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Abstract
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Evaluation of Hall-sensors for motor control in high precision
applications for aircraft

by Oscar FORSBERG

A functioning prototype test motor with Hall-sensor feedback has been
built, and the test results show that the motor performance in terms of
speed ripple is well within the specified demands. The temperature de-
mands however, have not been fully met. The minimum operating temper-
ature of the sensor was specified to -55◦C by Saab, and the sensors found
on the market has a minimum operating temperature of -40◦C. There was
also an operation error, the reason of which could either be failure of the
drive unit to deliver enough current, or the stator magnetic field strength
being too strong for the sensors to reliably detect the rotor magnets when a
sufficiently strong current is run through the stator windings. For the pur-
pose of investigating this error it is proposed to conduct tests with a drive
unit that can deliver currents over 5 A.
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Chapter 1

Introduction

The thesis work presented in this report has been carried out at HDD Servo
Motors AB, Bandhagen, Stockholm, for the Master’s degree in Engineering
Physics at Uppsala University. HDD is a small company (∼15 employees)
producing compact electrical servo motors aimed at all applications in the
machine industry. The purpose of this project is to investigate the possibili-
ties of substituting the complex and expensive resolver for motor control in
an electrical servo motor with a system based on Hall-sensors, for the par-
ticular purpose of operating the High-Lift system in commercial aircraft.
This investigation was commissioned by Saab Avionics, Jönköping, as part
of the project SWE Demo, jointly funded by Saab and Vinnova.

1.1 MEA - More Electrical Aviation

The trend of More Electrical Aircraft (MEA), is presently one of the most
promising solutions to the two biggest problems in aircraft industry; en-
vironmental effects and cost efficiency. Most control systems in aircraft
are hydraulic, meaning large and heavy parts. The benefits of replacing
such systems with electrical counterparts are many, such as greatly reduc-
ing weight and hence environmental impact, as fuel consumption can be
decreased.

1.2 Vinnova and SWE Demo

Vinnova is the Swedish innovation authority, responsible for stimulating
sustainable development by funding needs-driven research. The goal of
SWE Demo in particular is to strengthen Swedish innovation in aviation.
HDD Servo Motors is responsible for improving simulation and dimension-
ing methods for the electric motor powering the wing flap in commercial
aircraft, and analysis and testing of a Hall-sensor based motor control sys-
tem to replace the complex and expensive resolver that is currently in use
in the electrical motor that is to be used in the High-Lift system.

The operative High-lift system in today’s large passenger aircraft typically
consists of hydraulics. Power is transmitted to the wing flaps by shafts run-
ning through each wing. This type of system is mechanically complex and
heavy, and as discussed in section 1.1, the benefits of exchanging such a
system with an electrical one are many. Without going into further detail
many parts can be eliminated by changing to an electric system.
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There are many reasons why Saab are interested in a motor control system
based on Hall-effect sensors. The resolver that is currently in use is com-
plex and expensive, but very robust and precise. Hall-sensor IC technology
has become more cheap and robust lately, and Saab hopes to maintain reli-
ability with reduced cost using Hall-sensor feedback, should the prototype
prove adequate in performance. Other features of the Hall-effect sensors
that makes it suitable for this applications are (Honeywell, 2016):

• True solid state

• Long life (30 billion operations in a continuing keyboard module test
program)

• High speed operation - over 100 kHz possible

• Operates with stationary input (zero speed)

• No moving parts

• Logic compatible input and output

• Broad temperature range (-40 to +150C)

• Highly repeatable operation
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Chapter 2

Theory

2.1 Electrical Motors

An electrical motor is a machine used widely, in any application requiring
electrical current to be converted into mechanical power, or torque. The re-
versed concept is known as an electrical generator. Relevant to this thesis
work are only rotary motors, and hence motors producing linear motion
will not be treated. Any motor not specified further can be assumed to be
a rotary one. The torque produced in a motor is done so by interaction
between an internal magnetic field, either from permanent- or electromag-
nets, or induced current, and currents driven through a set of stator wind-
ings. Every motor has one moving part (rotor) and a stationary part (stator).
There are many different designs, but most common are the ones where the
rotor is situated inside the stator, delivering torque to an axis that is con-
nected to desired application. These are also the only ones treated here.
Motors are either of the Induction/Asynchronous motor type, or the Syn-
chronous motor type.

2.1.1 Induction/Asynchronous Motor

The Induction or Asynchronous motor is an AC powered electric motor
characterized by the way in which the rotor is magnetized. To produce
torque the rotor is magnetized by electromagnetic induction. When a three-
phase AC power is supplied to the stator windings a rotating magnetic field
is produced. The stator magnetic field induces a current in the rotor wind-
ings, creating a magnetic field opposing the stator field. The change in the
induced rotor current causes the rotor to start rotating in the direction of the
stator field, accelerating until the produced torque is in balance with the ap-
plied load. Since current must be induced in the rotor before torque can be
produced, the rotor will inevitably rotate slower than the stator field. Syn-
chronous speed is referred to as the case when rotor rotates with the same
speed as the stator field, while the induction motor rotates asynchronously,
giving rise to the term "asynchronous motor".

