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Abstract

Efficient control of Permanent Magnet Synchronous Motors (PMSMs) is central for
a wide range of applications, where Field-Oriented Control (FOC) is a commonly
used control method. In embedded systems where computational resources are con-
strained, implementing reliable and efficient FOC can be challenging. Particularly
when higher-priority tasks occupy the CPU, thereby interfering with the motor con-
trol. Ensuring smooth rotation and constant torque production is crucial regardless
if the CPU is available for computing new motor control signals or not.

This thesis proposes and explores an FOC-based strategy to ensure efficient con-
trol of PMSMs within CPU-constrained applications, focusing on robust interrupt
handling to maintain motor performance during various operating conditions. The
strategy involves pre-computing future control signals and storing them in memory
so that, if closed-loop control is interrupted, the CPU peripherals can switch to
open-loop control and output the pre-computed signals. The implemented strategy
proved successful at maintaining the angular velocity during interrupts using open-
loop control, regardless of when they occur and their longevity. During interrupts,
the produced torque fluctuates and the power consumption increases, but stability
is maintained as long as the operating conditions remain unchanged.

Keywords: Permanent Magnet Synchronous Motor (PMSM), Field-Oriented Control
(FOC), Interrupt handling
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1

Introduction

Efficient control of Permanent Magnet Synchronous Motors (PMSMs) is central
for a wide range of applications, where Field-Oriented Control (FOC) is a com-
monly used control method. In embedded systems where computational resources
are constrained, implementing reliable and efficient FOC can be challenging. Par-
ticularly when higher-priority tasks occupy the CPU, thereby interfering with the
motor control. Ensuring smooth rotation and constant torque production is crucial
regardless if the CPU is available for computing new motor control signals or not.
This thesis proposes and explores an FOC-based strategy to ensure efficient con-
trol of PMSMs within CPU-constrained applications, focusing on robust interrupt
handling to maintain motor performance during various operating conditions.

1.1 Background

Brushed DC motors rotate when a voltage is applied to its two poles, utilizing a brush
to transfer power to the motor’s coils. This power transfer results in the creation of
magnetic fields that interact with the motor’s armature, inducing rotational motion.
Control of brushed DC motors is rather simple, but the brushes wear out over
time and the efficiency is lower compared to a PMSM. In PMSMs, the mechanical
commutation function is replaced by electronic control of the stator coils to make
the motor rotate, i.e. precise control of the stator coils” magnetic fields. As long
as the coils are excited with precise timing and correct permutation, the motor will
move smoothly and with high motor efficiency. FOC is a common and efficient
PMSM control technique and has been proven to work efficiently in systems where
the control is executed on a dedicated CPU. In various embedded systems, however,
it is of interest to utilize a single processor for numerous regularly occurring tasks.
This means that the execution of PMSM control could potentially be interrupted at
any time and for varying periods, resulting in undesirable and possibly dangerous
behavior.

1.2 Problem definition

The primary focus of this research is to develop and implement a robust interrupt-
handling mechanism to complement the FOC algorithm for PMSMs. The goal is to
ensure that the motor continues to rotate at the expected velocity with the same
torque when the CPU is intermittently occupied by higher-priority tasks. This in-
volves smart configuration of the CPU’s peripherals and preparing specific buffers
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in RAM with appropriate control signals for when the CPU cannot actively update
them.

Addressing this problem is important for several reasons. First, maintaining con-
sistent motor performance despite CPU interruptions is essential for applications
requiring reliability on low-cost systems, where maximizing the utilization of the
processor is desired. Second, the ability to handle interrupts effectively can signif-
icantly enhance the robustness and flexibility of embedded systems, allowing them
to perform multiple tasks concurrently without compromising the performance of
critical functions like motor control too much.

This research fills a gap in current knowledge by providing a solution to the challenge
of maintaining motor control in the presence of CPU interrupts. The performance
of the implemented solution will be evaluated in terms of how well the motor is
able to track the velocity reference and the variations in produced torque in varying
operating conditions. The operating conditions include acceleration, deceleration,
and constant velocity, with interrupts of varying lengths and frequencies.

1.3 Scope and delimitations

The scope of this thesis can be split into two main parts, the first being an FOC
implementation on the hardware described in chapter 3. The second part is an eval-
uation of the effects of CPU interrupts, and the development and implementation
of a strategy to mitigate the effects of said interrupts. The implementation will be
a modification of the control algorithm from the first part, such that the output to
the motor will be that of the FOC algorithm when the CPU is available and that of
the custom-made strategy when it is not.

The research is limited to the following delimitations:

e Control Method: This thesis focuses exclusively on the implementation of
FOC. No other control methods will be examined.

e Sensor Usage: Only sensored FOC will be considered; sensorless FOC is
outside the scope of this research.

o Cascaded Control: A velocity controller will be implemented as an outer
control loop for FOC. It is possible to also add position control, however this
is not included in the thesis.

« Controllers: The implementation will utilize only Proportional-Integral (PI)
controllers. Other types of controllers will not be explored.

e Interrupt Handling Strategy: Only one strategy for handling CPU inter-
rupts will be developed and evaluated.

o Constant Velocity: The focus will be on maintaining a constant velocity.
The strategy will not address handling transients differently.

e Hardware: No new electronic circuits will be designed or produced. The
project will rely solely on commercially available hardware.
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Theory

This chapter explains how PMSMs are constructed and how they can be controlled
using six-step commutation and FOC. The mathematical model of a three-phase
PMSM is presented along with the transformed mathematical model in the rotat-
ing dg- reference frame in section 2.1, and the control techniques are presented in
section 2.3-2.4. The theory behind the reference frames and transforms used for the
transformation of the mathematical model, which is utilized in FOC, is presented in
section 2.2. Information regarding the phase currents, rotor angle, and angular ve-
locity is crucial for FOC, and methods of acquiring this information are explained in
detail in section 2.5-2.6. In order to apply the appropriate phase voltages and trans-
form DC power to AC power, pulse-width modulation (PWM) and a three-phase
inverter are utilized as explained in section 2.7-2.8.

2.1 Permanent Magnet Synchronous Motor

PMSMs are a type of brushless DC motor consisting of a stator and a rotor as il-
lustrated in figure 2.1. The rotor consists of an axle with permanent magnets, and
the stator consists of the outer frame and a core with copper windings. PMSMs
typically have a three-phase winding, which is referred to in this thesis as phases
A, B, and C. By supplying current to the phase windings, a stator magnetic field is
created. The principle of operation of PMSMs is based on the interaction between
the stator magnetic field and the rotor magnetic field. According to Ampere’s cir-
cuital law, this interaction creates torque, forcing the rotor to rotate in the desired
manner with proper control of the stator magnetic field.
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Stator

Figure 2.1: Basic structure of a PMSM

Figure 2.2 shows the physics of a rotating motor. The relation between the electro-
magnetic torque, load torque, inertia, angular velocity, and friction of the motor is
given by

d
Te = TL + J%wm + kfwm (21)

where T, is the electromagnetic torque, T7, is the load torque, J is the inertia, w,, is
the mechanical angular velocity, and £y is the friction constant.

\ .
/ 7

Figure 2.2: Physics of a rotating motor

The mechanical angle of the rotor, 6,,, is defined as positive in the counterclockwise
direction, as seen in figure 2.1. The motor in the figure has a single pole pair, but it is
common for PMSMs to have more pole pairs depending on the application since the
number of poles affects the speed and torque characteristics. The electrical angle,
0., and electrical angular velocity, w,, of the rotor are given by

4
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O = Npplm (2.2)

2
We = NyppWm (2.3

where n,, is the number of pole pairs and w,, is the mechanical angular velocity.

2.1.1 Mathematical model

A mathematical model of a PMSM is essential for understanding their dynamic
behavior and for designing optimal control strategies. A PMSM can be seen as a
balanced three-phase system [2], and the electrical dynamics in a stationary three-
phase reference frame is described by

d
‘/sabc - Rsisabc + %d)sabc (24)

where V.. are the stator phase voltages, R, is the stator winding resistance, 2gup.
are the stator phase currents and ), are the stator fluxes. The stator fluxes are,
in turn, given by
cos(6.)
’(;bsabc = Lgtsap + wr COS(@E - 27T/3) (2’5)
cos(. +2m/3)

where L, is the stator inductance matrix and 1, is the flux generated by the rotor’s
permanent magnets.

Equation (2.4) can now be rewritten as

d cos(0,)
‘/sabc = Rsisabc + % Lssisabc + % 605(96 - 277—/3) (26)
cos(0. +27/3)

2.1.2 Transformed mathematical model

The equations in 2.1.1 describe the motor dynamics in a stationary three-phase ref-
erence frame, the so-called abc-frame. It is, however, common practice to transform
PMSM models into other reference frames, namely the a- and dg-frames, to sim-
plify the analysis and control of PMSMs. The af-frame is a stationary two-phase
reference frame and the dg-frame is a rotating two-phase reference frame. The two
transforms combined separate the dynamics related to torque production and flux
generation from each other, which makes the analysis and control of PMSMs more
intuitive.

A transformed mathematical model of the PMSM is derived using the equations in
section 2.1.1 as well as the Clarke and Park transforms presented in section 2.2 [2].
The motor’s stator voltages in the dg-frame (V; and V) can be formulated as
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di |

Vi = Ryig + Ldﬁ — weLyig (2.7)
di .

