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Abstract

Hybrid stepper motors are small electrical motors with comparably high torque
production, compared to other electrical motors of the same size. Hybrid step-
per motors are reliable in open-loop systems, in Sinusoidal mode, but with a
drawback of high power consumption. The power consumption may be reduced
by Field-Oriented Control, but this control mode requires a positioning sensor,
adding size and cost to the system. This Master’s Thesis explores the possibilities
of running observer-based Field-Oriented Control on a two-phase hybrid stepper
motor, without using a positioning sensor.

The electrical position of the hybrid stepper motor could be observed by using
the back electromotive force, observed in turn by using current measurements
and applied voltages. The electrical position was phase shifted, but could be
compensated with a function of velocity, found by linearly interpolating the error
between the observed angle and the reference angle at different velocities. The
velocity could be approximated from the observed angle, but required low-pass
filtration in order to be useful, as it was heavily affected by noise.

The stepper motor was controlled by using a cascaded system of PI-controllers,
with inner loops consisting of current controllers and an outer loop consisting of
a velocity controller. All the computations were done on a microprocessor during
the interrupt scheduling routine. The driver was using pulse width modulation
to apply voltages needed to control the stepper motor.

The driver was tested in a torque load test to evaluate performance of the
observed-based Field-Oriented Control mode, which showed that the Field-Oriented
Control mode decreased power consumption at lower torque loads, but failed to
surpass the maximum torque load of Sinusoidal mode. The test concluded that
the hybrid stepper motor could be used acting both as a motor, and as a brake,
in both positive and negative velocities, up to 2500 rpm and that the stepper
motor could switch back and forth between Sinusoidal mode and Field-Oriented
Control mode without losing steps.
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Notation

Mathematical Notation

Notation Description [SI-unit]

Uα Voltage over α-axis [V]
Uβ Voltage over β-axis [V]
iα Stator current in α-axis [A]
iβ Stator current in β-axis [A]
Ls Stator inductance [H]
Rs Stator resistance [Ω]
Km Motor flux constant [Vs]
ns Number of steps
np Number of pole pairs
J Inertia [kgm2]
θe Rotor electric angular position [rad]
ωe Rotor electric angular speed [rad/s]
θm Rotor mechanical angular position [rad]
ωm Rotor mechanical angular speed [rad/s]
τL Load torque [Nm]
s Complex frequency Laplace-domain parameter

Other Notations

Notation Description

Kp Proportional gain constant in PID-controller
Ki Integral gain constant in PID-controller
Kd Derivative gain constant in PID-controller
Ts Sampling time

ix



x Notation

Abbrevations

Notation Description

Back-EMF Back electromotive force
PID Proportional, Integrating and Derivating (Controller)

PWM Pulse Width Modulation
ISR Interrupt Scheduling Routine
rms Root mean square
rpm Revolutions per minute
rps Revolutions per second

position Angular position
velocity Angular velocity

FOC Field-Oriented Control
SPI-DAC Serial Peripheral Interface, Digital to Analogue Con-

verter



1
Introduction

With the development of cheap and powerful CPUs, it has become attractive to
implement all control logic of the driver for stepper motors in the CPU, even
for small motors. The problem lies in creating reliable control systems when
conventional methods of measurements are unreliable or unavailable. This is
where alternative solutions are needed for controlling the motors reliably without
losing track of steps in the stepper motor.

The aim of the thesis is to find out if it is possible to implement observer-
based Field-Oriented Control for a non-ideal stepper motor. The aim of Field-
Oriented Control is to minimise the current consumption. Conventionally, some
kind of position sensor is required to estimate the angular position of the rotor
to perform Field-Oriented Control. It would be advantageous if it is possible to
estimate the rotor position reliably without using a sensor, as this would reduce
the cost and complexity of the system.

It would be beneficial if the stepper motor could run from standstill to full
speed and to switch between open-loop micro-stepping mode, Sinusoidal mode,
and Field-Oriented Control mode without losing steps unnoticed. The stepper
motor should also work in all four quadrants, meaning for both positive and
negative velocities, acting as a motor and as a brake.

Research Questions

There are four research questions in this thesis.

1. Is it possible to make an observer based on sensorless Field-Oriented Con-
trol for a hybrid stepper motor using measured currents and applied volt-
ages?

2. Is it possible to use the motor in all four quadrants?

1



2 1 Introduction

3. Is it possible to transition between Sinusoidal mode and Field-Oriented
Control observer mode without losing steps?

4. Is it possible to detect stall in low speeds?

This thesis will not implement pulse width modulation to control the voltages
needed to run the stepper motors. Code for this has been provided by Calmon
Stegmotorteknik AB.

Previous Work

There has been extensive research on Field-Oriented Control of three-phase mo-
tors in general, although new control schemes are developed continuously with
the development of motors and improvements are made for older motors. The
most common motor types in the research of Field-Oriented Control is the per-
manent magnet synchronous motor and brushless direct current motor. Rela-
tively little research in FOC has been done for stepper motors, and even less
in observer-based FOC for stepper motors. Work has been done on three-phase
stepper motors by Calmon Stegmotorteknik AB, and to a lesser extent two-phase
motors.

An earlier master thesis at Calmon Stegmotorteknik AB about two-phase step-
per motors has been done by Artem Afanasov. In the master thesis, software for
current control scheme was developed. The report concluded that satisfactory
results were made for controlling the currents. A low speed control scheme was
developed for controlling the position or velocity of the motor [1]. This thesis can
be seen as a further development of Afanosov’s thesis.

Outline

Chapter 2 describe previous work in the field of research and other theory used in
the thesis. Chapter 3 presents the system used in this thesis. Chapter 4 describes
the method used. Chapter 5 presents the results of the thesis and discusses these
results. Chapter 6 concludes the thesis and points out possible continuations of
the thesis.



2
Theoretical Background

In the theoretical background, the general stepper motor theory, and the common
modes of operation for stepper motors are explained. The stationary and the ro-
tating coordinate systems are introduced, and later explained how they are used
in Sinusoidal Mode and Field-Oriented Control mode respectively. The general
motor model and the Back Electromotive force is introduced, and how the Back-
EMF observer may be used to extract the electrical angle. The PID-controller, the
bilinear transformation, low-pass filter, Euler’s method, and root-mean-square
are explained for how the system is practically controlled.

2.1 Stepper Motors

Stepper motors are motors that can move in steps due to their mechanical con-
struction. Stepper motors are energy efficient and excellent in open-loop systems
where positional sensors are undesirable due to cost and physical space require-
ments. Stepper motors can accurately move and hold position due to their con-
struction. There are several kinds of stepper motors, most notably the permanent
magnet stepper motor, the variable reluctance stepper motor, and the hybrid step-
per motor. All types of stepper motors have a rotating part, called the rotor, and
a stationary part, called the stator. The construction of the rotor and stator differ
between the different types of stepper motors.

The hybrid stepper motor, used in this thesis, is a combination between the
permanent magnet stepper motor . The rotor of a hybrid stepper motor consists
of a permanent magnet shaped as two concentric cylinders with teeth on top of
each other, offset 90 electrical degrees from each other. One of the cylinders is a
magnetic north pole and the other is a magnetic south pole. The stator consists
of a ferromagnetic material with poles and teeth. The teeth concentrate the mag-
netic flux. The number of teeth in the stator and rotor cannot be the same. The

3



4 2 Theoretical Background

hybrid stepper motor rotates by exciting the windings in the stator. This causes
the rotor to rotate and align the teeth of the rotor with the teeth of the stator. This
minimises the reluctance between the rotor and the stator.

The permanent magnet allows for high magnetic torque. At standstill, this
allows for high holding torque. The hybrid stepper motor has advantages of both
the permanent magnet and variable reluctance stepper motor. [11]

Steps

The number of steps depends on the number of poles in the rotor and the phases
in the stator, it will thus differ between models. Step length is how many degrees
the stepper motor can move when switching which winding is activated. The
step length is calculated according to Equation (2.1) according to [10].

The number of steps in a hybrid stepper motor depend on the number of
phases, n, and the number of rotor teeth, nr . This can be described according to
Equation (2.2), where the 2 comes from magnetic north and south poles.

Step length =
360◦

ns
(2.1)

ns = 2 · n · nr (2.2)

Mechanical and electrical degrees

In stepper motor literature, it is common to use electrical degrees instead of me-
chanical degrees, as stepper motors are often controlled using electronic systems
and not mechanical systems. The relationship between the electrical degrees and
mechanical degrees, seen in Equation (2.3), depend on the number of pole pairs
of the stepper motor. The relationship between the mechanical rotational veloc-
ity and the electrical rotational velocity can similarly be described by Equation
(2.4).

θe = npθm (2.3)

ωe = npωm (2.4)

2.1.1 Modes of Operation

There are several modes of operation, the most common ones are stepping, half-
stepping and micro-stepping. In the following subchapters, those three modes of
operation are described.