2.1.2 Synchronous Motor

The rotor of the synchronous motor is magnetized by either permanent or
electromagnets, so that there is no need for electromagnetic induction. The
main advantage of permanent magnet rotor is that there is no need for con-
nection of cables to the rotor. Only motors with permanent magnets will
be treated further, as electromagnet motors are not relevant for this thesis
work. When there is no need for inducing a current in the rotor, the rotor
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will rotate with the same speed as the stator field. Unlike the induction
motor which is self-commutating due to the nature of the induction of ro-
tor current, the synchronous motor must be controlled in order to operate
efficiently. If the poles of the rotor align with the pole pair of the stator, the
motor will be in a stable mode. Before the rotor reaches this position the
phases of the stator coils should be switched appropriately in order for the
motor to continuously produce torque. The magnetic fields of the stator and
rotor should be at a 90 degree angle to produce maximal torque (Motions-
Design, 2008), as the torque is proportional to the sine of the angle between
the two fields. Ideally, one would like to maintain the angle throughout the
rotation of the rotor. The process of maintaining this 90 degree torque angle
is called commutation.

FIGURE 2.1: 12 pole permanent magnet synchronous motor
(PMSM)

Many synchronous motors are commutated mechanically by brushes. Be-
cause of the physical contact of this type of commutation, the life expectancy
of such devices are relatively low due to wear. For this reason brushed
motors have been replaced in most applications by brushless motors. For
servo motor applications, the two most common motors used are perma-
nent magnet synchronous motors (PMSM) and brushless DC motors (BLDC).
Both are synchronous machines, but with some differences in both con-
struction and control. The main difference is how the stator coils are wound
and what this implies for motor control. The PMSM has a stator similar
to that of the induction motor, with distributed windings that generate a
sinusoidal back emf. The brushed motor commutation results in the in-
put DC current being converted into rectangular shaped currents. In the
BLDC such a rectangular current is driven through the stator coils to pro-
duce torque in conjunction with permanent magnets attached to the rotor,
and trapezoidal back emf is produced. Back emf are the voltages induced
in the stator windings by the rotor magnets.
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2.2 Induction vs PMSM

In this section a comparison between induction type motors and perma-
nent magnet motors is made. For this purpose PMSM refers to motors with
permanent magnet rotors in general, both BLDC and PMSM that is. The
PMSM main advantages over induction motors are (Pillay and Krishnan,
1991)

• Rare earth and neodymium boron PMSM have lower inertia com-
pared to induction machines due to the absence of a rotor cage.

• No need for magnetizing current

• Higher efficiency due to rotor losses in induction motors

• Higher power density

• PM machine smaller in size for same capacity

2.3 PMSM Control Systems

There are many different approaches to commutation, but most consist of a
system that provides feedback of the rotor position to a control system that
switches the stator currents of the motor appropriately. The type of com-
mutation depends on the type of motor. A PMSM motor with distributed
windings and sinusoidal back emf is generally driven with sinusoidal com-
mutation, as this will produce a constant torque. This however, requires
high resolution of rotor position feedback, as one need to run sinusoidal
phase currents with close relation to the rotor position. The high resolu-
tion, absolute, rotor position feedback needed for sinusoidal commutation
is often provided by use of the resolver (AMCI, 2016). A BLDC motor with
trapezoidal back emf is most efficiently excited with trapezoidal currents,
but suffers torque ripple at commutations. This section will focus on ex-
plaining trapezoidal commutation and Hall-sensor feedback system used
for commutation. Before going into further detail on commutation, Hall-
effect and Hall-sensors will be explained.

2.3.1 Hall-effect and Hall-effect Sensors

A hall-effect sensor is an electronic integrated circuit that varies its output
voltage due to external magnetic fields. Depending on the construction and
nature of the electronic circuitry combined with the hall element, there are
different types of sensors. Common for all of them, however, is that they
function by making use of the Hall effect. The hall effect is in reality a spe-
cial case of the Lorentz force, in which the charge carriers in a conductor are
subject to the Lorentz force from an external magnetic field. The Lorentz
force is the force exerted on a point charge by electromagnetic fields, ac-
cording to the equation (Nordling and Österman, 2010)

~F = q[ ~E + (~v × ~B)] (2.1)
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Evident from the equation, is that the force from a magnetic field on a
point charge will be perpendicular to both the velocity and the magnetic
field, due to the vector cross product. In figure 2.2, a rough scheme of the
working principle of a Hall-effect sensor is shown. As a current is driven
through the flat conductor, the mobile negative charge carriers’ trajectory is
bent, due to the Lorentz force. Negative charge carriers accumulate on one
side of the conductor, and the absence of such on the opposite side results
in accumulation of positive charges. This gives rise to a measurable voltage
drop across the conductor.

