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Abstract

This thesis investigates the impact of typical current and position sensor measurement errors
on a PMSM. The investigated PMSM is used as the electric traction motor in a dedicated hy-
brid transmission developed by CEVT. The thesis also compares the main attributes of differ-
ent current and position sensor technologies applicable for this particular system. For a safe
and functional vehicle operation, the PMSM must be reliable and efficient. This can only be
achieved with accurate sensors which also withstands the harsh environment experienced in
vehicle operation.

It is through simulations showed that phase current DC offsets and time delays in the current
sensor result in a torque ripple. It was found that the ripple exceeds a constraint of ±5 Nm when
the offset becomes larger than 3.5 A. The impact of the time delay did not cause the torque to
exceed the torque constraint of ±5 Nm other than at peak spikes. The ripple in the currents
increases significantly for bandwidths below 100 kHz of a LPF representing the time delay. Re-
garding the impact of position measurement errors, it is shown that the efficiency of the system
is reduced. An angle offset error as well as a time delay result in a suboptimal current vector.
This is translated into a resistive power loss indicating a significant impact of the measurement
errors. It is concluded that the power loss experiences a significant increase above 1 mechanical
degree offset and for a bandwidth below 7.5 kHz in the LPF representing time delay.

The comparison of applicable sensor technologies indicates that an AMR current sensor re-
spectively an Inductive Encoder position sensor shows promising attributes. The AMR sensor
is small, reliable, cheap and provides galvanic isolation with a wide bandwidth. The resolver
is a common position sensor technology used in vehicle application due to its robust and ac-
curate properties. The Inductive Encoder does however possess the properties of the resolver
but without many of its disadvantages. This is a relatively new technology which is not widely
recognized in the industry. Deeper investigations is therefore recommended to be conducted
regarding its applicability in CEVT’s dedicated hybrid transmission.

Keywords:
PMSM, Field Oriented Control, current sensor, position sensor, Impact of measurement errors,
sensor technologies comparison.
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1

Introduction

1.1 Background

One of the biggest challenges the world faces today is climate change and the reduction of
greenhouse gas emission. The vehicles produced today have evolved immensely in terms of
quality, safety and especially in reduction of gas emissions especially in the past two decades.
Still, road transport accounts for 17% of the global greenhouse gas emissions, making it a ma-
jor contributor to climate change [1]. The efforts of further reductions of carbon emissions are
thus crucial during development of the vehicles of tomorrow. Especially in order to achieve the
goal of the Paris Agreement which is to keep the global average temperature as close as possi-
ble to 1.5◦C above pre-industrial levels [1]. The high demand in reduction of greenhouse gas
emission is pushing the automotive industry towards electrification of vehicles [2]. The rea-
son for this can be understood by examining a traditional combustion engine. It has around
30% efficiency where the rest of the energy is being wasted [3], whereas an electric motor can
have an efficiency above 90% [4]. It is therefore only logical that the automotive industry seeks
to produce more efficient vehicles that both satisfies consumer needs and are environmental
friendly.

The Geely holding group is a global automotive group currently advancing further and further
as one of the leaders in the electric and hybrid vehicle industry [5]. The company established
the R&D centre China Euro Vehicle Technology AB (CEVT) in Gothenburg in 2013 which is de-
veloping automotive technology that meet the demands of future global markets [5].

Hybrid vehicles are seen as a step towards reducing the greenhouse gas emissions and the vehi-
cles’ negative effect on the environment. One of the ongoing automotive technologies currently
being developed at CEVT is a transmission system for hybrid electric vehicles. This system is
referred to as Dedicated Hybrid Transmission (DHT) and consists of two Permanent Magnet
Synchronous Machines (PMSM) working together with an Internal Combustion Engine (ICE).
One of the machines is primarily used as a generator and for starting the ICE, whereas the other
electrical machine is used primarily for propulsion of the vehicle able to cooperate with the ICE.
The combination of these motors operations depend on the driving conditions as this is what
sets the reference for both speed and torque. A Power Control Module (PCM) in the system con-
trols the torque demand and provides appropriate amount of power to each unit in the system.
In order to optimize the efficiency of the power distribution, the PCM relies on accurate inputs
from several sensors.
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For a safe and efficient operation of the DHT, accurate sensor measurements are required.
Specifically, the current sensors measuring the PMSM stator current and the position sensor
measuring the rotor angle are both necessary components for the control of the PMSM. In re-
gards to the DHT project at CEVT, it is known that the specifications of these sensors are of
importance in a well functioning vehicle. Before setting the specifications however, the sen-
sor properties and the effects of inaccurate measurements shall be understood. Thus a devel-
oped understanding of how quality can be improved and cost of the sensors possibly can be
reduced is needed. By improving quality and reducing cost, a more efficient and environmen-
tally friendly vehicle that is also more affordable can be produced.

1.2 Aim

This thesis aims to evaluate the impact of measurement errors from the stator current sensors
and the rotor position sensor on a PMSM drive system. The thesis also aims to deliver knowl-
edge on applicable sensor technologies. It also compares different current and position sen-
sor technologies in regards to performance and cost while keeping ethical and environmental
aspects in mind. After such investigation has been conducted, a recommendation of a most
suitable sensor technology for the DHT is suggested to CEVT.

1.3 Scope and limitations

This report presents the master thesis project carried out at the company CEVT with supervi-
sion from the department of Electrical Engineering at Chalmers University of Technology. As
the thesis is carried out at CEVT, this puts some predefined limitations and restrictions on the
thesis scope. Well defined areas of focus but also limitations must be established. This is to en-
sure that the intended time schedule for the project is followed and also respect the company’s
desired goals of the project. The following list presents the scope and limitations for this thesis:

• Errors found in current and position sensor technologies will be investigated through
simulations and an extensive literature study.

• Since CEVT is using PMSM’s in their DHT project, this will be the machine type which
the sensors will be investigated for. The DHT consists of two PMSM’s but due to their
similarities and time constraints, only the traction PMSM will be modelled. This is chosen
because it is considered to show biggest effect of the sensor errors due to its higher power
capability.

• In vehicle operation, the PMSM operates in a variety of operating points. To take all these
into consideration complicates the sensor specification and would be too time consum-
ing. Because of this, the thesis is limited to only evaluate errors at normal operation of the
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PMSM.

• The power losses caused by sensor measurement errors will be investigated in order to
better understand their significance. The goal is to minimize power losses and thus in-
crease efficiency, allowing CEVT to build a more environmental friendly vehicle.

• Sensorless control is a control method where the rotor flux angle is estimated. However,
the proposed project from CEVT was to investigate and evaluate sensor errors. This im-
plies that CEVT intends to use a sensor controlled system, thus an investigation in sen-
sorless control will not be extensive. This technology could however be presented as a
suggestion for CEVT to look into for future projects.

• The simulation model of the PMSM does not consider nonlinear inductances. The in-
ductance of the machine is instead a constant value. This is because a nonlinear system
is complex and time consuming to model while it is considered to have a little impact of
simulated sensor errors.

• The simulation model of the system does not include a battery model. The system voltage
is therefore fed with an ideal DC source.

• Since both current and position sensors measurement errors are investigated, the test
matrices quickly grow large. Thorough model of specific sensors are not modelled, in-
stead specific sensor errors found in several sensor technologies are modelled.

• The attributes of a particular sensor depend on several factors such as different manufac-
turers or the operation of the rest of the system. Because of this, only main attributes of
the investigated sensor technologies are compared and presented.

• It is possible to model more advanced control systems which can compensate for certain
measurement errors. This thesis does not investigate different control algorithms that
can be used to mitigate the effect of error measurements.

• The number of simulations of different error combinations is limited. This is because
there are countless possible combinations of error parameter value combinations. In or-
der to still present comprehensive results, parametric sweeps of the error parameters are
conducted. These sweeps starts from error values resulting in negligible effects and grow
until unacceptable effects on the system is observed.

• The specified torque constraint at CEVT is a continuous ripple no larger than ±5 Nm and
maximum peaks of ±10 Nm. Regarding the current measurements, it is specified in the
DHT project that the sensors should be able to measure currents up to 500 A. The accept-
able accuracy of this measurement is 1% meaning ±5 A. These specifications are seen as
a reference value to compare with while performing parametric sweeps of measurement
error parameters.
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• Most type of sensor errors can be combined resulting in a total offset error which decides
the accuracy. An error source which cannot be combined and does not decide the accu-
racy, is time delay. Therefore this thesis focuses on evaluation of offset errors and time
delays in both the current and position sensors.

1.4 Previous work on PMSM sensor measurement errors

During the extensive literature study conducted throughout the thesis, several projects on this
subject were found and analyzed. The authors of [6] and [7] presents a thorough investigation of
rotor position sensors for measurements on a PMSM. Both reports highlights the resolver as the
industry standard position sensor but also presents Hall effect sensors and inductive sensors as
viable options. It is also in these sources presented that the current vector is suboptimal due to
a position error which reduces the efficiency of the entire system.

Regarding current sensors it was found in [8] and [9] that errors in the measurements result in
ripples in both the currents and the torque. The authors present several possible sensor tech-
nologies but both concludes that both Hall effect sensors as well as magnetoresistive sensors
are promising technologies. However, other investigations such as [10] argues that shunt based
current sensors are superior to magnetic field sensors.

Finding exceedingly amounts of sources with related work led to the realization that the chal-
lenge of this particular thesis is the investigation of both current and position sensors simulta-
neously. The related work generally looks at the effect of one specific type of sensor technology
which reduces the complexity. In this thesis the combined effect of position and current mea-
surement errors is examined and thus considered as the main challenge.
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1.5 Sustainable, social and ethical aspects

The automotive industry constantly deal with difficult sustainable, social and ethical questions.
This industry is a big contributor of green house gases and consequently moving towards more
efficient and environmentally friendly vehicles. Inaccurate sensor measurements can result in
increased power losses in the system. The wasted energy becomes significant in at large scale
which is not sustainable for the environment as it increases energy consumption. Accurate
readings are thus an important property of a sustainable system. An efficient system also adds
to the driving range of the vehicle which adds value to the user experience. Regarding the choice
of sensor, not only accuracy affects the sustainability. Properties such as size, power consump-
tion of required electronics and maintainability also effects the efficiency of the system as a
whole.