V:] - Rsiq + Lq% + UJ@(LdZd + ¢R> (28)

where Ly and L, are the stator d- and g-axis inductances respectively and i4 and
i, are the d- and ¢-axis currents respectively [3]. For surface mount PMSMs, it is
assumed that L; = L,.

The electrical torque produced by the motor is given by

3n , .y
T, = = (rig + (La = Lyiaiy) (2.9)

2.2 Reference Frames and Transforms

This section presents the Clarke and Park transforms, which are used to transform
the three phase currents and voltages from the stationary abc-reference frame to the
rotating dg-reference frame.

2.2.1 Clarke Transform
The Clarke transform converts stationary three-phase quantities into stationary two-

phase orthogonal quantities, going from the abc-frame to the af-frame according to

o1 —1/2 —1/2
fas =31 V3/2 —3/2 Jabe (2.10)

where f is a quantity such as current or voltage. There exist two versions of the
Clarke transform, power invariant and amplitude invariant, and (2.10) presents the
amplitude-invariant version.

Figure 2.3 illustrates the af-frame with respect to the abc-frame.

6
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120 °

(o

Figure 2.3: af-frame with respect to the abc-frame

The transform results in two components that represent the projections of the three-
phase quantities onto an orthogonal two-axis frame, as illustrated in figure 2.3.

As stated in section 2.1.1, an assumption that can be made when analyzing three-
phase motors is that they are balanced three-phase systems. The zero sequence
component is always zero because the currents flowing through each phase are bal-
anced and symmetrical. The currents in AC motors can therefore be represented
as

lg + i + 1. =0 (2.11)

Using the fact that only two currents are required in order to calculate the third,
the Clarke transform can be further simplified as

1 0 0
fap = L/\/g 2/\/3 0] fabe (2.12)

The inverse Clarke transform converts the aS-quantities back into the original three-
phase quantities as
3 2/3 0
Sabe = 5 —1/3 \/5/3 Sfop (2.13)
-1/3 —/3/3

2.2.2 Park Transform

The transform from the af-frame to the rotating direct-quadrature reference frame
(dg-frame) is known as the Park transform. The Park transform converts station-
ary and orthogonal two-phase quantities into rotating and orthogonal two-phase
quantities, transforming the af-frame to the dg-frame, given by
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| cos(0)  sin(6)
Fag = [—sm(Q) 003(0)] Fos (2.14)

where « is a quantity such as current or voltage and 6 is the angle between the a-axis
and the d-axis. The inverse Park transform, used for the dg to af transformation,
is given by

cos(f) —sin(0)

fas = me) cos(6) ] Faq (2.15)

It should be noted that (2.14) and (2.15) holds for the case when the d-axis is aligned
with the a-axis, and that the equations differ if the g-axis is aligned with the a-axis
instead. A visualization of the Park transform is shown in figure 2.4.

Figure 2.4: dg-frame with respect to the afg-frame

Maximum torque is produced when the rotor and stator magnetic fields are orthog-
onal, i.e. when the stator magnetic field leads the rotor magnetic field by 90°. By
aligning the d-axis with a rotor magnetic north pole, rotating the reference frame
based on the rotor angle 6,,, and letting the g-axis lead the d-axis by 90°, maximum
produced torque can be achieved by applying phase voltages that drive the d-current
towards 0 while maximizing the magnitude of the g-current.

The results of applying both the Clarke and Park transforms are shown in figure
2.5, where it is shown how the phase currents are transformed to the stationary
af-frame using the Clarke transform, and subsequently to the rotating dg-frame
using the Park transform.

8
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Figure 2.5: ABC-frame to af-frame to dg-frame

2.3 Six-step Commutation

A simple and inexpensive method of controlling the angular velocity of the motor
is to use what is known as six-step commutation, or trapezoidal control [4]. The
main idea behind the six-step commutation is to excite the coils in a predetermined
order, based on the position of the rotor, to make the rotor rotate in the desired
direction. A common approach to acquiring the position of the rotor is to use three
Hall-effect sensors, placed with 120° offset from each other. Each Hall-effect sensor
will produce a low or a high signal, detecting if it is near a south or north pole, i.e.
the rotor poles. Assuming that the Hall-effect sensors are perfectly calibrated, there
are six combinations of outputs from the sensors, since the output is binary. Using
a PMSM with one pole pair, the output from the Hall-effect sensors for a full rotor
rotation is shown in figure 2.6, assuming that the sensors are placed in alignment
with the phases and that the north pole of the rotor is aligned with Hall-effect sensor
A at angle 0°.
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Figure 2.6: Hall-effect sensor output for a full rotor rotation for a PMSM with one
pole pair

Using the output from the Hall-effect sensors, the stator windings are excited in
a way that forces the rotor in the desired direction, where an example is shown
in figure 2.7. In this example, the coils are excited based on the rotor position to
generate counter-clockwise torque. By commutating the electric field based on the
output from the Hall-effect sensors continuously and by controlling the current flow-
ing through the coils, it is possible to control rotor speed and torque.

The main drawback of using Hall-effect sensors is that the angular estimation is
not precise since the output from the Hall-effect sensors is identical in 60° intervals,
as shown in figure 2.6. If the stator magnetic field is updated in 60° increments,
the stator magnetic field will lead the rotor magnetic field by a range between 60-
120°. As stated in section 2.2.2, maximum torque is generated when the stator
magnetic field leads the rotor magnetic field by 90°. Since the angle between the
two magnetic fields varies using six-step commutation, the produced torque will
also vary as shown in figure 2.8. This is known as torque ripples and it also causes
undesired variations in angular velocity and increased audible noise [5]. Thus, other
control strategies are needed in applications requiring low noise levels and more
constant torque production.
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Figure 2.7: Example of how the coils can be excited to generate counter-clockwise

torque
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Six-step control

Produced torque

0 100 200 300 400 500 600 700 800
Be[°]

Figure 2.8: Produced torque using ideal control compared to six-step commutation
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2.4 Field-Oriented Control

Field-oriented control is a method of rotating a PMSM by controlling the stator
magnetic field such that it constantly leads the rotor magnetic field by 90° in the
direction of desired rotation. FOC is thus similar to six-step commutation in terms
of the working principle, with the key difference that the stator magnetic field is
controlled with higher resolution using FOC compared to six-step commutation.
The main purpose of FOC is to reduce the torque ripples shown in figure 2.8, thus
increasing efficiency, decreasing audible noise, and rotating the rotor more smoothly.

The commutation waveforms, or in other words, the phase current input to the three
phases for the two control strategies are shown in figure 2.9. One key difference,
that can be seen in the figure, is that the coils of all three phases are energized
simultaneously and with varying amplitudes when using sinusoidal commutation.
This is what enables full control of the stator magnetic field, and using FOC it is
possible to ensure that the stator magnetic field leads the rotor magnetic field by
90° at all times. Using FOC, the produced torque corresponds to what is shown in
figure 2.8 in the ideal case.
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Figure 2.9: Commutation waveforms for six-step commutation and FOC

2.4.1 System overview

An overview of the control loop used in FOC is shown in figure 2.10. As can be seen,
two references need to be set as input to the control loop, namely the d- and g-axis
currents. They are compared to the measured values to compute the errors which is
the input to the two separate current controllers. The output from the controllers
is the d- and g¢-axis voltages that should be applied to minimize the errors. These
are converted to the phase voltages V4, Vg, and Vi, using the inverse Park and
Clarke transforms, described in section 2.2.1 and 2.2.2 respectively. The computed

12
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phase voltages are input to the three-phase inverter, which transforms DC power
into three-phase AC power, further explained in section 2.8. Information regarding
the phase currents and the position of the rotor is continuously acquired, which is
utilized to compute both the d- and ¢-axis currents and the inverse Park transform.
Figure 2.10 shows the working principle of current control in all FOC algorithms,
even though there are a lot of variations to it in terms of how to estimate position,
the waveforms of the applied phase voltages, how to estimate or measure the phase
currents, etc.
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—
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i ire f_ 0 ¢ d Controllers Vd‘ Park Transform Ve R Inverter
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Position Feedback
Electrical w
m Decoder
Position -

Figure 2.10: Overview of the current control loop used in FOC

Instead of setting the reference values for the d- and g-axis currents manually, a
common approach is to implement cascaded control to control properties such as
electromagnetic torque, rotor speed and position [6]. For the use case proposed in
this thesis, it is mostly of interest to control the rotor velocity. Thus, an additional
controller is needed to achieve this, and the system overview for this type of ar-
chitecture is shown in figure 2.11. As can be seen in the figure, the input to the
system is a velocity reference, w’¢/, i.e. the desired angular velocity of the rotor.
The output from the velocity controller is the g-axis current reference value, which
is the input to the current control loop shown in figure 2.10.
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Figure 2.11: Overview of a cascaded FOC architecture

The main drawback of FOC compared to six-step commutation is that it requires a
more complex control algorithm and often more expensive sensors than three Hall-
effect sensors. This is because continuously updating the stator magnetic field in the
previously described manner requires more involved computations, more frequent
updates of the magnetic field, and more accurate information regarding the position
of the rotor.

2.4.2 Stator voltage decoupling

As shown in (2.7) and (2.8), the stator voltage V, depends on i, and the stator
voltage V,, depends on 74, meaning that the stator voltages are cross-coupled. To
achieve precise and independent control of the torque and flux, enabling efficient and
smooth motor operation, the cross-coupling effects should be minimized [7]. This
can be conducted by separating the components of V; and V, into the output from
the current controllers and the decoupled terms [8] as:

Va=Vi" + Vg (2.16)
V, = vqout + Ve (2.17)
where
Vdd = Rsid — weLqiq (218)
V:]d = Rsiq + weLdid + gbrwe (219)
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This is what is computed in the decoupling block shown in figure 2.10, and the
results of using the decoupling methodology compared to not using decoupling is
presented in appendix A.