FIGURE 2.2: Graphical representation of the Hall effect in a
rectangular conductor

As previously mentioned there are different types of Hall-effect sensors, de-
pending on the electronic circuitry and construction of the sensor. A main
distinction is between analogue and digital output sensors. The analogue
sensor has an output voltage proportional to the strength of the magnetic
field it is subjected to, while the digital sensor has only two possible outputs
being ON or OFF Honeywell, 2016.

2.3.2 6-step block commutation with Hall-sensor

In the case of the BLDC motor, with trapezoidal back-emf, the ideal com-
mutation is by trapezoidal currents. When using trapezoidal commutation
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it is impossible to maintain a 90 degree torque angle, as the motor is com-
mutated much less frequently than a PMSM motor. In a PMSM motor sinu-
soidal currents are used, and therefor a 90 degree torque angle can be main-
tained between the fields with help of feedback of sufficient fidelity. With
this trapezoidal commutation though, the motor is only provided feedback
6 times per electrical revolution, and hence also only commutated 6 times
per electrical revolution. Luckily, the torque production is relatively insen-
sitive to variations in the torque angle as long as it is close to 90 degrees. 6-
step block commutation refers to the rotor position only being determined
6 times per electrical revolution, every 60 electrical degrees that is. This
gives a variation of ±30 degrees around the 90 degree optimal torque an-
gle, resulting in a 13 % torque variation (MotionsDesign, 2008). Placing
hall-sensor close to the rotor magnets and spacing them 120 electrical de-
grees apart will create the pattern seen in figure 2.3 that can be used for
commutation.

FIGURE 2.3: Hall-sensor signal pattern for commutation

The number of poles of the motor determines the number of electrical revo-
lutions per mechanical revolution. The number of electrical cycles per me-
chanical revolution is determined by the formula

NE.cycles =
number of poles

2

(2.2)
which means the pattern in figure 2.3 will repeat itself 10 times for a 20-
pole motor for instance. The sensor outputs ON or OFF, in the form of some
sensor specific positive voltage for the ON mode and 0 V for the OFF mode,
represents the digital bit information of 1 and 0. The this three bit code
provides 6 states, one for each of the 60 electrical degree sections, which are
used for commutation.
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Segment Hall state
0-60◦ 101

60-120◦ 100
120-180◦ 110
180-240◦ 010
240-300◦ 011
300-360◦ 001

The three bit code provides 8 possible combinations, two of which are ille-
gal for this application, namely 000 and 111.
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Chapter 3

Methodology

3.1 Evaluation of Hall-sensor ICs available on the mar-
ket

The motor control system evaluated in this thesis makes use of Hall sen-
sors for rotor position sensing, and an integral part is the selection of Hall
sensors. Since the application is motor control in the High-lift system to be
used in commercial aircraft, there are substantial demands on quality and
reliability for all components used. Due to these demands there are bar-
riers for new technologies and suppliers in the aircraft industry, and such
that have been thoroughly tested and used previously are preferable to the
alternative. As supplier to the commercial aircraft industry, Saab has first
hand experience with these suppliers, and have clearly stated the impor-
tance of prior connection to aerospace industry in suppliers of components
used in this thesis work, and future products related to it. Listed here are
the most apparent demands on the hall sensors, with no respect to relative
importance:

• Component reliability

• Cost

• Proven in aerospace application

• Temperature operating range ∼ −55◦C - +150◦C

• Stability over operating range

The main purpose, as previously stated, of this project, is to evaluate if
the complex and expensive resolver can be replaced with a more simple,
and less expensive option, which is why component cost is a major crite-
ria. This is the main reason for evaluating a hall-sensor based alternative,
as hall-sensor technology has become relatively rigorous and cheap. The
temperature demand is inherent to the application, as the High-lift system
operates in aircraft and must function in warm conditions, such as desert
or tropical climate, as well as at high altitude where air temperature drops
as low as -60◦C. Important is also the stability of the sensor across the op-
erating range, as switching criteria that varies with temperature can affect
the motor commutation.

Hall-sensor ICs and their manufacturers will be evaluated with respect to
the demands stated above by a survey of the global market as found avail-
able on the internet, through manufacturers and electronics retailers’ web-
sites.
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3.2 Commutation using Hall-sensors

The used motor has 10 magnetic pole pairs on the rotor, a full mechanical
revolution is equal to 10 full electrical revolutions according to equation 2.2.
Using three hall-sensors spaced 120 electrical degrees apart, and positioned
azimuthally in between the stator poles for optimal torque, 6 different hall
states per electrical revolution is provided for commutation. 6 hall states for
a full electrical revolution means commutation every 60 electrical degrees,
and hence, every 6 mechanical degrees. Since there are ten pole pairs, the
sequence of hall states will repeat itself ten times per full mechanical rev-
olution. The 120 electrical degree spacing of the sensors corresponds to a
mere 12 mechanical degrees spacing, which is practically hard to achieve.
Any spacing of a multiple of 12 mechanical degrees will produce the same
results however, which is why 60 mechanical degrees spacing was chosen
for simplicity in board design for instance, as will be explained further later
on.

3.3 Prototype design and construction

This section will explain the different steps in design and construction,
starting with the HDD motor used for the prototype, and then the different
design and production steps in building the Hall-sensor PCB and fitting it
to the prototype motor.