Another developing area within the vehicle industry is safety. It is of paramount importance to
increase the safety of the vehicle and reduce the number of accidents. It is therefore important
to choose a highly reliable sensor technology which is robust enough to handle the environment
in which it is placed. Regarding current measurements of PMSMs as investigated in this thesis,
only two currents are required to be measured as the third can be calculated. This means that
only two sensors would be sufficient which would reduce cost, size and power consumption
of the required electronics. However, in the automotive industry all three phases are usually
measured for safety reasons by failure detection as safety is prioritized. A sum of the three
phases that does not add up to zero indicates a that there is an error in the measured currents.

The cost of the sensor however also has to be considered, if too expensive it could lead to an
increased price of the vehicle. This can result in customers being less prone to purchase this
specific vehicle unless other benefits outweigh this downside. The cost of the sensors in a ve-
hicle is however small in comparison to the total price of the vehicle. Thus the cost of a sensor
should be compared to cost of the whole system when considering the significance of the added
benefits of choosing a more expensive sensor.
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2

The Dedicated Hybrid Transmission system

The DHT investigated in this thesis is powered by three machines, one ICE and two PMSMs.
One of the PMSMs is manily used as a generator provided with torque from the ICE or regen-
erative braking while the other PMSM is used as a traction motor. The traction motor can work
together with the ICE in order to maximize torque or find a more efficient operating point of
both motors. All of the machines are controlled with the intent to optimize the efficiency of the
system. This is achieved by letting the motors operate together in different combinations based
on the torque and speed demand from the particular driving scenario. This can for example be
solely ICE operation while the PMSMs are idle, or combined traction torque produced by the
ICE and traction PMSM. A simple version of the system intended to illustrate the basic princi-
ple with block components for the motors, battery and transmission is presented in Figure 1.
The main components of the DHT system relevant to this thesis and the theoretical background
which these components are based on will be further described in the following chapters.

Figure 1: Simple version of the whole DHT system with two PMSMs.
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2.1 The permanent magnet synchronous machine

The PMSM has during recent years grown rapidly in its usage, especially when it comes to its
application in electric and hybrid vehicles [11]. These machines can deliver higher torque and
have a higher efficiency of up to above 97% compared to similar types of motors of the same size
[12],[4]. As the name implies the magnetization is produced by permanent magnets mounted
inside or on the surface of the rotor. A simple version of a single pole pair PMSM with inset
mounted magnets is presented in Figure 2. Usage of permanent magnets means that the rotor
weight can be reduced as there is no need for rotor windings [4].

Figure 2: A simple cross section of a PMSM where the d-axis is oriented in the direction of the
magnetic flux.

Field Oriented Control (FOC) is a method used to control a PMSM by transforming the AC sig-
nals into DC signals using a synchronous rotating coordinate system with the knowledge of the
orientation of the magnetic flux [13]. This chapter will cover the theory behind necessary tools
and knowledge used for controlling a PMSM.

2.1.1 Synchronous coordinate system transformation

A three-phase system, assuming there is no zero-sequence, can be described as

ua =V cos(ωt +φ)
ub =V cos(ωt +φ− 2π

3 )
uc =V cos(ωt +φ− 4π

3 )
ua +ub +uc = 0 ,

(1)
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Where ua ,ub ,uc are the phase voltages where V represents the voltage amplitude,ω represents
the electrical frequency, t represents time and φ represents an angle offset. In a case with no
zero-sequence, no information is lost when transforming the three-phase system into a two-
phase system. This transformation is performed by usage of what is known as Clarke’s transfor-
mation [13]. This transformation is expressed as

[
uα
uβ

]
= 2K

3

[
1 −1

2 −1
2

0
p

3
2 −

p
3

2

]ua

ub

uc

 . (2)

Here the quantities ua,b,c are three sinusoidal voltage signals 120◦ apart. The transformation
yields two sinusoidal varying vectors uα,β. The scaling constant K can be selected arbitrar-

ily depending on the desired quantity; commonly picked values are 1, 1p
2

or
√

3
2 which corre-

sponds to amplitude invariant scaling, RMS-value scaling, or power-invariant scaling. To make
the implementation of control algorithms easier, a further step is taken by transforming these
two sinusoidal quantities into constant DC signals by introducing a rotating reference frame
which rotates at synchronous speed. This transformation is known as Park’s transformation, or
dq-transformation [13]. The transformation is expressed as

[
ud

uq

]
=

[
cosθ sinθ
−sinθ cosθ

][
uα
uβ

]
. (3)

In the dq-system, the d-axis is oriented in the direction of the rotor flux ψr which rotates at
synchronous speed with the angle θ relative to the stationary reference frame

θ = arctan
ψrβ

ψrα
. (4)

Thus, a rotating coordinate system at synchronous speed is created. Using the dq-system, the
signals are now DC-signals which are easier to use in control algorithms, rather than controlling
the system with AC-signals. A visual representation of the transformation from a stationary
three phase to a synchronous rotating coordinate system is presented in Figure 3.
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Figure 3: Stationary three phase to stationary two phase to rotating two phase reference frame
presented in a vector diagram.

2.1.2 Dynamic model

The dynamic model of the PMSM can be expressed in the dq-coordinate system. The stator
voltage is with this strategy divided into a d-component usd and a q-component usq as [13]

usd = Rsisd︸ ︷︷ ︸+Lsd
disd

d t︸ ︷︷ ︸−ωr Lsq isq︸ ︷︷ ︸
a b c

(5)

usq = Rsisq︸ ︷︷ ︸+Lsq
disq

d t︸ ︷︷ ︸+ωr Lsd isd︸ ︷︷ ︸+ωrψm︸ ︷︷ ︸ .

a b c d

(6)

In these equations, the stator current is and stator voltage us is divided into d- and q-components.
Rs represents the resistance in the stator windings, Ls is the stator inductance from the d- and q-
component separately,ψm is the magnetic flux andωr is the electrical rotor speed. The different
terms of the equations represent a change in potential due to different physical phenomenas
in the motor. The term denoted as "a" is the resisitive voltage drop in the stator windings, "b"
is the voltage needed to change the current since the machine has inductive properties, "c" is
a cross coupling term, and "d" represents the back Electromotive Force (EMF). These parame-
ters are schematically presented in Figure 4 which describes the dynamic model in both d- and
q-axis.
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(a) Schematic representation of the d-
component of the dynamic PMSM model.

(b) Schematic representation of the q-
component of the dynamic PMSM model.

Figure 4: Schematic representation of the dynamic PMSM model.

2.1.3 Torque and speed characteristics

The electrodynamical torque produced by the PMSM can be calculated as

Te = Pe

Ωr
= np Pe

ωr
= 3

2K 2
np [Ψr + (Ld −Lq )id ]iq , (7)

where Pe is the electric power consumed in the voltage sources in Figure 4, Ωr is mechanical
speed and np is the number of pole pairs [14]. For amplitude invariant scaling, K is equal to 1.
The relationship between the electrical and mechanical rotor speed is expressed as

Ωr = ωr

np
(8)

The mechanical equation governing the motion of the rotor is known as the swing equation and
can be expressed as

J

np

dωr

d t
= Te −Tload −BΩr , (9)

where J is the total moment of inertia of the rotor mass and B is the viscous friction constant
[15]. A visual representation of how the torque acts on a body mass can be seen in Figure 5.

Figure 5: Visualization of torque mechanics
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The output power for an electric machine can be calculated from the torque and angular speed
as

P = Te ·Ωr = Te · ωr

np
(10)

while the resistive power loss, due to solely applied current to the stator, can be calculated as

Ploss =
3

2K
|Is |2Rs . (11)

2.1.4 Saliency

As described in Section 2.1 the permanent magnets can be mounted inside or on the surface of a
PMSM. In Figure 6 surface mounted magnets are displayed to the left while inset mounted mag-
nets are displayed to the right. The magnets can also be interior mounted meaning mounted
completely inside the rotor. The difference of mounting the magnets inside or on the surface
of the rotor corresponds to a difference in the airgap. The magnets have approximately the
same permeability as the surrounding air and can be viewed as an extension of the airgap in
the d-direction when mounted inside the rotor. These machines are referred to as salient and
have a non-uniform airgap which impacts the inductance. As the q-axis and d-axis have differ-
ent inductance this results in a torque increase usually referred to as reluctance torque. Due to
the difference in airgap length the mutual inductance is maximal at the poles and minimal in
between as the mutual inductance is inversely proportional to the width of the air gap [13].

Figure 6: Non-salient PMSM to the left and a salient PMSM to the right.

2.2 Control of PMSM

A popular approach of controlling a PMSM is to base it on the magnetic field produced by the
machine and this is typically known as Field Oriented Control (FOC). Here the Park and Clarke
transformation, presented in Section 2.1.1, are used both as forward and reverse transformation
in the control algorithm. The strategy of FOC is to utilize synchronous coordinates and place
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the d-axis in the direction of the rotor flux [16]. A current and speed controller can be utilized in
the system in order to reach and maintain the requested torque and speed as well as calculate
the most efficient magnitudes of id and iq currents. The reference value of the input currents to
the current controller are decided through a Maximum Torque Per Ampere (MTPA) calculation
further explained in 2.2.4. A block diagram of the control system for the PMSM can be seen in
Figure 7 and the different controller blocks will be further explained in the following chapters.

Current 
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dq 

             abc

Inverter

Position

measurement

  a    b    c

PWM

Speed

estimation

Current

Control

Speed

Control

Battery

VDC
Speed

reference J

TL=TLoad  + Ωr BTe

z z

z

θr
dq

 

             abc z

Ωr

Figure 7: Block diagram of the PMSM control system.

2.2.1 PI Current controller

The control system which utilizes FOC attempts to regulate the current such that the current
follows its reference value. This can be achieved by utilization of a Proportional-Integral (PI)
controller which is widely used for PMSMs due to its simplicity [17]. Another alternative is to
use a Proportional-Integral-Derivative (PID) controller. The derivative part can however have a
negative impact on the system as it amplifies high frequencies. The input to the controller are
measured quantities which always contains noise and will never be entirely accurate. This noise
and other high frequency disturbances in the input signals will be amplified by the derivative
part. A PI-controller is therefore the preferred choice. The controller has the d- and q-axis
currents as input signals and calculates the corresponding ud q voltages as its output [18].

