%)

Motor: = 2 = = = % = %

%_ < %_ = %_ = %_ <

o § = o g 5 o) g 3 o g 3

fusl — ful —_ fudl — o ful

o o o o (@) (2] o o [aa] o o (2]

R RN N

z |5 |8 |z |5 |[R |z |5 |[R |z |5 |KR

Minimum Stable 3275 | 2750 | 2700 | 2150 | 1650 | 1700 | 1575 | NA NA
Rotor Speed (RPM)

Maximum Stable 165 | 181 | 145 | 165 | 183 | 147 | 164 | NaA NA
Rotor Speed (kPRM)
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0.76 0.61 0.54 0.69 0.68 0.54 0.61 NA NA
to full speed (s)
Maximum Bus 215 | 262 | 121 | 44 | 33 | 134 | 242 | NA NA
Current (A)
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Figure 59. PropDrive Motor Unloaded Data.

Note, the apparent anomaly seen in the Current Versus Speed graph above is simply a result of the
1Hz oscillation resulting from InstaSPINs Forced Angle coupled with a single spurious Bus Current

reading and should be ignored.
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Unloaded Ramp-Up (Zero-Full Thraottle) Time
FOC %ersus Six-Step Contrallers
%10 {(Unknown Maotor)

Custom FOC Controller L. N
Plush 10 Contraoller :
Plush 40 Controller

Time (s)

Unloaded Step (Zero-Full Throttle) Current Yersus Speed
FOC Versus Six-Step Controllers
[Unknown Motors)

Custarm FOC Contraller
Flush 10 Controller
Flush 40 Controller

Rotor Speed (RPM) ' ' ' 4

Figure 60. Unknown Motor Unloaded Data.
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Unloaded Rarmp-Up (Zero-Full Throttle) Time
FOC Wersus Six-Step Controllers
{2278 1000Ky Motar)
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Figure 61. 2278 Motor Unloaded Data.
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Several conclusions can be drawn from the unloaded motor test results shown above. The most
significant difference between the custom FOC controller and the commercial controllers tested was
the ability of each controller to commutate at very low speeds. The FOC controller was able to
control all motors at speeds around 100RPM and, in addition, utilising InstaSPIN’s speed loop the
motors could develop significant torque at these low RPMs. The low speed torque test was
conducted by adding lateral resistance to the rotor by hand and subjectively noting the response.
This was done because a suitable programmable load could not be developed in the time frame.
While this test provides no empirical data, it did clearly show that the FOC controller could produce
substantial torque even at low RPMs. In contrast, the commercial controllers tested were not able to
commutate an unloaded BLDC motor at speeds below 1500RPM, and, at these RPMs, the motors
produced very little torque and would stall when the rotor was touched. It should be noted that
significant torque is only developed at low RPM by the FOC controller when the speed loop is used,
for obvious reasons. Commercial controllers do not utilise closed loop speed controllers, explaining
why they are not able to develop torque while unloaded at low RPMs. However, the ability to
produce high torque at low RPMs does have uses, for instance, in submersible vehicles where costly
mechanical gear boxes are currently used to meet this need.

The custom FOC board was also able ramp the motors up to their top speed considerably faster than
the commercial controllers were capable of. On average, the custom FOC controller was 35% faster
at transitioning a motor from zero to full speed. In addition, the unloaded speed of each motor
under FOC control was faster than any commercial controller tested. Referring to the Rotor
Speed/Time graphs shown in Figure 59, Figure 60 and Figure 61, it can be seen that the FOC
controller has not only a much quicker ramp-up time, but is also a cleaner and more controlled
response. Pl loop gains were set by the identified motor parameters directly and not tuned. The
performance of the controller serves as validation for the identified parameters. In addition, with PI
loop gain fine tuning, the performance, and particularly, the transition time could be further
improved. While Pl loop gains were fine-tuned during initial InstaSPIN evaluation, it was decided that
they would not be tuned beyond automatic InstaSPIN automatic tuning, to show the capability of
the Custom FOC Controller with very little user intervention.