3.4 The Prototype Test Motor

The motor used for the prototype is a HDD09J, a 20 pole PMSM Servo mo-
tor developed and sold by HDD Servo Motors with further specifications
available on http://hdd.se/products/servo-motors/. Shown in figure 3.1
is the motor casing, and in figure 3.2 a section of the motor with the resolver
in purple, the Hall-sensor PCB in green and the rotor magnets in red. In the
figure 3.2 there are no components visible on the PCB. In the finished pro-
totype, the Hall-sensors along with electronics components and cables will
be mounted on the card, with the sensors extending from the card towards
the rotor magnet. The sensors will be positioned ∼0.5 mm from the rotor,
just inside the inner radius of the rotor magnets. This position is chosen
in order to place the sensors as close to the rotor magnets as possible, and
as far away from the stator poles as possible, for minimal impact on the
sensors from the stator fields.
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FIGURE 3.1: The used HDD09J motor
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FIGURE 3.2: Section of motor showing resolver, PCB and
rotor magnets

3.4.1 Circuit Board Design

To simplify the mounting of hall-sensors inside the motor casing, the sen-
sors and some additional electronics will be mounted to a circuit board de-
signed in the free version of CadSoft EAGLE PCB Design Software, version
7.5.0, with help of Solidworks blueprints of the motor to simplify dimen-
sioning of the PCB. The outline dimensions of the PCB are drawn in Solid-
works, and exported as a .DXF file to EAGLE where the circuit is drawn
and routed onto the board. The circuit and placement of components on
the PCB differs slightly from the schematics supplied by Saab, from a recent
project called GF Demo. The main differences are two; the PCB designed
here will be made with through-hole soldering of components, while the
Saab design was surface mount. The reason for this is that through-hole
soldering will provide some freedom of sensor orientation inside the mo-
tor. Also the addition of resistors R1-R3 is made, as seen in figures 3.3 and
3.4. These resistors are so-called "pull-up" resistors, added for the function
of changing the hall-sensor output in the ON mode. By the addition of the



Chapter 3. Methodology 13

resistors the output in the ON mode will be exactly the supply voltage, in-
stead of the ∼0.5 V hall-sensor output characteristic to the chosen sensor.
The reason for this is that the Infranor drive unit that will drive the motor
gives a 12 V supply voltage, which is also the voltage it wants returned for
an ON mode of the sensor.

FIGURE 3.3: Scheme of circuit as designed in EAGLE
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FIGURE 3.4: PCB design as routed in EAGLE

3.5 Prototype testing

When the motor is fully assembled, and equipped with both resolver and
PCB with hall-sensors, the prototype is ready for testing. Specified by Saab,
is that the speed control loop should keep speed within ±1 % of com-
manded speed at 1800 rpm, and within ±4 % at 300 rpm.

The motor will be driven by an Infranor XtrapulsPac digital drive and as-
sociated software Gemdrive Studio V5.11, with capability for trapezoidal
commutation. It is a PWM servo amplifier providing speed control. The
resolver has been deliberately kept in the motor, as it can be used for moni-
toring the speed. The resolver will be connected to the driv, providing high-
resolution information of the motor speed. This will allow the motor to be
commutated using feedback from the PCB with hall-sensors, while the mo-
tor speed is monitored and stored by the resolver in conjunction with the
drive and software.

The resolver will provide speed measurement of sufficient fidelity to eval-
uate the speed with respect to the specified demands. Output from the
resolver measurement is the motor speed as a function of time, graphically
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represented in a plot in an oscilloscope included in the software. The soft-
ware allows customizable plots, such that a sufficiently small time interval
can be zoomed in on for the speed ripple to be seen clearly. The output data
file is of the .osc format, which can be converted to Excel files. Microsoft Ex-
cel can then be used to extract relevant information such as average speed,
standard deviation and minimal and maximal speed.

There are also temperature demands for the end product, as specified by
Saab. The motor driving the High-lift system will be mounted in an en-
vironment with surrounding structure, with limits to heat production from
the motor during operation. In addition, the Hall-sensors have temperature
limits to operation, which is why it is important to be able to measure the
temperature in close proximity to the sensors.

For the purpose of temperature measurement, a thermistor will be mounted
to the prototype. It will be placed inside the motor, glued to the PCB. As the
copper core extends throughout the entirety of the PCB, temperature on the
opposite side of the card, with respect to the sensors and other components,
should be roughly the same, due to heat convection. The thermistor builds
2-3 mm in height, and if placed radially equivalent to the Hall-sensors an
approximate estimation of the sensor temperature can be made.

FIGURE 3.5: Picture showing thermistor placement on PCB
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Shown in figure 3.5 is a picture of the PCB with all motor sensor compo-
nents mounted. On the bottom of the card is the supposed thermistor and
its placement, but yet to be glued to the card. On the top right of the card are
the motor control cables; GND, VCC and the three Hall-sensor outputs. The
thermistor output cables will be connected to an Ohm-meter for measuring
the resistance, which can then be converted to the thermistor temperature
using complementary documentation.