Stepping

In stepping mode, the stepper motor is able to move in whole steps. The windings
of the stator will be induced in a fixed order, depending on the construction of the
motor. Stepping may be done by exciting the stator windings according to Table
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Figure 2.1: Stator with four windings.

2.1 as depicted in [4]. A more effective way of stepping, due to a better utilisation
of the copper energy losses, can be seen in Table 2.2. Winding A corresponds to
phase α of the current, and winding B corresponds to phase β of the current.

Step 1 2 3 4
Winding A +1 0 -1 0
Winding B 0 +1 0 -1

Table 2.1: Stepping mode.

Step 1 2 3 4
Winding A +1√

2
−1√

2
−1√

2
−1√

2
Winding B +1√

2
+1√

2
−1√

2
−1√

2
Table 2.2: Alternative stepping
mode.

In stepping mode, it is not possible to turn to any arbitrary mechanical degree
due to the mechanical construction of stepper motors, as there are discrete steps
where the rotor is able to rotate to.

When moving from one step to another, there will be a net magnetic force,
holding force, that is keeping the rotor in its place. This can be described as a
negative sine wave over four steps, as seen in Figure 2.2. The stepper motor has
the maximum amount of holding torque at the top of this sine-curve. This is
because the motor wants to maximise magnetic flux between the stator and rotor.
This phenomenon can be described as the magnetic alignment between the teeth
of the rotor and stator [4].

When there is no current flowing through the stator winding, then the perma-
nent magnet will produce a magnetic torque, called detent torque, causing the
rotor to turn into rest position. If current is passed through a stator winding,
then it will produce a holding torque which is much greater than detent torque.
[8]. Given this nature of stepper motors, stepper motors have nonlinear velocity.
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Figure 2.2: Illustrative magnetic torque

Half-stepping

It is possible to create more steps by utilising both phases at the time, so called
half-steps, which lies between the whole steps. Half-steps are half the length of
whole steps. The electromagnet sequence, shown in Table 2.3 may be used to go
clockwise, or the opposite direction to go counterclockwise.

Half-step 1 2 3 4 5 6 7 8
Winding A +1 +1√

2
0 −1√

2
-1 −1√

2
0 +1√

2
Winding B 0 +1√

2
+1 +1√

2
0 −1√

2
-1 −1√

2
Table 2.3: Half-stepping

Micro-stepping

Micro-stepping is further expanding upon the concept introduced by half-stepping,
by using sine and cosine currents in the phases. By using this method, it is pos-
sible to create more positions between the step positions. This is called micro-
stepping. The number of positions is determined by the resolution with which
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the currents can be created. For a resolution of 100 steps per electric period,
see Figure 2.3. Micro-stepping a stepper motor will cause it to act as if it was a
synchronous motor [8].

Figure 2.3: 100 micro-steps over an electric period for winding A (blue) and
winding B (red). y-axis is normalised current amplitude of the phases.

2.1.2 Stationary and Rotating Coordinate System

In motor theory, different coordinate systems are used. One is the stationary co-
ordinate system, in this thesis denoted with α and β axes for the currents. The
stationary coordinate system aligns with the motor’s stator windings. The cur-
rents in the stationary reference frame have a phase shift of π

2 (see Figure 2.4).
Both currents can be modelled as a sine-wave and a cosine-wave, respectively.
The rotating coordinate system aligns with the rotor position. The rotating coor-
dinate system is denoted in this thesis as direct and quadrature (d and q) axes.
The angle between the rotating coordinate system and the stationary coordinate
system is denoted with θ and is set between the α-axis and the d -axis in this
thesis, see Figure 2.5.
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Figure 2.4: Two-phase current

α

β

dq

θ

Figure 2.5: Stationary coordinate system with axes α and β, rotating coordi-
nate system with axes d and q, and angle θ between the reference frames.
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Given vectors α⃗ = αα̂, β⃗ = ββ̂, d⃗ = dd̂ and q⃗ = qq̂ with angle θ between α⃗ and
d⃗, it is possible to realise that

d̂ = cos(θ)α̂ + sin(θ)β̂

q̂ = − sin(θ)α̂ + cos(θ)β̂

Given this insight, this may be written in matrix form according to Equation
(2.5) and is called the Park transformation [18]. Conversely, the inverse Park
transformation [15] can be written according to Equation (2.6).[

d
q

]
=

[
cos(θ) sin(θ)
− sin(θ) cos(θ)

] [
α
β

]
(2.5)

[
α
β

]
=

[
cos(θ) − sin(θ)
sin(θ) cos(θ)

] [
d
q

]
(2.6)

The dq-frame is the direct-quadrature frame where the quadrature part is the
torque producing axis, which can be roughly translated to the acceleration of the
rotor. The direct part of the current is responsible for magnetic flux production,
holding the rotor in place.

2.2 Sinusoidal Mode

Sinusoidal mode is a high power open-loop micro-stepping control mode, used
when starting the motor from zero speed. To ensure a smooth start, maximum
holding torque is wanted to ensure that the rotor overcomes the torque load that
may be present. This is achieved by setting the reference values of the direct
current, id , to a constant, and the quadrature current, iq, to zero (id = constant,
iq = 0). Sinusoidal mode is assuming that the observed angle is the reference
angle. This is necessary since the observed Back-EMF is small, erratic, and unre-
liable. Sinusoidal mode is used to initially gain speed at the cost of high power
consumption. Sinusoidal mode is ideally only used for as short of a period as
possible until the observed angle is stable enough to switch to FOC. See Figure
2.6 for a system’s block diagram.

To achieve the desired smooth start, the aim is to maximise the direct current.
This will cause the α-current and β-current to behave as if they were cosine and
sine waves (see Figure 2.7). In Sinusoidal mode, the rotor will not rotate by it-
self unless the reference angle is changed. When the reference angle is changed,
then the rotor will rotate to minimise the magnetic flux between the rotor and sta-
tor. This mode is used for open-loop control, but has a high power consumption
compared to FOC.
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Figure 2.6: Sinusoidal control mode for two-phase motor.

Figure 2.7: Ideal Sinusoidal mode currents
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2.3 Field-Oriented Control

In Field-Oriented Control mode, the aim is to maximise the torque producing
current, the quadrature current in the rotating reference frame, and to minimise
the flux producing current, the direct current in the rotating reference frame, to
maximise energy efficiency when running the motor. In the stationary reference
frame, this will cause the α-current to behave as a negative sine wave and the
β-current will behave as a cosine wave (see Figure 2.8).

To maximise the quadrature current, the rotor position must be known to
properly perform the Park transformation to the rotating reference frame and
the inverse Park transformations to transform back to the stationary reference
frame. This would normally require a position sensor on the rotor. A schematic
system’s block diagram of conventional FOC can be seen in Figure 2.9.

The quadrature current will cause the rotor to rotate to a new position. To
maximise the rotation, it is optimal at all time-instants to apply the most quadra-
ture current at the current position to hold velocity and the least amount of direct
current holding the rotor in place.

Figure 2.8: Ideal Field-Oriented Control mode currents.
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Figure 2.9: Conventional Field-Oriented Control for a two-phase motor.

2.4 Motor Model

The motor can be described using the ideal motor model [19], [12]. This model
can be described according to Figure 2.10, where x stands for α-axis and β-axis
respectively, and by the system of Equations (2.7) for Permanent Magnet Stepper
Motors [3].

−
+

Ux

Rs ix
Ls

−
+ εx

Figure 2.10: Motor model.

Uα = Rsiα + Ls
diα
dt + εα

Uβ = Rsiβ + Ls
diβ
dt + εβ

(2.7)

The Back Electromotive force is the voltage that is induced when the magnetic
flow of the rotor is rotating past the windings of the stator in the opposite direc-
tion of the supplied voltage. This can be described using Lenz’s law [6], according
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to Equation (2.8). Since the magnetic flow is sinusoidal, this will cause the Back-
EMF to have a 90◦ phase lead compared to the magnetic flux ΦB. The Back-EMF,
εα and εβ , are normally described as sine-waves according to Equation (2.9), for
permanent magnet synchronous motors [14].

ε⃗s = −
⃗dΦB

dt
(2.8)

εα = −Kmωe sin(θe)
εβ = Kmωe cos(θe)

(2.9)

This motor model is an ideal model that does not take temperature and other
variables into consideration. The resistance is prone to vary with temperature,
and the inductance varies with frequency and electrical position.

Back-EMF Observer

It is possible to observe the Back-EMF by measuring the currents, the current
derivatives and voltages of the motor windings according to Equations (2.10),
which is derived from Equations (2.7).ε̂α = Uα − Ls

diα
dt − Rsiα

ε̂β = Uβ − Ls
diβ
dt − Rsiβ

(2.10)

To get good estimates of the Back-EMF, precise values of constants Ls and Rs,

alongside variables iα , iβ , diα
dt ,

diβ
dt , Uα and Uβ are required.