Finally, the rotor speed versus bus current graphs provide an excellent comparison of the efficiency
of the FOC controller relative to the efficiency of the commercially available tested controllers. In
every case, the peak current required by the FOC controller to get the motor to its rated speed was
substantially less than what was used by the commercial controller. Interestingly, the Plush 10
controller tested suffered from particularly high current spikes. Given the very quick response times
of all of the motor/controller combinations tested (<1s) and the 50mS sampling time, these spikes
are often only a single data point. However, these are not spurious data points as the
controller/motor combinations have been tested multiple times with consistent results. In fact, it is
likely that the current spikes are not the maximum bus current present but are sampled at either
side of the true peak.

In every metric tested for the unloaded motor/controller combinations, the custom FOC controller
had the best performance. In some cases, the performance increases were substantial as compared
to the commercial controllers, in particular, the minimum stable rotor speed and ramp up time from
zero to full speed. In addition, the Rotor Speed Versus Bus Current graphs provided show that the
custom FOC controller averages substantially less bus current usage than any of the commercial
controllers tested.
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6.12 Loaded

The motors were loaded with a 10*4.5”R aeroplane propeller (shown in Figure 58) to provide a
consistent torque to the motors tested. A propeller is a very suitable load for testing of this nature as
it provides a torque relative to the rotor speed. In addition, the torque produced for a certain speed
is the same regardless of the motor the propeller is attached to. Further, to allow for accurate
comparison between controller (as much as possible), the speed controllers were (not actively)
current limited to 10A such that all of the controllers and motors could be tested over the same
range. Again, the same bench power supply was used across all test to ensure comparisons made

were valid.

Table 11, Figure 62, Figure 63 and Figure 64 below shows the response of the motors and controllers

from a zero to 10A set-point.

Table 11. Loaded Motor Results.

Controller: InstaSpin FOC Plush 40 Plush 10
T 9] 9]
£ £ £
3 N 2 | =% 2
& g |2 g |2 3
Motor: v 2 ¢ 9 o @
= @ = Q = Q
3 % |2 z |2 G
c C C
2 2 2 e 2 2 2 2 2
a o [a'a) [a W o) o o o o
= < = = < g = £ =
= = =
= 5 ~N = 5 N =z S ~
Minimum Stable Rotor 1150 820 | 1050 | 750 920
Speed (RPM)
Maximum Stable Rotor 4.57 5.4 4.3 4.6
Speed (kPRM)
Transition time zero to 1.23 1.1 1.53 1.12
full speed (s)

Maximum Bus Current
(A)

12.21 | 10.87 | 12.62 | 13.56
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Figure 62. PropDrive Motor Loaded Data.
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Loaded Ramp-Up (Zero-10A Continuous) Time
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Figure 63. Unknown Motor Unloaded Data.
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Note, the custom FOC controller in the figure above was spinning down from a previous test, hence
the starting point of 500RPM.

Patrick Fisher

50194504

77



5000

High Performance Brushless DC Motor Control
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Figure 64. 2278 Motor Loaded Data.

Figure 65 below shows the results of multi-step ‘efficiency’ testing on the

5000

motor controller

combinations. This test was conducted by choosing 20 speeds and adjusting the torque set-point of
each controller until that speed was reached. This allows for a comparison of the efficiencies of the
motors at each speed set-point under steady-state conditions. This differs from the single-step tests
above in that the aim of the controller is to maintain the set-torque and not to reach a specific set-
point in @ minimum time.
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Figure 65. Multi-Step Response of controller/motor combinations.
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With the motors loaded with a 10*4.5”R aeroplane propeller the results tell a similar story to the
unloaded data. Referring to Table 11, it can be seen that once more, the custom FOC controller has
outperformed the commercial controllers tested. Notably, the response time for the PropDrive
motor was almost twice as fast as either of the commercial controller tested. The custom FOC
controller was able to commutate all of the tested motors at dramatically lower speeds than either
of the six-step controllers were capable of. Additionally, the FOC controller was also confined to the
10A limit far more effectively than either of the other tested controllers which had substantial
current spikes.