3.6 Prototype Assembly and initial testing

Figures 4.9-4.13 show the different motor assembly steps. The motor can be
assembled and disassembled relatively quickly, approximately 10-15 min-
utes respectively. In the assembly stage, some initial testing is done to re-
veal errors before attempting to drive the motor with the drive unit and
Hall-sensors. After the PCB and rotor is mounted, as in figure 4.10, the mo-
tor is rotated manually with the testing station shown in figure 4.13, and
the Hall-sensor signals are monitored with an oscilloscope. The PCB is fed
with a 12 V power supply, seen in the middle of figure 4.13. After this
test, the same test is carried out, but with the addition of the stator house
being mounted to the motor. The addition of the stator poles will affect
the magnetic field profile, even without driving currents through the stator
windings. This test will show if the sensors can detect the magnets effec-
tively with the stator mounted to the motor. Should this also succeed, the
last test before attempting to drive the motor with the sensor feedback is to
drive the motor with the resolver feedback and monitor the sensor outputs
with the oscilloscope. This test will show if the sensors can detect the rotor
magnets effectively, when current is driven through the stator windings.



Chapter 3. Methodology 17

FIGURE 3.6: The PCB mounted in the back motor casing
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FIGURE 3.7: PCB and back motor casing with rotor
mounted
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FIGURE 3.8: Stator mounting station with the prototype sta-
tor being mounted
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FIGURE 3.9: Assembled motor without cable connectors
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FIGURE 3.10: Test station for initial testing
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Chapter 4

Results and Analysis

4.1 Evaluation of Hall-sensor ICs available on the mar-
ket

The hall sensor IC market found on the internet showed a wide variety of
suppliers providing a wide variety of hall sensor ICs for many different
applications. The type of sensor deemed most suitable for this application
however, is the Bipolar latching type. The bipolar latching hall-effect sen-
sor is a digital output IC sensor with a 0 V output in the OFF mode, and
some sensor fabrication specific output voltage, typically in the range of
0.5-5 V in the ON mode. The bipolar latching sensor is made in two types;
the through-hole soldering and the surface mount soldering sensors. For
the prototype build in this thesis work the through-hole type was chosen,
as it provides additional flexibility in the sensor orientation inside the mo-
tor, as will be made more clear later on.

4.1.1 Honeywell SC - SS461C, the used Hall sensor

Honeywell Sensing and Control is a major supplier to the aerospace indus-
try, of anything from discrete components to pilot interface and integrated
controls, with half a century of experience in the field.

The SS461C is a high-sensitivity bipolar latching sensor IC, with a broad
temperature range of -40◦C - +125◦C, and input voltage 4-24 V. The sensor
is available for purchase at 5.53-9.16 SEK/sensor depending on quantity of
order.

It seems that the general minimum operating temperature of the Hall-sensors
available on the market is -40◦C. This does not meet the operating tempera-
ture requirement of -55◦C, which is an important result for this thesis work.

Product specification:

• Cost: ∼5-10 SEK/sensor

• Number of pins: 3

• Max operating temperature: +125◦C

• Min operating temperature: -40◦C

• Sensor type: Bipolar
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• Input operating voltage range: 4-24 V

• Output Current: 20 mA

FIGURE 4.1: Plot showing stability of magnetic switch point
of the SS461C across the ambient temperature range

The product specifications and Honeywell’s connection to the aerospace in-
dustry makes this sensor seem like a suitable option, which is why it will
also be used in the prototype. The sensor is, however, not specifically made
for aerospace applications. The plot shown in figure 4.1 was found in Hon-
eywell’s sensor documentation of the SS461C.

As per email correspondence with a Honeywell application engineer, the
VF460S bipolar latching sensor could possibly be a more suitable option. It
is very similar to the SS461C, except that the VF460S has passed additional
testing and qualification to be called "AEC-Q100"-certified. This is a special
testing required for automotive usage, indicating that it is especially suit-
able for operation in harsh environments. The VF460S is also, supposedly,
better in ESD performance than the SS461C.

4.2 Prototype construction and intital testing

Figure 4.2 shows a picture taken form the side of the motor, after mount-
ing the PCB (green) and rotor in the motor casing. One of the sensors can
be seen, extending from the PCB towards the magnets via three pin con-
nections. As the rotor magnets pass by the sensors, a trapezoidal signal is
generated. In figure 4.3 the out signal from the three sensors is shown as
measured with an oscilloscope, when the rotor is rotated manually. The
generated signals show good promise for trapezoidal commutation.
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FIGURE 4.2: Placement of sensor in motor
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FIGURE 4.3: Out signal from sensors without stator
mounted to motor

It seems, however, that the stator poles alter the magnetic fields to the ex-
tent that the sensors, with the standing orientation, can not reliably detect
the rotor magnets. Shown in figure 4.4 is the out signal from the sensors
when manually rotating the rotor, and with the stator mounted to the mo-
tor. None of the sensors produce the desired signal. The difference between
the signals is probably due to difference in distance between sensor and
magnet. Since the sensor is manually soldered to the PCB, a difference of
approximately ±0.1 mm has been measured in individual sensor height us-
ing a digital caliper.
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FIGURE 4.4: Out signal from sensors with stator mounted
to motor
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FIGURE 4.5: New sensor orientation