2.5 Current measurement

One of the essential parts of FOC is measuring the phase currents in order to con-
trol them. Current sensing is typically conducted by connecting a shunt resistor in
series with the current-conducting path and measuring the voltage drop across the
resistor since it is proportional to the current flow according to Ohm’s law. This
approach is cheap and simple but also introduces a power loss, which increases with
the square of the current. This may restrict the use of shunt resistors in high current
applications [9].

The three standard types of current sensing are in-line current sensing, low-side
current sensing, and high-side current sensing [10]. In-line current sensing is easy to
use and precise, as the shunt resistors are placed in-line with the motor phases. This
placement means that the current can be sampled at any time, regardless of the state
of the three-phase inverter, and still gives accurate phase current readings [11]. The
downside of this technique is hardware-related, as it requires high-precision bidirec-
tional amplifiers with good PWM rejection to reduce the effects of noise. Thus, a
more commonly used technique is low-side current sensing, where the shunt resistors
are placed between the low-side transistors and ground, ensuring low voltages on
the amplifiers at all times. High-side current sensing is similar to low-side current
sensing, but with the shunt resistors placed between the DC voltage source and
the high-side transistors instead, which means that this technique requires high-
voltage supporting amplifiers. Furthermore, when using low-side current sensing,
the current passing through a shunt resistor is phase current only if the correspond-
ing low-side transistor is on. Similarly, when using high-side current sensing, the
current passing through a shunt resistor is phase current only if the corresponding
high-side transistor is on. The benefits and drawbacks of the three techniques are
summarized in table 2.1, [12] and [13].
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Table 2.1: Main benefits and drawbacks of current sensing techniques

Technique | Benefits Drawbacks

Requires synchronization between PWM

Inexpensive
and current measurement

Low-side

ple cireuit .
Simple circuitry Can cause ground loop issues

Requires synchronization between PWM

d t t
High-side No ground loop issues and current measuremen

Requires high-voltage supporting amplifiers

Requires high-precision bidirectional
Current can be amplifiers with adequate PWM rejection

In-line sampled at any time

Expensive

All three phase currents must be known for the FOC algorithm to work, but that
does not necessarily mean that all three currents have to be measured. Assuming
that the system is balanced and that the currents are measured simultaneously,
Kirchoff’s 1%* law can be used to calculate one of the phase currents by measuring
the two others, given by

iatiptic=0=1ic=—14 —ip (220)

It is worth noting that there are ways to estimate all three phase currents based on
measuring a single current [14], but such approaches will not be examined further
in this thesis.

2.6 Angular measurement

For FOC to work adequately, accurate information regarding the rotor’s position is
needed as described in section 2.4. This information is typically acquired using one
of two main sensor techniques; optical encoders or magnetic encoders. An optical
encoder consists of a code disk with two or three tracks, with a light source on one
side of the disk, and one receiver per channel on the other side. An illustration of
such a disk is shown in figure 2.12, where the gray depicts the disk and the white
parts represent the slots in the disk that allow the light to pass through from the
source to the receivers. There are an equal number of slots in channels A and B,
evenly spaced around the disk with a 90° phase shift with respect to each other,
ensuring that one of the channels always leads the other. Depending on which
channel leads the other, it is possible to detect not just the incremental changes,
but also the direction of rotation. The third channel, I, is optional and has a single
slot and can be used to count the amount of full rotations. When the disk is moving
at constant velocity, the waveforms of the output are square waves meaning that
the A and B outputs are quadrature-encoded, and such encoders are therefore often
referred to as quadrature encoders. The disk is mounted on the axle of the motor,
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and a section of the output from the quadrature encoder when rotating the axle
counterclockwise is shown in figure 2.13. The number of slots on the primary and
secondary channels, i.e. A and B, is called pulses per revolution (PPR), which
determines the accuracy of the angular measurement. Registering both rising and
falling edges on both channels as shown in figure 2.14 and keeping track of the total
pulse count, P count, the angle is given by

o Ptot,count - 360

Om = 4-PPR (2.21)
with a measurement accuracy of
360
=4+ 2.22
Om.ace 4-PPR ( )

Figure 2.12: Code disk of a quadrature encoder with three tracks. Adapted from

[1].
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Figure 2.13: Quadrature encoder output, counterclockwise rotation.
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Figure 2.14: Quadrature encoder and pulse count incrementation output, coun-
terclockwise rotation.

The main drawbacks of optical encoders include that the code disks are susceptible
to damage and external particles, such as dust, dirt, or moisture since they can
interfere with the light beam from the source to the receiver [15]. A more robust
alternative to optical encoders is magnetic encoders, such as the Hall effect sensors
described in detail in section 2.3, since they aren’t as susceptible to damage and
external particles compared to optical encoders. Magnetic incremental encoders are
implemented by mounting a magnetic disk on the rotor axle instead of the optical
code disk used in quadrature encoders and detecting changes in the magnetic field
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using a Hall latch. By using two Hall latches offset by 90 electrical degrees, it is pos-
sible to measure both rotational speed and direction. By increasing the number of
poles on the magnetic disk, the resolution of the position sensing also increases, but
the generated magnetic flux density decreases. If the magnetic flux is too small, it
won’t affect the output of the Hall latches, meaning that the position can no longer
be measured. Thus, magnetic encoders are unable to provide as high resolutions as
optical encoders.

A third option, which combines high resolution with robustness is capacitive in-
cremental encoders. Capacitive incremental encoders consist of three main com-
ponents, namely a stationary transmitter, a rotor with a sinusoidal pattern, and a
stationary receiver [16]. As the rotor rotates, a high-frequency reference signal is
modulated predictably, and detected by the receiver. The encoder detects changes in
capacitance-reactance and translates them into increments of rotary motion, mim-
icking the output shown in figure 2.14. In summary, capacitive incremental encoders
offer high accuracy and identical output as optical incremental encoders, but with
lower current consumption and high resistance to external particles.

2.7 PWM

The DC voltage source can supply either 0% or 100% of its maximum capacity at
any given time instance. To control the motor efficiently, it is necessary to be able to
output the whole range of voltages between 0-100%. This is achieved by switching
between 0 and 100% at a high frequency, thus controlling the average voltage over
time, as shown in figure 2.15. The figure shows an example with a DC voltage source
and a constant duty cycle of 50%. The duty cycle is given by the period T', and the
time the PWMe-signal is on during that period ¢,,, according to

ton
Duty cycle = T 100% (2.23)

Given that the PWM frequency, %, is sufficiently high, the applied voltage will be
~ Duty cycle - V42, where V., is the maximum capacity of the DC voltage source.
By updating the duty cycles and switching the direction of the current based on the
angle of the rotor, it is possible to accurately apply the desired voltage at each of
the three phases of the motor.

T
—_—
100%

)
g
ﬁ 50% T I Duty Cyc]_e
o
=

t_’ Time —

Figure 2.15: Pulse-width modulation principle, 50% duty cycle
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2.8 Three-phase inverter

The stator magnetic field can be controlled using a three-phase inverter which con-
sists of 6 transistors, as shown in figure 2.16. The three-phase inverter converts DC
power to AC power, providing the required AC voltage and frequency to drive the
motor. Each phase has a low-side transistor and a high-side transistor, respectively.
If a transistor is closed, i.e. if current flows through it, it will be referred to as
“on”. If a transistor is open, i.e. no current flows through it, it will be referred to
as “oft”. This is further illustrated in figure 2.17, where the transistor configuration
is presented in table 2.2. If both transistors of a phase are off, there is no current
passing through the phase from the voltage source. If both transistors of a phase are
on, however, the circuit is shorted. Thus, it must be assured that at least one of the
transistors of a phase is off at all times, typically conducted by introducing a small
delay between switching states. By using PWM to control the rapid switching of
states, it is possible to create the desired phase currents. For example, the sinusoidal
phase currents shown in figure 4.5a can be generated using this technique.

Anicu Buicu Curcn

ISR

A

Arow Brow Crow

G

a4

Figure 2.16: Schematic of three-phase inverter, connected to a DC voltage source
and a PMSM

Table 2.2: Transistor configuration in figure 2.17a

Phase A Phase B Phase C
high-side on | high-side off | high-side off
low-side off | low-side on | low-side on
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(a) Three-phase inverter state (b) Corresponding phase voltage

Figure 2.17: Arbitrary state of the three-phase inverter and the corresponding
phase voltages
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Hardware

This chapter presents the hardware utilized for developing and testing PMSM control
strategies. It is divided into several sections that discuss the individual components
of the entire system and the fully assembled system.

3.1 Microcontroller

The nRF52 development kit (DK) for the nRF52832 SoC by Nordic Semiconductor
[17] was chosen as the system’s development board due to its high versatility and
large array of advanced peripherals.

@ Go—desddsds el ses sl seweaes v

I L

nRF52 DK

Figure 3.1: nRF52 development kit by Nordic Semiconductor

3.2 Motor driver

The X-NUCLEO-IHMO7M1 [18] by STMicroelectronics was employed as an inter-
mediary interface between the nRF52 development kit and the PMSM, facilitating
shunt resistors for current sensing on each motor phase, connections for an incre-
mental encoder as well as a DMOS driver for seamless power delivery. These are
crucial features for PMSM motor control.
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Figure 3.2: X-NUCLEO-IHMO07M1 motor driver board by STMicroelectronics

3.3 Brushless DC motor

An RS Pro Brushless DC Motor [19], a surface mount PMSM, was utilized through-
out the development and testing phases of the firmware.

