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Introduction 
This bachelor's thesis deals with movement control of the opto-mechanical platform. 
Movement is in the altitude and azimuth angle. Each angular coordinate is rotated 
with one stepper motor. Due to the absence of a sensor, the position was measured 
by the number of steps, which is not accurate. Inaccuracy causes the nonlinearity of 
the stepper motor driver, the mechanical friction of mechanisms, and the precision 
of the stepper motor. This problem can be solved with an additional rotational 
sensor, that could give the driver board information about the current angle and if 
more or fewer steps are needed to meet the targeted angle. 
The primary goal of this bachelor's thesis is to design a functional driver that will 
control each of the angular coordinates. Driver board will get data about the current 
angle from AEAT-9922 3D hall-effect sensor and communication will be carried out 
by SPI-4 (Serial Peripheral Interface with 4 wires). The secondary goal is to compare 
available rotational sensors. 
The primary goal can be reached by a few steps. At first communication and angle 
data reading from an AEAT-9922 sensor must be established. The next goal is to 
control the stepper motor and utilize microstepping for finer step resolution. Then 
prototype needs to be constructed with the use of a microcontroller like the Arduino 
platform. After that, the driver board needs to be redesigned with an additional 
SPI-4 interface for the rotational sensor. The final step is to test the redesigned 
driver for functionality. A n additional task is to design in Autodesk Fusion the 
holder for the magnet and AEAT-9922 sensor. This additional sensor will measure 
the elevation angle. 
This thesis is divided into three main parts. The first is more theoretical, where 
the principles and properties of rotational sensors are described. Following this, 
all types of conventional rotational sensors are compared. The second part of this 
thesis is about designing of the prototype driver module, and then about the final 
driver board. This part contains information about the communication and data 
processing of the AEAT-9922 rotational sensor and stepper motor driver DRV8825 
and the integration of the prototype driver module and its testing. The last part is 
about the design and description of the program of the final motor driver board. 
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1 Rotation sensors 
Rotational sensors are widely used in many fields from industrial, military, scientific, 
and robotic to space applications. Each sensor has a different measuring method and 
properties. Some sensors produce output data and others need an external board 
to process analog signals. The main categories of rotational sensors are: 

• Potentiometers 
• Resolvers 
• Encoders 

— Contact encoders 
— Optical encoders 
— Magnetic encoders 
— Capacitive encoders 

• Hall effect sensors 

1.1 Requirements for rotation sensors 

In this work, one of the objectives is to measure the position of the opto-mechanical 
platform in altitude and azimuth angle. The movement of the opto-mechanical plat
form is ± 5 degrees in both axes and precision should be in the ideal case hundredths 
of a degree. 
The requirements for rotational position sensors are usually as follows: 

• Accuracy (how close a measured value is to the true or target value) 
• Resolution (how many different positions there are for one full rotation) 
• Range of measurement (in which angle range can senor measure) 
• Interface (for example SPI-4, UART, I2C , or analog signal) 
• Durability (not really that important in this case but when the sensor is used 

in industrial applications this is essential) 
• Size 
• Cost 

13 



1.2 Types of sensors for absolute angle measurement 

1.2.1 Potentiometers 

Potentiometers change resistance based on the position of a sliding contact on a re
sistive element. This results in analog voltage output and requires analog-to-digital 
hardware for digital applications. The output voltage is often 0 V - V ^ u p p i y . 
Regular potentiometers offer moderate accuracy when appropriately calibrated but 
are prone to degradation over time due to mechanical wear. Resolution is limited 
by analog signal processing hardware and potentiometer accuracy. They must also 
be protected against vibrations, shock, and contamination of foreign matter. [1] [2] 

Industrial grade potentiometers can be very precise with resolution up to 0.007° and 
linearity of ± 0.025 %. They also offer a long life of up to 100 x 106 movements 
which is more than enough for more static systems but can still be problematic for 
long-term high-speed applications. The protection class of these potentiometers can 
be up to IP65, which means fully protected against dust and jets of water. Protec
tion against shocks and vibrations can be great with up to 10 G for vibrations in 
the range of 10-1500 Hz and 50 G for shocks. The maximal temperature limit for 
most durable ones is around 70° C. 
The main disadvantage of precise industrial-grade rotary potentiometers is their 
high price. [4] [5] [6] [7] 

Two main types of potentiometers are single-turn and multiturn. Another divi
sion is to their relationship of increase of resistivity with their angle, most often 
they are linear, logarithmic, or reverse logarithmic. 

Fig. 1.1: Industrial grade potentiometer AWS360 [7] 
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1.2.2 Resolvers 

Resolver is a type of special rotary transformer. The two main components of the 
resolver are a cylindrical rotor and stator. Both have two sets of windings. On 
the stator is the primary winding that inducts sine A C signal to the rotors primary 
winding, this part is called the rotary transformer. The secondary winding of the 
rotor then rotates with the measured motor shaft. The second set of stator windings 
is a pair of sine and cosine windings, that are phase-shifted. [8] [9] 

Fig. 1.2: Frameless resolver [10] 

Fig. 1.3: On the left are components of a resolver, on the right top is an illustration 
of windings and on the right bottom is a schematic illustration of the resolver [11] 
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Depending on the position of the rotor a sine signal on the sine winding and a cosine 
signal on the cosine winding are alternately induced. If the rotor winding is parallel 
to the stator sine winding and perpendicular to the cosine winding, then the sin 
signal is maximum and the cos signal is minimal. [11] 

Fig. 1.4: Resolver scheme with input A C signal and output sin and cos signals from 
windings [11] 

Position or angle is the arctangents of the voltage output of the sine winding divided 
by the output of the cosine winding. [12] 

y 

Fig. 1.5: For a given angle 9, we can express the corresponding point on a unit circle 
(R = 1) in terms of sin9 and cos# [12] 

To determine the angle of the motor shaft with the implemented resolver, we need 
to take the arctan of the ratio of the two voltages from sine and cosine winding of 
the resolver: [12] 

_l(sin9. 
9 = tan 

1cos9' 
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Resolvers do not include any electronic components on their own. so they are much 
more robust than encoders and can survive violent temperatures, radiation, vibra
tions, and shock. Mainly for their durability and simplicity, they are ideal for in
dustrial, military, nuclear power, and space applications, when increased durability 
is required. The downside is that they require separate analog to digital converter. [8] 

The accuracy of resolvers can be increased by adding additional wiring, this type 
of resolvers is named multi-speed resolvers and they generate multiple sine/cosine 
cycles per mechanical revolution. [13] 

Resolvers can have resolution up to 0.05° and environmental protection up to IP65 
(fully protected against dust and jets of water). Resolvers can have also great 
temperature resistance with a maximal temperature of 200°C They can be either 
housed or frameless. [15] 

1.2.3 Rotary encoders 

The basic principle of rotary encoders is to generate incremental signal or absolute 
position data with an encoded disc that can be read by a few physical principles. [2] 

Contact Encoders 

They use mechanical contact between the brush or pin sensor and the coded disc. 
On the disc is a series of metallic rings or tracks that are joined at their base to 
have the same logic level. As the disc rotates, sliding contacts fixed to a stationary 
part of the encoder create conductive contact with the disc, which creates a series 
of square wave patterns that represent the rotation position. 
They tend to wear due to their mechanical contact principle. Contact encoders are 
not precise, they have most often a resolution of around 24 pulses per revolution 
(resolution of 15° per pulse). [16] [17] 
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Fig. 1.6: Incremental contact encoder disc [18] 

A 

7 

Fig. 1.7: Contact encoder output, direction of rotation can be determined by the 
relative position of A and B signal, and zero position by common signal. [19] 
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Non-contact Encoders 

Non-contact encoders use different physical phenomena than conductive contact to 
read the coded disc. [2] 

Types of non-contact encoders are: 
• Optical encoders 
• Capacitive encoders 
• Magnetic encoders 

Optical Encoders 

Optical encoders use the patterned disc to encode position information similarly to 
contact encoders but the reading method differs. Their discs have transparent and 
non-transparent segments. A light source is usually on one side and sensors are on 
the other. Each sensor reads one ring track. Each separate ring track produces 
one determined bit in the binary string. If the encoder has 15 separate ring tracks 
then the encoder has 2 1 5 = 32768 unique binary combinations, with a resolution of 
JPĴ  = 0.011° per binary value. 
They can use light sources like LEDs and light sensors are usually photodiodes. This 
type of non-contact encoder was used to eliminate mechanical wear problems that 
can be problematic at high-speed applications. [2] [20] 

[Transmissive encoder] [Reflective encoder] 

Fig. 1.8: Incremental optical encoder with different reading methods [21] 
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Optical encoders are available in both incremental and absolute configu
rations. 