In order to better sense the magnetic field from the rotor magnets, the sen-
sors are instead oriented as shown in figure 4.5, resulting in the sensor body
center being positioned closer to the magnets.
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FIGURE 4.6: Sensor out signal with new sensor placement,
and stator mounted to motor

After changing the sensor orientation, the sensors can much more reliably
detect the magnets, as can be seen in figure 4.6. The signal shown is gen-
erated by manually turning the rotor, with the stator mounted to the mo-
tor. The next test is then to drive the rotor with the resolver, and monitor
the Hall-sensor signal as discussed in section 3.7. The Hall-sensor out sig-
nals while driving the motor with the resolver, at two different speeds, are
shown in figures 4.7 and 4.8. Seen in the Hall-sensor signal shown in fig-
ure 4.7 is that the relation between each sensors on and off state looks to
be roughly 1:1, which is ideal. From figure 4.8 it is also obvious that the
rotor magnets are continuously being sensed, in desired fashion, by the
Hall-sensors.
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FIGURE 4.7: Sensor out signal while slowly driving motor
with resolver

FIGURE 4.8: Sensor out signal while driving motor with re-
solver, slightly faster than in figure 4.7
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4.3 Tests driving motor with Hall sensor commutation

As previously stated the motor is operated with the drive unit Infranor
XtrapulsPac and associated software Gemdrive Studio V5.11. In the as-
sembly the card was adjusted so that the sensors are all azimuthally in be-
tween two stator poles. This is not very exact as one mechanical degree
corresponds to ten electrical degrees, but the drive is capable of a so called
autophasing, where it compensates for possible offset in sensor positioning
in software for optimal operation. This drive unit also has capability for re-
solver operation, and in particular, capability to measure the motor speed
with the resolver while simultaneously operating it by use of the hall sen-
sor feedback.

The requirements as specified by Saab was:

At 300 rpm the speed control loop should keep the speed withing ±4% of
commanded speed

At 1800 rpm the speed control loop should keep the speed withing ±1% of
commanded speed

At a later stage requests were made of testing at 3900 rpm as well. The tests
that have been carried out are:

• 300, 1800 and 3900 rpm without load

• 300, 1800 and 3900 rpm without load, but with extra moment of iner-
tia

• 300, 1800 and 3900 rpm with resistive load

• Steady state 3900 rpm with resistive load, temperature test

• Test for investigation of operation error

Tests without load

Figure 4.9 shows a test at 300 rpm. The speed as measured and calculated
with the hall-sensor feedback in yellow can be seen to be very discrepant
relative to the speed as measured with the resolver, in white. This is proba-
bly due to the fact that the hall-sensor feedback gives only 60 points of mea-
surement per mechanical revolution, and therefor varying instantaneous
speeds. The speed as measured with the hall-sensor feedback is deemed
unreliable, and only the speed measured with the resolver will be treated
further.
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FIGURE 4.9: Plot from oscilloscope of 300 rpm test. In yel-
low is the speed measured with hall-sensor feedback and in
white the speed measured with resolver. One square in x-
direction corresponds to 50 ms and in y-direction 100 rpm.

In figure 4.10 a plot is shown from the oscilloscope, of the same test, but
zoomed in to better see the speed variation after the speed has stabilised
around 300 rpm. Here an offset is added on the resolver speed to distin-
guish it from the hall-sensor feedback, and the resolver speed resolution
is 2 rpm/square and the hall speed is 200 rpm/square. Seen in the plot is
that the speed variation as measured with the resolver varies with about ±2
rpm.

FIGURE 4.10: Plot from oscilloscope of 300 rpm test, the
time resolution is 50 ms/square.

Figures 4.11 and 4.12 show results from 1800 rpm tests with no load. The
speeds shown in 4.11 are plotted with an offset of 1000 rpm. In figure 4.11
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an offset can be seen between the Hall-effect and resolver speed measure-
ments. It is not entirely apparent how the drive unit calculates the speed
measured with Hall-sensors. Instead the resolver is used for speed mea-
surement, prividing very precise measurement of the motor speed. As-
suming the resolver measurement is showing the actual speed, the offset
somehow arises in the calculation of the Hall sensor speed. It is also clearly
showing that there is no Hall-effect speed until the resolver speed starts
to rise. The offset between the commanded and measured (resolver) speed
however, is probably mainly due to calculation delays and the PI-algorithm
used in the drive unit.

FIGURE 4.11: Oscilloscope plot from 1800 rpm test. In yel-
low is the hall speed, in white the resolver speed, in blue the
motor current and in purple the commanded speed. The
time resolution is 50 ms/square, the speed resolution 500

rpm/square and the current resolution 1 A/square.