In all cases, FOCs control response was much smoother than the commercial controllers. This is
evident in the top graphs of Figure 62, Figure 63 and Figure 64. The rotor speed versus bus current
also shown in the figures outlined shows that the FOC controller’s current draw spikes initially but
maintains a relative constant current draw across the full speed range. This is in clear contrast with
the commercial controllers which have a significant spike at about half the maximum commanded
speed. Also note that the graphs tendency to fold back in on itself is not a result of spurious data
points, but is merely a representation of the controllers being commanded to zero torque and the
motors spinning under their own inertia.

Using the Multi-Step response data shown in Figure 65 and removing very low current draw data
(the comparisons at the very low end skew the data in FOCs favour as a very small difference in
current draw (<50mA) can easily result in several 100% relative efficiency increases even though the
actual current draw is not significantly different) the commercial controllers on average drew 30.41%
more current than the custom FOC controller when used to drive the PropDrive motor. Similarly, the
commercial controllers used, on average, 49.1% more than the custom FOC controller while driving
the unknown motor and 40.9% more while driving the 2278 motor. These efficiency increases are
substantial, and, while they are repeatable (using the same sensors) and certainly provide strong
evidence for the increases in efficiency the FOC controller offers, it is doubtful if a comprehensive
test suite (as suggested in section 7.9 Recommendations for Future ) would show such a profound
efficiency increase. For example, in the 2278 motor multi-step response shown in Figure 65 above,
there is clearly a spike in the Plush 40 Controller’s curve, and while this test was conducted several
times, it is possible this is a spurious data point skewing the results in the Custom FOC Controllers
favour. However, no serious test methodology flaws are known and doubts regarding the profound
efficiency increases seen stem solely from intuition.
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6.13 Cost and Physical Comparison

The total cost for the custom FOC controller, not including manufacturing and other secondary costs
may be seen in Appendix Il. The cost for a single board ($75USD) is considerably high, however,
when working with mass production quantities of components, this cost drops dramatically
(525USD). In comparison, the Turnigy Plush 10, Plush 40 and Hobby King SS 8-10A cost $10, $22 and
$6.5 respectively. Adding manufacturing costs and general overhead, the custom FOC controller will
not be able to complete in terms of price with commercial six-step controllers. However, the custom
FOC controller was not intended as a direct competitor to currently available six-step controllers. It
was designed for high-end applications (autonomous vehicles for example) which require efficiency
and performance that the current generation of commercial controllers cannot meet. In this respect,
the custom FOC controller is relatively cheap. This is because the FOC controller does not require
any external sensors to achieve very efficient and high precision control.

In terms of physical size, the current revision (2C) of the Custom FOC Controller is significantly larger
than any of the commercial controllers tried. It is believed that a further revision could shrink the
current size of the Custom FOC Controller further, and, moving to a four layer board, further still.
However, the Custom FOC Controller will not be able to achieve the same compactness as
commercial six-step controllers, in no small part due to the large footprint of the DRV8301 pre-driver.
This device could be removed and exchanged for discrete components to reduce the board size, but
this would remove most of the safety features of the board. Most potential applications for the
Custom FOC Controller are experimental and benefit from the numerous protection elements this
device offers. It was therefore decided that the pre-driver should not be removed and that the larger
board size should be kept.
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7 Conclusions and Recommendations for Future Work

Field Oriented Control has been shown to be a superior control methodology to six-step control for
small BLDC motor controllers. This has been proven by designing and comparing a custom FOC
based controller against several currently available commercial options which utilise six-step control.
The tests revealed the custom FOC controller consistently outperforming the selected six-step
controllers in all areas tested. The most dramatic advantage of the FOC Controller is its ability for
low speed commutation. However, the cost of the custom FOC controller was significant when
compared with off-the-shelf six-step controllers. In addition, the physical size of the custom
controller was significantly larger (see photographs) but this was to be expected given the footprint
of the pre-driver used.