• Absolute output: Coded disc patterns where the specific section on the disc 
represents absolute angular position with unique binary value. [22] 

• Incremental output: If the disc code pattern is replaced with a series of 
equally spaced transparent segments in one or two circles, encoder output 
becomes a series of incremental pulses. They provide positional information 
based on a number of pulses from some zero reference point. Usually, incre
mental encoders include dual channel output for direction sensing function and 
can include the third one as reference zero position. The weakness of this type 
of optic encoder is that it needs to be homed to zero position after power loss. 
They are simpler to use and less expensive than absolute optic encoders. [22] 

Fig. 1.9: 12bit Absolute optical encoder with gray code [22] 

Fig. 1.10: lbit Incremental optical encoder [22] 
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Two codes can be used on the encoder disc: 
• Binary code: We can use standard binary code. This code has one major 

issue. When the disc rotates and transits between logical 1 and logical 0, there 
can be uncertainty in specific positions. The encoder could read improper 
positions and cause false readings. The worst situation is when disc transits 
between 111 to 000. [23] 

• Gray code: Gray code was named after Frank Gray who patented its use for 
shaft encoders in 1953. The main difference against binary code is that only 
one bit is changing per position. This feature reduces amount false readings 
linked with binary counterparts. [23] 

Fig. 1.11: Gray and Binary encoder disc [23] 

Decimal Binary Gray 

0 000 000 
1 001 001 
2 010 011 
3 011 010 
4 100 110 
5 101 111 
6 110 101 
7 111 100 

Table 1.1: Comparison table of encoder code types (changing bits are marked) [23] 
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Magnetic Encoders 

Magnetic encoders use magnetized discs with magnetic flux patterns. This encoder 
can read changes in flux and generate sinusoidal signal output. Two main compo
nents are a disc that is magnetized with south and north poles that are lined around 
the perimeter of the disc. The second component is the sensor which can be either 
a Hall-effect sensor. 
The output signal is a sine wave that is afterward converted into a square wave 
signal to be fed to the driver. The resolution mainly depends on magnetized pole 
pairs (can be from 2 up to 14 pole commutation tracks - most useful for absolute 
position measurement) and a number of sensors. [24] 

Fig. 1.12: Magnetic encoder AKS16 [25] 

The resolution and accuracy of magnetic encoders is generally lower than of optical 
encoders. The main advantage of magnetic encoders is durability. 
Optical encoders can be damaged by 3 main kinds of damage. 

• Optical discs can be shuttered by vibrations or shocks 
• Oil, moisture, dust, or water can get inside and cause improper readings 
• LEDs or sensors can malfunction 

A l l of these failures the magnetic encoder effectively eliminates by its design. For 
example, most contaminants do not have any effects on the magnetic field. They 
also can withstand higher temperatures and radiation levels. 
In conclusion, magnetic encoders have lower resolution than optical ones but can be 
used in more demanding industrial environments. [24] 
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Capacitive Encoders 

Capacitive encoders can identify changes in the capacitance of a disc using a high-
frequency signal to measure rotational angle. They are composed of three major 
components. A stationary transmitter, that transmits a high-frequency electrical 
signal. Disc stamped with a sinusoidal pattern, that modulates the transmitted 
signal. The stationary receiver reads modulations and converts modulated signals 
to increments of rotatory motion. [26] 

Capacitive encoder principle of operation 

Fig. 1.13: Capacitive encoder [29] 

Magnetic encoders are durable but are unable to provide resolution and accuracy of 
optical encoders. Capacitive encoders combine the accuracy and resolution of optical 
encoders and the environmental resistance of magnetic encoders, so they take the 
best properties of both. They are often protected against dust, dirt, and oils. They 
can operate in wider temperature ranges of minimal -40°C up to maximal 125°C. 
They are also more robust against vibrations and shocks. On average capacitive 
encoders draw less than one-tenth of current comparable to optical encoders and 
also less than magnetic ones allowing them to be effectively used in battery-powered 
applications. 
Another advantage is the capability to change resolution without the need to change 
components (In capacitive encoder AMT11 resolution can be set from 48 to 4096 Cy
cles Per Revolution (CPR)). The capacitive encoder size is smaller than the optical 
ones. [26] 
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Real encoders properties 

Series Encoder type Operating temperature Resolution 

A5SI Optical -40 - 100°C 50 - 5000 CPR 
A6SIH Optical -40 - 100°C 100 - 10000 CPR 
EC35 Optical -20 - 105°C 500 - 60000 CPR 
M151 Magnetic -40 - 125°C 100 - 2048 CPR 

AMT10 Capacitive -40 - 100°C 48 - 2048 PPR 
AMT11 Capacitive -40 - 125°C 500 - 4096 PPR 

Table 1.2: Real encoder properties. Capacitive encoder resolutions are pro
grammable, all other types are model-dependent and cannot be changed. [26] [27] [28] 

Note: CPR-Cycles Per Revolution, PPR-Pulses Per Revolution, ATM models are 
Incremental 

Encoder type Capacitive Optical Magnetic 

Contaminant Resistance High High Low 
Accuracy High High Low 

Temperature Range Wide Medium Narrow 
Current Consumption Low High Medium 

Programmability of resolution Yes No No 
Package Size Small Medium Medium 

EMC Immunity High High High 
Magnetic Immunity High High Low 
Resolution Range Wide Wide Narrow 

Table 1.3: Comparison table of encoder types [30] 

1.2.4 Hall Effect Sensors 

Hall-effect sensors are integrated circuits that transform changes in magnetic fields 
into electrical signals. 

• Hall-effect latch: Indicates most recently measured magnetic flux density. 
These are used in rotary applications and incremental encoding [Sensor toggles 
low in the presence of the south pole and high in the presence of the north pole). 
They can be used in magnetical encoders. 

• Hall-effect switch: Indicates the presence or absence of magnetic flux den
sity compared to a defined threshold. In principle, they can work as on/off 
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switches. The unipolar type reacts to the south magnetic pole and the om-
nipolar type reacts to both poles. 

• Linear Hall-effect sensor: Output is a signal that is proportional to the 
strength of magnetic flux density. They measure precise movement to detect 
the absolute position on one axis. 

Hall-effect absolute angle measurement using 3D position sensor 
Absolute angle measurement can be achieved by measuring the magnetic flux of the 
diamagnetic magnet using multiple sensor elements in one sensor. They measure 
the strength of magnetic flux in multiple axes (X, Y, Z). 3D Hall-effect position 
sensors can be placed on-axis which is simple to implement, iln-plane can measure 
only two field components. Out-off-plane, also called off-axis describes any other 
placement. [31] [32] 
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Fig. 1.14: Diametric magnet [32] Fig. 1.15: 3D Hall-effect graph [32] 

Sensor In-Plane Sensor Out-of-Plane Sensor On-Axis 

Fig. 1.16: 3D Hall-effect magnetic sensor - possible placements [32] 
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1.3 Comparison of rotary sensors 

Potentiometers change their resistance based on the angle of a sliding contact on 
a resistive element. Output is usually 0 V - V^ u p p iy. Cheap potentiometers are not 
suitable for precise measurement, more expensive industrial ones can be very precise 
and have some environmental protection. They need external hardware to convert 
their output analog signal to information about angle. The problem with poten
tiometers is that they tend to wear out after extensive use and also have a limited 
measuring range. 
Resolvers have two sets of windings in the stator. One produces a sine signal and 
the second a cosine signal. The signal is induced on them in different ratios depend
ing on the position of the rotor. Output signals are analog and also need external 
electronics to calculate angle data. They are very durable and can withstand high 
temperatures, high doses of radiation, shocks, and vibrations. 
Contact Encoders have brush sensors and coded discs and generate pulses based on 
conductive contact of brushes with metal disc segments. They have low resolution 
and they can wear out due to mechanical contact. 
Optical Encoders work on the same basic principle of a disc with code, as contact 
encoders. The difference is that the disc is coded with transparent segments, a pair 
of LEDs and photodiodes read every bit. The absolute angle information is coded 
often with Gray code, to reduce false angle readings. They can have high resolution. 
Optical encoders are not as durable as their magnetic and capacitive counterparts 
Magnetic Encoders have discs encoded with tracks of magnetic segments with alter
nating poles. They have smaller resolution than optical encoders but they are much 
more durable. 
Capacitive Encoders read changes in the capacitance of the disc using high-frequency 
signals. They combine the resolution of optical encoders with the durability of mag
netic encoders. The greatest advantage is their power effectiveness compared to 
optical and magnetic encoders. 
Hall-effect sensors can read changes in the magnetic field of the magnet. For ab
solute angle measurement a 3D Hall-effect sensor is often used. This type includes 
three Hall-effect sensors, one for each axis (X, Y, Z). Output is composed of three 
phase-shifted sine waves that are for each angle in the same ratio. 3D Hall-effect 
sensor can be very precise. AEAT-9922, the sensor used in the practical part of this 
thesis has 18 bits and a resolution of one-thousandth of a degree per binary state. 
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2 Stepper Motors 
Stepper motor is a special type of motor, that can be moved to a precise angle. 
Unlike other motors is unable to stop at a specific position. The movement of 
the stepper motor is controlled by electrical pulses. Each pulse represents a fixed 
incitement of the angular position of the motor shaft. Increment can be in any 
direction independently on the previous step. This type of motor by itself lacks 
feedback about the current angular position making it by itself an open-loop system. 
For most applications is needed to include a control system with a sensor for angular 
position measurement. Stepper motors are usually controlled by stepper motor 
drivers. [33] 