The PMSM plant system transfer function is derived from rewriting the voltage equations (5)
and (6) to expressions for the currents as

isd = 1
Lsd s+Rs+Rad

usd =GC d (s)usd

isq = 1
Lsq s+Rs+Raq

usq =GC q (s)usq .
(12)
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As the name PI-controller implies, the controller consists of a proportional gain and an integra-
tor part. Its transfer function is expressed as [13]

Fe (s) = KP + K I

s
(13)

where KP is the proportional gain and K I is the integrator gain. These parameters are chosen
such that the closed loop system becomes a first order low pass filter (LPF) with an amplification
of 1 and the bandwidth αc [13]. The parameters are consequently chosen as [13]

KP cc =αc L

K I cc =αc (Rs +Ra) .
(14)

where Ra is a fictional resistance known as active damping. This added resistance reduces the
control error. The selection of this parameter is done such that the inner feedback loop is as fast
as the closed loop system[13]. This means that [13]

Ra =αc L−Rs (15)

which yields
KP =αc L

K I =α2
c L .

(16)

Another addition to the regulator is to feed forward the back-EMF term denoted as "d" in (6)
for the q-component as it is regarded as a disturbance entering the process [13]. Another term
added to both d- and q-component is the cross-coupling term denoted as "c"

vd ,add =−ωr Lsq isq

vq,add =ωrΨm +ωr Lsd isd .
(17)

In addition, anti-windup can be added to the system. This is presented in Figure 8 which also
shows the active damping and feed forward of back EMF in the system. The anti-windup term
removes the overshoot caused by integrator windup [13].
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Figure 8: Illustration of the complete current controller.

The figure illustrates a complete continuous controller. However, in order to make this system
more realistic, it is discretized. The equations is consequently rewritten for discrete systems
and calculates the output voltage references according to [19]

v r e f
d = (Kp_i d +Ki _i d

Ts Z
z−1 )(i r e f

d − id )+ vd ,add

v r e f
q = (Kp_i q +Ki _i q

Ts Z
z−1 )(i r e f

q − iq )+ vq,add .

(18)

For the discretized system it is of high importance to consider the switching frequency when
deciding the controller bandwidth αc . This is further discussed in Section 2.3.

2.2.2 PI speed controller

Similar to a current controller as described in Section 2.2.1, a speed controller can be imple-
mented to the system. This controller is usually used together with a current controller and
seen as the outer loop in the control system. The controller takes the desired reference speed as
input and compares it with the actual speed of the machine. The output of the speed controller
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is a torque reference which with a MTPA calculation provides a current controller with its refer-
ence currents. These are recalculated to reference voltages which results in an accelerating or
decelerating machine. These three controller blocks working together is visualized in Figure 9
where ωe represents the real speed of the PMSM.

Speed 

Controller
Current 

Controller

PI
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PI
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Ki 1/s

Torque 

reference

MTPA

calculation
Current

references

Voltage

references

ω
meas

ω
ref

I
dq,ref

I
dq, meas

Figure 9: Controller loop block diagram.

Similar to the current controller in Section 2.2.1 the speed controller includes active damping
and anti-windup. Its control parameters are chosen as [13]

Ba =αw · J −B
KP w =αw · J
K I w = J ·α2

w .
(19)

2.2.3 Speed estimation through a Phase Locked Loop

In order to obtain information of the mechanical speed of the machine, one could simply mea-
sure the position and take the derivative of the rotor angle. However, if the position sensor out-
put contains inaccurate measurements with high frequency noise, this strategy does not work.
This is because the high frequency noise will contribute to large derivatives which will result in
incorrect speed readings.

Another strategy for obtaining the speed must therefore be used. One method of estimating the
speed is to use the measured angle as an input signal to what is known as a Phase Locked Loop
(PLL). This can be seen as a three parted block diagram which is used for automatic frequency
control [20]. These three parts are the initial phase detector followed by a Low Pass Filter (LPF)
which ends in a feedback to the phase detector through a voltage controlled oscillator (VCO).
These three parts are visualized in Figure 10.
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Figure 10: A Simulink model of the PLL.

The basic strategy of a PLL is to make sure that both input signals to the phase detectors have
equal frequency and to bring the error in the estimated angle to zero [20]. The gain and integral
control parameters are chosen as [13]

K IPLL =α2
PLL

KPPLL = 2 ·αPLL ,
(20)

where αPLL is the bandwidth of the PLL.

2.2.4 Maximum Torque Per Ampere

According to (7), a combination of id and iq currents produces a specific torque. For a salient
PMSM, see Section 2.1.4, the equation is divided into a magnetic and a reluctance torque ac-
cording to [14]

Tmag neti c = 3

2K 2
npΨr iq (21)

Tr eluct ance =
3

2K 2
np (Ld −Lq )id iq . (22)

As described in Section 2.1.4, Ld is smaller than Lq in salient machines. According to (21) and
(22), negative d-axis current must thus be applied in order to produce positive torque. The
torque is consequently specified by the current vector and especially the current vector angle
which specifies the d- and q-axis current magnitudes. It is from this fact the commonly known
MTPA current has its origin. It is with other words the minimum current vector necessary to
produce a specific torque. This is directly related to the entire copper loss of the machine as
the rotor in a PMSM does not contain any windings. This means that the copper losses only
depend on the magnitude of the stator current vector according to (11). Furthermore, the iron
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losses of a PMSM is negligible at low speeds but it is in reality also slightly affected by the cur-
rent angle. These facts added together yields the conclusion that operating at MTPA results in
optimal efficiency [14].

The MTPA currents in their synchronous reference plane can be expressed as

isd|MT PA = IS · cos(βMT PA)
isq|MT PA = IS · si n(βMT PA) ,

(23)

where βMT PA is the optimal angle between id and iq . The MTPA operating point for a constant
torque line is that of which the current vector is closest to its origin in the dq-current plane. In
other words, the shortest possible current vector from origo that reaches the torque line. This
means that the differentiation of torque with respect to current angle is zero for the MTPA point.
This can be expressed as [14]

dTe

dβ
= 3np

2
(Ψm IScos(β)+ (Lsd −Lsq )I 2

S cos(2β) = 0 (24)

and the β-angle can consequently be expressed as [14]

βMT PA = cos−1
( −Ψm

4(Lsd −Lsq )IS
−

√
1

2
+ (

Ψm

4(Lsd −Lsq )IS
)2

)
. (25)

This is visualized in Figure 11 where the torque increases with the speed according to (9). It can
be observed that the torque follows the black dashed MTPA curve. Eventually the speed has
increased to a point, denoted as "a" in the figure, where the voltage contribution from back-
EMF has become too large. In order to allow further increase of the speed, it is required that
the flux decreases which counteracts the back-EMF contribution. This is referred to as field
weakening and further discussed in the following section.
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Figure 11: Visualization of MTPA operation. Increasing speed and resulting optimal currents.

2.2.5 Maximum Torque Per Voltage and Field weakening

The voltage in the PMSM can be expressed as described in (5) and (6). A particular important
part of these equations is the voltage contribution from back EMF denoted as "d" in (6). It
can be observed that this voltage contribution is dependent on the speed and the flux. As this
back EMF term increases it causes overvoltages at high speeds which limits the PMSM. In order
to allow higher speeds, a strategy known as field weakening or Maximum Torque Per Voltage
(MTPV) is utilized [21]. Field weakening means that the contribution from back EMF is reduced
by applying a negative d-axis current which reduces the flux and thus allows higher speeds. This
is visualized in Figure 11 between the denoted point "a" and "b". Once the speed has increased
to the level of which the voltage is maximized due to back EMF, increased negative d-current is
applied. As a result, the speed can continue to increase. Eventually the point denoted as "b"
is reached where the current has reached its maximum. Further negative d-current is needed
in order to reach higher speeds but as this increases the current vector while maximum current
already is applied, the q-current will have to decrease which in turn will reduce the torque.

Another way of visualizing this for a PMSM is presented in Figure 12. It can be observed that
the blue voltage curve increases with the increasing speed while the torque is kept constant.
Once the voltage has reached its maximum, negative d-current is applied and field weakening
starts in order to allow further increase of the speed. As previously explained this reduces the
q-current which in turn reduces the torque. During this time the power is kept constant as the
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voltage and current is constant. This is because the q-current is reduced as much as the in-
creased negative d-current and the voltage contribution from back EMF is as big as the reduced
voltage due to negative d-current. This area is consequently usually referred to as the constant
power area [7].

Stator voltage

Constant power

Stator current

ω
Base

Base

speed

Constant Torque

Torque

Speed

Torque

Figure 12: Torque and speed in relation to power for a PMSM.

2.3 Bandwidth

Regarding the current and speed controller as well as the PLL, the bandwidth is of high impor-
tance. Since the speed controller is seen as the outer control part in the control loop, the current
controller should be much faster than the speed controller. In other words, the bandwidth of
the speed controller should be chosen such that it is much lower than the current controller.
Additionally the PLL has to be much faster than the speed controller since the speed controller
relies on inputs from the PLL.

For a discrete system, the switching frequency of the converter has to be considered when de-
ciding controller bandwidths. The controller has to be slower than the converter so that it up-
dates the signals quicker than the controller regulates them.

The current controller is fed currents measured by a current sensor and the PLL is fed the po-
sition measured by a position sensor. The bandwidth of these sensors are also of importance
and need to be considered. The sensors have to be faster than the controller as it needs to feed
updated input signals quicker than the controllers tries to regulate them.
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3

Current sensor technologies

Current measuring in electrical machine operation is a challenging task regarding construc-
tion of precise control systems. This is because it requires understanding of both the system
hardware as well as the system control software [22]. The theory behind a particular sensing
technology have to be analyzed together with the control system commands and the rest of the
system containing components such as PWM and A/D conversions [22]. For AC three phase
measurements all three phases can be measured. It is also possible to use Kirchhoff’s current
law (KCL) and only measure two phases as the third can be calculated. This is however not
common for automotive applications since KCL of all three currents is used for failure detec-
tion. Summation of three phase currents that does not result in zero indicates errors in the
measured currents.

The main strategies used for current measurements are based on Ohm’s and Faraday’s law as
well as Faraday’s Effect and magnetic fields. Among these, most technologies can be categorized
as resistive or electromagnetic based [9]. This section will present the working principle of the
most common current sensor technologies used for automotive applications.

3.1 Shunt based current sensors

Shunt based current sensors are resistive sensors widely used because of their simplicity and
high reliability reaching accuracies up to 0.2% [9]. The work by amplifying the voltage drop
which is proportional to the current flowing through the shunt. With other words they are based
on Ohm’s law according to

J =σE . (26)

The current density is represented by J while σ is the material conductivity and E is the electric
field. Shunt resistors are commonly placed in the current path and the voltage drop over the
resistor is proportional to the current flow. These sensors can be used to measure both AC and
DC currents, however as the device is introduced in the path of the current these sensors causes
significant power losses [9]. These are resistive power losses calculated as (11). This means
that these sensors do not provide galvanic isolation, see Section 3.2.3, and the corresponding
power loss are their mayor drawback for high current applications. Isolation can be added by
introducing isolation amplifiers but these are usually expensive [9].