The Custom Controller developed is highly customisable and can be used anywhere commercial
BLDC controllers are currently used and in many applications where commercial BLDC controllers are
not suitable. A full JTAG header has been added to every revision of the Custom FOC Controller, and
is recommended for all future revisions. This allows all aspects of InstaSPIN-FOC to be used with the
controller, including much functionality that was not tested during this research.

7.9 Recommendations for Future Work

Perhaps the biggest shortcoming of this research is the limitations of the evaluation of the
controller’s performance. Many tests that were planned were not conducted due to a lack of time
and required lab-equipment. These tests include vibration testing and controller efficiency as well as
several less crucial tests such as the thermal response of the controller. It is recommended that a
comprehensive test suite be developed to evaluate the motor controller on its own merits rather
than against commercial controllers. The controller’s efficiency could be determined accurately by
connecting the test motor to a second brushless DC motor with a three-phase programmable load
connected across its phase leads. This will allow very accurate torque output measurements and
would provide a value for the overall efficiency of the controller/motor combination with a small
error margin (mechanical/electrical losses of the load motor).

It is also recommended that the power stage of the controller be revised to allow the continuous
current rating of the controller to be increased. This is because, for anything but multicopters, the
current rating of the controller is actually quite low. This would not replace the current board (which
is a good size for most multicopters) but would just be a higher current version of the same board to
allow its use in larger applications. To do this, it is recommended that the MOSFETS be changed to
either CSD18532NQ5B (TI NexFET) or BSCO16NO04LS G (Infineon). In addition, it would be necessary
to properly scale the current sense feedback (including shunt resistors) to the new range. Finally, the
power traces should be increased on all boards including, revision 2C.

Revision 2C has both SDA and SCA broken out to allow I12C to be used as the communications
protocol instead of traditional 50Hz PWM (GPIO is broken out for this purpose). This would allow bi-
directional communications meaning that data available to the Custom FOC Controller would
become available to the ‘master’ controller. This data includes rotor speed, torque output, bus
voltage and even motor temperature. It would also allow controller fault reporting to the master
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device. 12C abstractions have been started but not finished and the beginnings of these abstractions
may be seen in Appendix IlI.