Figure 4.12 shows a plot from the same test as figure 4.11, but zoomed for
more apparent speed variation after the speed has stabilised around 1800
rpm. As the resolver speed resolution is 1 rpm/square, it can be seen that
the speed variation is around ±2 rpm.
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FIGURE 4.12: Oscilloscope plot from 1800 rpm test. The
resolver speed resolution is 1 rpm/square and the time res-

olution 50 ms/square

FIGURE 4.13: Oscilloscope plot from 3900 rpm test. The
resolver speed resolution is 1 rpm/square and the time res-

olution is 50 ms/square

Figure 4.13 shows an oscilloscope plot from a 3900 rpm test. An offset is
added to the resolver speed to distinguish it from the hall speed. The speed
variation appears to be around ±2 rpm. The percentages next to Min and
Max values are the deviations from the commanded speed in percent.
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Speed [rpm] Average St. dev. Min Max

300 299.94 0.92 298.33 (0.56%) 302.34 (0.78%)
1800 1799.93 0.66 1797.91 (0.12%) 1801.53 (0.09%)
3900 3899.99 0.69 3898.35 (0.04%) 3901.3 (0.03%)

TABLE 4.1: Results from tests without load, after speed has
stabilised around commanded speed

4.3.1 Tests with moment of inertia load

Figure 4.14 shows a photo of the test station used. In the tests without any
load the generator, the top of which can be seen on the back of the test
station, has not been connected to the motor axis. In these tests however,
the generater is connected with a coupling, but without any load. The re-
sult is a test where only the moment of inertia och the motor axis has been
increased.

FIGURE 4.14: Picture of the test station and setup

As can be seen in the resolver speed in white in figure 4.15, there is some
overshoot as the speed is about to stabilise around 300 rpm. The motor ac-
celeration up to 300 rpm is 1500 rpm/s2
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FIGURE 4.15: 300 rpm test with inertia load, the time res-
olution is 100 ms/square and the speed resolution is 100

rpm/square

Figure 4.16 shows a zoomed in plot from the same test as in figure 4.15. The
speed ripple seems to keep within ±1 rpm.

FIGURE 4.16: 300 rpm test with inertia load, the speed
resolution is 1 rpm/square and the time resolution is 50

ms/square

Figure 4.17 shows the motor speed as it is stabilising around 1800 rpm, with
an acceleration of 1500 rpm/s2.
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FIGURE 4.17: 1800 rpm test with inertia load, the time
resolution is 100 ms/square and the speed resolution 5

rpm/square

Figure 4.18 shows the end of the stabilisation around 3900 rpm with an
acceleration of 1500 rpm/s2. When the speed has stabilised it seems to be
roughly ±1 rpm.

FIGURE 4.18: 3900 rpm test with inertia load, the time
resolution is 100 ms/square and the speed resolution 5

rpm/square
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Speed [rpm] Average St. dev. Min Max

300 299.96 0.51 298.65 (0.45%) 301.2 (0.40%)
1800 1800.02 0.47 1798.31 (0.09%) 1801.53 (0.09%)
3900 3899.99 0.39 3899.06 (0.02%) 3900.98 (0.03%)

TABLE 4.2: Results from test runs with inertia load, after the
speed has stabilised around commanded speed

4.3.2 Tests with resistive load

In these tests the motor is operated with a load in the form of the generator
coupled to the motor, with a 37 Ω resistance, in series with a 22 Ω load in the
form of a sauna unit shown in figure 4.19. All speed measurements shown
in figures and tables from here on are made with the resolver.
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FIGURE 4.19: Load that is series connected with the test sta-
tion generator
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FIGURE 4.20: 300 rpm test with resistiv load, time res-
olution is 500 ms/square and speed resolution is 500

rpm/square

Figures 4.20 and 4.21 show oscilloscope plots from a 300 rpm test run with
load as described above. Seen in figure 4.19 is that the speed stabilises rela-
tively quickly, but with some overshoot. In figure 4.20 it can be seen that the
speed seems to keep within roughly ±2 rpm after the speed has stabilised
around 300 rpm. The acceleration is 1000 rpm/s2.

FIGURE 4.21: 300 rpm test with resistive load, time resolu-
tion is 500 ms/square and speed resolution is 5 rpm/square
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FIGURE 4.22: 1800 rpm test with resisitive load, time resolu-
tion is 500 ms/square and speed resolution is 2 rpm/square

Figure 4.22 shows an 1800 rpm test run with 1000 rpm/s2. The speed sta-
bilises around 1800 rpm within roughly 0.5 s, and then ripples with roughly
±1 rpm.