The applied voltage is assumed to be the same as the motor voltage. The
current is observed through a current shunt and is a measurement of the currents
at that particular time-instant. The current derivative is approximated using the
backward Euler method (see Section 2.5).

Direct Angle Approximation

From the motor model, it is possible to derive Equation (2.11) to extract the elec-
trical angle θe. This will cause a phase error of 180◦ when rotating in negative
direction, which has to be accounted for when running in negative velocities.

θ̂e = arctan
(
−ε̂α
ε̂β

)
(2.11)

2.5 Control System

Controlling systems can be done with open-loop solutions or closed-loop solu-
tions. One popular solution for closed-loop systems is using a Proportional-
Integral-Derivative (PID) controller. This is a simple and popular controller, used
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in e.g. [13]. For a continuous system, this can be described with Equation (2.12).
For a discrete sampling system, this can be described by Equation (2.13).

u(t) = Kpe(t) + Ki

T∫
0

e(t) dt + Kd
de(t)
dt

(2.12)

u[k] = Kpe[k] + TsKi

k∑
j=0

e[j] +
Kd

Ts
(e[k] − e[k − 1]) (2.13)

Here Kp, Ki , Kd are constants, Ts is the sampling time, u is the control signal
for the system and e is the error between the reference signal and the measured
or observed signal.

Bilinear Transformation

The bilinear transformation method, also known as Tustin’s method, is a method
used to convert continuous signals to discrete-time signals, and vice versa. It
allows for designing e.g. filters in the Laplace domain and then converting to
digitally implementable discrete form. The approximation is given by Equation
(2.14) according to [7].

z ≈ 1 + sTs/2
1 − sTs/2

(2.14)

Low-pass Filter

A low pass filter is a filter that allows low frequencies to pass. This means that
slow changes to a signal will be accounted for, but fast changes will be suppressed.
For a sine-shaped signal, a low-pass filter will cause a phase shift. Greater filtra-
tion will cause larger phase shift for a sine-shaped signal due to slower reaction
of changes in the signal.

The general digital filter may be represented according to Equation (2.15). For
a low-pass filter, the numerator function will generally be constant, B[z] = b(0),
while the denominator will be a function to the order of n [16]. In Equation (2.16),
the output Y [z] is the filtered signal of the input signal X[z].

G[z] =
B[z]
A[z]

=
b(0) + b(1)z−1 + . . . + b(n)z−n

1 + a(1) · z−1 + . . . + a(n)z−n
(2.15)

Y [z] = G[z]X[z] (2.16)

Euler’s Method

In discrete sampling systems, there is no true continuous derivative. Discrete
derivatives may be estimated by using samples. For a signal, each sample can be
described with y at a given time point, e.g. y[k] for time point k. Time between
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samples is denoted as Ts. The backward approximation is in Equation (2.17).
The forward approximation is in Equation (2.18). In a real-time system, Euler’s
backward method is the method used for finding the derivative. Finding the
derivative in this manner will amplify the noise of the signal. For a sinusoidal
signal, this derivative will cause a phase shift. For a linearly growing signal, the
noise can be remedied by using a low pass filter, but for a sinusoidal signal, this
is not possible without causing a further phase shift [9].

dy[k]
dt

≈
y[k] − y[k − 1]

Ts
(2.17)

dy[k]
dt

≈
y[k + 1] − y[k]

Ts
(2.18)

Root-mean-square

The root-mean-square [17] is defined according to Equation (2.19). For a sinu-
soidal signal of amplitude A, this corresponds to Equation (2.20). For a sampling
system with white noise, it can be assumed that for a sinusoidal signal, the white
noise will cancel out given a large enough data set and the amplitude of the signal
may be calculated without too much impact of noise.

xRMS =

√√
1
n

n∑
k=1

x2
k (2.19)

xRMS =
A
√

2
(2.20)





3
System Description

The system layout can be described as a cascaded control system with a fast inner
loop consisting of current controllers for the dq-currents and a slower outer loop
consisting of a velocity controller. For a system diagram, see Figure 3.1.

The reference signals of the system are the electric angular position and the
electric angular velocity, θe and ωe. These are fed through a velocity controller,
that produces the reference signals of the direct and quadrature currents (id and
iq). These currents are fed through current controllers to create rotating reference
frame voltages Ud and Uq. The rotating reference frame voltages are transformed
to the stationary coordinate reference frame voltages Uα and Uβ , in accordance
with the inverse Park Transformation, see Section 2.1.2.

The stationary reference voltages are fed to a Pulse-Width Modulator that cre-
ates the analogue voltages required to run the stepper motor. A current shunt is
used to observe the currents that are induced in the motor, îα and îβ . The cur-
rents îα and îβ and the voltages Uα and Uβ are input signals to the observer. The
observer is approximating the electrical angle of the system through the Back-
EMF that is induced from the rotor. The electrical velocity is approximated from
the electrical angle. The velocity is filtered with a low-pass filter, causing it to be
more stable and react slower.

17



18 3 System Description

Figure 3.1: System’s block-diagram

3.1 Hardware Description

The code ran on a Cortex-M4F STM32F411VC and two driver stages Texas DRV8432
each with current shunt with an amplifier. The hardware was able to run two
separate two-phase stepper motors independently. The budget was roughly 2000
instructions per cycle to do all calculations necessary to run the motor.

Each driver consists of two H-bridges, sharing an operational amplifier for
signal processing (see Figure 3.2). The H-bridge consists of four switches, control-
lable by a microprocessor. By opening and closing these switches, it is possible to
control the current direction over the motor winding. To make the current pass
through the winding from left to right by closing northwestern and southeast-
ern switches (see Figure 3.3). Conversely, it is possible to make the current pass
through the inductor from right to left by closing northeastern and southwestern
switches (see Figure 3.4).
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Figure 3.2: Double H-bridge circuit, sharing a current shunt and an opera-
tional amplifier.

i
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Figure 3.3: H-bridge, current go-
ing through motor winding right to
left.

i

i

i

Figure 3.4: H-bridge, current go-
ing through motor winding left to
right.

Pulse Width Modulation is a method that is used to create specific voltages. In
this project, centre aligned PWM was used. A duty cycle is half of a PWM period.
The duty cycle is active in the centre of the PWM period. Over a duty cycle,
PWM1, the supplied voltage, is only delivered during the active part, PWM2, of
the duty cycle (see Figure 3.5).

The digital signals were measured by an ST-LINK/V2 ISOL STM8 & STM32
that was connected to a Serial Port Interface Digital to Analogue Converter that
was connected to an oscilloscope. The data had to be converted into acceptable
range [0,5] Volts for the SPI-DAC to be analysed in the oscilloscopes.

According to motor model, some motor constants had to be determined or
verified. The data sheet provided by the manufacturer specified the motor con-
stants in Table 3.1. Resistance and inductance measurements were of particular
importance and were measured, and the results are collected in Section A.1. The
results concluded that the specified constants were correct.
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Figure 3.5: PWM, centre aligned. PWM1 = Duty cycle, PWM2 = active pe-
riod.

Variable Unit
Step angle 1.8 ◦/full step

Step accuracy ±5%
Rated voltage 2.8 V
Rated current 1.33 A

Resistance per phase 2.1 ± 10%Ω@20◦C
Inductance per phase 2.5 ± 20%mH@1kHz

Holding torque 2200 gcm
Back-EMF N/A

Detent torque N/A
Rotor inertia 35 gcm2

Table 3.1: Motor constants specified by the manufacturer.
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3.2 Coding

The software was written in C and C++ with a generic structure that allowed
for easy modification of what type of motor was used, what control type was re-
quested, what hardware was used and other parameters that defined the system.

The system operated with an interrupt scheduling routine (ISR) during which
all necessary calculations were done.

Since there were approximately 2000 instructions available during the ISR,
all calculations had to be done as effectively as possible.

The calculations for the observed Back-EMF were done using a custom vector
class. In this vector class, the Park transformation and inverse Park transforma-
tion were implemented. Calculations for trigonometric functions used look-up
tables and interpolation between the values in the look-up table to find the an-
gle value quickly. Constants, such as π, were implemented as precalculated val-
ues with the highest possible accuracy available to the processor. This was done
mainly as a trade-off between performance and accuracy. While more accurate
implementations of the trigonometric functions exist, it also increases the compu-
tational cost of the system, thus limiting implementation of other functionality
that may be requested of the system.

In a sampling system, such as a microcontroller, Equation (2.13) can be im-
plemented as Algorithm 1 [7]. This form has saturation of the integral term and
output signal to ensure that the control signal does not grow to infinity. The PID-
controllers were implemented in this form to ease the tuning of the controllers
for an end-user.