Phase 1 
Phase 2 

Fig. 2.1: Stepper motor parts [34] Fig. 2.2: Bipolar stepper motor [35] 

• Variable Reluctance (VR) Stepper Motors: Simplest and cheapest type 
of stepper motor. This motor is made from an iron-toothed rotor and stator 
with paired stator windings. They have no detent torque (torque between 
steps that helps the motor to stay in position when not powered). [33] 

• Permanent Magnet (PM) Stepper Motors: They consist of a permanent 
magnet rotor with no teeth and stator from windings. The rotor rotates due 
to the attraction of magnetic poles and can have more than one pair of poles. 
They exhibit high torques. [33] 

• Hybrid Stepper Motors: They incorporate the qualities of both V R and 
P M designs. They have rotors from multi-toothed permanent magnets and 
electromagnets around their shafts. They have increased detent torque and 
smaller step angles. [33] 
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2.1 Microstepping 

The usual number of steps per revolution is 200 but can be 400 (it means that one 
step corresponds to 360°/200 steps = 1.8° per step for 200 and 0.9° for 400). A 
number of steps can be significantly increased by a stepper motor driver feature 
called micro-stepping. If microstepping 1/32 is enabled on the driver, each step is 
divided into 32 microsteps. Steps are then increased from 200 steps per revolution 
to 200*32=6400 steps per revolution (360°/6400=0.05625° per step). Microsteps 
are produced by proportioning the current into two windings according to sine and 
cosine functions. This feature is widely used to increase resolution and smoother 
motion. 

Bl B2 B l B2 B l B2 B l B2 B l B2 

Fig. 2.3: Quarter microstepping on the bipolar stepper motor [36] 

Older industrial stepper motor drivers featured only 4 micro-step setting, also called 
quarter-step mode. Modern drivers can have from 16 up to 256 micro-steps per full 
step. So with these values in theory we can get to a very satisfying resolution. 
In practice, the stepper motor is still an open-loop system meaning that it has 
no information about its current position and cannot correct step position errors. 
Friction, stepper motor step accuracy, external load, and nonlinearity of stepper 
motor driver can cause major deviations in motor movement. This error is also 
called step loss. Solving this problem requires closing the open-loop system with an 
absolute angular sensor. [36] 
The table below shows the relationship between a number of micro-steps and torque 
per micro-steps. As microstep resolution is increased, incremental torque drastically 
drops. A consequence of this is if the motor friction, detent torque, and weight of 
load are greater than the incremental torque of the micro-step, the motor can become 
unmovable. [37] 
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Microsteps per full step Holding Torque per micro-step Angle per micro-step 

1 (Full step) 100.00% 1.8° 
2 70.71% 0.9° 
4 38.27% 0.45° 
8 19.51% 0.225° 
16 9.80% 0.1125° 
32 4.91% 0.05625° 
64 2.45% 0.028125° 
128 1.23% 0.0140625° 
256 0.61% 0.00702125° 

Table 2.1: Incremental torque per micro-step dropping as the number of micro steps 
per full step increases (torque 100% means maximal torque of full step on motor) [37] 

In summary, microsteping reduces mechanical noise, makes rotation smoother, re
duces vibrations, and mainly increases the resolution of individual steps. The down
side is that with an increased microstepping setting torque per micro step decreases. 

2.2 NEMA 17 

N E M A 17 is a bipolar stepper motor with a step size of 1.8° or 0.9° available in 
single or dual-shaft versions. The driving voltage is 12-24 V . Maximum speed can 
be as high as 2000 rpm. Nema 17 is used in 3D printers, robots, C N C machines, 
and Telescopes. Accuracy of NEMA-17 is around ±0.2%. [38] 
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3 Explanation of Problem 
The opto-mechanical platform F S O / R F Hybrid Link has to be precisely controlled 
in altitude and azimuth axes. This platform enables ±5° rotation in both axes. Mo
tion is performed by two NEMA-17 stepper motors. For each axis, one hall-effect 
angle measurement sensor AEAT-9922 for closed-loop control needs to be imple
mented. 
At first, the platform prototype will be controlled by the Arduino Uno platform 
with a DRV8825 stepper motor driver and AEAT-9922 sensor. Communication with 
AEAT-9922 sensors will be carried out by a 4-wire SPI interface. DRV8825 Drivers 
will utilize 1/32 micro-stepping. Later the final board for the opto-mechanical plat
form will be designed and integrated. 

Fig. 3.1: Opto-mechanical platform 

30 



4 Thesis Results 

4.1 Measuring angle with AEAT-9922 

The AEAT-9922 from Broadcom company is an angular magnetic rotary sensor, 
that uses a 3D Hall effect sensor element with complex analog and digital signal 
processing within a single device, capable of precise absolute angular measurement. 
AEAT-9922 also includes incremental output. This sensor only requires one dia
metrically magnetized magnet. The sensor also supports both on-axis and off-axis 
modes. Absolute angle measurement supports 10-bit to 18-bit measurement reso
lution. The driver board will be used in 18-bit resolution mode. On this setting, 
the sensor can detect changes up to 0.0014°. Absolute position data can be read 
using SSI-2, SSI-3, SPI-3, and SPI-4 (with C R C and parity bit options) or with a 
PWM-encoded output signal. Incremental signals can be read with A B I and U V W 
signals with a wide user-configurable resolution. AEAT-9922 can operate with both 
5 V and 3.3 V . It has a calibration mode and a user-programmable zero position. 
The sensor can operate in temperatures from -40°C to 125°C. [39] 
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5V/3 .3V 
Regulator 

HALL 
SENSOR 

Z 

HALL 
SENSOR 

Y 

HAL.I 
SENSOR 

X 

AEAT-9922 

Analog 
Front 
End 

[Amp) 

Analog 
Digital 

Converter 

EE PROM 

Digital Signal 
Proeeising 

Fig. 4.1: AEAT-9922 Block diagram [40] 

31 



M S E L pin is used for changing output modes (logical 0 is used for three and two-wire 
communication and also for both SPI-4, WW, and PWM). Further communication 
mode selection is adjustable by changing internal registers PSEL[0] and PSEL[1]. 
Pins MO to M3 are used for data transfer. A B I has its own set of pins. [41] [40] 

Mode 

Pin SPI-3 SSI-3(A) SSI-3(B) SSI-2{A) SSI-2(B) SP!-4(A) SP!-4{B) uvw PWM Remarks 

MSEL 0 0 0 0 0 1 1 1 1 I/O Pin 
PSEL[1] X X X X X 0 0 1 1 Memory 
PSEL[0] X 0 1 0 1 0 1 0 1 Memory 
MO 0 1 1 1 1 NCS NCS ERR ERR I/O Pin 
Ml DIN NSL NSL 0 D MOS I MOSI U N/A I/O Pin 
M2 SCK SCL SCL SCL SCL SCK SCK V N/A I/O Pin 
M3 DO DO DO DO DO MISO MISO W PWM I/O Pin 

Fig. 4.2: Communication mode selection table [40] 

AEAT-9922-SPI4(A) communication 

(A) means with parity bit, (B) is with cyclic redundancy check (CRC) In this com
munication mode pins are assigned as follows: 

. MO-NCS (Negate Chip Select) 

. M l - M O S I (Master out Slave in) 

. M2 -SCK (Clock) 

. M3-MISO (Master in Slave out) 

AEAT-9922 SPI-4 uses C P O L = 0 and C P H A = 1 for triggering which corresponds 
with SPI-4 Mode 1. 

NCS 

SCK 

MISO 

MOSI '/•, Data 123] 

^ Dala [22] 

Oata[221 ^ Data [1] Dai 

Data [0] 

Fig. 4.3: SPI-4 communication [40] 
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Slave to master message is composed of a bit for odd parity, read/write bit, 6 zeroes, 
and 8 bits that can be used to call to register address or send some data to that 
register. 