Figure 3.3: RS Pro Brushless DC Motor (surface mount PMSM)

The parameters presented in table 3.1 are the most relevant parameters from the
motor’s datasheet.

Table 3.1: Motor parameters

Pole Pairs (n,,) 2
Line to Line Resistance (Ry) Q 0.65
Line to Line Inductance (Lg) | mH 2.1
Torque Constant (K7) Nm/A | 0.063

Rotor Inertia (J) gem? | 119

From the parameters presented in table 3.1 it is possible to compute the back-EMF
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constant, K., and the rotor magnetic flux linkage ,1,, according to

Ky

K, 5 (3.1)
2/3K,

Y, = +—— (3.2)
Tpp

3.4 Encoder

The motor shown in section 3.3 has built-in hall effect sensors that could be used
for motor control. These were not utilized, however, since more precise rotor angle
measurements were desired. Instead, the encoder AMT102-V [20] by CUI Devices
was affixed onto the rear section of the motor for precise position feedback. It is a
capacitive incremental encoder and it was set up to output 48 PPR.

Figure 3.4: AMT102-V encoder by CUI Devices

25



3. Hardware

3.5 Assembly

Figure 3.5 shows the entire hardware assembly.

AMT102-V

X-NUCLEO-THMO07M1

nRF52 DK

Figure 3.5: Assembled hardware
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Embedded firmware

This chapter details the implementation of the system depicted in Figure 2.11 on
the nRF52 DK for the nRF52832 SoC [17]. Section 4.1 covers the implementation of
FOC on the system. Section 4.2 discusses the CPU interrupts that interfere with the
motor control, highlighting the potential issues arising from these interrupts. Section
4.3 describes the modifications made to the firmware to manage these interrupts.
Finally, the chapter concludes with an analysis of code execution time.

4.1 Implementation without interrupts

The initial phase of firmware development involved implementing functional FOC
and velocity control on a system with uninterrupted CPU operation. This included
measuring the phase currents, tracking the rotor angle as well as computing and
outputting the correct phase voltages to achieve the desired motor rotation. Figure
4.1 illustrates how the firmware was divided into different modules and the infor-
mation that is exchanged between them. Detailed explanations of each module are
provided in the subsections below.

Trigger sample
SAADC |€------------o--- .
iabc
. Y
Wref Udgref Vabe
——>» Velocity control » Current control > PWM
A A
Wi Gm
A 4
QDEC

Figure 4.1: Map of the firmware modules
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4.1.1 PWM

The PWM module on the nRF52832 facilitates the generation of pulse width mod-
ulated signals. It operates through an up or up-and-down counter system, offering
four PWM channels per instance that can drive assigned GPIO pins. The PWM
module contains a “wave counter”, which is a hardware function responsible for
generating pulses at configured duty cycles based on the compare values and at a
frequency that depends on the counter top value. The PWM module has a fixed
base clock frequency of 16 MHz and thus increments the counter at the same fre-
quency. The counter is automatically reset to zero when the counter top value is
reached in the up counter mode, which results in edge-aligned duty cycles. In the
up-and-down counter mode, however, the counter starts decrementing to zero when
the counter top value is reached, resulting in center-aligned duty cycles. The PWM
frequency is determined by the PWM base clock frequency in combination with the
clock pre-scaler, counter top value and counter mode.

COUNTERTOP

COMPO

COMP1

OUT1

0

Figure 4.2: Counter and two channel outputs for a PWM instance configured for
center-aligned duty cycles

Figure 4.2 illustrates one period of the PWM counter in the up-and-down mode and
two of the four channel outputs. The figure illustrates only two channel outputs for
simplicity, but all four channels were used in the firmware (one PWM channel for
each motor phase and the last channel for triggering current measurements). A ben-
efit of using center-aligned PWM is that it reduces acoustic noise for a given PWM
switching frequency by doubling the effective current ripple frequency, providing the
optimum tradeoff between switching losses and acoustic noise [21].

The required counter top value, Cy,p, for a desired PWM frequency with center-
aligned duty cycles, is computed as

fPWM baseclock
Ct - : (4 ].)
> 2 fPWM,desired
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The PWM frequency was set to 20kHz, corresponding to a counter top value of
400. A PWM frequency of 20 kHz or higher is desirable since it moves the acoustic
frequencies outside of the human hearing range [22].

The needed compare values (COMP) for the desired duty cycles of each phase are
computed as

Ciop Vi > i €[4, B,C] (42)

max “~top

where V4. is the maximum voltage that can be outputted.

4.1.2 QDEC

The nRF52832 features a quadrature decoder (QDEC), a peripheral that samples a
quadrature encoder and decodes transitions automatically and independently from
the CPU. The QDEC has a minimum sample time of 128us, corresponding to a
maximum sample frequency of 7812.5 Hz. This introduces some limitations on the
system. The decoder compares the previous sample to the current sample to deter-
mine if the rotor has rotated or not, the direction it has rotated, or if an invalid
transition has occurred.

The decoding of the samples is described in table 4.1 [17]. As can be seen, if both
encoder pulses change from the previous sample to the next, it results in an invalid
transition. The limitation this introduces is that the rotor is not allowed to rotate at
velocities large enough to introduce such invalid transitions between samples. The
minimum angle between samples for a double transition to occur, 0 min, is given by
(2.22), and the maximum angular velocity while still ensuring valid transitions thus
depends on the PPR. For example, if the quadrature encoder has a resolution of 48
PPR, then O min ~ 1.84°. The maximum angular velocity of the rotor, RPM,,,,,
without risking double transitions is given by

O vt min
RPM, .0z = : 4.3
6.T. (4.3)

where T} is the sample time in seconds of the decoder. With a sample time of 128us,
and a resolution of 48 PPR, the maximum angular velocity of the rotor without
theoretically risking double transitions is approximately 2440 RPM, according to
(4.3). There is, thus, a trade-off between the resolution of the encoder and the
maximum angular velocity of the rotor, dependent on the sample time of the decoder.
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Table 4.1: Decoding of quadrature encoder sample pairs

Previous Current
Sample pair | Sample pair
A B A B

Sample

Description
value

0 | No movement

1 | Movement in positive direction
-1 | Movement in negative direction
2 | Invalid transition
-1 | Movement in negative direction
No movement

Invalid transition

Movement in positive direction
Movement in positive direction
Invalid transition

No movement

Movement in negative direction
Invalid transition

Movement in negative direction
Movement in positive direction
No movement
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The QDEC accumulates both valid and invalid transitions in two registers named
ACC and ACCDBL. These registers are read by the firmware and a total pulse
count (Piot count) is maintained which is linearly proportional to the rotor angle of
the PMSM as

0. — 2m - Ptot,count
™ 4.PPR

The firmware updates the total pulse count (angle) at every sample, i.e., at 7812.5
Hz. To get an angular velocity measurement the firmware utilizes a timer to mea-
sure the time since the last angular velocity update, At [17]. The angular velocity
is updated based on the accumulated transitions since the last update, AP, and
translated to rad/s, according to

(4.4)

AP 2
At 4-PPR
The value of AP is reported every 200 samples of the QDEC, meaning that the
angular velocity is updated at a frequency of approximately 39Hz.

Wm =

(4.5)

4.1.3 SAADC

The nRF52832 features a successive approximation analog-to-digital converter (SAADC),
which enables precise and efficient conversion of analog signals into digital measure-
ments for accurate sensor readings, in this case, current measurements. Successive
approximation is a technique used in analog-to-digital conversion (ADC) where the
analog input voltage is compared to a reference voltage. The conversion process
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iteratively approximates the analog input voltage by successively narrowing down
the range of possible values until the digital representation is obtained [17].

To sample the voltage over the shunt resistor on a single channel, the input is con-
nected to a capacitor during the sampling. The capacitor is connected during a
short period, called the acquisition time ¢,.,, whose longevity depends on the shunt
resistance. Lower resistances enable shorter acquisition times, with a minimum of
3us. There is also a conversion time, ..., of <2us at which a sample is converted,
occurring immediately after a sample has been acquired, and before starting an ac-
quisition of another sample.

As mentioned in section 2.5, (2.20), it is possible to measure two phase currents and
calculate the third. An assumption in the FOC algorithm is that the phase currents
are measured simultaneously, which is not always possible in physical systems. On
the nRF52832, for example, the SAADC can only sample one channel at a time. If
more than one channel is sampled, the SAADC samples the channels successively.
The total sample time, ¢, is given by

Neh - tacq < ttot < N (tacq + tcom}) (46)

where n., denotes the number of channels that are sampled. According to (4.6), the
total sample time for two channels is 6us < t;; < 10us, with an acquisition time of
3us. The time between the end of the acquisition of two samples is tcony +tacq < DS,
since the first sample has to be acquired and converted before the sampling of the
second channel is started.