Algorithm 1 PID-loop algorithm

procedure PID.update(ek)
P ← Kp · ek
I ← I + Ts ·Ki · ek
D ← Kd

Ts
· (ek − ek−1)

if I > Imax then I = Imax
else if I < Imin then I = Imin
end if
u = P + I + D
if u > umax then u = umax
else if u < umin then u = umin
end if

end procedure

In code, a first order low-pass filter may be implemented according to Algo-
rithm 2, where Y is the filtered output and X is the unfiltered input.
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Algorithm 2 Low pass filter algorithm

procedure LPF.Update(X[z])
Y [z]← −a · Y [z] + b ·X[z]

end procedure

To transition from sinusoidal mode to Field-Oriented Control mode, some
kind of switch condition was needed. When starting the motor from zero ve-
locity, the Back-EMF measurements are unreliable due to small or non-existing
measurements, and they are therefore sensitive to noise. The motor needs to gain
speed to get reasonable Back-EMF measurements. When the Back-EMF measure-
ments are stable enough to get a stable observed angle. The absolute value of the
difference between the observed velocity and the reference velocity needs to be
less than a set error threshold, ωerror . It is also important that the motor is rotat-
ing faster than a minimum threshold, ωFOC_min, to be able to reliably run FOC
mode. If both conditions are fulfilled, then a switch counter starts increasing.
When the switch counter has reached a certain threshold, counter_target, then
the motor switches to Field-Oriented Control mode. This may be implemented
according to Algorithm 3.

Algorithm 3 Switch Condition

function FOC Switch Condition(ωref , ωobs)
if |ωref − ωobs | < ωerror and |ωobs | > ωFOC_min then

counter ← counter + 1
else

counter ← counter − 1
end if
if |ωref | < ωFOC_min or counter == 0 then

counter = 0
FOC_mode = f alse

else if counter == counter_target then
FOC_mode = true

end if
return FOC_mode

end function



4
Method

In this chapter, methodology is presented. Three major setups were used in the
thesis. There were also two minor variants of Test setup 1 for testing lost step
detection in low speeds during stall, and to see if the driver lost steps in normal
mode of operation. Test setup 2 and 3 were for testing the different quadrants,
where quadrant 1 and 3 were for evaluating the performance when the stepper
motor is acting as a motor, and quadrant 2 and 4 were for evaluating the perfor-
mance when the stepper motor is acting as a brake.

4.1 Test Setup 1

Test setup 1 was used when implementing the basic functions of the system.
The hardware consisted of the following:

• Stepper motor

• ST-LINK/V2 ISOL STM8

• Driver

• MX180TP Triple Output Multi-Range DC Power Supply

• SPI-DAC

• InfiniiVision DSO-X 4024A

• Tektronix TCP202

The setup may be described according to Figure 4.1. The computer where
the driver was programmed was connected to ST-LINK/V2 ISOL STM8, which in
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turn was connected to the driver with the microprocessor. The current probe, Tek-
tronix TCP202, (if used) was connected from the stepper motor cables to the os-
cilloscope, InfiniiVision DSO-X 4024A. The driver had a power supply, MX180TP
Triple Output Multi-Range DC Power Supply, and was connected to the oscillo-
scope, InfiniiVision DSO-X 4024A, by using an SPI-DAC.

Figure 4.1: Setup diagram

Test setup 1a

This setup was a slightly modified version of Test setup 1, where the stepper
motor was mounted in place, and a rotor blade was attached to the rotor. The
bench was mounted with a piece of wood acting as a stop piece, held in place by
using a clamp. The rotor blade could only rotate until it got in contact with the
piece of wood. This setup was used to detect lost steps during stall in low speeds.

Test setup 1b

This setup was a modified version of Test setup 1, where the stepper motor was
mounted with a positioning sensor. This allowed for the mechanical sensor to be
analysed and to see if the system could follow a reference angle without losing
steps.
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4.2 Test Setup 2

Test setup 2 was used when testing the performance of the system in the first and
third quadrant. This was the brake test where a DC motor was acting as a brake
to the driving stepper motor.

Test setup 2 was consisting of Test setup 1, see Section 4.1, connected to a
brake bench setup described below. The Brake bench setup consisted of the fol-
lowing hardware:

• Maxon DC motor F 2260-889 Diameter: 60 mm, Graphite Brushes 80 W

• Connection between stepper motor and DC motor (8 to 5 mm)

• Keysight 34461A, 6½ Digit Multimeter

• Keysight 34465A, 6½ Digit Multimeter

• LD300 DC Electronic Load

• Delta Elektronika Power Supply ES075-2

• Tektronix MSO44

The stepper motor driver was supplied with 48 V and 2 A limit from the
MX180TP Triple Output Multi-Range DC Power Supply. The currents of the step-
per motor and internal digital variables, via a serial port interface digital to ana-
logue converter (SPI-DAC), were analysed on a six channel digital oscilloscope,
Tektronix MSO44.

The stepper motor was connected to the DC motor, Maxon DC motor F 2260-
889 Diameter: 60 mm, Graphite Brushes 80 W, by using a connection holding the
rotor axes aligned by tightening screws (see Figure 4.2). The DC motor was acting
as a brake in this setup. The DC motor was supplied with 11 V from a separate
power supply, Delta Elektronika Power Supply ES075-2, due to the voltage drop
from running the DC motor. The internal resistance of the DC motor was 5.41Ω
and it was rated for 2 A currents (5.41Ω · 2A = 10.82V ). The value supplied
voltage was set slightly higher (11 V) than the calculated value to account for
neglected inductance of the DC motor. The DC motor was also supplied with a
current source, LD300 DC Electronic Load, in the opposing direction, acting as
the brake. When the DC Electronic Load is in the circuit, then the DC motor
cannot start rotating from the applied voltage due to the lack of a current, un-
less applied from the current source. The currents and voltages of the DC motor
are measured by using multimeters, Keysight 34461A, 6½ Digit Multimeter and
Keysight 34465A, 6½ Digit Multimeter respectively. The entire DC motor setup
can be described according to Figure 4.3. The DC motor will rotate either posi-
tive or negative direction from the stepper motor’s point of view, depending on
which pole is connected to the voltage source and which pole is connected to the
ampere meter. Note that the polarity of the DC motor is switched between the
first quadrant test and the third quadrant test.
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Figure 4.2: Hybrid stepper motor connected to a DC motor.
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Figure 4.3: Brake load circuit in Test Setup 2.

First Quadrant Maximum Torque Load Test

The first quadrant maximum torque load test was conducted by having the step-
per motor rotate in positive direction at a set velocity. Then the current was
increased from zero, causing the DC motor to generate torque in the negative (op-
posite) direction, until the stepper motor could not rotate without losing steps.
The values of the applied current were noted for both Sinusoidal mode and FOC
mode.

Third Quadrant Maximum Torque Load Test

The third quadrant maximum torque load test was conducted by having the step-
per motor rotate in negative direction at a set velocity. Then the current was
increased from zero, causing the DC motor to generate torque in the positive (op-
posite) direction, until the stepper motor could not rotate without losing steps.
The values of the applied current were noted for both Sinusoidal mode and FOC
mode.
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4.3 Test Setup 3

Test setup 3 was used when testing the performance of the system in the second
and fourth quadrant. In this setup, the stepper motor is acting as a brake to a
driving DC motor. Note that the polarity of the DC motor is switched between
second quadrant test and fourth quadrant test.

Test setup 3 is almost identical to Test setup 2, see Section 4.2, except the
current source, LD300 DC Electronic Load was omitted. For an electric circuit
diagram, see Figure 4.4. Omitting the current source will cause the DC motor to
act as a generator if there is no voltage applied from the voltage source. When
the stepper motor is rotating, then the DC-motor will also rotate, causing it to
generate voltage and current. If the applied voltage is greater than the generated
voltage (U > Ugen), then the DC motor will rotate faster than the stepper motor
unless the stepper motor controller cause the stepper motor to act as a brake in
order to keep the chosen velocity. Changing the polarity of the DC motor will
cause it to rotate the other direction.

M

A

−+

U

V

Figure 4.4: Brake load circuit in Test Setup 3.

Second Quadrant Maximum Torque Load Test

The third quadrant maximum torque load test was conducted by having the step-
per motor rotate in negative direction at a set velocity. This causes the DC motor
to rotate in the same direction and generate a voltage. Then the applied voltage
was increased until the stepper motor could not rotate without losing steps. The
values of the applied voltage and generated current were noted for both Sinu-
soidal mode and FOC mode.

Fourth Quadrant Maximum Torque Load Test

The fourth quadrant maximum torque load test was conducted by having the
stepper motor rotate in positive direction at a set velocity. This causes the DC
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motor to rotate in the same direction and generate a voltage. Then the applied
voltage was increased until the stepper motor could not rotate without losing
steps. The values of the applied voltage and generated current were noted for
both Sinusoidal mode and FOC mode.