Data Format 

Master to Slave 
Slave to Master(memory) 
Slave to Master (pos 10b) 
Slave to Master (pos l ib) 
Slave to Master (pos lib) 
Slave to Master (pos 13b) 
Slave to Master (pos 14b) 
Slave to Master (pos 15b) 
Slave to Master (pos 16b) 
Slave to Master (pos 17b) 
Slave to Master (pos 18b) 

19 18 n 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 
P RW 0 0 0 0 0 0 Addr/Data|7:0] 
P EF 0 0 0 0 0 0 Data[7:0] 
P EF Pos[9:0] 1 0 0 0 0 
P EF Pos[10:0] 0 0 0 
P EF Pos[ll:0] 0 0 
P EF Pos[12:0] 0 
P EF Pos[13:0] 

P Er Pos[14:0] 
? EF Pos[15:0] 

P EF Pos[16:0j 
FF Po5[17:0] 

Fig. 4.4: SPI-4 data format [40] 

Note: P-parity bit, EF-error flag, RW: Read — 1, Write = 0 

Reading of absolute position Data 

In the figure below is communication with the sensor through SPI-4 communication 
protocol with the parity bit. 

Fig. 4.5: Absolute position data 

MOSI (Master out slave in) 

The first bit sent is an odd parity bit (in this case 0). The second bit is the 
read/write bit (1 - to read). The rest of the first byte are zeroes. The second byte 
corresponds to the register address. Absolute position data are stored in a register 
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with address 0x3F (ObOOllllll). The third byte is full of zeroes and it is used to 
read the last 4 bits of 18-bit positional data. 

MISO (Master in slave out) 

The first two bits of the first byte are parity and error flag. The next 18 bits corre
spond to the current position. The last 4 bits are empty. In this case, the position of 
the shaft can be calculated from the 18 positional bits. Position Obi 11101101011010011. 
which corresponds to 252627 in decimal out of the maximal 262144 (2 1 8). This max
imal value is 360°. [40] 
The motor shaft's current position can be calculated from value 252627 as: 

360° 
x 252627 = 346.9304° 

262144 

AEAT-9922 Important registers 

AEAT-9922 sensor has a lot of settings. They are for zero position calibration, 
accuracy calibration, hysteresis, communication modes, absolute and incremental 
resolution, magnet position, and the direction of rotation {counting up or down on 
clockwise rotation). In the table below are the most important ones. 

Address Name Settings 

0x07 Customer config 0 MSB Accuracy calibration, Axis mode, ABI settings 
0x08 Customer config 0 LSB Hysteresis, Direction, Absolute Resolution 10-18b 
OxOB Customer config 2 PSEL[0], PSEL[1], UVW, P W M 
0x10 Register unlock Write: OxAB to unlock all registers 
0x11 Register program Write: OxAl to program all registers to EEPROM 
0x21 Error bits Chip ready, magnet high/low, memory error 
0x12 Calibration Write: 0x02 to start calibration sequence 

Write: 0x08 to set new zero position 
Write: 0x01 to erase calibration 

Write: 0x04 to erase zero position 
Write: 0x00 to return to operation mode 

0x22 Calibration state Write 0x00 to end calibration/zero position calibration 
0x3F Absolute position Data can be obtained by sending read command 

Table 4.1: Important registers [41] 
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4.2 Control of NEMA-17 step motor with DRV8825 

DRV8825 is a stepper motor driver. This device has two H-bridge drivers and 
microstepping indexer. This driver is for control of bipolar stepper motors. It can 
withstand up to 45 V and 2.5 A . It is capable of 1/32 microstepping mode. [42] 

100 )jF l 
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Fig. 4.6: Typical application of DRV8825 [42] 

This integrated circuit is controlled by STEP and DIR pins. Every time the square 
pulse arrives at the STEP pin the driver turns the stepper motor by one step. With 
the NEMA-17 stepper motor with 1.8° rotation per step, it is 200 steps per full 
rotation and with 1/32 microstepping setting, it is 6400 steps per full revolution. 
This means that the maximal resolution of the system with this stepper motor and 
driver is 0.05625° per step. For better resolution of the system, a better driver with 
more delicate microstepping is needed. DIR pin controls the direction of steps. The 
DRV8825 is fully protected against undervoltage, overcurrent, and overtemperature. 
Pin nSLEEP can be used in battery-powered applications. [42] 
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4.2.1 Microsteping modes 

Microstepping modes can be set by setting MO, M l , and M2 to specific combinations 
of logic inputs. For the 1/32 microstepping setting, they need to be put in a high 
logic state. 

MODEO MODE1 MODE2 Micro-step Resolution 

Low Low Low Full step 
High Low Low Half step 
Low High Low 1 /4 step 
High High Low 1/8 step 
Low Low High 1/16 step 
High High High 1/32 step 

Table 4.2: Microstepping setup [42] 

4.2.2 Connection of DRV8825 

Nema-17 step motor should have a voltage of 12 V , which must be supplied sep
arately from the external source and connected to V M O T . To protect the board 
against voltage spikes that could damage the driver it is advised to use at least a 
47 uF electrolytic capacitor between V M O T and the ground somewhere close to 
the board. In this 100 pF 50 V electrolytic capacitor is being used. Pins 
nRESET and nSLEEP are not used, so they are permanently in inactive state log 
1. Pins A I , A2, B l , and B2 are used for the connection of the stepper motor with 
B l , B2 for first winding and A I , A2 for the second winding. To protect the driver 
from overheating heatsink is installed on top of the chip. [42] 

logic power supply 
(2.5-5,25 V) D R V 8 8 2 4 / 

D R V 8 8 2 5 

motor power supply 
(8.2-45V) 

I 

Fig. 4.7: DRV8825 connection [43] 
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4.3 Implementation on one axis prototype 

The prototype of a closed-loop control system for one-axis movement. The prototype 
is built from a DRV8825 driver for control of the NEMA-17 stepper motor and 
AEAT-9922 rotational sensor. The whole system is controlled by the Arduino UNO 
R3 platform. 

4.3.1 Breadboard prototype 

+5V 

+3.3V 

f r i t z i n g 

Fig. 4.8: Prototype of the driver (on the motor shaft is a diametrical magnet, green 
IC next to the motor shaft is AEAT-9922 sensor) 
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Fig. 4.9: DRV8825 connected with step motor and Arduino platform 



4.3.2 Tests and Evaluation 

In this test, the first angle of the motor shaft was 135.24°. The desired final angle 
was 340.5°. The driver did approximately 3603 steps. The last 3 values were in 
"check the position" mode. The final measured angle was 340.52°. The position 
where the stepper motor ended was with a deviation of 0.0254°, which is smaller 
than the size of one step. The size of one step was in this case 0.05625°. Higher 
accuracy could be achieved only with a driver with a finer microstepping setting. 
The nonlinearity of rotation that can be seen on the second graph was probably 
caused by friction of the platform in which the stepper motor is placed and the 
nonlinearity of the DRV8825 driver. This nonlinearity of the driver also caused the 
driver to do about 46 fewer steps than it theoretically should. The average micro 
step on 1/32 microsteping setting on this driver was 0.056975° which is 0.000725° 
error per step on average. 
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Fig. 4.11: Graph from test of driver prototype 
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4.3.3 Flowchart of the prototype driver program 

The program for the prototype driver works as follows. At first, the program calcu
lates the final position in steps from zero position from the user-inputted variable 
by dividing it by the size of one step 0.05625°. The current angle is recalculated the 
same way. Both of them are compared at each program cycle. The result of com
parison gives the program direction in clockwise or counterclockwise. Then program 
sends a step signal to the DRV8825 stepper motor driver which moves the motor by 
one step. This continues until the target step and current step are the same. Then 
the program does this cycle every 10 s to verify if equality is still true to stay at the 
same position. 

Start of Program 

I 
Read user-written 

target angle 

Move counterclockwise: 
digitalWrite(dirPin, LOW) 

Move clockwise 
digitalWrite(dirPin, HIGH) 

Fig. 4.12: Prototype driver board program flowchart 
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4.3.4 Accuracy of the opto-mechanical platform 

The accuracy of the laser beam hitting the target at some distance is mainly de
pendent on the size of the step on the Nema-17 stepper motor and microstepping 
resolution of the motor driver. The current driver prototype has a maximum of 32 
microsteps per step and the stepper motor has 1.8° per step. The final platform 
driver will use 128 microsteps per step. The accuracy of the laser on target distance 
can be calculated using trigonometry. 

Distance [m] 

A[m] = tan($) x Distance [m] = tan(0.05625°) x 1000 m = 0.982 m 

Note: A is a deviation in meters, per one micro step, $ is the angle change per one 
micro step 

The current accuracy of the prototype driver with 1/32 microstepping and 1.8° step 
size on NEMA-17 is 98.2 cm per micro-step per 1 km. The accuracy of the final 
platform will be with around 24.5 cm per step at 1 km using 1/128 microstepping. 
Even better accuracy of 12.3 cm per step at 1 km or 61.4 cm per step at 5 km can 
be achieved if stepper motors were changed for NEMA-17 with 0.9° per step. 