This has two main implications for the system, the first being related to the maxi-
mum phase voltage output. Assuming low-side current measurement, as explained
in section 2.5, phase-current has to be measured when the corresponding low-side
transistor is on. This subsequently means that the PWM signal on that specific
phase has to be set to low for at least ?,.,, to enable phase current measurement
to take place. It should be noted that the state of the 3-phase inverter does not
affect the conversion of the sample, i.e., the PWM signal is allowed to go from
low to high during this time. When measuring two channels, both PWM signals
should be set to low while the measurement takes place, which corresponds to a
time of tacq + teonw + tacg < 8pts. Assuming a PWM period of 50us, corresponding
to a frequency of 20 kHz, and a deadtime between going from high-side transistor
on to low-side transistor on of 1us, the maximum duty cycle should be at most
(50 — 8 — 1)/50 = 82% to ensure that the phase currents are sampled correctly.
Preferably, even more time should be allocated for the ADC sampling to avoid the
acquisition of noise-induced on one phase current feedback by switch commutations
on other phases [23]. It is, therefore, not possible to fully utilize the input voltage us-
ing the low-side current measurement technique, resulting in a drop in the maximum
amount of torque that can be generated. To conclude, there is a trade-off between
the PWM frequency and the produced torque since the current measurement takes
a certain amount of time and must be conducted when the low-side transistors are
on.
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The second implication is that issues may occur if the inductance of the motor coils
is too low. Each phase can be represented by a resistor and an inductor connected
in series, i.e., an RL-loop. To demonstrate why low inductances can cause problems,
consider an example where the DC voltage source is 12V, R = 12, L, = 1H, and
the desired phase voltage is 6V, corresponding to a 50% duty cycle. With a PWM
frequency of 20kHz, the current through the system follows the trajectory shown
in figure 4.3. To illustrate how the current through the system changes between
PWM periods, an exaggerated exemplification is shown in figure 4.4a, where the
parameters for resistance and inductance remain the same, but the PWM frequency
is changed to 1Hz. As can be seen in the figure, the current through the system
changes relatively slowly due to the high inductance. If the inductance is lowered to
L = 0.1H, the exaggerated behavior of the current through the system changes to
what is shown in figure 4.4b. As expected, the current through the system changes
much more rapidly when the inductance is lower.

T T
Current [A]
— — — Average output voltage [V]

14 +

10

Amplitude

Time |s]

Figure 4.3: Current through the RL loop at R = 1Q, L = 1H, 50% duty cycle at
20kHz frequency
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Figure 4.4: Exaggerated illustration of how the current changes during and be-
tween PWM periods

As previously explained, the current measurement is done sequentially, with approx-
imately 5 us between the end of the sampling of two currents. If the inductance
is too low, the current will change significantly during this time, which makes the
measurements inaccurate. To highlight the effects of this, assume that the motor
is rotated by supplying sinusoidal voltages with the same amplitude and frequency
at each phase, phase shifted by 120° each. The ideal phase current measurements
should, therefore, also be perfectly sinusoidal with the same amplitude, phase shifted
by 120° each. Figure 4.5 shows the comparison between the current measurements
results, where figure 4.5a shows the ideal current measurements, figure 4.5b shows
the resulting measurements when the inductance is high, and figure 4.5¢ shows the
resulting measurements when the inductance is low. As can be seen, there is a sig-
nificant difference in the amplitude of the sine waves when the inductance is low.
The assumption behind the resulting figures is that the currents are being measured
sequentially in chronological order from Phase A to Phase C. The problem is some-
what mitigated when measuring two currents and calculating the third according to
(2.20), but it is only a slight improvement as the first two measurements are still
inaccurate if the inductance is too low.
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Figure 4.5: Comparison of how the inductance affects the current measurement
results
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In the firmware, SAADC samples are triggered on falling edges of the fourth PWM
channel. The fourth PWM channel is configured to always have a longer duty cycle
than the other three PWM channels. This ensures that the low-side transistors that
drive the motor phases are on. The phase currents, therefore, go through the shunt
resistors, enabling accurate measurements of the phase currents.

Ry
1
L T
‘/shunt Rl
® | ‘/T‘Cf
®
+
Vref R, ® _\ Vout
@ +/:
J»

Figure 4.6: Current measurement amplifier circuit

Figure 4.6 illustrates the amplifier circuit for one of the three shunt resistors on the
X-NUCLEO-IHMO7M1. Here, Vo = 2.8V, Ry = 68052, Ry = 220012, Ry = 2200(2,
R, = 2200€) and Vipyune is the voltage drop over the shunt resistor Rgpune. It is
important to have knowledge of this circuit to be able to compute the phase cur-
rents correctly [24]. It is also possible to acquire the correct scaling of the current
measurements through calibration.

When the SAADC has finished sampling and converting, the corresponding phase
currents are computed according to

i— ‘/shunt _ Vmeas - V;)ffset (47)
Rshunt : GOP Rshunt : GOP

where R = 0.33Q0 and Gop is the operational amplifier gain of the current
measurement circuit on the X-NUCLEO-IHM07M1 [18] computed as

(Ra- Ry)/Ry + Ry
Gop = ~ 153 4.8
oP R, + R, (4.8)

Vorfset 15 a voltage offset that is produced by the operational amplifier as

Viep - R1 - Gop

~ 1.32V 4.9
5 (4.9)

V;)ffset =
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The reason for subtracting this offset from V},,..s is to center the current measure-
ments around 0A.

Vout [v]

05 -

-0.5

Figure 4.7: Voltage out in relation to actual current

The voltage output from the amplifier circuit, V,,;, can then be described by the
function
‘/out = GOP ' Rshunt 1+ ‘/offset (410)

which is illustrated in figure 4.7.

Vineas 18 the measured voltage drop over the shunt resistor per

Sout : ‘/ref,SAADC' : Gvref
RESsaapc

where Sy, is the raw SAADC sample value of Vi, Viersaapc is the SAADC ref-
erence voltage, G.s is the voltage reference gain and RESgaapc is the SAADC
resolution. In the firmware, V,.rsaapc was set to use the internal voltage reference
of the nRF52832, which is 0.6V, and V4, was set to 4. The internal voltage refer-
ence is more stable and accurate than the input voltage to the microcontroller. The
SAADC resolution was set to 12 bits meaning RESgaapc = 212 = 4096.

Vieas = (4.11)

To conclude this section, it is of utmost importance to be aware of the current
measurement technique and time the measurement accordingly to provide accurate
results. It is also vital to examine the specific hardware and to make sure that the
inductance of the motor is high enough, such that the measured phase currents are
accurate, especially if the measurements are conducted sequentially. This must be
ensured for the FOC algorithm to work as intended. A good first step to make sure
that the inductance is sufficiently high is to compare the phase current measurements
and confirm that the amplitudes are similar to each other when applying a sinusoidal
voltage at each phase, phase shifted by 120° each, which should yield similar results
to what is shown in figure 4.5b. A second step to affirm that the measurements are
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accurate is to compare them to the measurements using a current probe connected
to an oscilloscope and measuring the phase currents manually.

4.1.4 Current control

The current control (FOC) module receives information from the modules described
in sections 4.1.1, 4.1.2 and 4.1.3 as shown in figure 4.1. It is responsible for computing
the appropriate phase voltages according to the reference or target currents that it
receives.

( Rotor alignment ) } Initialization

-

\ 4
—> Wait for new current —)|Read phase currents
measurements ¢

| Read rotor angle

v

Compute sin & cos
of the rotor angle
using LUT

v

Clarke & Park
transforms
¢ \ Update

Update the flux &
torque controllers

v

| Voltage decoupling |

v

Inverse Park &
Clarke transforms

Y

{ Update the PWM

duty cycles

Figure 4.8: Flow diagram of the FOC code

Figure 4.8 illustrates the main flow of the current control module. The code per-
forms an alignment routine at system boot to ensure that the rotor is positioned
correctly. The alignment routine energizes the motor phases in a sequence that ends
where one of the rotor’s magnetic north pole is aligned with phase A. When the
rotor is aligned, the firmware sets 6,, to 0 and the initialization is completed.

As mentioned in section 4.1.3, current measurements are triggered by the fourth

PWM channel. When the sampling and conversions of the current measurements
are done the firmware immediately performs an FOC update. It is crucial to use the
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absolute latest and most relevant information in order to output the best control
signals as fast as possible. The first steps of the update consist of reading the phase
currents and the rotor angle as well as computing the sine and cosine of the angle.
The sine and cosine values of the angle are used several times in the subsequent steps
and in order to save some execution time, these are computed once and then reused.
To reduce the execution time further, they are computed using a sinewave lookup
table (LUT). Execution times are discussed in further detail in section 4.4. Then,
the phase currents are transformed from the ABC reference frame into the dg-frame,
as described in section 2.2. The final steps of the update include regulating the dg-
currents using two PI controllers, one for the d-current (related to flux) and one for
the g-current (related to torque). The outputs from the controllers are voltages in
the dg-frame which need to be inverse transformed into the ABC-frame before being
sent to the PWM module. Before transforming the dg-voltages however, voltage
decoupling is performed as explained in section 2.4.2 such that individual control
of the currents is achieved. The PWM module then makes sure that the computed
phase voltages are applied to the motor phases. After this, one FOC update has
finished and it will be executed again whenever new current measurements are avail-

able.

As mentioned previously in section 4.1.1, the PWM frequency is set to 20 kHz
and current measurements are taken at 20 kHz, the current control code therefore
runs at 20 kHz, given that code execution is fast enough. More on this in section 4.4.

The electrical dynamics of a PMSM can be described by a transfer function in
the Laplace domain that relate the dg-voltages to their respective currents. Since
Ly = L, for surface mount PMSMs, the transfer functions for both axes are given
by

1

Gl = T3 R,

(4.12)
The motor’s electrical time constant Ty is determined as Ty = L/R; according to
(4.12).