5
Results and Discussions

During the Master thesis, three different versions for the FOC mode were devel-
oped and tested. Version 1 was used until it was noticed that the performance
was lacking in the Torque load tests. Version 2 was developed to increase the
performance by using phase error compensation, see Section 5.3. Version 3 was
developed to solve the problem of losing steps while in FOC mode by introducing
a more complex controller structure.

FOC mode version 1

FOC mode version 1 was observing the electric angle with θe = atan2(εβ , εα) due
to Equation (2.11) was failing in FOC mode while running at higher velocities
(750+ rpm) due to the Back-EMF being phase-shifted. It was found that this
method of observing the angle worked without phase compensation for negative
velocities. The quadrature current was controlled by using a speed controller.

FOC mode version 2

FOC mode version 2 was observing the electric angle by using the definition ac-
cording to Equation (2.11) and phase compensating linearly with observed veloc-
ity depending on direction, according to Equation (5.1) for positive direction and
Equation (5.2) for negative direction. The quadrature current was controlled by
using a speed controller.

FOC mode version 3

FOC mode version 3 was developed as a modification of FOC mode version FOC
mode version 2, but would solve the problem of losing steps that a pure velocity
controller has a tendency of. The quadrature current was controlled by using
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a modified speed controller with a revolution controller on top and with a con-
ditional angular controller for locking the phase. The condition for using the
angular controller was that there is no difference between the observed number
of revolutions and the reference number of revolutions. A Block Diagram of the
controller structure can be seen in Figure 5.1. This version was developed late
in the project and was never properly tuned before being tested in the maximum
torque load test, thus affecting its performance. The performance of this version
could likely be improved with further tuning.

Figure 5.1: Velocity controller in FOC mode version 3.

5.1 Controllers

The current controllers were used in both the Sinusoidal mode and the FOC mode
versions. The current controllers were implemented as Proportional and Integrat-
ing (PI) Regulators with the general PID-class, with upper and lower limits on
both integration and output. Both current controllers for direct and quadrature
currents used the same parameters. The controller settings can be seen in Table
5.1. In order to reach the 48 V limit of the voltages, from the maximum rms cur-
rent value of 1.3 A, meant that the proportional and integrating gain had to be in
the of magnitude of 10.

Kp Ki Kd Imin Imax umin umax

30 10 0 -20 20 -48 48
Table 5.1: Current controller parameters.

The velocity controller was implemented for the FOC mode, using the general
PID-class as a PI-controller, with upper and lower limits on both integration and
output. The velocity controller parameters used in all FOC mode versions can
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be seen in Table 5.2. The inputs of this controller were the difference between
reference velocity and observed low-pass filtered velocity. The output was the
quadrature current target value. It was found that it was possible to run the
motor up to 2500 rpm. This was deemed reasonable as this was at 1/10 of the
switching frequency of the PWM.

Kp Ki Kd Imin Imax umin umax

1 0.1 0 -1 1 -1.84 1.84
Table 5.2: Velocity controller parameters.

The revolution controller was used in FOC mode version 3. It was used to
increase the target velocity value to regain lost steps. The input of this controller
was the difference between the number of revolutions from the reference angle
and the observed number of revolutions from the observed angle. The output
was a velocity target value. The limits were set at 20 electrical degrees per PWM
cycle. The parameter values of the revolution controller can be seen in Table 5.3.

Kp Ki Kd Imin Imax umin umax

0.3 1 0 -20 20 -20 20
Table 5.3: Revolution controller parameters.

The angular controller was used in conjunction with the revolution controller
in FOC mode version 3. The angular controller would only activate if the differ-
ence between the observed number of revolutions and the reference number of
revolutions were zero. The angular controller would lock the phase by increasing
or decreasing the amount of quadrature current. By introducing a relay, limiting
the maximum and minimum value of the quadrature current, the current was
certain to not activate the over-current protection of the driver circuit. Locking
the phase ensures that the speed controller does not lose any steps that a pure
velocity controller has a tendency of. When decreasing to standstill, this also
helps to ensure that the FOC mode does not lose any steps when switching back
to Sinusoidal mode. The angular controller was implemented as an integrating
controller with the PID class, decreasing the impact of noise that a proportional
controller would react to, but capturing slower changes. The controller parame-
ters can be seen in Table 5.4.

Kp Ki Kd Imin Imax umin umax

0 0.3 0 -0.3 0.3 -0.3 0.3
Table 5.4: Angular controller parameters.
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Tuning the Current Controllers

The current controllers were tuned in Sinusoidal mode in test setup 2, with no
added brake current. The first goal was to hit the 1.3 A target rms current, slightly
below the 1.33 A over-current protection limit of the driver circuit. This was done
by setting the limits of the controller to 1.3 ·

√
2 = 1.84. The current regulators

were first tuned as proportional regulators. The proportional gain Kp was set to
40 and met the target rms current at 250 rpm. The velocity was increased to see
if the gain was enough for all velocities. At 1250 rpm, the gain was too great,
causing the over-current protection to activate, shutting down the circuit. Kp
was decreased from 40 to 30, but this caused the controller to not meet the target
current at lower velocities (<1000 rpm). Ki was increased from 0 to 10 and Imax
set to 20. This was enough to accommodate 1.3 A rms up to 1250 rpm, and then
it decreased to roughly 0.8 A rms at higher velocities. umax was set to 48 [V] due
to it being the maximum voltage the power supply could output.

5.2 Velocity and Back-EMF Low-pass Filters

In initial runs of the stepper motor driver, it was found out that the observed
velocity was very noisy and needed filtration to be useful for a controller. The
observations were worst at around zero speed, where the Back-EMF observations
were unreliable.

Several different low-pass filters were tested, but the most successful low-pass
filter for the observed velocity was a simple first-order filter with coefficients
b(0) = 0.01 and a(1) = −0.99. The Bode plot for the chosen filter can be seen
in Figure 5.2.

Tuning the current controllers’ parameter values caused the noise of the ob-
served Back-EMF to be amplified, in turn causing the observed angle and ob-
served velocity to be more unstable. A first order low-pass filter was imple-
mented for the Back-EMF observations to reduce the impact of noise, making the
angle and velocity observations, derived from the Back-EMF, more stable. The
coefficients used were b(0) = 0.25 and a(1) = −0.75.

It was possible to accelerate from 0 to 1000 rpm in 5 ms, entirely in Sinu-
soidal mode. The observed low-pass filtered velocity took an additional 11.67
ms to catch up and get stable enough before the FOC mode activated, due to the
slowness of the low-pass filter for the observed velocity. As seen in Figure 5.3,
the observed velocity is noisy, especially at standstill, explaining why low-pass
filtration was necessary for the velocity controller.
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Figure 5.2: Bode plot of implemented velocity low-pass-filter.

Figure 5.3: FOC mode version 3 velocity ramp. Reference velocity (yellow),
observed velocity (green), FOC mode (blue), observed low-pass filtered ve-
locity (red).
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5.3 Phase Error Compensation

To further increase the performance, phase error compensation was implemented
to increase the accuracy of the observations at different velocities. The Back-EMFs
were measured, and the angle was observed by using Equation (2.11) while run-
ning in Sinusoidal mode. By comparing the phase error was between the observed
angle and the reference angle, it was possible to linearly interpolate the phase er-
ror as a function of velocity, as seen in Figure 5.4 and 5.5. The linearisation was
done according to Equation (5.1) for positive velocities and according to Equation
(5.2) for negative velocities.

θ̂e = arctan
(
− ε̂α
ε̂β

)
+ 0.05ωm (5.1)

θ̂e = arctan
(
− ε̂α
ε̂β

)
+ 0.05ωm + 180◦ (5.2)

From this result, the phase error is not directly linearly proportional with
velocity. Linearising the phase error with velocity and compensating could still
improve performance.

Linearised phase shift compensation did improve the performance, as seen
with FOC mode version 2 in the maximum torque load tests, but further im-
provement could be made. This phase shift is probably due to time-delays in
the microprocessor and the limits of the PWM. If it was purely due to time-delay,
then it would be proportional with the velocity of the motor, but it was not for
higher velocities (1250+ rpm), which is probably due to the limitations of the
PWM.

5.4 Transition between Sinusoidal and FOC

To have a working system, the system needs to be able to switch between sinu-
soidal mode and FOC mode without causing the motor to stop rotating or switch-
ing back and forth between FOC mode and Sinusoidal mode. This was done using
Test setup 2, with no added brake current.