Deviation of laser beam in distance 1 km, 5 km, 10 km per one step (CD = 0.05625°) 

20 [m] 

18 i n-i 
A = 17.4 55 m 

N -90—£ 

h 
-80 • 

-70 

A = 87.2 75 m 
?oo [ m 

180 t 

h 
160 

b = r 
A = 174.5 51m 

12 -60 120 

100 

s 40 

-26 

-80-

40 n -9 81 
"2—6 5 = 0 

A = 
95625° -

0.98 2 m s 
io 0 = 0. 

A --
05625° 

-4.90 8m\ \ -20—( 05625° 
7 m ^ 

r f f 
9S3 9 0 992 994 996 99S 1000 [m] 49-10 4950 4 SO 4970 4950 4990 5000 [m] 9S80 9GO0 9920 9940 9950 9930 10000 [m] 

Horizontal axis - distance from optic platform 

Fig. 4.13: Deviation A of the laser beam in distances 1 km, 5 km, and 10 km on 
a current prototype for micro-step size 0.05625°. For comparison, red beam is a 
theoretical beam with a step size of 1°. 
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Micro step mode Angle of step Deviation/step at 1 km Deviation/step at 5 km 

1/32 (1.8° step) 4> = 0.05625° A i k m = 0.982 m A 5 k m = 4.908 m 
1/64 (1.8° step) 4> = 0.02813° A i k m = 0.491m A 5 k m = 2.454 m 
1/128 (1.8° step) 4» = 0.0140625° A i k m = 0.245 m A 5 fan = 1.227 m 
1/128 (0.9° step) 4> = 0.00703125° A i k m = 0.123m A 5 k m = 0.614 m 

Table 4.3: Deviations on different distances with different parameters 

42 



4.4 Design of the final driver board 

The design of the new stepper motor driver board is almost the same as the old 
version, with the addition of SPI-4 output for the AEAT-9922 sensor used in the 
previous Arduino prototype. 
Both versions of the final driver board use an STM32F303K6T6 microcontroller 
and L6470H stepper motor drive. The address of the driver board is stored in 
24LC64SN E E P R O M memory. Commands from both the P C and the control board 
already implemented in the opto-mechanical platform are transmitted with the use 
of industrial-grade bus RS-485. This signal is converted into the US A R T with the 
use of an onboard MAC483ECSA chip. Pinout for SWD (Serial Wire Debug) is 
implemented also for programming and debugging. Pinout for two optical gates 
measuring end positions on the azimuth axis. 
Logic value for AEAT-9922 sensor, STM32F303K6T6, and L6470H is 3.3 V . 5 V is 
supplied to the board and converted to 3.3 V with the use of low-dropout voltage 
regulator LP38693SD-3.3. MAC483ECSA chip for USART/RS-485 uses 5 V . The 
Stepper motor uses 12 V . One control board controls only one stepper motor, so 
two are needed for full opto-mechanical platform control. 

PC AEAT-9922 
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MAC483ECSA PC / Control 
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-12 V - Stepper 
motor 

Fig. 4.14: Driver board block diagram 

The board schematic and board layout can be found in the Appendix. 
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4.4.1 Microcontroller STM32F303K6T6 

Microprocessor STM32F303K6T6 from company STMicroelectronics will be used in 
the new driver board. It incorporates the high-performance Arm® Cortex®-M4 32-
bit C P U operating at up to 72 MHz frequency, up to 32 K B Flash, 16 K B S R A M , 
2 ADCs, 3 DACs and 1 op-amp. STM32F303K6 is in a 32-pin package. It also 
supports 1 SPI, 1 I 2 C, 2 USART, and 1 C A N bus, and also 26 GPIOs. [44] 
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Fig. 4.15: STM32F303K6 pinout [45] and pin connection in this project (from the 
program STM32CubeIDE) 

STM32F303K6T6 is connected to an external 16 MHz oscillator on pins 2 and 3. 
Then RS485 to USART converter MAX483ECSA on pins 19, 20, and 22. E E P R O M 
memory 24LC64SN is programmed with the use of I2C and stores the address of 
the motor driver board. It is connected with pins 25 and 30. Motor driver L6470 is 
connected with pins 18, 9, 8, 7 and 6. Pins 23, 24, 4 and 26 are used for debugging 
and programming with ST-LINK V2. Pins 29, 28, 27 and 21 are connected to optical 
sensors at both ends of the axis. Pins 10, 11, 12, 13 and 15 are for SPI, both for 
AEAT-9922 and L6470. Pin 14 controls L E D . The rest of the pins are for VSS and 
V D D . 
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4.4.2 Stepper motor driver L6470H 

A motor driver L6470H, also from the company STMicroelectronics will be used. 
L6470H is suitable for driving two-phase bipolar stepper motors with microstepping. 
It has a true 1/128 steps resolution corresponding to 0.0141°, which is 4 times smaller 
than 1/32 microstepping. This driver has a very rich set of protections (thermal, 
low bus voltage, overcurrent, motor stall). A n SPI-4 interface drives this motor 
driver. [46] [47] 

DGND AGND PSND 

t ~ t . r 

Fig. 4.16: Typical bipolar stepper motor control using L6470H [47] 

SPI4 
- M O S I -
- M I S O -
— S C K -
- / C S 1 -

GPIO 

PWM-
/FLAG 1\ A2 

/BUSY/SYNC^ A1 
-/ST8Y./RST 

M C O — 
(Oscin) 

A3 

STM32 
F303K6T6 

(CPU) 

fT2V 

Fig. 4.17: L6470H connection to STM32F303K6T6 
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4.5 Finished driver board 

The two driver boards were soldered and functionality was tested. Both of them are 

fully functional. 

Fig. 4.18: Top side of finished driver board 

Fig. 4.19: Bottom side of finished driver board 
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4.6 Implementation to platform 

Driver board can be implemented into an existing opto-mechanical platform board 
or can be used standalone with P C and USB to RS-485 convertor. 

Stepper motor drivers 
One for each axis 

Power and RS-485 for control, of drivers 

Fig. 4.20: Opto-mechanical platform implementation 

Programmer ST-UNKV2 

SWCLK - Clock 
SWDIO - Data 
N R S T - C P U Reset 

Fig. 4.21: Standalone implementation 
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4.6.1 Programming of driver board 

The driver board is programmed with ST-LINK V2 with SWD (Serial Wire Debug) 
interface through the STM32CubeIDE program from STMicroelectronics in C lan
guage with the help of H A L (Hardware Abstraction Layer). Reading and graphic dis
play of important values from the board is done with the help of STM32CubeMonitor. 
Control of the driver board manages the USB to RS-485 converter. The creation of 
correct control data packages is managed by a Python script. 

4.6.2 Communication between driver board and central control 
board or PC 

Commands for the driver board are sent with the RS-485 communication protocol. 
For communication with a PC , the USB to RS485 converter is used. The driver 
board has a MAX483ECSA integrated circuit that converts RS-485 commands into 
USART. USART is then transferred into the main uPC. 

RS-485 

C ^ A — 

O B-

M A X 4 8 3 E C S A 
(RS-485 Transceivers) 

USART 
RX TX. 

- D E -
(Driver Enable) 

+5 V G N D 

Ö Ö 

RX 

A9 STM32 
A10 F303K6T6 

A12 (CPU) 

Fig. 4.22: Connection from control device into C P U 

Start of 
The 

frame 

Adress 
of the 
frame 

Adress 
of the 
frame 

receiver sender 

DeviGe Command Data 
0x01- Length 

stepper 
driver 

0x27-read 
angle 

Angle position data (LSB to MSB) 

0x00 0x01 0x36 0xA5(MSBto LSB) 

CRC 
{Cyclic redundancy check) 

End of 
the 

frame 

Fig. 4.23: RS-485 read angle incoming data frame 
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RS-485 Protocol 

RS-485 is an asynchronous serial communication industrial standard. It supports 
half-duplex double-wire communication. It is effective for communication over long 
distances: over a kilometer even in electrically noisy environments. For full-duplex 
communication, 4 cables can be used. [48] 

0xD3 byte transmission with RS-485 

U + b Idle ™ Idle 

C£ 1 1 0 0 1 0 1 1 CO 
03 O 
3- "O 

Fig. 4.24: RS-485 protocol [48] 

Logical 0 is transmitted with B wire at Low and A wire at High. Logical 1 is 
transmitted with B wire at High and A wire at Low. 