FIGURE 4.23: 3900 rpm test with resistive load, time
resolution is 500 ms/square and speed resolution 1000

rpm/square

Figure 4.23 shows a 3900 rpm test run with 6000 rpm/s2 acceleration. The
speed stabilises around 3900 rpm within roughly 0.5 s. The speed ripple
after stabilisation is shown in table 4.3
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Speed [rpm] Average St. dev. Min Max

300 300.28 0.99 298.55 (0.48%) 302.05 (0.68%)
1800 1799.97 0.46 1798.88 (0.06%) 1801.11 (0.06%)
3900 3899.99 0.47 3898.86 (0.03%) 3900.95 (0.02%)

TABLE 4.3: Results from tests with resistive load, after
speed has stabilised around commanded speed

4.3.3 Temperature test

A steady-state test was carried out to test the heat production in the motor,
when it is run at 3900 rpm for 60 minutes. The temperature was measured
with the thermistor mounted to the PCB inside the motor, and was read
after one hour as a resistance with use of an Ohm-meter. The resistance
was then converted to temperature in degrees Celcius with use of a table
complementary to the thermistor.

Resistance (Ω) Temperature (◦C)
889 ∼82

TABLE 4.4: Measured resistance and calculated tempera-
ture after 60 minutes of operation

As the heat is produced inside the motor the conclusion is drawn that the
outside of the motor casing has a temperature lower than that on the PCB
on the inside of the motor.

4.3.4 Test for investigation of operation error

During testing an operation error was found under acceleration where the
software gave an error message of "HES counting error", or Hall Effect Sen-
sor counting error. Tets were carried out to try and find out what the reason
could be. As the error could possibly occur due to the stator fields becom-
ing strong enough to interfere with the sensor signals, test runs with differ-
ent accelerations were carried out. Higher acceleration means higher stator
currents, which in turn means stronger stator fields. Figures 4.24-4.27 show
test runs with accelerations 6000, 8000, 8500 and 10000 rpm/s2.
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FIGURE 4.24: 3900 rpm test with resistive load, and 6000
rpm/s2 acceleration

FIGURE 4.25: 3900 rpm test with resistive load, and 8000
rpm/s2 acceleration
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FIGURE 4.26: 3900 rpm test with resistive load, and 8500
rpm/s2 acceleration

FIGURE 4.27: 3900 rpm test with resistive load, and 10000
rpm/s2 acceleration

In blue in all the figures are the motor current, with a resolution of 5 A/square.
Since the drive unit has a rated current of 2.5 A and maximal current of 5 A,
the sensor error could possibly occur due to failure of the drive to deliver
enough current to sustain the acceleration. In such a case it might abort the
operation and give an erroneous error message. In figure 4.24 and 4.25 the
current level is under and just at, or just under, the 5 A level respectively,
and the motor operates without problem. In figure 4.26 the current is at the
maximal 5 A, and the acceleration is aborted with an error message after
approximately 0.35 s (500 ms/square). In figure 4.27 the same error occurs,
but earlier than in figure 4.26.

Since this error occurs precisely at the maximal current of the drive, it
would be desirable to test the motor with a drive unit with capability to de-
liver a larger current than 5 A. This would make it easy to evaluate whether
the error stems from the drive unit or due to stator magnetic fields becom-
ing too strong for the sensors to read the rotor position reliably.
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Chapter 5

Conclusions and Outlook

A functioning prototype test motor with Hall-sensor feedback has been
built, and the test results show that the motor performance in terms of
speed ripple is well within the specified demands as can be seen in tables
4.1-4.3.

The motor operating temperature test shows that the sensors should be in
no danger of overheating, as an hour of steady-state operation with load re-
sulted in a sensor temperature of 82◦C, well under the maximum operating
temperature of 125◦C. The minimum operating temperature of -55◦C has,
however, not been fulfilled as the Hall-sensor ICs available on the market
are apparently not made for operating temperatures lower than -40◦C. This
is an important result that Saab will probably need to investigate possible
solutions to. The VF460S sensor proposed by Honeywell has an maximum
operation temperature of +150◦C which would fulfill the specified limit.

Operating the motor outside the sensor defined operating temperatures
means the sensors would probably fail, and possibly break. It is very im-
portant for the motor drive to keep inside the sensor specified tempera-
tures. Another possible failure mode is the end of the natural life of the
Hall-effect sensor. Although it is nowadays a resilient component, it will
at some point fail due to wear, and it is important to be aware of this and
change sensors well within due time.

As is shown in figure 3.4, there is enough space on the PCB to route a du-
plicate of the components on the card for redundancy. The question that
remains is if the redundancy control can be implemented successfully with
the drive system. If the set of Hall-effect sensors running the motor fails,
there must be a system in place to redirect the motor drive to the redun-
dancy set of components on the PCB. This is outside the scope of this thesis
work.

This thesis work has showed that the concept is adequate in terms of per-
formance. Should the minimum operating temperature demands somehow
be met the proposed course of action is to firstly investigate the operation
error treated in section 4.3.4. Should the cause of the error be the stator
magnetic field strength, the result could be that the concept is not suitable
for operation in this type of motor and application. Should the error be due
to the XtrapulsPac drive unit being unable to deliver enough current, the
proposed next step is to design a surface mount PCB with the same circuit
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as designed in this thesis work. This PCB should be designed for the mo-
tor Saab has in mind to use for their final product, with the PCB thickness
chosen carefully in order to place the sensors within 0.5 mm from the ro-
tor magnets. For simplicity, precision and repeatability the PCB should be
built, and components mounted, by machine.
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