The equivalent circuit of a shunt based current sensor can be represented by three simple cir-
cuit components. A parasitic inductance representing the mutual inductance between the main
current and sensing wires, a resistor representing the nominal resistance as well as a resistor
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representing the skin effect [9]. The bandwidth of these current sensors is determined by the
parasitic inductance or at large currents, the skin effect. As previously stated shunt current sen-
sors provide no galvanic isolation which means that their temperature dependency, especially
at the mounting connection, is a considerable drawback [9].

3.2 The Hall effect utilized for sensor technologies

When a current flows through a conductor in the presence of a magnetic field, a force acts on
the conducting wire. If the charge of the mobile charges are denoted as q and their velocity as
~v the acting force can be described as

~F = q(~E +~v ×~B) (27)

where ~E and ~B denotes the electric and magnetic field vectors [23]. The acting force is com-
monly known as the Lorentz force and it is the foundation on which Hall sensor technologies
are based on. As the force acts on the conducting wire the current distribution is disrupted
which results in a voltage drop [24]. This voltage drop is known as the Hall voltage VH and is
proportional to current, denoted I , and magnetic field according to

VH ∝ I ×B . (28)

The principle behind this generated voltage is generally what is known as the Hall effect [24].

3.2.1 Basic strategy of Hall sensor technology

As Hall effect sensors outputs a small voltage response directly proportional to the magnetic
field they are subjected to, they can be used in a variety of sensor technologies. This is possi-
ble by using different combinations of mathematical calculations based on the parameters in
(28). The specific combinations of this equation depends on the measured quantity that is of
interest. In other words, as long as the quantity to be measured incorporates magnetic fields,
which is common in electrical applications, a Hall sensor can be utilized [24]. A concept of the
working principle for a Hall effect sensor is presented in Figure 13. In this figure a current flows
perpendicular to a ferromagnetic ring which concentrates the induced magnetic field around
the conductor. This means that the influence of external magnetic fields is significantly reduced
[9]. The ring has an air gap of which a Hall element is placed which is made out of semiconduc-
tor material and supplied with a continuous small external current [25]. This means that the
Lorentz force explained in (27), where an active force arises from a current flowing perpendic-
ular to a magnetic field, causes a voltage drop over the Hall element. This voltage drop is in the
range of 30 µV when the surrounding magnetic field is around 1 Gauss. A differential amplifier
is consequently needed in order to measure the voltage drop [24].
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Figure 13: The working principle of a Hall effect sensor.

Hall effect sensors can have both analog or digital output signals where the difference is the
characteristics of the output. For the analog case the magnitude of the magnetic field decides
the output voltage signal as these are proportional according to (28). For the digital case the
output is either on or off and acts more like a switch.

The magnetic field seen from the Hall element can be both negative or positive depending on
the direction of the current in the main conductor. This means that the output voltage observed
in the Hall element can be either positive or negative. Two power supplies are therefore needed.
This problem can be fixed by introducing an offset to the zero voltage such that a new reference
"null-voltage" level is reached. This allows the voltage to always stay positive and consequently
only one power supply is needed [24]. The output for a analog Hall sensor can be expressed by
its input together with the transfer function according to

Vout = (K Vs)B + (0.5 ·Vs) . (29)

Here the first term express the sensitivity of the sensor where K is a constant depending on the
particular sensor and B is the magnetic field [24].

A digital Hall effect sensors output is either in an ON stage or an OFF state. This is done by
comparing the output of the differential amplifier described in Section 3.2.1 with a reference.
A Schmitt trigger is turned on and off depending on the output versus the reference value. A
strength with this method is that hysteresis can be implemented within the Schmitt trigger
which reduces the effect of disturbances and variations of the magnetic field [24].
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3.2.2 Hall based current sensors

The strategy for current measurements with Hall sensors can be explained with Figure 13 in
mind. The force explained in Section 3.2 acts on the Hall element placed in the air gap of the
ferromagnetic ring as visualized in the figure. The output voltage is amplified and proportion-
ally recalculated as a current as explained in Section 3.2.1. As explained in Section 3.2.1, these
sensors have either analog or digital output signals and they can also be installed in open- or
closed loop configuration. These come with configurations possesses different advantages and
disadvantages.

Other than their analog and digital output, Hall effect sensors can be installed in either open-
or closed-loop configurations. An example of an open loop sensor configuration is displayed
in the previously presented Figure 13. This configuration is the simplest and cheapest as it
assumes that the magnetic field around the conductor always is proportional to the current.
The bandwidth is limited to the output amplification which is dependant on the distance to the
conductor. At close distances and high frequencies the skin effect becomes a limiting factor for
this configuration. Typical measurement accuracy for this configuration is around 2-3% and
with a bandwidth of around 25 kHz [26], [27].

Magnetic field sensors based on the closed loop strategy utilizes an additional winding around
the ferromagnetic ring. This is visualized in Figure 14 and represented by the orange wind-
ing. A current is amplified and forced in the direction such that an opposed magnetic field is
generated to that generated by the conductor. If the magnetic flux in the ferromagnetic ring is
perfectly compensated by this secondary winding, the applied current will be proportional to
the current in the main conductor [9].

Figure 14: Closed-loop strategy of a Hall effect sensor.
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This strategy drastically reduces the temperature dependency and also increases the bandwidth
of the magnetic field sensor [9]. The bandwidth for an open loop Hall sensor can be increased to
around 200 kHz with the closed loop strategy [27]. Another advantage of the closed loop config-
uration is an increased accuracy which can reach 0.5% [28]. Since the external circuit compen-
sates the magnetic flux the effect of eddy currents and hysteresis is significantly reduced. The
external circuit does however increase the complexity, weight, cost and higher external current
is required due to the compensation circuit[9].

3.2.3 Galvanic isolation

The previously explained strategy of utilizing the Hall effect for measurements is one exam-
ple of what is known as galvanic isolation. The principle of galvanic isolation is separation of
functional electrical systems, which can have different ground potentials. This is achieved by
making sure non direct current can flow between the systems[29]. This principle can be of high
importance when comparing sensor technologies as it can have a significant impact on the
losses [30].

3.3 Rogowski Coil

The Rogowski coil is a current measurement technology that is based on Faraday’s law of induc-
tion. This law states that a voltage is induced in a coil of wire due to a change in the magnetic
field. This entails that this technology provides galvanic isolation but also that it requires a
change in the magnetic field and thus a change in the current. This makes this technology un-
suitable for low-frequency current measurements such as low speed electric machine operation
as this resembles DC operation with a constant current.

3.4 Anisotropic Magnetoresistive current sensors

Anisotropic Magnetoresistive (AMR) current sensors are based on the Magnetoresistive effect.
They are capable of measuring both DC, AC and pulsing currents with galvanic isolation[31].
The Magnetoresistive effect states that the resistivity of a ferromagnetic material can change in
the presence of an external magnetic field. Meaning when current induces a magnetic field as
it flows through a conductor it will effect the resistivity of a ferromagnetic material if it is placed
in the conductors vicinity. It can also be described accordingly, the electrical resistance of a
ferromagnetic material is dependant of the angle between the direction of magnetization and
the direction of a passing current [31]. This can be described as

ρ(θ) = ρ⊥+ (ρ||−ρ⊥)cos2θ (30)
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where θ is the angle between the current direction and the magnetization and ρ is the resisi-
tivity. This means that the resisitvity gets a contribution both when the current direction and
magnetization are parallel as well as when they are perpendicular.

The working principle of these sensors is that the current to be measured is fed in the path of
the sensor. The sensors resistance decreases with the increased magnetic field strength which
in turn is dependant on the primary current magnitude. The current path is fed to a current bar
which usually is formed as an U-shape feeding the current directly below the sensor [32]. The
sensor system contains a Wheatstone bridge which experiences an imbalance caused by the
change of resistivity which in turn results in a differential voltage. This voltage is proportional
to a current which is the output. This current is amplified and induces a magnetic field of the
same magnitude. This means that the magnetic field is compensated and a closed-loop system
similar to the Hall effect closed-loop system is created [33]. This described basic principle is
illustrated in Figure 15 which displays the U-shaped current bar under a Wheatstone bridge
together with the primary and compensation current.

Load
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Primary current
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Hprim

Hcomp

Compensation

current

Compensation

current

U-bar Output

Wheatstone bridge

Figure 15: Basic principle of an AMR current sensor.

With these sensors high sensitivity in comparison to the previously presented Hall effect sen-
sors, no iron core surrounding the conductor is needed in order to concentrate the magnetic
field. The advantage concluded from this fact is that no hysteresis is observed with the AMR
sensors as no iron core is needed [32]. This does however make the closed loop AMR sensors
more susceptible to external magnetic fields than other magnetic field sensors with a magnetic
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core. Another disadvantage is that the losses become significant at currents above 100 A as best
precision is provided when the primary current is part of the sensor module [9]. Depending on
the current magnitude and temperatures these sensors reach an accuracy between 0.5-2 % [9],
[31].

3.5 Effect and causes of current measurement errors

The most typical error caused by inaccurate current measurements in the presented sensor
technologies are offset errors. The errors are as the name implies, magnitude errors in either
positive or negative direction. These can have their origin in an imbalance between the sensor
and the measurement path containing components such as a LPF and an A/D converter. Other
error causes can be drift or residual current of the sensors [8]. In synchronous coordinates an
offset error can be expressed as

Idsensed = Id +∆I e
d

Iqsensed = Iq +∆I e
q ,

(31)

where ∆I e
d and ∆I e

q is the error. The transformation to synchronous coordinates have taken
place according to (2) and (3). This means that the error is related to the electrical frequency
and the three phase system of the machine according to

∆I e
d =∆Iacosθe + 1p

3
(2∆Ib − (∆Ic +∆Ib))si nθe

∆I e
q =−∆Ia si nθe + 1p

3
(2∆Ib − (∆Ic +∆Ib))cosθe .

(32)

This means that a DC offset error results in sinusoidal torque oscillations at the stator electrical
frequency when transformed to the synchronous plane [34].