Finally, the full potential of the Custom FOC Controller and InstaSPIN FOC has not yet been tested.
This, again is due to time limitations caused by unexpectedly long development times. The Custom
FOC Controller has the (untested) ability to actively break motors using programmable down speed
curves, ramp-up motors on user defined curves, apply over-modulation to move the modulation
waveform away from SVPWM and towards trapezoidal, and, field weakening could be used to allow
a motor to run up to a theoretical speed of 1.5 times its own rating. This is all possible using the
Custom FOC Controller as is, and, sample code for all of this (and more) is provided by Texas
Instruments in MotorWare™12 (some minimal changes would be required). In fact, the Custom FOC
Controller is very suitable for use as a stand-alone BLDC motor controller development board.
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Cost of custom FOC controller bill of materials (BOM)
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| Total Cost ($USD) b 75.061
Total Cost (Mass $ 24601
Production){$U5D)
Total Boards 1
Part Quantity Value Description PackageReference PartNumber Manufacturer [Digi-Key PN Cost/1 ($U5D) | Bulk Cost/1{$USD) | Cost{$USD) =B&*18t Bulk($U5D) =H Notes
C20,C21 2 220uF CAP, AL, 220uF, 50V, +/-20%, 0.3 ohm, SMD SMT Radial G EEE-FC1HZ21P Panasonic PCE4AMMBCT-ND ] 1.050 | § 0318 | § 2100 | 5 0.64
C11 1 47uF CAP, AL 47uF 25V, +/-20%, 0.35 ohm, SMD SMT Radial D EEE-FK1E470OP Panasonic PCE3204CT-ND ] 0.550 | 5 01159 | 5 0.560 | 3 0.12
C14 1 0.015uF CAP, CERM, 0.015uF, 50V, +-10%, X7R, 0603 0503 GRM188R71H153KAD1 |MuRata 480-1514-1-ND: 5 0100 | 3 0012 | 3 0100 | 3 0.01
Cc24 1 0.01uF CAP, CERNM, 0.01uF, 100V, +-10%, X7R, 0803 0503 C1808XTR2ZA103K TOK 445-1304-1-ND ] 0100 | 5 0.2 | 3% 0100 | 3 0.01
C3 1 0.022uF CAP, CERM, 0.022uF, 50V, +-10%, X7R, 0603 0503 C1B08XTRIH223K TDK 445-1312-1-ND 5 0100 | 3 0.045 | 3 0100 | 3 0.05
C2,C8 C22 3 0.1uF CAP, CERNM, 0.1uF, 100V, +-10%, X7R, 0803 0503 GRM188RT2A104KA35 |MuRata 450-3235-1-ND ] 0.200 | % 0.047 | 5 0.500 | 3 0.14
C23, C34, C35, C36, C37 4 0.1uF CAP, CERM, 0.1uF, 16V, +-5%, X7R, 0603 0503 COS03C104J4RACTU  |Kemst 288-1087-1-ND 5 0110 | 8 0.016 | 3 0440 | 5 0.06
‘ C12,C19 2 0.1uF CAP, CERM, 0.1uF, 25V, +-10%, X7R, 0803 0503 C1808XTR1E104K TOK 445-1318-1-ND ] 0100 | 5 0.005 | % 0.200 | 5 0.01
C5, C6, C7, C10 4 0.1uF CAP, CERM, 0.1uF, 50V, +-10%, X7R, 0603 0503 CAB08XTRIH104K TDK 445-1314-1-ND 5 0100 | 3 0.008 | 3 0400 | 5 0.03
C31,C32,C33 3 1000pF CAP, CERM, 1000pF, 50V, +/-5%, COG/NPO, 0803 0503 CO803C102)5GAL Kemet 3558-3293-1-ND ] 0100 | 5 0.011 | % 0.300 | 8 0.03
C15 1 120pF CAP, CERM, 120pF, 50V, +/-5%, COG/NPD, 0603 0503 GRM1885C1H121JA01 |MuRata 450-1425-1-ND 5 0100 | 5 0.019 | 5 0100 | 5 0.02
C13 1 1uF CAP, CERM, 1uF, 25V +/-10%, X5R, 0503 0503 C1608X5SR1E105K080A | TDK 445 5145-1-ND 3 0130 | 8 0.019 | 8 0130 | 8 0.02