4.7 Driver board program 

The driver program was already partially made with functional core elements, such 
as reading from the AEAT-9922 sensor, reading and writing to E E P R O M , control 
of L6470H, and reading and sending of USART commands. Regulation for going to 
specific angles was partly implemented but mostly nonfunctional and needed to be 
remade. Reading from AEAT-9922 was simplified and now works in the same way 
as in the previous Arduino prototype. 
The core of Python code for the creation and sending of RS-485 data packages from 
P C also existed. For this program, the graphical user interface with the use of the 
Tkinter library was created. 
Driver board program's main tasks are to do first initialization, then to find out if 
the motor is moving, and next to check if the motor is outside of optical barriers 
limits. The program then waits for the incoming RS-485 data frame, when the 
data frame comes program can check C R C (CRC was also already implemented, is 
currently off, and ready for future use). It separates the two most important parts 
from the incoming data frame "code2" and "data". 
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Code2 includes commands like moving a specific number of steps or going to a 
specific position. The commands are: 

Listing 4.1: Usable commands of driver 

CMD2. .LAM0T2. .FORWARD 0x21 

CMD2. .LAM0T2. .BACKWARD 0x22 

CMD2. .LAM0T2. .STOP 0x23 

CMD2. .LAM0T2. .MOVE_RELATIVE_ANGLE 0x25 

CMD2. .LAM0T2. .G0_T0_ANGLE 0x26 

CMD2. .LAM0T2. .READ_ANGLE 0x27 

Data part of RS-485 data frame includes a specific number of steps (1000 = 1000 
steps for FORWARD and B A C K W A R D ) or going to a specific angle (180325 = 
180.325° for GO T O A N G L E and M O V E R E L A T I V E A N G L E ) . 
AEAT-9922 angle reading, filtration of angle values, move commands, and RS-485 
data frames will be described in the next few chapters. 

4.7.1 Reading of values from AEAT-9922 

Values from the AEAT-9922 sensor are read the same way as in the previous Ar-
duino prototype as described in chapter 4.1. 

Fig. 4.25: AEAT-9922 SPI-4 communication 

In the beginning, two variables are created (data tx, data rx ) with a length of 
20 bits each that will be used for sending and transmitting data. Variable Value 
is for storage of angle data. Req (0x403F) 4-0100 The first bit is parity and the 
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second contains information that we want to read from a register with address "3F" 
that stores position data. Then those 16 bites are transmitted and add 4 more zero 
bits to fill the clock for our incoming 20 bites. Next, the chip select for AEAT-9922 
is switched to low, and read angle data are sent. Angle data are received from the 
sensor at the same time, the incoming data are then saved into a value variable. 
Then the first two bites (error flag and parity) are masked and only angle data stays. 
Angles are in special data format (0 - means 0° and 2 1 8 = 262144 - means 360°). 
For conversion, data are multiplied by 36000 and then divided by 2 1 8 . Finally, the 
output value resembles angle data (180325 = 180.325°). 

Listing 4.2: Program for reading AEAT-9922 angle data 

uint32 t aeat9922 read(void) 1 
{ 2 

uint8_t data_tx [20] = {0}; 3 
uint8_t data_rx [20] = {0}; 4 

5 
uint64_ t value; 6 

7 
uint16_ t req = 0x403F; 8 

9 
data_tx [0] = ((req >> 12) & Oxf) ; 10 
data_tx [1] = ((req >> 8) & Oxf ) ; 11 
data_tx [2] = ((req >> 4) & Oxf ) ; 12 
data_tx [3] = ((req) & Oxf); 13 
data_tx [4] = 0x0; 14 

15 
SPI_MAGNET0METER_NSS_L0W (); 16 
HAL_SPI _TransmitReceive(&hs pi 1 , data_tx, data_rx , 5, 10); 17 
SPI_MAGNET0METER_NSS_HIGH() 18 

19 
value = ((data.rx [0] & Oxf) << 16) 1 20 
((data_ rx[1] & Oxf) << 12) 1 (( data_rx [2] & Oxf) << 8) 1 21 
((data_ rx [3] & Oxf) << 4) 1 (( data.rx [4] & Oxf)) » 22 

23 
value = value & 0x3FFFF; 24 
value = value * 360000; 25 

26 
value = value / (1<<18); 27 

28 
return (uint32_t)value; 29 

} 30 
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4.7.2 Filtration of values 

Data from the AEAT-9922 sensor are noisy and using raw input data would cause 
oscillations. And final precise value would be possible only with some hysteresis ± 
some number of steps. This caused a need for filtration with averaging of incoming 
data. 

6,144 5 150 5.152 5;154 
Time (s) 

6.156 •3 - S i 

AEAT fioice magnetometer_val • SBJW 1 wantad_angle 

Fig. 4.26: Filtred value green, noice from sensor blue and wanted angle purple. On 
the vertical axis is angle in (°) 

Filtration is done by using a cumulative filter that averages values out over time. 
Initially, the current filtered angle is saved as the averaged value. Then from this 
averaged value, the same value shifted by n bits to the right (n defines the strength 
of the filter) is subtracted. Then newly acquired value from the sensor is added to 
the averaged value. This value is then again shifted by n bits to the right and the 
process repeats itself. This algorithm smooths out the sensor readings and reduces 
pseudo-random noise from AEAT-9922. 
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Listing 4.3: Cumulative filter code 

#def ine APPLY_Q(x) ((x)>>MAG_Q) 1 
#def ine USE_CUMULATIVE_FILTER (1) 2 
#def ine MAG_Q (6) 3 

4 
#if defined(USE CUMULATIVE FILTER) && 5 

(USE_CUMULATIVE_FILTER == 1) 6 
magnetometer_val = APPLY_Q(mag_avg); 7 
mag_avg -= magnetometer_val; 8 
mag_avg += aeat9922_read(); 9 

#else 10 
magnetometer_val = aeat9922_read(); 11 

#endif 12 

Different values of Q (strength of filter) can be found in Appendix B. Generally the 
more stronger is the filter, the more stable is the averaged value, but on the other 
hand, more time is needed for this value to settle and stabilize. The ideal value (Q) 
for the filter turns out to be 6 and will be used further. Q = 6 has a value swing in 
a stable motor position under the size of one step (under 0.014°). 
Additional filter settings can be found in the table lower (Dif P-P (°) means dif
ference between maximal and minimal values in the stable position, Dif steps (-) is 
recalculated into the size of steps, Settle time (s) means time for filtered value to 
settle at current value for move of 1000 steps). These values are also in graphic form 
under the table. 

Filtr Q Off 2 3 4 5 6 7 8 9 10 

Dif P-P (°) 0.17 0.075 0.029 0.024 0.023 0.012 0.007 0.004 0.001 0.001 
Dif steps (-) 12.1 5.36 2 1.71 1.64 0.85 0,5 0.29 0.07 0.07 

Settle time (s) 0.17 0.33 0.58 1.2 4 8 18 25 35 80 

Table 4.4: Size of signal noise and time to settle, with different filter parameters 
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Q v a l u e o f f i l t e r 

Fig. 4.27: Size of signal noise and time to settle, with different filter parameters 

4.7.3 RS-485 control data frames 

The Stepper motor driver board can be controlled with RS-485 both from the P C 
and from the master control platform itself. In this case, the P C control will be 
used. The data frame begins with the start of the frame represented with hexadec
imal value OxCO. The second part is the address of the receiver (PC has address 
0x00 and driver board 0xa2) Each axis driver will have its unique address for si
multaneous control of both axes. Next is the address of the sender, then the device 
type (0x01 is for motor drive boards). Next is the command (e.g. rotate forward 
for a number of steps is 0x21). after that is the length of data (usually 4 bytes), 
and after that data with e.g. number of steps, current angle, or wanted angle. The 
last part of the control frame are two C R C check bytes and an end byte OxCl. 

Start 
Of 

Frame 

Adress 
of 

Recever 

Adress 
of 

Sender 

Device 
0x01-stepper 

Data 
Lenght 

End 
Of 

Frame 

SOF DST SCR CMD1 Code 2 Data len Data FCSL FCSH EOF 
OxCO 0xA2 0x00 0x01 (Command) 

Data len Data 
(CRC) (CRC) 0xC1 

Fig. 4.28: General frame format 
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Format of move forward by 2000 steps frame: 

move_forward_steps(2000) Forward = 0x21 

Data 
2000 = 0b 00000000 00000000 00000111 11010000 

= Ox 00 00 07 DO 
L S B to M S B 

= Ox DO 07 00 00 

SOF 
OxCO 

DST 
0xA2 

SCR 
0x00 

CMD1 
0x01 

Code 2 
(Command) 

Data len Data FCSL 
(CRC) 

FCSH 
(CRC) 

EOF 
0xC1 

OxCO 0xA2 0x00 0x01 0x21 0x04 OxDO 0x07 0x00 OxOO 0x75 0 x B 2 0xC1 

Fig. 4.29: Move forward 2000 steps frame 

Format of read angle frame with response 43.919°: 

readanglej) Read angle = 0x27 

SOF 
OxCO 

DST 
0xA2 

SCR 
0x00 

CMD1 
0x01 

Code 2 
(Command) Dala len FCSL 

(CRC) 
FCSH 
(CRC) 

EOF 
0xC1 

OxCO 0xA2 0x00 0x01 0x27 0x00 0 x A 6 0 x C 6 0xC1 

Response 

SOF 
OxCO 

DST SCR CM01 
0x01 

Code 2 
(Command) 

Dala len Dala FCSL 
(CRC) 

FCSH 
(CRC) 

EOF 
0xC1 

OxCO 0x00 0 x A 2 0x01 0x27 0x04 0x8 F OxAB 0x00 0x00 0x08 0x55 0 x C 1 

Data 

L S B to M S B 
Angle = Ox 8F A B 00 00 

M S B to L S B 
Angle = Ox 00 O O A B S F 
Angle = Ob 1010 1011 1000 1111 
Angle = 43919 = 43,919° 

Fig. 4.30: Read angle output and input frame 

Angle data are transmitted from LSB to MSB. When they are being decoded they 
need to be structured from M O B to LSB. 