For FOC mode version 1, the transition from Sinusoidal mode to FOC mode at
a minimum speed of 400 rpm can be seen in Figure 5.6 for α-axis (similar results
for β-axis). The transition back to Sinusoidal mode from FOC mode can be seen
in Figure 5.7 for α-axis (similar results in β-axis). While it was possible to switch
to FOC mode at 100 rpm, it was not possible to switch back reliably to Sinusoidal
mode at 100 rpm. It was made possible at higher velocities, e.g. 400 rpm. As seen
in FOC mode version 1, the observed Back-EMF moves from behind the current
to in front of the current when switching to FOC and then back behind when
switching back to Sinusoidal mode. When switching to FOC mode, it is seen that
the currents have not stabilised yet due to the system still accelerating to meet
target velocity, but that the amplitude of the currents still have decreased. When
switching back to Sinusoidal mode, it is seen that the amplitude of the currents
immediately increase, as expected.
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For FOC mode version 2, it was found that the transition between Sinusoidal
mode and observer-based FOC mode was smooth at 400 rpm, as seen in Figures
5.8 and 5.9. The transition was similar for the β-axis. In FOC mode version 2, it
is seen that the both the Back-EMF and the current are more stable than in FOC
mode version 1 and that the amplitude of the current is smaller, meaning lower
current consumption.

Switch Condition Parameters

The switch condition in Algorithm 3 had three parameters of interest: ωerror,
ωFOC_min and counter_target. The parameters are explained in Section 3.2. Some
experimentation was done to see how much each parameter affected the transi-
tion between Sinusoidal and FOC mode version 1 using Test setup 1. In Table
5.5, the acceleration was set to 80000 mechanical degrees per second-squared
and smoothness factor of 2/3. The lowest velocity that could reliably use FOC
mode was 170 rpm with a minimal FOC switch condition speed of 60 rpm with
an error between observed and reference velocity being 1 rps. Stable transition in
this context is transition to FOC mode without switching back and forth between
Sinusoidal mode and FOC mode.

The highest velocity that could handle these settings was 1250 rpm. The FOC
mode switched on and off continuously until the motor phased out for velocities
below 170 rpm or minimum FOC transition speed of 60 rpm. The same happened
for velocities above 1250 rpm. For higher velocities, the switching condition was
more difficult: simply increasing or decreasing lowest velocity switch condition,
counter target or error margin alone did not result in a stable transition from
Sinusoidal mode to FOC mode. This is probably due to the performance of the
current controllers and the PWM, as the current waves become triangular instead
of sine shaped at velocities higher than 1250 rpm. For higher velocities, increased
counter target and slower acceleration, were the found key factors for a stable
transition at higher velocities. Lower acceleration led to a slower and more stable
velocity increase. At 1500 rpm, the same settings as in Table 5.5 could be used, if
the acceleration was lowered to e.g. 20000.

ω [rpm] ωerror [rps] ωFOC_min [rpm] counter_target
170 1 60 1
200 1 60 1
500 1 60 1

1000 1 60 1
1250 1 60 1

Table 5.5: Stable transition from Sinusoidal mode to FOC mode at lower
velocities.
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Figure 5.4: Phase error compared to reference angle (blue) and linearised
phase compensation (red).

Figure 5.5: Phase error compared to reference angle (blue) and linearised
phase compensation (red).
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Figure 5.6: Transition (blue, low to high) from Sinusoidal mode to FOC mode
version 1. α-current (cyan) and observed α-Back-EMF (green) at switching
minimum speed of 400 rpm.

Figure 5.7: Transition (blue, high to low) from FOC mode version 1 to Sinu-
soidal mode. α-current (cyan) and observed α-Back-EMF (green) at switch-
ing minimum speed of 400 rpm.
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Figure 5.8: Transition from Sinusoidal mode to FOC mode version 2. FOC
mode (blue, high), α-current (cyan), α-Back-EMF (green).

Figure 5.9: Transition from FOC mode version 2 to Sinusoidal mode. FOC
mode (blue, high), α-current (cyan), α-Back-EMF (green).
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Using Test setup 1, it was possible to switch back and forth between Sinu-
soidal mode and FOC mode using a minimum switch condition speed of 60 rpm
for velocities up to 1250 rpm. This could be done reliably with the stability
counter switch condition set to 1 and error in velocity set to 1 electrical degree
per calculation cycle. For higher velocities, this was not the case, probably due
to the current controllers and PWM being unable to supply voltage fast enough
to accommodate the increase in velocity. For the higher velocities, higher counter
switch condition was needed, most reliable in the range of 100+. Increased mini-
mum speed before switching to FOC eased the transition. This does not say much,
though, as this is for an unloaded motor and not representative for real-life use.

5.5 Maximum Torque Load Test

The maximum torque load test was done for Sinusoidal mode and for FOC mode
version 1, 2 and 3. The tests were done by using Test setup 2 and 3, depending
on quadrant.

First, the modes were tested with no added brake current to see how large
the current consumption were for the different modes. The results can be seen in
Figures 5.10, C.1, C.2 and C.3. Quadrant 2, 3 and 4 were all almost identical to
quadrant 1.

In these figures, the FOC mode decreased the current consumption for the
case with no additional torque load except friction from the DC-motor, across all
velocities tested. The results were practically the same across all four quadrants,
as expected.

The sinusoidal mode performed as expected, with a roughly constant current
consumption up to 1250 rpm and then almost linearly decreasing with increased
velocity. This was largely expected due to the PWM unable to supply voltage fast
enough to meet the target current level (as seen in Figures 5.14 and 5.15), and
due to friction. FOC mode version 1 had the highest current consumption of the
FOC versions up until roughly 1750 rpm, but still considerably lower than Sinu-
soidal mode. FOC mode version 1 had constant phase error correction, with the
largest phase error at lower velocities, likely causing the increased current con-
sumption compared to version 2 and 3, which performed practically identically
at no additional load.

Secondly, the modes were pushed to their limits, to see how large the current
consumption were and how much torque they could handle before losing steps
and eventually phasing out. The results for the current consumption can be seen
in Figures 5.11, C.4, C.5 and 5.12. The maximum torque load can be seen in
Figure 5.13.

At maximum torque load, the Sinusoidal mode in quadrants 1 and 3 had a
similar curve as at no additional load. The main difference being a slight increase
in current consumption at 1250 rpm. All the versions of the FOC mode had
lower current consumption at their maximum torque load, with version 1 having
the largest current consumption at velocities up to 1750 rpm. One thing to note
is that version 2 had lower current consumption than version 1, but generally still
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manages to handle larger torque load, as seen in Figure 5.13. FOC mode version
3 was not properly tuned before tested, causing the lower torque load and more
erratic maximum current consumption.

The Sinusoidal mode in quadrants 2 and 4 managed to handle torque loads
up to roughly 300 mNm at around 1250 rpm with a current consumption above
the over-current protection threshold. Due to the DC motor driving and stepper
motor acting as a brake, the over-current protection cannot shut down the circuit
as the current is induced due to the DC motor forcefully rotating the stepper
motor. This allows the stepper motor to surpass the limit, but at an expense of
the hardware. The energy must go somewhere, in this case as in the form of heat,
damaging the hardware.

FOC mode version 1 performed the worst up until 1000 rpm and after 2000
rpm, but performed the best of the FOC versions between 1000 rpm and 2000
rpm. FOC mode version 2 and version 3 performed similarly to each other, but
still worse than Sinusoidal mode.

The maximum torque load drop in sinusoidal mode between 1250 rpm and
1500 rpm is due to the current controllers are unable to supply enough voltage
to meet the requested current. The currents go from being sine shaped at lower
velocities to being triangularly shaped at higher velocities. This can be seen in
Figures 5.14 and 5.15. Increasing the gain Kp, causes the over-current protection
of the drivers to activate and shutting down the circuit. This factor affects the
observation of the electrical angle, as the Back-EMF is not strictly sine-shaped for
higher velocities due to the limits of the PWM.

5.6 Reference Tracking

The test to see if the controllers could follow a reference angle was conducted
by using Test Setup 1b. The stepper motor was programmed to rotate 3600 me-
chanical degrees (10 revolutions). If the controller could not follow the reference
angle, then it could not be relied upon in a servo system. Ten revolutions are few
enough to quickly read on an oscilloscope, but long enough to see if the control
mode loses track of steps and cannot follow the reference angle.

In FOC mode, the transitions to FOC were made using a minimum threshold
speed of 200/60 rps and a switch condition counter target of 1 and velocity error
threshold of 1 rps. These choices were made to test if the controller could switch
reliably to FOC mode without reverting to Sinusoidal mode at a low minimum
threshold velocity to be in FOC mode as long as possible.

Sinusoidal mode did not lose steps, as seen in Figure 5.16. FOC mode version
1 and 2 had a tendency to lose steps while in FOC mode, as seen in Figures 5.17
and 5.18, even though it is virtually impossible to see the observed velocity. FOC
mode version 3 did not lose steps, as seen in Figure 5.19.

Simply tracking the velocity does not guarantee following the position cor-
rectly, as to why a regular speed controller is not enough for a servo system.
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Figure 5.10: Current consumption at no additional load of the stepper motor
in the first quadrant. Sinusoidal mode (blue), FOC mode version 1 (red),
FOC mode version 2 (green), FOC mode version 3 (black).