27



The cause of the oscillations is visualized in Figure 16. It can be observed that the origo of the
dq current vector is displaced due to the offset. Consequently, the current vector experiences
oscillations. It should be mentioned that the offset vector is incorrectly scaled as it is enlarged
in order to easier visualize the effect of the error.
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Figure 16: DC offset error in the synchronous plane.
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4

Position sensor technologies

FOC, as described in Secttion 2.1.1, is widely used in control of PMSM in which information of
the rotor position is required. The position of the rotor is important because the flux orienta-
tion is used in the control algorithms designed to maximize the efficiency of the PMSM. There
are different methods to keep track of the rotor position; the position can be measured with
a sensor, of which there are different topologies. Alternatively one can implement sensorless
control which estimates the rotor position through clever algorithms. In the following sections,
different position sensor topologies will be presented in order to understand their advantages
and disadvantages.

4.1 Resolver

The resolver is a sensor which can be used to obtain information about the absolute rotor po-
sition. A typical resolver consists of three windings as illustrated in Figure 17. The primary
winding is energized with a high frequency reference signal Ur e f which in turn induces voltage
in the other two secondary windings. The two secondary windings are placed 90◦ apart, thus
their output signal will be a cosine Ucos and sine signal Usi n respectively. The rotor angle can
be calculated as the arctangent of the sine and cosine signal [35].

The primary winding does not have to be in the rotor as it also can be placed in the stator along
with the output windings. This type of resolver is known as a Variable Reluctance (VR) resolver,
compared to the previous resolver technology which is known as Wound Field (WF) resolver.
The VR resolver utilizes a difference in reluctance in the rotor. The sinusoidal output signals
come from the resolver’s sinusoidal air-gap permeability. This sinusoidally varying permeability
comes from the shape of the rotor. The benefits of VR resolver compared to WF is that the VR
resolver has a shorter axial length and it is easier to integrate. The VR resolver has a simpler
structure and is more robust to external field distortions and varying temperatures [7].
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Figure 17: The working concept of a wound field resolver.

The voltage across the windings in the resolver can be described as

Ur e f = A sin(ωexc t )
Usi n = K A sin(ωexc t )sinθ
Ucos = K A sin(ωexc t )cosθ

(33)

where A is the amplitude of the excitation signal, K is the transformer ratio, ωexc is the fre-
quency of the excitation signal, and θ is the rotor angle. In reality however, the signals are not
ideal. Errors such as amplitude imbalance, harmonics, imperfect quadrature, excitation signal
distortion and disturbance signals can occur. Position errors can however be reduced by using
clever compensation algorithms [35]. The amplitude imbalance can occur due to the fact that
the transformer ratio between the primary winding and the two output windings are not exactly
the same. Imperfect quadrature is another source of errors and caused by the difficulty to as-
semble the windings into a perfect quadrature. These errors are thus important to consider as
they could be responsible for errors in the angle measurements [35].

The resolver is frequently used in many applications where it is required that the sensor has
a high accuracy and rugged property [35]. The resolver can normally have an accuracy down
towards ~0.1◦ and can work in a temperature range between -40◦ to +220◦ [36], [6]. However,
along with these properties comes the fact that they require additional electronics to power
the excitation winding. It also requires an additional analogue to digital conversion unit to
convert the measurement data into digital signals. Resolvers are generally bulky and heavy,
consequently they require a large installation space. They are also rather expensive relative to
other sensor technologies [37].
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4.2 Incremental and Absolute Encoder

An encoder is a type of sensor that tracks the position of a rotor by reading a pattern on an
encoded disc. A typical incremental encoder works by having an encoded disc mounted on the
rotor with equally spaced sections. Two square wave pulses displaced 90 electrical degrees are
generated as the disc rotates. It is common that the pulses are generated from photo-detectors
by using the pattern on the disc to interrupt a light source. Depending on which pulse that is
ahead of the other, the direction of rotation is found. Information of the velocity and position
relative to a reference can be measured by measuring the time between pulses. The benefits of
an incremental encoder is that it is simple and cheap, however a quite significant disadvantage
with is that it is required to start from its reference point. This entails that a power down or a
misread pulse by the encoder due to dirty environment or noise, results in an error in the angle
reading. This makes this type of sensor impractical for usage in vehicles where the environment
can be harsh [6].

An absolute encoder has the ability to maintain and read the position information after the
power has been shutdown. This is done by reading a binary encoded pattern on the rotor which
it decodes into a position. The segmented patterns are on multiple concentric tracks. The res-
olution of the absolute encoder depends on the number of tracks on the disc, if the absolute
encoder has 10 tracks, then this corresponds to a 10-bit resolution [6].

4.3 Optical Encoder

The encoder can also use different sensing methods; one common method is the optical en-
coder which has a light source that emits light through a encoded disc as illustrated in Figure
18.

Shaft            

Photo receiver                    Light source

Encoded disc       

Figure 18: An illustration of an absolute optical encoder.
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An optical encoder can offer a high resolution and accuracy. A high accuracy encoder can have
an accuracy down towards ~0.0014◦ [38]. However, it has some weaknesses that need to be con-
sidered. It only works in the limited temperature range between -20◦C to +70◦C. Another signif-
icant disadvantage is that it cannot cope with harsh environments which subjects the sensor to
shock and vibrations. The encoder is also susceptible to foreign matter such as dust particles
which makes it unreliable in such environments. The sensor could give erroneous readings if
objects such as a dust particles gets attached to the disc which reflects or blocks light [37]. The
red colored bit on the encoded disc in Figure 18 signifies that a dust particle is covering it. As an
example, this could mean that the measurement reading of that bit could end highly erroneous
where it measures a bit pattern that is totally off.

4.4 Capacitive Encoder

Another type of encoder is a capacitive encoder which senses the pattern through changes in
capacitance. A transmitter sends a high frequency signal through the rotor disc mounted on the
rotor. This signal is received by a receiver which detects sinusoidal changes in capacitance as a
pattern as illustrated in Figure 19. The shape of the sinusoidal signal will change depending on
the rotor speed and position [6].

Figure 19: An illustration of a capacitive encoder.

The capacitive encoder provides high resolution and accurate position measurements. Typical
high accuracy values of this type of encoder is around ~0.2◦, and it has a working tempera-
ture range between -40◦C to +125◦C [39]. The capacitive encoder is less affected by dusty and
harsh environments than the optical encoder which makes the capacitive encoder more reli-
able. They are however still sensitive to foreign matter, changes in temperature and humidity as
these things can affect the capacitance by changing the permittivity which may result in faulty
readings. These typical error sources therefore result in an error similar to the optical encoder
where a bit pattern could be affected, which would result in a jump in the measurement signal.
For the sensor to work properly in a vehicle applications, the surrounding environment of the
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capacitive encoder needs to be sealed or tightly controlled [40]. It is however not an easy solu-
tion as it is difficult to completely eliminate the exposure to environmental contaminants such
as condensation. The housing can also introduce new factors such as elevated temperature and
an increase in cost [41].

Relative to the size of the capacitor plates, the distance between the sensor’s plates must be
small. Mechanical installation of these sensors can consequently be difficult. This also makes
them sensitive to mechanical vibrations and thermal expansion which introduces noise to the
measurements [40].

4.5 Inductive Position Sensor

The main principle behind inductive position sensors is Faraday’s law of induction which states
that a varying magnetic field will induce a current. A typical inductive sensor is the Resolver
which has been mentioned in an earlier chapter. The inductive position sensor measures the
induced voltage signal on the receiving end which is affected by displacement and geometrical
factors between the transmitting and receiving coil.

An inductive sensor can handle harsh environments much better than e.g. a capacitive encoder.
This is because inductive sensors are less sensitive to foreign matter such as dust particles or
water. The coils in the sensor are also not required to be installed closely to each other relative to
a capacitive encoder as their operation still works well at a distance. This fact entails that there
is less requirements on precise installation of the sensors which minimizes cost and makes the
sensor more robust when installed [42].

The disadvantage of traditional inductive sensors however is that their construction requires
accurately wound coils in order to accurate measure the position. These coils which are essen-
tial parts of the sensors construction make the sensors heavy, bulky and expensive [42].

4.6 Inductive Encoder

An approach different to the traditional inductive sensors is the Inductive Encoder [43]. This
sensor uses printed circuit boards and modern digital electronics compared to the traditional
inductive sensor which uses analogue electronics and bulky wire wound spools as transformers
[42]. Although the sensors are of different technology, they are based on the same physical
principles of Faraday’s law, and thus share similar error sources such as amplitude imbalance
and imperfect quadrature. However, because the sensor coils and the electronics are integrated
in a silicone chip, the Inductive Encoder is more compact [44]. This sensor technology offers
similar properties as the traditional inductive sensors such as reliability and precision in harsh
environments. This new generation of inductive sensing also has improved advantages which
are [45]
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• Improved accuracy;

• Reduced weight;

• Reduced cost;

• Eradication of bearings, seals & brushes resulting in simplified mechanical
installation;

• Compact size.

The accuracy of the Inductive Encoder can be as good as ~0.02◦ which is an improvement from
the resolver [46]. The Inductive Encoder has however a temperature range between -100◦C to
+125◦C which is less than what the resolver is capable of [47].

The inductive sensor has a simple electrical interface as it requires only a DC power supply.
Compared to e.g. a resolver, the inductive encoder does also not need an analogue to digi-
tal conversion unit. This is because the sensor already outputs the digital signal representing
the absolute angle as all the electronics are integrated in the inductive encoder. Regarding the
working temperature range, there are instances where the inductive encoder has been used in
environments up to 230◦C [37].

4.7 Sensorless control

The possibility of sensorless control for a PMSM can be of high interest since it removes the cost
of buying sensors and the challenges that come with their implementation into the system.
The sensors however need to be replaced with clever algorithms that can estimate the rotor
position as it is essential information for the control system. There are different methods of
creating an observer structure which can estimate the rotor position [48]. Sensorless algorithms
typically uses the back-EMF of the PMSM to estimate the speed and rotor position since they
are proportional to each other accoding to

UE MF =ωrψ. (34)

The back-EMF VE MF is proportional to the electrical speedωr and the fluxψ. The estimation of
the rotor angle can accurate when the machine operates at nominal speeds. It is however diffi-
cult in practice to estimate the rotor position at low or zero speed while guaranteeing stability
and accuracy [13]. This is a big issue with sensorless control, as these factors are important
aspects of for a well functioning vehicle operating over all speeds.
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5

Drive system modelling

In order to evaluate sensor technologies for usage in CEVT’s new DHT, the impact of measure-
ment errors needed to be understood. Simulated sensors blocks were implemented with offsets
and time delays to both the measured currents and rotor angle in a PMSM Simulink model. This
chapter presents how this Simulink model was built together with the strategy used to present a
perspicuous comparison of applicable sensor technologies. Due to the nature of confidentiality
of the specifications currently being developed, the system properties presented in this report
are not identical to the real system used by CEVT.