C16, C17 2 1uF CAP, CERM, 1uF, 25V, +/-10%, X5R, 0803 0503 GRM188RS1E105KA12 |MuRata 450-3397-1-ND 5 0120 | 5 0.082 | % 0.240 | 3 0.16
C1,C8,C28,C29, C30 5 2.2uF CAP CERM, 2 2uF 100V, +-10%, X7R, 1210 1210 GRM3I2ER7T2A225KA3S |MuRata 3385-1-ND 3 1260 | 8 0522 | % 6300 | 8 261
C38 1 2.2uF CAP, CERM, 2.2uF, 10V, +-20%, X5R, 0603 0503 COS03CZ25MEPACTU  |Kemet 4512-1-ND 5 0.390 | 3 0.083 | 3 0.390 | 3 0.08
C4 1 2.2uF CAP CERM, 2 2uF, 25V, +-10%, X5R, 0805 0805 GRM219R51E225KA12 |MuRata 1701-1-HD 3 0.340 | & 0104 | & 0.340 | 8 0.10
C25,C26, C27 3 Z200pF CAP, CERM, 2200pF, 18V, +/-10%, X7R, 0503 0503 GRM18ERT1CZ22KADT |MuRata 5 0.297 | 3 0.008 | 3 0.891 | 3 0.02 [0 Available.... Al-=
o NA - Mouser: 81-GRM188R] Metcar nuimhar 84
C138 1 §200pF CAP, CERM, 5800pF, 50V, +/-10%, X7R, 0803 0503 GRM18ERT1HEE82KADT |MuRata 450-1508-1-ND ] 0100 | 5 0.010 | 5 0100 | 3 0.01
D3 1 100V Diode, Schottky, 100V, 2A, SMB SMB CDBB2100-G Comchip Technolog|841-1108-1-ND ] 0.510 | § 0163 | § 0.510 | & 0.16
uz 1 NUP4201MRE IC, 500w Sv, Transient Voltage Suppressors 30T NUP4201 MRS On Semi NUP4Z201MRET1GOSCT-ND| 5 0670 | 5 0214 | 5 0670 | 5 0.21
U1 1 DRVS30MDCA IC, 3 Phase Pre-Driver with Dual Current Shunt Amplifiers and DRWE301DCA Texas Instruments 5 5480 | 5 2813 | % 5480 | 5 231
Buck Regulator-Hardware Controlled 286-78433-1-ND
U3 1 OPAZ3T4AIDCHx |IC, CMOS, R-R VD Op Amp, Single Supply, 8.5MHz, S85u& SSO0P-8 OPAZ3T4AIDCN Tl 2598-18504-1-ND 5 2280 | % 1.420 | % 2280 | % 1.42
L1 1 33uH INDUCTOR SHIELD PWR 33UH SMD 0.300" =g DR74-330-R Cooper Bussmann 513-1141-1-ND 3 1.400 | 5 0.550 | 8 1.400 | 8 0.56
LED 4,5 2 GREEN LED THIN 585NM GRN DIFF 0805 SMD SML-LXTOS0SGW-TR  |Lumex Opto/Componer| 5 0470 | 5 0.070 | 5 0.940 | 3 0.14
LED 1 1 YWELLOW LED THIN 585NM YEL DIFF 0805 SMD SML-LXTO80SYW-TR  |Lumex Opto/Componer| & 3 0430 | 5 0054 | 5 0430 | 8 0.06
LED 2 1 RED LED THINSSONK SUPRED DIFFO805SMD SML-LXTOS0SSRW-TR |Lumex Opto/Componer| & 5 0.410 | 5 0.050 | 3 0.410 | 5 0.06
a1, G2 2 P_CH MOSFET P-CH 8V 5.4A S50T23-3 S1232505-T1-E3 Vishey Siliconix SI232505-T1-E3CT-ND 3 1.200 | 8 0443 | 5 2400 | % 0.89
Q3, 4, Q5, Q6, A7, Q8 6 CSD18533Q5A  |MOSFET, N-Chan, 80V, 184, 6.1 mOhm QFN-8 POWER CSD18533Q5A T 20 27-1-ND 5 1810 | % 0709 | 3 10860 | § 4.25
R14, 2 0 RES, 0 ohm, 5%, 0.1W, 0803 0503 CRCW0S030000Z0EA  |Vishay-Dale 3 0074 | 3 o004 | 3 0592 | 3 0.03
R16,R59,R60,R61,R62,RE63, R64 S41-0.0GCT-ND
R34, R35, R36 3 0.01 RES, 0.01 ohm, 1%, 3W, 2512 512 CRA2512-FZ-ROM0ELF |Bourns CRAZ512-FZ-ROMOELFCT-H & 0670 | 3 0237 | 3 2010 | 8 0.71
RE5 1 1.0 RES, 1.0 ohm, 5%, 0.1W, 0603 0503 CRCWOS031RODJNEA  |Vishay-Dale 541-1.0GCT-ND ] 0.074 | 5 0.004 | 5 0.074 | 3 0.00
R44, R45 2 1.00k RES, 1.00k ohm, 1%, 0.1W, 0603 0503 CRCWO0S031KO0FKEA |Vishay-Dale 541-1.00KHCT-ND 5 0.081 | 3% 0.006 | 3 0162 | 3 0.01
RE, R9 2 1.0k RES, 1.0k ohm, 5%, 0.1W, 0503 0503 CRCWOS031KODINEA  |Vishay-Dale 541-1.0KGCT-ND ] 0.074 | 5 0.004 | 5 0143 | 5 0.01