The Direct Synthesis method was used to find suitable current controllers [25]. The
ideal closed-loop transfer function for the current controllers is thus

1

L(s) = —=T 4.13
(s) [ (4.13)

where 7 is the desired time constant of the closed loop transfer function.
This means that F(s)Gy.(s) = L, and the transfer function for the controllers is

sT?
therefore given by

F(s) = ~Gyl(s) = (sL+ R,) = f LB (4.14)

ST ST ST

which contains a proportional and an integral term, suggesting that PI-controllers
are needed to regulate the currents. The controllers’ theoretically optimal gains are
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given by
K,==, K, == (4.15)

The desired closed loop time constant 7 was set to one-fourth of the motor’s electrical
time constant (7 = T,/4) to achieve a critically damped response. This choice en-
sures a balanced response between speed and stability. Using the motor parameters
presented in section 3.3, the controller gains were computed to

K, =26, K; = 2414 (4.16)

4.1.5 Velocity control

As can be seen in figure 4.1, the firmware implements velocity control using a cas-
caded control structure. This configuration ensures that the velocity control loop
commands the reference currents for the inner current control loops, thereby achiev-
ing precise velocity regulation. The velocity control loop reads the angular velocity
from the QDEC module and computes appropriate current references using a PI
controller. The velocity control loop was set up to run at 500 Hz, as the outer loop
should be slower than the inner loop.

Unlike the current controllers, which were tuned without considering potential loads
attached to the rotor, the velocity controller tuning needs to be adjusted based on
the attached load. Therefore, the tuning for the velocity controller was determined
empirically rather than through theoretical calculations since it would be difficult
to determine the exact parameters needed to calculate theoretically optimal gains.
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4.2 Code execution contexts

The motor control firmware presented in section 4.1 is just a small part of a larger
code base. Naturally, the processor is often busy executing other functions with
higher priorities. This section aims to give an insight into what sort of environment
the motor control firmware has to fit into from a code execution time perspective.

To show what the different code execution contexts look like, a simple experiment
was set up where a counter was incremented once every 50 us using one of the
nRF52832’s timers. During normal code execution context, the counter increments
linearly as in figure 4.9. Below the plot of the counter value, is a plot of the normal-
ized change in counter value over time. As can be seen, the change is mostly around
one which signifies that the counter value is updated at the expected periodicity of
20 kHz. There are a few points where the change is lower than one, indicating that
some other process is taking up execution time. This scenario is considered to be
the expected code execution context.
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0.2}

A Counter value

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [s]

Figure 4.9: Normal context

In some cases however, the processor gets busy for longer periods as shown in figure
4.10. The regions where the normalized change in counter value goes below 0.9 are
highlighted by the light red regions in the plots. In these regions, code execution
is either fully or partially interrupted. Looking at the plot of the counter value
it is clear that these interrupts affect the code execution since the counter is not
incremented as expected. The longest interrupts endure for around 100 ms, which
is considered the worst-case interrupt scenario for this thesis. Such long interrupts
may result in serious consequences depending on the application, unless they are
taken care of. Another thing about these longer interrupts is that it is not entirely
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possible to predict when they occur or control them. Therefore, the application has
to be ready to handle long interrupts at any time.
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Figure 4.10: Interrupted context

Regarding BLDC motor control, the motor will not rotate unless the phase voltages
are updated according to the FOC algorithm. This is demonstrated in section 5.2.1.
Since it is desired to maintain constant velocities at all times, including during long
processor interrupts, the firmware needs to be modified and improved to handle
these scenarios.
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4.3 Implementation with interrupts

This section describes how the firmware implementation was modified to be able
to handle interrupts of varying lengths that can occur at any time of operation, as
discussed in section 4.2. More specifically, the implemented strategy aims to make
sure that the rotor keeps rotating with the same angular velocity that it had at the
very start of the interrupt until the CPU is available again. In order to achieve
this, precomputed sine waves of the correct phase, period, and amplitude must be
available in the PWM peripheral at all times, and for all three phases. One of the
main features of the PWM module, described in detail in section 4.3.1, is that it
provides ways to update the duty cycle values autonomously directly from memory;,
i.e. without needing CPU access. This is the fundamental principle that facilitates
such strategies to work properly, but it should be noted that such strategies are
open-loop control since no computations can take place during interrupts. The phase
currents and angle can still be measured during interrupts, but the information can
only be taken into consideration when the CPU is available. This means that no vital
information is lost during the interrupts, but computations based on the information
cannot take place until the CPU is available again.

4.3.1 PWM

The PWM module features a built-in decoder and EasyDMA capabilities which
make it possible to update the PWM duty cycles without CPU intervention [17].
Arbitrary duty-cycle sequences are read from RAM by the PWM module, which is
a key feature to output the desired phase voltages even when the CPU is busy with
tasks of higher priority. A second important feature is that it is possible to configure
the PWM module such that it repeats each value in a sequence a specific number
of times before switching to the next value in the sequence. This is important since
the PWM module has a predetermined and fixed base frequency, set to 20 kHz in
this case. To highlight why this feature is important, consider the case where the
desired output corresponds to a sine wave with a period of one second. If the values
in the sequence are not repeated, the next value in the sequence will be outputted
every b0us, and a sequence length, n, of W = 20000 would be needed to be
able to output the desired sine wave. By instead choosing an arbitrary number of
evenly spaced discrete values in the same sine wave and repeating each value an
appropriate number of times, the output will mimic the desired sine wave, albeit
with a lower resolution. This is further illustrated in figure 4.11, where figure 4.11a
shows the values of the shorter sequence, and figure 4.11b shows the corresponding
duty cycle values for the two methods. The shorter sequence is of length 24, and
each value is repeated % ~ 833 times. As can be seen in the figure, there is a clear
trade-off between n and the resolution of the outputted sine wave. As explained in
section 4.1.3, the motor coils act as low-pass filters, mitigating the effects of the
lower resolution. Therefore, the effects of the lower resolution are insignificant in
comparison to the benefits of having to use vastly less memory.
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Figure 4.11: Duty cycle output comparison between repeated sequence of length
24 and non-repeated sequence of length 20000

Assuming a shorter sequence of fixed length is used to define the period of a sine
wave, and then repeated the appropriate number of times to match a specific w,,,
there is a trade-off between the resolution of the sine wave and the range of different
values w,, corresponding to the same number of repeats. If n increases, the reso-
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lution of the sine wave increases, but the granularity at higher velocities decreases,
since a wider range of values of w,, will have the same number of repeats, as shown
in figure 4.12. This trade-off is due to the fact that the number of repeats must be
an integer. The figure shows all corresponding numbers of repeats to all integers
wm € [1,120] for a high and a low value of n. If n = 240, the number of repeats will
be 4 for all w,, € [65,86], highlighting the described issue. Therefore, it’s important
to make sure that n is large enough to provide an acceptable resolution of the sine
wave, but small enough to provide short ranges of w,, corresponding to a specific
number of repeats for the range of w,, at which the rotor will operate. Based on
this, n was set to 24 for the implementation of the strategy, since the strategy was
designed for rotor speeds in the range w,, € [0,100] rad/s.

The number of repeats for a given w,, is calculated as

wm max
repeats = { ’ J (4.17)
[wWm ]

where Wy, maq is given by

o
Wm,maz = i fPWM (418)

n - Npp

o Sequence length = 240
o Sequence length = 24

Repeats

10 0 I I I I I |
0 20 40 60 80 100 120

Figure 4.12: Corresponding number of repeats to all integers w,, € [1,120] [rad/s]
for a shorter and a longer sequence length, defining a period of a sine wave
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A third important feature of the PWM module is that a specified sequence can
be played through, with a specified number of repeats, and then played from the
beginning of the sequence when the end of the sequence is reached. This will continue
until the playback of another sequence is started. Defining a single period of a sine
wave and playing back the sequence can create a continuous sine wave or any other
desired sequence for as long as required. This means that there is no need to define
multiple periods of the wave.

Receive latest
control signals

A 4

Convert control

signals into v
duty cycles Calculate sine wave
i phase shift
Compute the l
momentanepus Populate a sequence
voltage amplitude in RAM with sine
¢ wave values
Scale sine wave l
values using the
voltage amplitude Compute number
of repeats

v

Read rotor angle i

and velocity
Update PWM
peripheral

Figure 4.13: Strategy flow

Figure 4.13 illustrates the flow of the PWM module with the strategy. Before the
strategy was implemented, all that was done in the PWM module was the conversion
of the control signals into duty cycle values before updating the PWM peripheral.

4.3.2 Precomputed sine waves

As explained in section 4.3.1, it is enough to specify the sequence values of a period
of a sine wave and playback the sequence until it is updated. The period of the
outputted sine wave can be controlled by repeating the sequence values a specified
number of times, as illustrated in figure 4.12, and the amplitude can be specified
to approximately match the amplitude of the present output from the current con-
troller, V, as

LW

= 4.1
2- Vma:p ( 9)
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which can be translated into the corresponding compare value, Acopp, according
to

Acorp = A+ Ciop - DUTY s (4.20)

As explained in section 4.1.1, compare values are used to set a specific duty cycle
value. The compare values, sincomp,, that define the desired sine wave can be
calculated according to

Ctop
2

SZ'TLCOMPJ' = — ACOMP . SZ"I”LLUTJ',VZ' € (0, 1, ey, = 1) (421)

where n is the sequence length, and sinpyr is a lookup table calculated as

2
sinpurs = sin(i - —),Vi € (0,1,...,n — 1) (4.22)
n

For example, figure 4.11a shows the resulting compare values sincoap, for Acomp =
100 and n = 24.