The area of focus for this thesis was the electrical subsystem in Figure 1. This subsystem in-
cludes the transmission, PCM and two PMSMs together with a battery pack. Current and posi-
tion measurement signals are fed into the control system which besides controlling, strives to
optimize the efficiency of the system. As described in Section 2.1.1 and Section 2.2.4, the ro-
tor angle measurement is essential for FOC and the current measurement is essential for find-
ing the optimal MTPA currents. The FOC strategy for the PMSM is presented in Figure 7. The
figure presents both the speed and current control blocks which are fed with dq-transformed
quantities. The current control output is fed to the PWM and then to the inverter which feeds
the PMSM with calculated magnitudes of three phase voltages. The PMSM drive system was
modelled using the theory presented in Section 2.1 and Section 2.2. The model was built us-
ing the Simulink extension in the calculation software MATLAB. An overview of the constructed
Simulink model is presented in Figure 20.
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Figure 20: Simulink model of the PMSM system consisting of the PMSM, control system, con-
verter and measurement sensors.

The simulink model consists of a blocks representing the different subsystems. The subsystem
block which models the PMSM is shown in Appendix 2, the subsystem block representing the
converter can be found in Appendix 4, the block representing the controller can be found in
Appendix 1.

5.1 PMSM model

In Simulink, the PMSM was modelled as a S-function built up by state space equations for the
PMSM. The state variables were Isd , Isq ,ωr and θ. The state space equations for the current
components were rewritten from (5) and (6) as

disd

d t
= 1

Lsd
(usd −Rsisd +ωr Lsq isq ) (35)

disq

d t
= 1

Lsq
(usq −Rsisq −ωr Lsd isd −ωrψm) (36)
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The electrodynamical torque was calculated according to (7) and the load torque modelled as

Tload = B
ωr

np
+TLextr a , (37)

where B is the viscous damping coefficient. The mechanical equation which describes the be-
havior of the rotor is the swing equation (9) which also was the third state equation. The fourth
state equation describes that the derivative of the rotor angle is the rotor speed

dθ

d t
=ωr . (38)

As previously mentioned the DHT consists of two PMSMs responsible for different types of driv-
ing situations. This means that the machines are of different design, size and build up by dif-
ferent parameter values. As CEVT’s real machines are in a pre-production stage, the original
parameters of the machines are of sensitive character and therefore confidential. With this con-
sidered, parameters of similar kind were provided by CEVT and implemented into the system
and are presented below in Table 1. As stated in Section 1.3 this thesis is limited to only design
the traction PMSM of the system and accordingly only parameters for this motor is presented.

Table 1: Parameters used to simulate a PMSM.

Parameter Dimension Value Description
np N/A 12 Number of pole pairs
Rs [Ω] 0.015 Resistance of one motor phase
Ld [µH] 60 d-axis inductance of one motor phase
Lq [µH] 120 q-axis inductance of one motor phase
J [kg /m2] 0.8 Moment of inertia
B [Nm.s] 0.318 Viscous friction coefficient

I St ator
Rated [A] 450 Rated stator current

V Dc
Rated [V] 360 Rated Dc bus voltage

nRated [rpm] 3600 Rated speed
TRated [Nm] 120 Rated Torque
nM ax [rpm] 9000 Max speed
TM ax [Nm] 377 Maximum Torque
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A rated operation point of a specific speed and torque combination was provided by CEVT as
presented in Table 1. In order to operate at this point, the viscosity coefficient was calculated
according to (9) and resulted in the value presented in Table 1. The inertia was chosen to its
particular value such that it allowed for shorter computation time while representing a close to
realistic acceleration.

The output power can be calculated according to (10) and is usually presented by the usage of
a torque and speed map as presented in Figure 21. These particular maps visualizes the motor
size and additional motor information for the machine presented in Table 1. The operating
area of the machine depending on specifications of maximum output power, torque and speed
can be observed in the figure. The maximum torque is calculated from the motor parameters
according to Section 2.2.4 and the maximum power can be calculated from the current and
voltage. By increasing the speed, the maximum torque will according to (10) be limited by the
maximum power.
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Figure 21: Torque speed characteristics of the simulated PMSM.
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5.2 Field oriented controlled PMSM Simulink implementation

As described in Section 2.1 FOC is an effective way of creating an efficient control system. This
was implemented as presented in Figure 7 where Clarke and Park transformations are used in
both directions. This figure visualizes the importance of accurate measurements as the errors
will have a big negative impact due to the number of transformations. This section further de-
scribes the method used to model and simulate the controller block which regulates the drive
system. A continuous system is much simpler than a discrete system and was consequently
modelled initially. This allowed for easier understanding and visualization of the system re-
sponse.

5.2.1 Implementation of the current controller

A current controller was built according to Section 2.2.1 and is visualized in Figure 8. Once the
current controller was implemented a simulation with a torque reference step was performed.
The torque reference was sent as an input to a controller block, representing the PCM in the
DHT system. The previously discussed operating point provided by CEVT with a speed of 3600
rpm and torque of 120 Nm was used throughout the thesis. This simulation verified that the step
response looked as expected and also allowed evaluation of suitable controller parameters. The
bandwidth was set according to previous knowledge of suitable values strengthen by observa-
tions of varying values in simulations until a first order step response without overshoots was
observed. The switching frequency of the PCM was specified by CEVT to be 10 kHz which also
was taken into consideration during the determination of controller bandwidth.

The final bandwidth was chosen as 6000 rad/s and the control parameters set as (14) and (15)
in Section 2.2.1 with the machine parameters in Table 1. This resulted in

KP cd = 0.36

KP cq = 0.72

K I cd = 2160

K I cq = 4320 .

(39)

5.2.2 Implementation of the speed controller

Once the system worked as expected, the torque reference was replaced by a speed reference as
a speed controller was implemented in the controller block. One of the final goals of the thesis
was to highlight increased currents for a specific operating point due to measurement errors. It
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was concluded that a speed reference would be the most optimal method for this purpose and
thus this method was used throughout the rest of the simulations.

Similar to the current controller bandwidth argumentation, the speed controller bandwidth was
decided but with an additional important fact in mind. As discussed in Section 2.2.2 the speed
controller is the outer control loop in the system while the current controller is the inner control
loop. This implies that the current controller must be faster than the speed controller and the
bandwidth of the speed controller was chosen to be at least 10 times smaller than the current
controller. After performed simulations the final value was set as 60 rad/sec and the control
parameters decided according to (19) with the machine parameters in Table 1. This resulted in

KP w = 0.12

K I w = 7.2 .
(40)

5.2.3 Implementation of MTPA/MTPV

The speed controller delivered a torque reference which in turn was sent as an input to a MTPA/MTPV
calculation block as described in Section 2.2.4 and Section 2.2.5. This limited the torque with
field weakening and also limited the currents to stay within their maximum value. The MTPA
block delivered calculated reference currents to the current controller.

5.2.4 Phase locked loop

As explained in Section 2.2.3, the mechanical speed cannot simply be calculated as the deriva-
tive of the measured angle because of high frequency noise. This was instead calculated by the
usage of a PLL as explained in Section 2.2.3. The PLL block was implemented in the controller
block and estimated the speed of the machine. The PLL has to be much faster than the speed
controller as described in Section 2.2.3. The later simulations which were performed on a dis-
crete system required a long computation time, consequently the inertia was reduced in order
to increase acceleration and allow for a shorter simulation time by reaching steady state faster.
Thus the bandwidth of the PLL was chosen to be as high as 2000 rad/s which was obtained
from test simulations where a well operating system was observed. This bandwidth used in (20)
resulted in

KP PLL = 4000

K I PLL = 4 ·106 .
(41)
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5.3 Discretization of the simulink model

In order to create a more realistic PMSM model, the system was discretized by substituting all
continuous integration blocks with discrete integration based on the Forward Euler approxima-
tion as presented in Figure 22.

y
n

x
n

x(t) y(t)

Figure 22: Continuous integration versus discrete integration.

Further a duty cycle block was added which calculated the ratio between the pulse duration
and the time period of the controller output reference voltages. A PWM block sent a trigger
pulse to the controller block in order to sample according to the previous mentioned switching
frequency.

The method towards building a working model was continued by performing simulations ver-
ifying that the sampling worked as intended. The duty cycle was compared with the sampling
points, PWM carrier wave and resulting phase voltage in a simulation presented in the upcom-
ing result chapter. Once correct sampling was verified a simulation of the entire system was
performed. This simulation confirmed that the speed and current controller worked together
with the speed estimation from the PLL. Discretization of the controller block meant that a
phase shift in reference voltages was added, usually referred to as half a cycle delay, since there
is a delay between two sampling points. This was done by feeding forward a delay angle by
adding the phase shift ωTs

2 radians. Without compensating for the delay, the sampling follows
the desired signal with a delay as illustrated to the left in Figure 23. The signal to the right shows
how the sampling more accurately follows the desired signal when the phase shift is added.
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Figure 23: Left figure showing the effect of half cycle delay due to the sampling time. The figure
to the right shows how the sampling better follows the sine function with feed forward of the
compensation angle.

5.4 Implementation of sensor measurement errors in Simulink model

Once expected results of a working PMSM system was observed for the model presented in Sec-
tion 5.2 and Section 5.3, sensor models with implemented measurement errors could be added.
Since the scope of the thesis included both current and position measurement errors, the strat-
egy was to implement one sensor with errors at a time. After that had been done, combinations
of measurement errors were implemented. This section further discusses the method used to
implement measurement sensors with different errors.

In order to implement typically occurring errors in the intended application with reasonable
magnitudes, a literature study of sensor error characteristics was conducted. This literature
study proved that the existing sensor technologies were associated with different types of errors
of varying significance. In order to efficiently analyze the impact of the errors from several
technologies simultaneously, the errors were implemented as their worst case scenario. The
error parameters were swept and started as a value representing a small error which grew larger
until critical system behavior was observed.

The continuous system was initially used to highlight the effect of the implemented errors and
observe the system response. Subsequently, sensors were implemented in the discrete system
which was a more realistic scenario to analyze.
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5.4.1 Implementation of a current sensor

The method used to implement a current sesor was to add a block between the PMSM and the
controller block as presented in Figure 20. The three phase currents were available for measure-
ments and all three phases were also required by CEVT to be measured due to safety reasons as
discussed in Section 3. These currents became the input signals to the modelled current sensor.