4.7.4 Control modes 

The Stepper driver board currently has 5 control modes. The first one is for reading 
of the current angle, the second that stops the motor movement, two that move 
the motor by a specific number of steps, and two that can specify a precise wanted 
angle. 
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• Read angle (0x27) The read angle command takes the current angle value 
and calls the function that constructs the data frame and then sends it to the 
P C or control board. 

. STOP (0x23) calls function dSPIN_Hard_Stop(); that sends into the L6470H 
Stepper motor driver chip instruction with SPI-4 that stops movement and 
cancels the current task. 

Move number of steps 

• Forward (0x21) This function calls the function: dSPIN_Move(FWD, rx_data); 
and inputs a specified number of steps from received data frame. It also spec
ifies the direction of rotation. This function then sends this command into 
L6470H. 

• Backward (0x22) This command works the same way as the previous one 
but in the opposite direction. Function: dSPIN_Move(REV, rx_data);. 

Go to specific angle 

• Go to angle (0x26) This function reads the wanted angle value from the re
ceived data frame and then move_by_angle(wanted_angle); function is called 
after move_by_angle_in_progress = true;. As input value to this function is 
wanted_angle variable. 

Listing 4.4: Go to angle (0x26) function 

value = *(uint32_t*)(rx_frame->data); 

wanted_angle = value; 

move_by_angle_in_progress = true; 

Move relative angle (0x25) This function works the same way as "Go to 
angle" with the difference that the received data frame value is subtracted 
from the former wanted angle value. 

Listing 4.5: Move relative angle (0x25) function 

value = *(uint32_t*)(rx_frame->data); 

wanted_angle = magnetometer_val - value; 

move_by_angle_in_progress = true; 
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Move by angle function 

This function is called after move_by_angle_in_progress = true; which can be 
changed with Go to angle or Move relative angle and takes the wanted angle 
acquired from those functions. 
This regulation algorithm first calculates the angle difference between the current 
angle and the wanted angle value and sets the stabilized bool variable to false. 

Listing 4.6: First part of move by angle function 
void move_by_angle(uint32_t wanted_angle) 

{ 

HAL_Delay(Stabilization_time); 

uint32_t current_angle = magnetometer_val; 

angle _ d i f f = current_angle - wanted_angle; 

Suppose the angle difference is smaller than the negative angle tolerance. In that 
case, the program calculates how many steps this angle difference corresponds to 
and divides it by a dividing constant so it does not overshoot, and moves the stepper 
motor forward for a calculated amount of steps. This process is repeated until the 
angle difference is above the negative angle tolerance. If the angle difference is bigger 
than the positive angle tolerance, the stepper motor moves a calculated amount of 
steps in the backward direction. 

Listing 4.7: Second part of move by angle function 
void move_by_angle(uint32_t wanted_angle) 

i f ( a n g l e _ d i f f < -angle_tollerance) 

{ 

steps = -l*round((angle_diff/(360000/ 

(200*Microstepp_setting)))/Dividing_constant); 

s p i l _ r e i n i t _ t o _ s t e p p e r ( ) ; 

dSPIN_Move(FWD.steps); 

spil_reinit_to_magnetometer (); 

s t a b i l i z e d = f a l s e ; 

} 

else i f ( a n g l e _ d i f f > angle_tollerance) 

{ 

steps = round(((angle_diff/(360000 

/(200*Microstepp_setting))))/Dividing_constant); 

s p i l _ r e i n i t _ t o _ s t e p p e r ( ) ; 

dSPIN_Move(REV, steps); 

spil_reinit_to_magnetometer (); 

s t a b i l i z e d = f a l s e ; 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

57 



The last part of this code waits for 0.5 seconds and then changes the stabilized to 
true and then stops movement. 

Listing 4.8: Third part of move by angle function 

else 

{ 

} 

} 

i f ( s t a b i l i z e d ) 

{ 

move_by_angle_in_progress = f a l s e ; 

} 

else 

{ 

HAL_Delay (500); 

s t a b i l i z e d = true; 

} 
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4.7.5 Program for control driver boards from PC 

Data packages for the driver module board can be created on paper but a better 
alternative is to create a program that can do it automatically. The core of this 
Python program was already completed but usage was impractical so a Tkinter 
GUI was created for easier manipulation and lesser time consumption 
The code under is creating data frames by combining its parts as described in the 
previous subchapter 4.7.3. The address of the wanted device is copied from an entry 
window in the GUI. 

Listing 4.9: Python program for RS-485 data frames generation 

FRAME_S0F = bytes( [0xCO]) 

FRAME_E0F = bytes( [0xC1]) 

SCR = bytes ( [0x00]) 

CMD1_STEPPER = bytes( [0xO1]) 

data_len = bytes([data_len & OxFF]) 

c r c _ c a l c u l a t o r = Calculator(Crc16.XMODEM) 

address_str = entry3.get() 

address_int = int(address s t r , 16) 

address = bytes([address_int]) 

frame = address + SCR + CMD1_STEPPER + code2 + data_len + data 

checksum = crc_calculator.checksum(frame) 

f c s l = bytes([checksum & OxFF]) 

fcsh = bytes([(checksum >> 8) & OxFF]) 

frame = FRAME_S0F + frame + f c s l + fcsh + FRAME_E0F 

ser.write(frame) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

At first, the user is supposed to write a port in which the USB to RS-485 convertor 
is connected and press the "Connect Serial" button. The last field in the code above 
informs the user of a successful connection. If the connection was successful, the user 
should write an address of a wanted driver board (0xa2 was used as the address). 
The last information that the user inputs is an angle (for "go to" and "move relative" 
buttons) or a number of steps (for "move forward" or " move backward" buttons). 
For all the buttons, the sent data frame is displayed in the first data field, and the 
incoming data frame is displayed in the second data field. 
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4.7.6 Control program interface 

This interface has 3 entry fields (first for C O M port name, second to input angle 
or steps, third for the address of the board), one button that connects to the C O M 
port, 4 buttons for movement, one button for reading the current angle and one 
that stops movement. Next, it has two output fields with outcoming and incoming 
frames, a third for reading angle and the last for confirmation of connection to C O M . 

j •' Motor dnvor X 
f Motor drrv*-

X 

COM port {e.g.. COM4) COM4 Connect Serial COM port<e.g COM4). COM4 Connect Sena! 

Angle (180254=180 254°) or n of sleps(iQQG): Angle (180254=130 254*) or n of steps(iooü)-

Input driver board adress (a2.aH...) Inpul driver board adress (a2.au...) a2 

Move forward steps Move backward steps Move forward steps Move backward sleps 

Go 1o angle Move relative angle Go to angle Move relative angle 

Read angle STOP [ Read angle j STOP 
Output packet: cfja2O0O12" 00a6c6cl 
Incoming package: D'jcC"jüa2öl27'jie-let>02iJö3£35cl 
Incoming angle: 191460 

Serial part; connected sue ľessfully. i 

ť Motor drivw — X c o m port {e.g.. COM4) COM4 Connect Sena! c o m port (eg , COM4} COM4 Connect Serial 

Angle (180254-180 254") or n of steps(1000). 1000 Angle (180254-180.254") urn of steps(iQOO) 180000 

Input driver board adress (a2 aO. ) a2 Input driver board adress (a2.a0 .) as 

i ove forwanJ steps ] Move backward steps Move forward steps Move backward steps 

Go to angle Move relative angle 1 Go to angle J Move relative angle 

Read angle STOP Read angle STOP 
Output packet: c0a200012104e80300003fc7cl Output packet: cua200012€(M20be02CC45d4cl 

Fig. 4.31: Graphical user interface of python code for driver control 

4.7.7 Parameters affecting regulation 

The parameters that change regulation behavior are angle tolerance (ztangle that 
will be tolerated around the wanted angle value, can help with stability), the strength 
of filter Q ( M A G Q - Number of bits to shift to right), dividing constant makes 
sure that the wanted angle is not overshot (100 steps move = 100/1.2 = 83 steps 
move) and stabilization time (time between iterations, the stronger and slower filter 
is, the longer it needs). For filter strength 6 ideal time is around 2.5 seconds. 