To ensure that the FOC works as intended when the CPU is available, the output
from the controller is placed at the very beginning of the sequence each time it is
calculated, i.e. at the end of every PWM period. By placing the correct compare
values, sincoup, directly after the output from the controller, the sequence will
always consist of compare values defining a sine wave period. To ensure that the
rotor keeps rotating with the same velocity during interrupts, no matter when they
occur and their length, the compare values must have the proper amplitude and
phase shift on each phase respectively. Subsequently, this means that the amplitude,
Acomp, and all compare values, sinconp, must also be calculated at the end of
every PWM period, and inserted into the sequence with the correct phase shifts
depending on the electrical angle (6.). Figure 4.14 shows the correct sequence for all
three phases at an arbitrary angle 6., an amplitude of Acoap = 100, and a sequence
length of n = 24. When the CPU is available, the sequence will be updated at the
end of each PWM period. Figure 4.15 further illustrates how the algorithm works.
The figure shows the past output of the controller, the current time instance (dashed
black line), and the future output of the sequence currently in the RAM buffer. If
an interrupt occurs, the entire sequence will be repeated until the CPU is available
again, meaning that the motor can be controlled open-loop indefinitely.
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Figure 4.14: Sequence for all three phases at the time the PWM is updated

Figures 4.15 and 4.16 visualize how the strategy works in practice. The dashed
vertical line in figure 4.15 illustrates the current time step. The waveforms before
the line are of the previously outputted phase voltages and the dots after the line
are the precomputed sequence stored in RAM. Figure 4.16 shows what voltages are
outputted by the PWM peripheral whenever interrupts occur. The sequence freezes
and is looped over creating discrete voltage steps for each phase.
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Figure 4.15: Visualization of previous voltages and the computed future voltages
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Figure 4.16: Visualization of the phase voltages during an interrupt
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4.4 Code execution time

When implementing timing-critical firmware, it is often important to account for
code execution time. Typically, the aim is to optimize code execution speed while
maintaining acceptable accuracy. In some cases, it is also important to consider
execution speed in contrast to ease of development, readability, and maintainability.

Arithmetic operations using different data types are typically not equally time-
consuming and it is said that integer arithmetic is generally faster than floating-
point arithmetic [26]. The trade-off when using integer arithmetic, however, is that
numbers can not be represented with decimals. In order to get fine resolution on,
for example, current readings, you would have to represent the currents in milli- or
micro Ampere in the code. This should not be an issue in itself, though difficul-
ties may arise when using trigonometric functions which typically have values in the
range between -1 and 1. A popular method to handle such difficulties is called fixed-
point arithmetic, which is a technique that utilizes integers to store representations
of decimal values. There exist libraries that use this method, which can be used
to simplify firmware development, e.g. “libfixmath” [27]. However, the nRF52832
has a built-in floating-point unit (FPU) which means that it has hardware support
for floating-point arithmetic (numbers with decimals). If the microprocessor does
not have an FPU it would have to emulate floating-point numbers (floats) to use
them, otherwise, it is only possible to do integer arithmetic. Because of this, a few
rudimentary tests were performed to investigate the differences in code execution
time between integer and floating-point arithmetic.

The first tests consisted of performing addition, subtraction, multiplication, and
division using integer arithmetic, software-emulated floating-point (soft float) arith-
metic, and hardware-accelerated floating-point (hard float) arithmetic. The tests
consisted of 10 operations that were looped 10000 times, resulting in a total of
100000 operations. The results from these tests are displayed in table 4.2. Note
that the execution times are approximate measurements and that their purpose is
to give some indication of the speed differences when choosing data types for the
variables that were involved in most of the computations.

Table 4.2: Arithmetic operations execution time

Execution time (ms)
Operation Integer | Hard float | Soft float

Addition 7.8125 9.375 141.09
Subtraction 7.8125 9.375 147.34
Multiplication | 7.8125 9.375 108.28

Division 9.3751 29.688 97.362

From table 4.2 it is clear that the operations using integers is faster than floats.
However, hard floats are only 1.2 times slower for addition, subtraction, and mul-
tiplication and 3.17 times slower for division. Soft floats on the other hand are
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significantly slower. Considering these results, hard floats were deemed fast enough
compared to integers and therefore used in the firmware. This meant that it was
possible to represent variables for e.g. currents and voltages using SI-units without
prefixes, which simplified development and readability of the code.

Another test of importance was to compare the time to compute the sine of an
angle, which is used in the current control update. For this test, a comparison
was made between utilizing the sin f-function from the standard C library (math.h)
and a custom-made lookup table (LUT). The test was performed similarly to the
artihmetic operations test, meaning 10 sine operations were performed in a loop
with 10000 iterations resulting in a total of 100000 operations. The results from this
test are shown in table 4.3.

Table 4.3: Sine computation execution times

Execution time (ms)
Operation | math.h function | LUT
Sine 168.91 54.531

Comparing the two methods of computing the sine of an angle it can be seen that
the LUT method is about 3.1 times faster than using the sin f-function from the
standard C library.

The results presented in tables 4.2 and 4.3 were taken into consideration when
designing the firmware to make the code as fast as possible. The final version of the
firmware was tested for execution time where it was found that one FOC update
takes just under 14us to perform without the strategy. One FOC update with
the strategy takes approximately 32us. The total time from starting the current
measurements to outputting new control signals is therefore around 24us without
the strategy and approximately 42us with the strategy. This is a crucial aspect of
the firmware since the control loop is run at 20 kHz, which means that new control
signals are computed every 50us. Since the execution time of the FOC firmware is
less than the periodicity of the loop, all computations complete in time and the most
relevant control is guaranteed. If the execution time would be slower, the system
would get out of sync and the control would not be as efficient.
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Results

This chapter presents how the motor control strategy presented in this thesis per-
forms under different circumstances. For all scenarios, the two FOC controllers and
the cascaded velocity controller were active.

Data for each scenario was captured on a RIGOL MSO5074 oscilloscope with sensors
that were attached to the motor. Micsig CP2100B current probes were clamped over
the motor phase wires and another AMT-102V (with 384 PPR) was attached to the
rotor. The oscilloscope captured the raw encoder pulses, pulse indications for when
interrupts happened, pulse indications for when the rotor angle was 0 radians and the
phase currents. Captured data was transferred from the oscilloscope to a computer
where it was processed and condensed into the figures shown in this chapter. Us-
ing this setup, it was possible to acquire external measurements of the entire system.

All scenarios in the following sections benchmark the rotor’s angular velocity, motor
phase currents and corresponding dq-currents, the electrically produced torque and
the magnetic field phase shift between the stator and rotor. The scenarios presented
in sections 5.1, 5.2 and 5.3 were performed without a load attached to the rotor.
The reason for this was mainly due to the somewhat weak electronics (< 1.4A4 RMS)
and the fact that it was more convenient to run the motor without a load attached
during development. Appendix B contains more results, mostly of the same scenar-
ios as in chapter 5 but for a lower velocity (20 rad/s). There are also results for
how the motor performs when a small load is attached to the rotor under the same
scenarios as in 95.2.
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5.1 Uninterrupted motor control

This section demonstrates the motor control performance under uninterrupted code
execution. The results in this section can be viewed as a baseline for how the motor
should behave if nothing interrupts or disturbs it.

5.1.1 Constant velocity

Figures 5.1, 5.2, and 5.3 show the motor’s performance when it was run uninter-
rupted at a constant velocity of 100 rad/s.
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Figure 5.1: Rotor angular velocity, 100 rad/s uninterrupted.
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5.2 Motor control under 100 ms interrupts

This section presents the motor control performance under 100 ms interrupts, with
and without the strategy. The light red regions in the figures symbolize interrupts,
which means no code is executed during this time.

5.2.1 Constant velocity without strategy

Figures 5.4, 5.5, and 5.6 show the motor’s performance during 100 ms interrupts
when it was run at a constant velocity of 100 rad/s without the strategy.

150

100

50

Angular velocity [rad/s]

-50

[ty M
wm,rcf
Wm
I I I I I I I |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time [s]

Figure 5.4: Rotor angular velocity, 100 rad/s, 100 ms interrupt, without strategy
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5.2.2 Constant velocity with strategy

Figures 5.7, 5.8, and 5.9 show the motor’s performance during 100 ms interrupts
when it was run at a constant velocity of 100 rad/s with the strategy.
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5.2.3 Acceleration and deceleration with strategy

Figures 5.10, 5.11, and 5.12 show the motor’s performance during 100 ms interrupts
in an acceleration and a deceleration phase with the strategy. The motor was ac-
celerated from 0 rad/s to 100 rad/s in 2 seconds, kept at a constant 100 rad/s for 1
second and then decelerated from 100 rad/s to 0 rad/s in 2 seconds.
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5.3 Motor control under other interrupt scenarios

This section demonstrates how the motor control strategy performs under a few
more interrupt scenarios, highlighting its capabilities.

5.3.1 Low interrupt frequency during constant velocity

This section demonstrates how the motor control performs with the strategy in a
scenario with shorter and longer interrupts occurring at a relatively low frequency.
Figures 5.13, 5.14, and 5.15 show the motor’s performance in the low interrupt
frequency scenario when it was run at a constant velocity of 100 rad/s with the
strategy.
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Figure 5.15: Electrical torque and magnetic field phase shift, 100 rad/s, low in-
terrupt frequency, with strategy.