DC offsets was added to each of the three phase currents. As these were transformed into dq-
quantities, according to (2) and (3), the resulting offset error became (32). A parametric sweep
of the current offset magnitude in each of the three phases was performed. The requirement
found in the DHT specifications stated that the current sensors should be able to measure ±500
A with an accuracy of 1% resulting in ±5 A. This means that the sensors being simulated for
each phase has a maximum error of ±5 A. With this in mind, the combination that result in the
largest offset current vector is to implement a positive offset in the "a" and "b" phases and a
negative offset in the "c" phase with magnitudes of 5 A which can be derived from (2).

This phase current offset combination does not sum up to zero and therefore leaves a zero-
component. Thus the current sensor have introduced a DC offset with a zero-component to the
phase currents. However, this zero-component does not affect the system as it does not follow
into the dq-transformation since the transformation uses the assumption that the three phase
system is balanced. The phase current offsets could be chosen such that the sum becomes zero
resulting in no zero-component. However, in order to end up with αβ currents of the same
magnitude as the previous current vector, one of the phase currents would be have to be larger
than 5 A thus exceeding the sensor requirement.

In order to simulate a time delay of the current sensor, a first order LPF was added to the sensor
block which introduces a time delay. The initial bandwidth of the filter was set to match the
bandwidth of state of the art sensors found in sensor manufacturer datasheets. The impact of
different bandwidths was investigated by a parametric sweep with the bandwidth as the error
parameter. The bandwidth of the LPF can be translated to different time delays as there is an
inherent delay in the response of a LPF depending on its bandwidth. The introduced time delay
can be approximated as the rise time of the LPF. This rise time is calculated as

tr i se = ln(9)

αcs
(42)

where αcs represents the LPF bandwidth in radians in the current sensor. The transfer function
of the chosen LPF is expressed as

Hcs(s) = αcs

s +αcs
. (43)
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5.4.2 Implementation of position sensor

Since the initial strategy was to simulate one error at the time, the current sensor was disabled
once the effects of its measurement errors had been analyzed. Subsequently, a position sensor
was modelled and placed between the PMSM and the controller block. The angle from the ma-
chine was sent as the input signal to the sensor block and the output was sent to the controller
block as presented in Figure 20. This was followed by simulations of position measurement
errors described in Section 4. It was concluded that most of the discussed errors resulted in a
total error which could be translated to an angle offset. This error was consequently simulated
by performing a parametric sweep with a position offset angle between ±0.25 and ±3 mechan-
ical degrees. These particular values were chosen as this interval was considered to be the most
interesting and relevant in regards to the system behavior.

The consequence of adding this offset angle affects the dq-transformation matrix in (3). The
offset angle is added to θ such that the angle becomes θ+φo f f set . From the simulations it
was observed that an error larger than 3 mechanical degrees was not realistic as it resulted in a
critical error, whereas an offset of 0.25 degrees yielded smooth results. This sensed angle with
added offsets was fed into the PLL which estimated the speed of the machine and delivered it to
the speed controller. The sensed angle was also fed as an input signal to the three phase current
Clarke’s transformation together with the current controller output voltage references reverse
Clarke’s transformation.

Similar to the current sensor in Section 5.4.1, a LPF was added to the modelled position sensor
in order to simulate time delays. Once again a parametric sweep with the bandwidth as error
parameter was performed in order to analyze the effect of this error. The transfer function for
this LPF is expressed as

Hw s(s) = αps

s +αps
. (44)

5.4.3 Implementation of combined current and position errors.

The last interesting case to analyze was implementation of combined current and position sen-
sor measurement errors. This case is more realistic as both sensors always operate simulta-
neously in the vehicle. The previously presented parametric sweeps of error parameters was
therefore implemented together and simulated simultaneously. A limitation of this simulation
scenario can be found in the scope of the thesis presented in Section 1.3. As described in the
scope there are countless possible combinations of error parameters, thus only the most in-
teresting combinations were simulated. The first interesting scenario was with the error pa-
rameters which individually yielded best performance. Another simulated scenario was the
combination of error parameters which individually yielded the worst performance. The final
simulation was performed with a combination of errors somewhere in between the best and
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worst case parameter values. The corresponding parameter values for these scenarios are pre-
sented in Table 2.

Table 2: The implemented combinations of sensor error parameters that were of interest.

Scenario
DC offset

magnitude
[A]

Current sensor
LPF bandwidth

[kHz]

Time
delay
[µS]

Mechanical
angle offset

[degrees]

Position sensor
LPF bandwidth

[kHz]

Time
delay
[µS]

Optimal case ±1 500 4.4 0.25 10 220
Realistic case ±3.5 100 22 1 7.5 293

Worst case ±5 25 88 3 2.5 880

5.5 Evaluation of applicable sensor technologies

Additional to analyzing the effects of sensor measurement errors for a PMSM, another goal
of this thesis was to present a comparison of applicable sensor technologies. As presented
in Chapter 3 and 4, several sensor technologies can be used for measuring the PMSM phase
currents and the rotor position. In order to present a perspicuous comparison of the applica-
ble sensor technologies, a gathering of knowledge of their attributes was conducted. Similar
projects with deeper investigations into the individual sensors was examined through an ex-
tensive literature study. The technologies main advantages and disadvantages in Chapter 3 and
4 was later compiled into tables which provide an overview of the different sensor’s main at-
tributes.
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6

Results

The Simulink model of the PMSM with implemented measurement errors were simulated with
regards to various conditions. This section demonstrates an initial continuous system with sen-
sor errors implemented in order to highlight the effect of these particular errors. This is followed
by simulated results of a discrete system with parametric sweeps of the error parameters. These
results highlights critical error parameter values in a more realistic system than the continu-
ous. Lastly a comparative overview of applicable sensor technologies is presented in the form
of comparison matrices.

6.1 Simulation results of continuous system without errors

The first simulation was performed with an applied torque step of 120 Nm according to Section
5.2.1 in order to find suitable current controller parameters. This resulted in the first order step
response presented in Figure 24. The figure contains six graphs showing the speed, torque and
the currents both as full scale and zoomed in order to highlight the rise time. From (42) with
a bandwidth of 6000 rad/s the rise time is expected to be 0.36 ms which is confirmed by the
simulation. It can be observed that the torque reference is reached without overshoot or any
oscillations which is expected from a first order response. The inertia of the machine was set
to a relatively low value which reduces the time the machine is in the dynamic state and allows
quicker computation time. This strategy was used throughout the rest of the simulations since
it is the steady state performance which is of interest. As the rated operation point is reached
the system works as expected and well performing control parameters have been implemented.
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Figure 24: PMSM dynamics in a torque reference step response.

With a confirmed well performing current controller, the torque reference was replaced with a
speed reference as explained in Section 5.2.2. The speed controller delivers a torque reference
to a MTPA/MTPV block which was simulated in order to confirm that functions such as field
weakening worked as expected. Parameters such as inertia, viscosity and the speed reference
was set to reach a high torque and increasing speed. This resulted in Figure 25 which shows
similar behavior as Figure 12 explained in Section 2.2.5. The torque stays at its maximum value
until the base speed at around 3000 rpm is reached. Here the voltage contribution from back
EMF have grown to large and in order to reach higher speeds field weakening as explained in
2.2.5 begins which leads to a reduction of the torque.
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Figure 25: The relation between torque, speed and power together with demonstrated field
weakening.

The operation of the speed controller was simulated with same operating point. The result of
this simulation together with the corresponding MTPA plot is presented in Figure 26. It can be
observed that the desired operating point once again is reached without overshoots which in-
dicates a functioning speed controller. The torque starts at max in order to quickly reach the
speed reference but as observed the current magnitude is limited to the rated current of 450 A.
Consequently a first order step response is not observed in this case. At point "a" the speed has
increased to a level which corresponds to a back EMF contribution resulting in maximum al-
lowed voltage. At this point, field weakening starts by applying an increased negative d-current
which is observed between point "a" and "b". During this field weakening the power is constant
which is in accordance to Figure 12. Once the speed reference is reached the machine stops ac-
celerating and the torque demand is consequently reduced according to (9). The currents now
follow a constant flux path until reaching the MTPA curve which is followed down towards the
rated operating point at "c".
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(a) System response with implemented speed controller.
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Figure 26: Verification of a working speed controller.
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6.2 Continuous system sensor error simulation

The confirmed functional continuous system with implemented current and position sensors
according to Section 5.4 was simulated in order to highlight and easier interpret the effect of
specific errors.

6.2.1 Current sensor errors

The effect of having a 5 A DC-offset in phase "a" and "b", and -5 A offset in phase "c" as dis-
cussed in 5.4.1, is shown in Figure 27. It can be observed, as corroborated by Section 3.5, that a
DC offset error in the phase currents becomes an AC ripple with the stator electrical frequency
which is 720 Hz and a ripple amplitude of 6.66 A. Since the currents are directly related to the
torque according to Section 7, a ripple is also observed in the torque with the same frequency
and with an amplitude of 4.85 Nm. The effect of the torque ripple results in a ripple in the
speed, but the inertia of the machine reduces the effect of this ripple to be close to negligible.
The mechanical speed is observed to be 3600 rpm which corresponds to 60 Hz which in turn
corresponds to an electrical frequency of 720 Hz.
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Figure 27: The effect of a 5 A DC-offset applied to phase "a" and "b" and -5 A to phase "c".
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6.2.2 Position sensor error

A simulation of the previous mentioned operating point of 3600 rpm and 120 Nm with a offset
of +0.5 degrees on the mechanical angle was performed. The purpose of this simulation was
to highlight the effect of an measurement error that results in a offset of the mechanical angle
in a continuous system in which it is easier to observe the effect. This resulted in Figure 28
where it can be observed that the operating point is reached but the current has increased due
to the measurement error. The perceived dq-currents are the measured currents as perceived
by the controller after an incorrect dq-transformation due to an erroneous angle reading. Due
to this error, the speed controller believes it has to request a higher torque in order to reach the
operating point which is the explanation to why the torque reference is larger than 120 Nm.

Another observation is that the error in d-direction is much bigger than the error in q-direction.
This can simply be explained by the cosine and sine relation of the currents and that these have
different impacts at different angles. If the current vector would be closer to 180 degrees than
90, the current in q-direction would experience a larger effect from the measurement error.

Figure 28: Simulation result of a 0.5 degree mechanical angle error offset.

In order to evaluate the effect of a negative angle offset, simulations with negative offsets were
also performed. The resulting plot from a simulation with -0.5 mechanical degrees angle offset
is presented in Figure 29. It can be observed that a negative offset result in the opposite case of a
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positive offset and it was decided that simulations with only positive offsets would be sufficient
for the offset error evaluation.