R28, R29, R30, R31, R32, R33 5 10 RES, 10 ohm, 5%, 0.1W, 0603 0503 CRCWO0S0310R0JNEA  |Vishay-Dale 541-10GCT-ND 5 0074 | 35 0004 | 3 0370 | 3 0.02
R&, R43, R46, R45 4 10.0k RES, 10.0k ohm, 0.1%, 0.1W, 0503 0503 RG1808P-103-B-T5 Susumu Co Ltd BG16P10.0KBCT-ND ] 0.530 | % 0.057 | 5 2120 | 5 0.23
R2, R3, R10, R47 4 10k RES, 10k ohm, 5%, 0.1W, 0503 0503 CRCWO0S0310K0JNEA  |Vishay-Dale S41-10KGCT-ND 5 0074 | 35 0004 | 3 0296 | 3 0.02
R12 1 16.2k RES, 16.2k ahm, 1%, 0.1W, 0603 0603 CRCWO0S0316K2FKEA  |Vishay-Dale 541-16.2KHCT-NDY -] 0081 |35 0008 | 5 0081 |35 0.01
R11 1 205k RES, 205k ohm, 1%, 0.1W, 0603 0503 CRCW0S03205KFKEA |Vishay-Dale S541-20SKHCT-ND 5 0.081 | % 0.006 | 3 0.081 | % 0.01
R21 1 3 RES, 3.3 ohm, 5%, 0.25W 1206 1206 CRCW12063R30JNEA  |Vishay-Dale 541-3.3UACT-ND 3 0.380 | 8 0054 | 5 0.380 | 8 0.05
R7 1 31.6k RES, 31.6k ohm, 1%, 0.1W, 0803 0503 CRCW0S0331KEFKEA  |Vishay-Dale 541-31.6KHCT-ND 5 0.081 | % 0.006 | 3 0.081 | % 0.01
R1, R4, R24 3 30 RES, 330 ohm, 5%, 0.1W, 0603 0503 CRCWOS03330RINEA  |Vishay-Dale 541-330GCT-ND 3 0074 | 5 0004 | 5 0222 % 0.01
R20, R37, R39, R41 4 34.8k RES, 34.8k ohm, 1%, 0.1W, 0803 0503 CRCWOS0334KEFKEA |Vishay-Dale 541-34 SKHCT-ND 5 0.081 | % 0.006 | 3 0.324 | § 0.02
R22, R23, R358, R40, R42 5 499k RES, 4.99k ohm, 1%, 0.1W, 0603 0503 CRCWOS034KSSFKEA |Vishay-Dale 541-4 98KHCT-ND 3 0081 | % 0.006 | 8 0405 | 3% 0.03
R25, R26, R27 3 56 RES, 55 ohm, 5%, 0.1W, 0603 0503 CRCWO0S0356R0JNEA  |Vishay-Dale 41 CT-ND 5 0.074 | 5 0.004 | 3 0222 | % 0.01
L2 1 220R FERRITE BEAD 220 OHW 0402 0402 BEP100SHS221-T Taiyo Yuden S87-2088-1-ND 3 0100 | 8 0015 | 8 0100 | 8 0.01
L3 1 80R FERRITE CHIP 60 OHM 1.54 0402 n402 MPZ10055800C TDK Corporation 445-2830-1-ND 5 0100 | 3 0.021 | % 0100 | 3 0.02
C39,C40,C41, C42, C43 5 5 CAP CER 2 2UF 8.3V 20% X5R 0402 n402 JMK105BIZZSMV-F Taiyo Yuden £a7_1453-1-ND 3 n.200 |3 0043 | 3 1.000 | 3 0.24
R49 1 2.2k RES 2.2K OHM 1/10W 5% 0402 SMD 0402 ERJ-2GEJ222K Panasonic - ECG P2.2KICT-ND ] 0100 | 5 0.002 | 3% 0100 | 3 0.00
R51 1 22K RES 22K OHM 1/10W 5% 0603 SMD 0503 ERJ-3GEYJ 222V Panasonic - ECG P2 2KGCT-ND 3 0100 | 8 0002 | % 0100 | 8 0.00
R53 1 47K RES 4.7TK OHM 1/10W 5% 0603 SMD 0503 ERJ-3GEY 472V Panasonic - ECG P4.THGCT-ND ] 0100 | 5 0.002 | 3% 0100 | 3 0.00
R54 1 47K RES 4. 7K OHM 1/10W 5% 0603 SMD 0503 ERJ-3GEY 472V Panasonic - ECG P4 7KGCT-ND 3 0100 | 8 0002 | % 0100 | 8 0.00
R55,R56 2 10K RES, 10k ohm, 5%, 0.1W, 0503 0503 CRCWO0S0310K0JNEA | Vishay-Dale S41-10KGCT-ND 5 0.074 | 5 0.004 | 5 0143 | 5 0.01
R57,R58 2 220R RES, 220 OHM, 0.25W 5% 0603 SMD [0603 CRCWO0E03220RJNEAHA Vishay-Dale S41-2205ADKR-ND ] 0202 | 8 0032 | § 0.404 | § 0.06
u4 1 IC MCU 32BIT InstaSPIM Enabled C2000 MCU 43LOFP THMS320FZ8027FPTT  Texas Instruments 205-365409-ND 5 10,450 | 5 5347 | & 10,490 | § 5.35 |MUST BE F28027F
PCB 1 Printed Circuir Board NA NA OSHPARK NA 3 15100 | 3 3.010 | 8 15100 | B 3.01
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Appendix III