Figure 5.11: Current consumption at maximum load current of the stepper
motor in the first quadrant. Sinusoidal mode (blue), FOC mode version 1
(red), FOC mode version 2 (green), FOC mode version 3 (black).
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Figure 5.12: Current consumption at maximum load current of the stepper
motor in the fourth quadrant. Sinusoidal mode (blue), FOC mode version 1
(red), FOC mode version 2 (green), FOC mode version 3 (black).

Figure 5.13: Maximum torque load of the stepper motor. Sinusoidal mode
(blue), FOC mode version 1 (red), FOC mode version 2 (green), FOC mode
version 3 (black). Quadrant 1 upper right, quadrant 2 upper left, quadrant
3 lower left, quadrant 4 lower right.
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Figure 5.14: Current measurements (Sinusoidal mode) at 500 rpm. α-
current (orange), β-current (blue).

Figure 5.15: Current measurements (Sinusoidal mode) at 1500 rpm. α-
current (orange), β-current (blue).
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Figure 5.16: Sinusoidal mode reference tracking. Reference velocity (yel-
low), observed low-pass filtered velocity (green), FOC mode (blue), mechan-
ical position (red) wraps at the bottom of the screen and returns at top.

Figure 5.17: FOC mode version 1 reference tracking. Reference velocity (yel-
low), observed low-pass filtered velocity (green), FOC mode (blue), mechan-
ical position (red) wraps at the bottom of the screen and returns at top.
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Figure 5.18: FOC mode version 2 reference tracking. Reference velocity (yel-
low), observed low-pass filtered velocity (green), FOC mode (blue), mechan-
ical position (red) wraps at the bottom of the screen and returns at top.

Figure 5.19: FOC mode version 3 reference tracking. Reference velocity (yel-
low), observed low-pass filtered velocity (green), FOC mode (blue), mechan-
ical position (red) wraps at the bottom of the screen and returns at top.
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5.7 Stall Detection

Detection of lost steps is of interest when running stepper motors, as when a
stepper motor stalls, but it tries to continue to rotate. The stepper motor will
reach a tipping point where it will snap back a multiple of four steps. There
has been little research on the area of lost step detection or stall detection for
stepper motors. Common methods to detect stall use positioning sensors. Lost
step detection was tested using Test setup 1a and FOC mode version 1. The lost
step detection test was done by letting the hybrid stepper motor rotate against an
obstacle until it cannot rotate any more. This will cause the rotor to snap back
to the last stable position. The observed angle behaves roughly according to the
sine wave when the stepper motor stall (see Figure 5.20).

Figure 5.20: Lost step detection at 0.1 rpm. Reference angle (yellow), ob-
served angle (green), α-current (blue), β-current (red).

Due to time constraints, little effort was made in detecting the lost steps, but
it is detectable just by looking at the shape of the observed angle, even though the
observed angle is clearly incorrect due to unreliable measurements of the Back-
EMF due to the low velocity. It is somewhat surprising that it is possible to get any
measurements at all at this velocity. It is deemed possible to automate detection
in a microprocessor, but due to lack of time and being the least important area of
research of this thesis, little effort was made in this research question.



6
Conclusions

In this chapter, the conclusions and an outlook are presented. The research ques-
tion from the Introduction (see Section 1) are answered below.

1. Is it possible to make an observer based on sensorless Field-Oriented Control for
a hybrid stepper motor using measured currents and applied voltages?
This report showed that it was possible to make an observer-based Field
Oriented Control driver for a hybrid stepper motor by using measured cur-
rents and applied voltages.

2. Is it possible to use the motor in all four quadrants?
It was possible to use the motor in all quadrants for both control modes.

3. Is it possible to transition between Sinusoidal mode and Field-Oriented Control
observer mode without losing steps?
It was possible to transition between both control modes without losing
steps using FOC mode version 3.

4. Is it possible to detect stall in low speeds?
It was possible, by eye at least, to detect stall at low speeds. Detection was
not automated and is left for future research.

6.1 Outlook

As in every project, there is room for further development. In this section, some
possible areas of improvement and further development are discussed.

• Stall Detection
Automated stall detection was never satisfactorily implemented, this is an
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obvious subject for future work. Some work has been done in this area, e.g.
[20], [5], to show that it is possible.

• Extended Kalman Filter
An Extended Kalman filter may be implemented outside the ISR in order to
gain better values of current measurements and angle approximations.

• Phase Error Compensation
Phase error compensation was necessary due to time differences between
reference signals and measured signals. The performance may be increased
if the exact relationship between velocity, time delay of the system, limits
of the PWM and other factors is found.

• Field-weakening
It might be possible to gain increased performance by using field-weakening,
as indicated by some literature, e.g. [21].

• Switching Modes Without Losing Steps
When switching between Sinusoidal and observer-based FOC mode, it is
very much possible that the motor will lose some steps in the transition
process. FOC mode version 3 manages to regain lost steps. This is a difficult
problem for an open-loop system, as there is no true feedback of position
in this system. An angular controller may ease the transition process.

• Higher Order Velocity Filter
Higher order velocity filters were tested, such as Chebyshev and Butter-
worth filters, but with no higher order low-pass filter tested had better per-
formance compared to the implemented first order low-pass filter. There
may be better filters than those tested.

• Implementing a PI Controller Class
The controllers used were either PI and P regulators. A simple method of
saving instructions in the microprocessor would be to create a new class for
PI controllers and converting the implemented PID controllers to the new
PI controller class.

• Testing Different Stepper Motors
As this driver was only tested for a single non-ideal two-phase stepper mo-
tor, it is not evident that the performance will translate to another two-
phase stepper motor. If a stepper motor with more phases were to be used,
then a larger modification to the code will be needed.

• Different Types of Motors
This driver was developed for two-phase stepper motors, but it could per-
haps be extended to e.g. permanent magnet synchronous motors. This may
need some modification to the code.
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Appendix

A.1 Measurements of Motor Constants

Resistance was measured using a Keysight Multimeter 34461A in 100 Ω range
with an accuracy of ±(0.010 + 0.004) % of reading + % of range. Accuracy spec-
ified for 1 year after calibration ±5◦C. Measuring was done through four wire
resistance measurement, also known as Kelvin resistance measurement, at 100
power line cycles. From this, we can assume that measurements are as accurate
as they can be, not accounting for temperature differences when running the mo-
tor. The results can be seen in Table A.1.

Phase Resistance variation [Ω]
α 2.098 – 2.099
β 2.155 – 2.177

Table A.1: Resistance measurements.

The inductance was measured with a Wayne Kerr Automatic LCR Meter 4250
with an accuracy of 0.1 – 0.5 %. Although it had not been calibrated for an un-
known timespan, likely a few years. The results can be seen in Table A.2.

Phase Inductance variation [mH]
α 2.5254 – 2.5278 @ 1kHz
β 2.5685 – 2.6376 @ 1kHz
α 2.0514 – 2.0526 @ 10kHz
β 2.0471 – 2.1573 @ 10kHz

Table A.2: Inductance measurements.
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Detent torque was approximated by using a torque gauge, Tohmichi model 600
ATG-N. This constant was approximated to be 0.9 · 10−2 Nm by rotating the rotor
several rotations.

There is a slight difference between the two motor windings, both in resis-
tance and in inductance. Although the difference between them in small and
within specified range in the data sheet. The variation was smaller in phase α
than in phase β. The inductance was about 20% lower at 10 kHz compared to 1
kHz.

The Back-EMF constant, also known as maximum flux linkage, was not spec-
ified in the data sheet and was determined using Equation (2.9) and by collect-
ing data on estimated Back-EMF of Alpha and Beta while running at a specified
mechanical rotational speed. The maximum flux linkage was calculated as the
amplitude of the sine wave divided by the mechanical rotational velocity. The
amplitude was calculated with Equation (2.20), by finding the RMS value of the
Back-EMF using Equation (2.19). To increase accuracy of the estimation, the ac-
curacy was done at three different speeds in positive direction and negative direc-
tion and the Back-EMF constant was calculated for α-axis and β-axis respectively.
The results can be seen in Table A.3. A plot of the Back-EMFs can be seen in Fig-
ure A.1 . The mean value of the Back-EMF constant was found to be 92.875 · 10−3

Vs/rad (mechanical).

ωm Km (α-axis) Km (β-axis)
-500 92.645 · 10−3 92.200 · 10−3

500 92.585 · 10−3 92.435 · 10−3

-1000 92.050 · 10−3 94.210 · 10−3

1000 92.135 · 10−3 94.295 · 10−3

-1500 92.22 · 10−3 93.535 · 10−3

1500 92.125 · 10−3 93.695 · 10−3

Table A.3: Estimation of Maximum Flux Linkage constant in Vs/rad (me-
chanical). Mechanical rotational speed in rpm.
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Figure A.1: Back-EMF at 500 rpm (negative direction). α-Back-EMF (blue),
β-Back-EMF (red).