5.3.2 High interrupt frequency during constant velocity

This section presents results for how the motor control behaves with the strategy
in a more extreme interrupt scenario which is never seen during normal context for
the microcontroller’s application. The purpose of this scenario, however, is to show
how the motor control handles worse scenarios than are expected to occur.

Figures 5.16, 5.17, and 5.18 show the motor’s performance in the high interrupt
frequency scenario when it was run at a constant velocity of 20 rad/s with the
strategy.
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5.3.3 Infinite interrupt during constant velocity

This section presents results for what happens if the motor control is interrupted
and never allowed to start running again.

Figures 5.19, 5.20, and 5.21 show the motor’s performance during an infinitely long
interrupt when it was run at a constant velocity of 100 rad/s with the strategy.
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Discussion and future work

Presented in this chapter is a discussion of the results presented in chapter 5.

The results shown in section 5.1 are the system output when there are no inter-
rupts. As can be seen in figure 5.1, the externally measured angular velocity follows
the reference well. The reason why the measured velocity is slightly higher than
the reference is that the timer of the SoC on which the motor control is run is
marginally faster than expected. This means that from the controller’s perspective,
the reference is followed precisely even though there is a minor error in practice.
Figure 5.2 shows that the d-current hovers around 0 while the g-current oscillates
lightly around a constant non-zero value. This is the essence of FOC since it means
that nearly 100% of the total current input is translated into produced torque with
minimal losses. This is further illustrated in figure 5.3, where it can be seen that the
stator magnetic field leads the rotor magnetic field by close to 90° at all times. There
is a minimal amount of torque ripples, and the motor rotates smoothly as a result.
These results are regarded as the baseline for motor control, and the performance
of the implemented control strategy with introduced interrupts will be compared to
these results.

Section 5.2.1 shows the output when 100 ms interrupts are introduced when no
strategy is used. As can be seen in figure 5.4, the angular velocity drops down to
0 rad/s as expected, since the phase voltage remains constant without the strategy,
locking the rotor. In essence, this motivates why a strategy is needed to ensure that
the rotor can keep rotating without CPU access. The system output for the same
test case, but with the implemented strategy enabled is presented in section 5.2.2,
where it can be seen that the actual velocity is able to follow the reference before,
during, and after interrupts, albeit with slightly more variation during the interrupt.
As shown in figure 5.8, the ¢-currents deviates somewhat from its constant value
while the d-current is significantly increased during the interrupt. This is an effect
of the rotor magnetic field aligning with the stator magnetic field, further illustrated
in figure 5.9. This occurs since the stator magnetic field is rotated without feedback
from the rotor magnetic field, causing torque ripples.

As the two magnetic fields align, the magnitude of the phase currents is signifi-
cantly increased, even though the magnitude of the phase voltages remains constant
during interrupts. This is clearly shown in figure 5.20, where the interrupt is in-
finitely long. 0.2s after the interrupt is introduced, the amplitude and frequency
of the phase currents are approximately the same as before the interrupt, and the
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magnetic field phase shift is roughly 60° indicating that the phase voltages do not
change in amplitude nor frequency. However, as the magnetic field shift approaches
0° the amplitude of the phase currents is significantly increased, indicating that
the increase is solely dependent on the angle between the rotor and stator magnetic
fields. This may be an effect of what is known as magnetic saturation [28]. When the
two magnetic fields align, the magnetization of the stator coil cores will be strength-
ened, which can saturate the material. Magnetic saturation of the core reduces the
winding inductance and thus increases the phase currents for given phase voltages
[29]. It is not proven in this thesis that this is the cause of the increased phase
currents and needs to be further investigated.

Figure 5.2.3 shows that the velocity during interrupts differs from the velocity just
before the interrupt as intended. Instead, it decreases slightly during acceleration
and increases slightly during deceleration, a result of how the QDEC was imple-
mented. As explained in 4.1.2; the angular velocity is computed according to (4.5),
where AP is the accumulated valid transitions in the latest 200 QDEC samples.
Dividing AP with the time since the last update means that the accumulated tran-
sitions are evened out over that time to reduce measurement noise. During acceler-
ation, the measured velocity will thus be lower than the true velocity, and during
deceleration the opposite holds. There is, thus, a trade-off between measurement
noise and momentaneous accuracy. As a result, the implemented strategy decreases
the angular velocity if an interrupt occurs during acceleration, and increases the ve-
locity if it occurs during deceleration. These effects can be mitigated by estimating
the angular velocity differently, for example by using shorter time spans to deter-
mine the rotor position change. Future work includes improved interrupt handling
during acceleration and deceleration, such that the reference value is followed as
opposed to keeping a constant velocity during interrupts.

Comparing figure 5.19, where the reference velocity was set to 100 rad/s, to the
results in figure B.6, where the velocity was set to 20 rad/s, it can be seen that
the measured velocity follows the reference better for the lower velocity reference.
This is an effect of what is presented in section 4.3.1, namely that there is a minor
rounding error between the theoretically correct number of repeats and the actual
number of repeats for the higher of the two references. The theoretically correct
number of repeats for the current angular velocity is rounded down to the nearest
integer in the implemented strategy, resulting in the steady state error shown in
figure 5.19. Note that both figures show the case where the interrupt is of infinite
length, exaggerating the effect of the rounding error.

In summary, the torque production is relatively constant using closed-loop control,
and the motor rotates silently. The results show that the transitions between closed-
and open-loop control are reasonably seamless regarding angular velocity, but not
electrical torque and power consumption. As described in section 2.3, an effect of
the observed torque ripples is a slight increase in audible noise.
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Conclusion

This thesis presents an implementation of a control strategy aimed at mitigating
the effects of CPU interrupts during FOC of a 3-phase PMSM. More specifically,
the objective of the implemented strategy was to ensure that the angular velocity
is maintained during interrupts, independently of when interrupts occur and their
longevity.

Without interrupts, the system’s measured angular velocity closely followed the ref-
erence, demonstrating good closed-loop performance. FOC effectively minimized
losses, resulting in smooth motor operation with minimal torque ripples. Introduc-
ing 100 ms interrupts without interrupt handling control caused the rotor to lock,
highlighting the need for a strategy to keep the motor spinning. With the strategy
implemented, the motor maintained its velocity during interrupts, although with
increased torque ripples due to the alignment of rotor and stator magnetic fields.

The implementation of the interrupt handling strategy relies heavily on peripherals
that run independently from the processor and without these peripherals, it would
be much more difficult to perform the same type of PMSM control strategy.

In summary, closed-loop control resulted in stable torque production and silent
motor operation. The implemented strategy provided seamless transitions between
control modes in terms of angular velocity, regardless of when CPU interrupts occur
and their longevity.
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A

Effects of stator voltage
decoupling

Figure A.1 shows the results of using stator voltage decoupling, and figure A.2 shows
the results when not used. More specifically, what is shown in the figures is the step
response of the system when the rotor is stalled and the i, -reference is changed
from 0 to 1 A. Stator voltage decoupling is explained in more detail in section
2.4.2. Comparing the two figures, it is clear that the d- and g-currents follow their
respective reference better when stator voltage decoupling is used. Furthermore,
the angle between the stator and rotor magnetic field is closer to 90° when stator
voltage decoupling is used, suggesting that using stator voltage decoupling is more
efficient in terms of energy consumption.

o

o1 02 03 04 05 06 07 08 08 1
Time [s]

o

<
= 4 —ef
2 ia
80'5 iq
—
=
O 0 —_—
0 01 02 03 04 05 06 07 08 09 1
Time [s]
<
— 1 ,L’ref
=] q
80.5 1q
—
05 0 | | | | |
0 01 02 03 04 05 06 07 08 09 1
o T Time [s]
B T 100
g =
g &
£ 5 80
<
o0 2
S 3
= g
[oh

Figure A.1: Step response when the rotor is stalled, with stator voltage decoupling
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Figure A.2: Step response when the rotor is stalled, without stator voltage decou-

pling
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B

Additional results

Section B.1 contains additional results from principally the same scenarios as in
chapter 5, but using a lower velocity (20 rad/s). The plots are condensed into fewer
figures to save paper, but their explanations are similar to the ones in chapter 5.
Section B.2 contains results from attaching some load to the rotor. The exact load
was not determined but it was enough to make the motor draw more current than
without a load attached. The purpose of those scenarios was to investigate if the
motor control strategy would perform differently with a load attached than without
a load attached.

B.1 Constant lower velocity under various oper-
ating scenarios

ITT
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Figure B.1: 20 rad/s uninterrupted
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B.2 Motor control under 100 ms interrupts with
external load
This section provides results for how the motor behaves when it has a load attached

to the rotor. The purpose of these results is to show how the motor behaves with
an attached load during interrupts with and without the strategy.

B.2.1 Constant velocity without strategy

Figures B.7, B.8, and B.9 show the motor’s performance during 100 ms interrupts
when it was run at a constant velocity of 20 rad/s without the strategy.
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B. Additional results

Figures B.10, B.11, and B.12 show the motor’s performance during 100 ms interrupts
when it was run at a constant velocity of 100 rad/s without the strategy.
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B.2.2 Constant velocity with strategy

Figures B.13, B.14, and B.15 show the motor’s performance during 100 ms interrupts
when it was run at a constant velocity of 20 rad/s with the strategy.
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B. Additional results

Figures B.1

6, B.17, and B.18 show the motor’s performance during 100 ms interrupts

when it was run at a constant velocity of 100 rad/s with the strategy.
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