Custom FOC Controller Source Code

Note, the code provided below only constitutes the header or c files that were altered in some way

for this project. InstaSPIN™ requires many more header and c files, including;

adc.c/.h
clarke.c/.h
clk.c/.h
CodeStartBranch.asm
cpu.c/.h
ctrl.c/.h
filter_fo.c/.h
flash.c/.h
pll.c/h
pwm.c/.h
svgen.c/.h
traj.c/.h

wdog.c/.h

These files can be obtained freely from Texas Instrument’s MotorWare™ 11 found at:

http://www.ti.com/tool/motorware

Patrick Fisher
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memCopy.c/.h

usDelay.c/.h
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SPRT703

93


http://www.ti.com/tool/motorware

IMPORTANT NOTICE

Texas Instruments Incorporated and its subsidiaries (TI) reserve the right to make corrections, enhancements, improvements and other
changes to its semiconductor products and services per JESD46, latest issue, and to discontinue any product or service per JESDA48, latest
issue. Buyers should obtain the latest relevant information before placing orders and should verify that such information is current and
complete. All semiconductor products (also referred to herein as “components”) are sold subject to TI's terms and conditions of sale
supplied at the time of order acknowledgment.

TI warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques are used to the extent Tl deems necessary
to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not necessarily
performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

TI does not warrant or represent that any license, either express or implied, is granted under any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI components or services are used. Information
published by TI regarding third-party products or services does not constitute a license to use such products or services or a warranty or
endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual property of the
third party, or a license from Tl under the patents or other intellectual property of TI.

Reproduction of significant portions of Tl information in Tl data books or data sheets is permissible only if reproduction is without alteration
and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for such altered
documentation. Information of third parties may be subject to additional restrictions.

Resale of TI components or services with statements different from or beyond the parameters stated by TI for that component or service
voids all express and any implied warranties for the associated TI component or service and is an unfair and deceptive business practice.
Tl is not responsible or liable for any such statements.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards which
anticipate dangerous consequences of failures, monitor failures and their consequences, lessen the likelihood of failures that might cause
harm and take appropriate remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use
of any Tl components in safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Ill (or similar life-critical medical equipment) unless authorized officers of the parties
have executed a special agreement specifically governing such use.

Only those Tl components which Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components
which have not been so designated is solely at the Buyer's risk, and that Buyer is solely responsible for compliance with all legal and
regulatory requirements in connection with such use.

TI has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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