A.2 Transformation Verification Test

To verify that the inverse Park transformation and Park transformation (see Sec-
tion 2.1.2) were correctly implemented, a test was conducted. Ifid = 1

iq = 0

Ud = Rs · id
Uq = Rs · iq

and after the inverse Park transformUα = Ud cos(θ)
Uβ = Ud sin(θ)

îα ≈
Uα
Rs

= cos(θ)

îβ ≈
Uβ

Rs
= sin(θ)

Then the observed direct and quadrature currents should be approximately
the same as the applied direct and quadrature currents after the inductance has
stabilised. The results can be seen in Table A.4. The results indicate that the
transformations were implemented correctly.

Doing this experiment again, but with
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id = 0
iq = 1

Ud = Rs · id
Uq = Rs · iq

and after the inverse Park transformUα = −Uq sin(θ)
Uβ = Uq cos(θ)

îα ≊
Uα
Rs

= − sin(θ)

îβ ≊

Uβ

Rs
= cos(θ)

Then the observed direct and quadrature currents should be approximately
the same as the applied direct and quadrature current after the inductance has
stabilised. The results can be seen in Table A.5. The results indicate that the
transformations were implemented correctly.

θ Uα Uβ îα îβ îd îq
0◦ 2 0 1 0 1 0

45◦
√

2
√

2 1√
2

1√
2

1 0

90◦ 0 2 0 1 1 0
135◦ −

√
2

√
2 − 1√

2
1√
2

1 0

180◦ -2 0 -1 0 1 0
225◦ −

√
2 −

√
2 − 1√

2
− 1√

2
1 0

270◦ 0 -2 0 -1 1 0
315◦

√
2 −

√
2 1√

2
− 1√

2
1 0

Table A.4: Approximate current measurement at select angles given refer-
ence signals id = 1 and iq = 0.

θ Uα Uβ îα îβ îd îq
0◦ 0 2 0 1 0 1

45◦ −
√

2
√

2 − 1√
2

1√
2

0 1

90◦ -2 0 -1 0 0 1
135◦ −

√
2 −

√
2 − 1√

2
− 1√

2
0 1

180◦ 0 -2 0 -1 0 1
225◦

√
2 −

√
2 1√

2
− 1√

2
0 1

270◦ 2 0 1 0 0 1
315◦

√
2

√
2 1√

2
1√
2

0 1

Table A.5: Approximate current measurement at select angles given refer-
ence signals id = 0 and iq = 1.
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A.3 Current Measurements

The observed currents were compared against measurements using current probes
by outputting the observed current to the oscilloscope through an SPI-DAC, while
simultaneously measuring the currents through a current probe directly in the os-
cilloscope. If there is a phase difference between the currents, then that difference
should be constant for every velocity. By measuring the currents of both α and
β axes at three different velocities, it was concluded that there was a constant
time delay of 0.000175 seconds between the observed currents and the measured
between all velocities in both axes (see Figure A.2). This time difference is likely
caused by the SPI-DAC and calculations inside the microprocessor. It was con-
cluded that the measurements were correct.

Figure A.2: Current measurement of α-axis at 500 rpm. Observed current
(blue), measured current (red).





B
Extended Kalman filter

The extended Kalman filter is the nonlinear version of the Kalman filter. The
Kalman filter is the optimal filter for a linear system with independent Gaussian
noise.

A linear system may be described asẋ = Ax + Bu + w
y = Cx + Du + v

Where w is the white process noise with covariance matrix Q, and v is the
white measurement noise with covariance matrix R. With P being the covariance
matrix of x. w ∼ N (0,Q)

v ∼ N (0,R)

P = Cov(x)

A discrete time nonlinear system may be described as functions of the states
and the control signals with added noise.ẋ = f(x,u) + w

y = h(x,u) + v

The Extended Kalman filter, unlike the Kalman filter, can not generally guar-
antee optimality, unless functions f and h are linear, then the Extended Kalman
filter becomes a regular Kalman filter.

The Kalman algorithm consists of five equations in two steps, prediction and
correction [2].
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Predict 
x̂k|k−1 = x̂k−1|k−1 + Ts · f(x̂k−1|k−1,uk−1)
Pk|k−1 = Pk−1|k−1 + TS ·

(
FkPk−1|k−1 + Pk−1|k−1FT

k + Q
)

Kk = Pk|k−1HT
k

(
GkPk|k−1HT

k + Rk

)−1

Correction x̂k|k = x̂k|k−1 + Kk

(
yk − h(x̂k|k−1)

)
Pk|k = (I −KkHk) Pk|k−1

Given Fk = df
dx

∣∣∣
x=x̂k|k−1,u=uk−1

Hk = dh
dx

∣∣∣
x=x̂k|k−1,u=uk−1

Nonlinear state-space model

In order to use a Kalman filter, a state-space model is needed. For the Extended
Kalman filter, a nonlinear state-space model is needed. In [3], [12], [13], [19],
[22], the ideal motor model is described according to Equations B.1, B.2, B.3 and
B.4.

diα
dt

= (−Rsiα + Kmωe sin(θe) + Uα) /Ls (B.1)

diβ
dt

=
(
−Rsiβ − Kmωe cos(θe) + Uβ

)
/Ls (B.2)

dωe

dt
=

(
−Kmiα sin(θe) + Kmiβ cos(θe) − τL

)
/J (B.3)

dθe

dt
= ωe (B.4)

Matrices

Given the motor model in Chapter 2.4 it was possible to implement the following
matrices. It assumes that the angular velocity is constant between samples, since
it is sampling at 20 kHz.

x =
[
x1 x2 x3 x4

]T
=

[
iα iβ ωe θe

]T
u =

[
u1 u2

]T
=

[
Uα Uβ

]T
f =


−Rs

Ls
x1 + Km

Ls
x3 sin(x4) + u1

Ls
−Rs

Ls
x2 −

Km
Ls

x3 cos(x4) + u2
Ls

0
x3
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h =
[
x1
x2

]

F =


−Rs

Ls
0 K

Ls
sin(x4) K

Ls
x3 cos(x4)

0 −Rs
Ls
− K
Ls

cos(x4) K
Ls
x3 sin(x4)

0 0 0 0
0 0 1 0

 (B.5)

H =
[
1 0 0 0
0 1 0 0

]
(B.6)

Implementation

The extended Kalman filter was implemented using C style arrays. Only non-
zero elements of matrices F, Q and R were used. Since C was a constant matrix,
it did not have to be implemented as an array. Trigonometric functions, such
as sin and cos, were precalculated since they were used multiple times. Matrix
calculations were first done in Matlab using the Symbol Math Toolbox, and then
each step of the Kalman algorithm was implemented according to the symbolic
expressions calculated in Matlab. Reoccurring calculations were precalculated as
constants and common factors were factored out. The matrices of F, Q and R used
can be seen below.

F =


F0 0 F1 F2
0 F0 F3 F4
0 0 0 0
0 0 F5 0



Q =


Q0 0 0 0
0 Q1 0 0
0 0 Q2 0
0 0 0 Q3


R =

[
R0 0
0 R1

]

Result

It was found that the computational cost of having an Extended Kalman Filter
was too great and did not leave enough computation time to run the motor during
the Interrupt Scheduling Routine. It was thus decided not to use an Extended
Kalman Filter.
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Discussion

The Extended Kalman filter could have been used if there were more calculations
available during the Interrupt Scheduling Routine. Another possible solution
would be to calculate the Kalman algorithm outside the Interrupt Scheduling
Routine, and use the latest available sample data sampled during the Interrupt
Scheduling Routine. Although this would require restructuring the implementa-
tion and that is a project in itself and will be left for future improvement.



C
Additional Figures

Figure C.1: Current consumption at no additional load of the stepper motor
in the second quadrant. Sinusoidal mode (blue), FOC mode version 1 (red),
FOC mode version 2 (green), FOC mode version 3 (black).
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Figure C.2: Current consumption at no additional load of the stepper motor
in the third quadrant. Sinusoidal mode (blue), FOC mode version 1 (red),
FOC mode version 2 (green), FOC mode version 3 (black).

Figure C.3: Current consumption at no additional load of the stepper motor
in the fourth quadrant. Sinusoidal mode (blue), FOC mode version 1 (red),
FOC mode version 2 (green), FOC mode version 3 (black).
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Figure C.4: Current consumption at maximum load current of the stepper
motor in the second quadrant. Sinusoidal mode (blue), FOC mode version 1
(red), FOC mode version 2 (green), FOC mode version 3 (black).

Figure C.5: Current consumption at maximum load current of the stepper
motor in the third quadrant. Sinusoidal mode (blue), FOC mode version 1
(red), FOC mode version 2 (green), FOC mode version 3 (black).
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