Listing 4.10: Parameters affecting regulation 

#def ine APPLY_Q(x) ((x)>>MAG_Q) 

#def ine angle_tollerance (0) / / 1 = 0.001 degrees 
#def ine Microstepp_setting (128) 

#def ine USE_CUMULATIVE_FILTER (1) / / 1 = on, 0 = off 
#def ine MAG_Q (6) / / (2-10) 
#def ine Dividing_constant (1.2) 

#def ine S t a b i l i z a t i o n _ t i m e (2500) 
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4.7.8 Tests and Evaluation of Final Motor Driver board regula
tion and accuracy 

The program can get to maximal accuracy with few iterations in a matter of seconds. 
The driver is capable of holding this wanted angle even if an external force moves 
with the platform, in which case the program comes back into the wanted angle. 
The accuracy of this method is 24.5 cm per step per 1 km. This accuracy could 
be improved to 12.3 cm per step if the current 1.8° per step stepper motors were 
replaced with 0.9° per step stepper motors. In the figures below 10° movement can 
be seen (which is the maximal angle distance on this platform in both axes). The 
platform took about 10 seconds to reach the maximal accuracy (with an error of 
around 0.008°). 

191,000 
190,500 
190,000 
189,500 
189,000 
188,500 
188,000 
187,500 
187,000 
186,500 

V 186,000 
3 185,500 
•g 185,000 

184,500 
184,000 
183,500 
183,000 
182,500 
182,000 
181,500 
181,000 
180,500 
180,000 
179,500 
179,000 

• 

tims ' 6 8 s 
AEAT noice: 188605 
angle.diff: -10016 
magnetometer val: 188414 
angle.diff: -10016 
magnetometer val: 188414 
steps: 596 
/ anted.angle ' 9 X X 

10 •2 13 14 
Time (s) 

190,100 
190,000 
189,900 
1S9.800 
189,700 
189,600 
189,500 
1S9.400 
189,300 
189,200 
189,100 
139,000 
188,900 
188,800 
188,700 
188,600 
1S8.500 
188,400 

/ 
/ 

/ time : 11.983 s 

/ AEAT.noice: 190018 
angle drff: 7 
magnetometer val: 190008 1 
AEAT.noice: 190018 
angle drff: 7 
magnetometer val: 190008 

/ steps: 0 
• j .- " - -i z. •-, .-I I c "' •"• "l|" / .• J i i i t u dii t | i t; , rij^ju 

/ 
/ 

j / 
I / 
/ 
7.0 7.5 3 5 5.r: 3 5 10.0 10,5 

Time (s) 
11-0 115 12.0 12.5 13.0 13.5 14.0 14.5 

Fig. 4.32: Movement of 10° (Time on x axis and angle in degrees on y axis) 
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4.7.9 Implementation to platform 

In the base of the opto-mechanical platform, the holder for the AEAT-9922 sensor 
was already implemented at the azimuth axis but the holder of the sensor at the 
altitude axis wasn't implemented yet. Two new holders were Designed in Autodesk 
Fusion, one for the magnet and a second for the sensor. 

Fig. 4.33: Holders for sensor and magnet top view 

Fig. 4.34: Holders for sensor and magnet side view 
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Conclusion 
My bachelor's thesis had a few major tasks. The first one was aimed at describing 
and comparing different types of absolute rotary sensors. A second tasks was to 
design the final driver board for the opto-mechanical platform. 
The first tasks was achieved in a theoretical part where potentiometers, resolvers, 
encoders, and hall effect sensors were described and compared. The second tasks 
was also achieved. The first step was to learn how to communicate and read angle 
data from the 3D hall-effect sensor AEAT-9922 with the use of the SPI-4. Reading 
of data was achieved with 18-bit resolution, which means there were 262144 binary 
combinations for full revolution (0.00137° per binary state). The next step was 
about control of the stepper motor using a stepper motor driver. I used a DRV8825 
driver from the company Texas Instruments which allows 1/32 microstepping set
ting. This setting offers a resolution of 0.056° per step. Another challenge was to 
create a prototype of the driver. For this, I used the Arduino UNO platform. The 
prototype was successfully built and I was able to get a maximal resolution of 98.2 
cm per step per km. The final step was to redesign the previous version of the opto
mechanical platform driver board to include an SPI-4 interface to communicate with 
the AEAT-9922 sensor. This version of the driver is controlled by a microcontroller 
STM32F303K6 and the stepper motor is driven by stepper motor driver L6470H. 
The L6470H has a microstepping resolution of 0.014° per step. With this microstep
ping setting, the final resolution of the optic platform could be 24.5 cm per step per 
km. 

The next task was to integrate two of those drivers and test if they were functional 
and both of them were. The following task was to modify the program of the driver 
board for open loop application and movement to a specific angle. This task was 
also successful and I was able to reach the maximal resolution mentioned earlier. 
The graphic user interface for the Python program in order to control the driver 
board with RS-485 protocol from a P C was also programmed. 
The last task was to model two holders in Autodesk Fusion. One for the A E A T sen
sor and the second for a magnet. Renders of those parts were modelled successfully 
and can be found in Appendix C. 
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Symbols and abbreviations 
ABI A, B incremental signals and Index signal providing a reference 

point 

A C Alternating Current 

A D C Analog-to-Digital Converter 

C A N Controller Area Network 

C O M Communication Port 

C P H A Clock Phase 

C P O L Clock Polarity 

C P U Central Processing Unit 

C P R Cycles Per Revolution 

C R C Cyclic Redundancy Check 

D A C Digital-to-Analog Converter 

E E P R O M Electrically Erasable Programmable Read-Only Memory 

E F Error Flag 

E M C Electromagnetic Compatibility 

FSO Free-Space Optical 

GPIO General Purpose Input/Output 

GUI Graphical User Interface 

H A L Hardware Abstraction Layer 

I2C Inter-Integrated Circuit bus 

L E D Light Emitting Diode 

LSB Least Significant Bit 

MISO Master in Slave Out 

MOSI Master Out Slave In 
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M S B Most Significant Bit 

NCS Negate Chip Select 

P-P Peak to Peak 

P P R Pulses Per Revolution 

P W M Pulse-width modulation 

R F Radio Frequency 

R P M Revolutions Per Minute 

R X Received 

S C K Clock 

SPI Serial Peripheral Interface 

S R A M Static Random Access Memory 

SSI Synchronous Serial Interface 

SWD Serial Wire Debug 

T X Transmitted 

U A R T Universal Asynchronous Receiver Transmitter 

US A R T Universal Synchronous And Asynchronous Receiver 
Transmitter 

U V W Three-channel integrated commutation output 
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A Appendix 

A . l Scheme 
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Fig. A . l : Schematic of driver page 1 
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Fig. A.2: Schematic of driver page 2 
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A.2 Layout of routes 

52.07 

Fig. A.3: Layout of board top view 

Fig. A.4: Layout of board bottom view 
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A.3 Layout of components 

Fig. A.5: Components on board top view 
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Fig. A.6: Components on board bottom view 
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A.4 List of the parts 

Table A . l : Components list 

Label Value / Name Package 

IC1 24LC64-I/SN SO-08 
IC2 STM32F3-303K6Tb LQFP32-7X7 (32 pin) 
IC3 MAX483ECSA SOIC127P600X175-8N 
IC4 L6470H SOP65P640X120-29N 
IC5 LP38693SD-3.3 DFN300X300X80-7N 

Q l TXC-7M-16.000MAA J-T N A 
D l , D3 SM6T6V8CA SMB 
D2 BAV99 SOT23 
L E D Green SML0603 
R l , R2 4.7 K R0603 
R3 390 R R0603 
R4, R5, R6, R7 10 K R0603 
R8, R17 5.6 R R0603 
R9, R12 39 K R0603 
RIO 120 R R0603 
R l l 220 R R0603 
R13 Do not populate N A 
R14 0 R R0603 
R16, R18, R19, R20 2.2 K R0603 
R21, R22, R23, R24 100 R R0603 
CI , C4, C5, C6, C8, C9, C13, 
C14, C15, C16, C18 

100 nF C0603 

C2, C48 2.2 uF C0805 
C3, C7 1 uF C0603 
CIO 47uF/10V S M C A 2917 
C H , C12 18 pF C0603 
C17, C21 100 uF/25V SMD 
C19 10 nF C0603 
C20 220 nF C0603 
C23, C37 10 u F / l O V S M C A 2917 
C46 4.7uF C0805 
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Appendix 
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Fig. B . l : Angle value relation to filter settings 
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B.2 Filter settings 2 



C Appendix 

C. l Renders of platform with holders for magnets and 

AEAT-9922 sensors 

Fig. C . l : Render of platform with holders on both axes - front 

Fig. C.2: Render of platform with holders on both axes - back 
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Fig. C.3: Render of platform with holders on both axes - side 
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C.2 Comparison of current platform and future ver

sion with holders on both axes 