Figure 29: Simulation result of a -0.5 degree mechanical angle error offset.

The MTPA plot together with the full scale simulation for a 0.5 degree error angle is presented
in Figure 30. The cyan colored asterisks are the displaced currents due to the 0.5 degree angle
measurement error. It can be observed that especially the d-current is much higher than the
optimal current represented by the magenta asterisks as previously discussed. Similar to the
previous simulation without errors in Figure 26 the same control strategies decides the currents
path from "a" to "c". The big difference however, is the displaced MTPA currents caused by the
angle offset.
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(a) System response with
0.5 degree mechanical angle error.
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Figure 30: System response and MTPA currents with 0.5 mechanical degrees angle error.

54



6.3 Discrete system measurement error effects

As the system was converted from continuous to discrete the simulation verifying correct sam-
pling discussed in Section 5.3 resulted in Figure 31. This figure illustrates how the sampling is
related to the duty cycle, carrier wave and the resulting phase voltage. It can be observed that
the sampling is done every 0.1 ms which corresponds to a switching frequency of 10 kHz. The
figure also verifies that once the carrier wave is bigger than the duty cycle, the output voltage is
zero which indicates a working system.
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Figure 31: Sampling verification with a 10 kHz switching frequency.

With verified correct sampling, a simulation of the entire system was performed without imple-
mented errors. This was done in order to verify the discrete system performance by comparing
it to the continuous system performance. The result of the simulation is shown in Figure 32.
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Figure 32: The response of the discrete system with a switching frequency of 10 kHz and without
any error implementation.

It can be observed that the system operates similar to the continuous system in Figure 26 as
it follows the references. This was an indication that the discrete system worked as expected
and subsequently simulations with implemented errors could be performed. A first order step
response was once again not observed due to the current limit. The presented currents in the
figure are the sampled currents. It is observed that the discrete system without errors contains
a torque ripple due to the PWM switching. The explanation for this is that the previously con-
tinuous AC signal being fed to the machine is a PWM DC-signal modulated with the switching
frequency in the discrete system. The oscillations are observed as ±2.5 Nm continuous with ±
8 Nm peaks during steady state operation. This does not however have the same effect on the
speed because of the high frequency and in a sense filtering by the inertia of the machine. This
is a acceptable torque ripple as it is below the constraint set by CEVT of ± 5 Nm with ± 10 Nm
peaks.

This simulation proved to be time demanding and thus the simulation time was reduced. It
was at this point important to also reduce the inertia of the PMSM in order to reach steady state
quicker because of the shorter simulation time. Because of this the value of the inertia was
reduced to 0.002 for the upcoming simulations.

56



6.3.1 Current DC offset error effects in the discrete system

The parametric sweep of the phase current DC offset discussed in Section 5.4.1 was imple-
mented and simulated. The result of the simulations for phase current DC offset magnitudes of
1 A and 5 A is presented in Figure 33. It can be observed that a phase current DC offset results
in a torque ripple in the stator electrical frequency similar to the continuous system. It should
also be mentioned that the artificially reduced inertia results in increased ripples in the speed.
Another observation is that the measured current and the real current are phase shifted relative
to each other. This shift is caused by the PI current controller as it is being fed a AC-signal since
the DC offset becomes an AC signal when transformed into the dq-system.
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Figure 33: System response of swept DC offset magnitude

58



The DC offset magnitude for the entire parametric sweep was plotted against the peak to peak
(PTP) current and torque ripple. This presents a more perspicuous effect of the offset error. The
plot is presented in Figure 34 where a linear relation between the DC offset and the resulting
current and torque ripple can be observed. This is expected as the torque is directly propor-
tional to the current magnitudes. It should be mentioned that the simulation without errors
resulted in a PTP torque ripple of 5 Nm caused by the current ripple in the discrete system.
However, the implemented DC offset causes a ripple in the electrical stator frequency thus in-
troducing a different ripple than previously observed. Because of the fact that two ripples were
observed, it was especially difficult to distinguish the torque ripple caused by the offset error
for the 1 A offset case.
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Figure 34: Current and torque ripple due to a DC current measurement offset.

The resulting resistive power loss for the offset parametric sweep was calculated according to
(11). However, since the DC offset only introduces a ripple in the currents the average current
remains the same, and consequently no significant difference in power loss was observed.
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6.3.2 Current sensor time delay effects

A simulation intended to visualize the effect of time delays in the current sensor was performed.
This was done by sweeping the bandwidth of an implemented LPF according to Section 5.4.1.
Figure 35 shows the simulation results with a LPF bandwidth of 25 kHz respectively 500 kHz.
It can be observed that a lower LPF bandwidth in the current sensor, which corresponds to a
increased time delay, increases the current ripple and consequently the ripple in the torque.
This is caused by the current controller as it tries to drive the erroneous current signal caused
by the time delay to the current reference. The controller does not know about this delay and
sees it as a disturbance. As the controller tries to eliminate this disturbance, it results in a ripple
which increases with increased time delay.
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(a) Sensor LPF bandwidth of 500 kHz.
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(b) Sensor LPF bandwidth of 25 kHz.

Figure 35: : Impact of different LPF bandwidths in the current sensor representing sensor time
delays.
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Once again the PTP ripple in currents and torque, caused by the error, was plotted against the
bandwidth parameter sweep between 0-500 kHz. This resulted in Figure 36 which indicates that
the effect of LPF bandwidths below 100 kHz have a significant impact on the torque ripple.
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Figure 36: Current and torque PTP ripple due to current sensor time delays.

6.3.3 Effect of position angle offset error in the discrete system

The position sensor offset error was simulated according to Section 5.4.2. Simulations with 0.25
and 3 mechanical degrees offset resulted in Figure 37. These offset angles can be converted
to 3 respectively 24 electrical degrees by multiplying with the number of pole pairs. It can be
observed that a offset value in the position sensor increases the current vector. The currents
are affected similarly to how the continuous system was affected. This is expected as discussed
in 5.4.2 and according to (3) as the currents have increased for the same requested operating
point.
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(a) Position sensor offset error of 0.25 mechanical degrees.
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(b) Position sensor offset error of 3 mechanical degrees.

Figure 37: Position sensor angle offset error of 0.25 respectively 3 mechanical degrees.
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The parametric sweep of mechanical degrees offset error discussed in 5.4.2 resulted in Figure
38. Here the currents as a function of the offset error is plotted. It can be observed that increased
magnitude of the dq-current vector, plotted in black, is the result of the increased position angle
error. The figure also illustrates both id and iq in blue and red respectively.
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Figure 38: Increased current magnitude due to position angle offset error.

The resistive power loss in the machine was calculated according to (11). A simulation without
errors resulted in a resistive power loss of 396 W. With implemented errors the power loss in-
creases in accordance to Table 3. The table shows the increase in power loss in percentage for
the parametric sweep of the angle offset error. As the current increases exponentially with the
error and the power is calculated as (11) the impact of the error rapidly becomes critical with
the increased error.

Table 3: The increased resistive power loss in the machine due to angle measurement offset
errors.

Offset Error
(Mechanical degrees)

Increased resistive
power loss

(Watt)

Percentally increased
power loss

(%)
0.25 2 0.5%
0.5 6 1.5%
1 22 5.5%
2 101 25.5%
3 309 78%
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Similar to the continuous system, the MTPA currents can be plotted in order to visualize that the
measurement error result in a less efficient current vector. The 1 mechanical degree error offset
was once again simulated where the result this time is presented in a MTPA plot presented in
Figure 39. The resulting Cyan colored currents are compared with the optimal magenta colored
MTPA currents for the same operating point. It is observed that the error causes the current
vector to be displaced from the the optimal values.
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Figure 39: MTPA currents with a 1 mechanical degree position offset.

6.3.4 Position sensor time delay effects

Simulations showing the effect of time delays in the position sensor are presented in Figures 40a
and 40b with LPF bandwidths of 20 and 2.5 kHz respectively. It can be observed that the effect of
a low LPF bandwidth, representing a longer time delay, looks similar to a negative angle offset.
The 20 kHz simulation correspond to -0.17 mechanical degrees angle offset whereas the 2.5
kHz simulation correspond to an angle offset of -1.38 mechanical degrees. The current vector
deviates from the ideal MTPA current line, but this time in opposite direction to that of a positive
angle offset.
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(a) Position sensor LPF bandwidth of 20 kHz.
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(b) Position sensor LPF bandwidth of 2.5 kHz.

Figure 40: Impact of different LPF bandwidths in the position sensor representing sensor time
delays.

66



Similar to the parametric sweep of the angle offset error the sweep of different position sen-
sor time delays was plotted against the resulting currents. This plot is presented in Figure 41
from which it easily can be concluded that an increased time delay, represented by a lower LPF
bandwidth, results in increased current magnitudes.
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Figure 41: Increased currents due to position sensor time delays.

Since the result of a time delay in the position sensor translates to an offset in the current vector,
the increased power losses was again calculated and is presented in Table 4. The current does
once again increase exponentially with the error which with the power loss calculation rapidly
makes the impact of the error critical.

Table 4: The increased resistive power loss in the machine for different position sensor LPF
bandwidths representing time delays.

LPF bandwidth
[kHz]

Time delay
[µS]

Increased power loss
[W]

Percentual increased
power loss

(%)
20 110 0.51 0.13%
10 220 2.3 0.58%
7.5 293 3.8 0.95%
5 440 8.4 2.1%

2.5 880 35.12 8.9%
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As discussed the effect of an increasing time delay is similar to the effect of negative angle offset.
This is easily observed in Figure 42 which shows the MTPA currents with the 2.5 kHz bandwidth
LPF in the position sensor which now deviates in the opposite direction.
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Figure 42: MTPA currents with a 2.5 kHz LPF in the position sensor.

6.3.5 Combined error effects in the discrete system

As discussed in Section 5.4.3, an implementation of combined sensor errors results in a more
realistic system behavior. Simulations were performed according to Section 5.4.3 with the error
parameters presented in Table 2. The first simulation was performed with the most optimal
parameters and resulted in Figure 43. It can be observed that these error parameters result in
a close to negligible increase of the current magnitude. However, the torque ripple increased
close to the constraint with the combined optimal error parameters simulated simultaneously.
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Figure 43: The optimal investigated error parameters implemented simultaneously.

Following simulation was the realistic case in Table 2 which resulted in Figure 44. It can be
observed that the errors now start to have a noticeable impact on the system both regarding the
torque ripple and increased current magnitude.
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Figure 44: Scenario of acceptable errors with all investigated errors implemented simultane-
ously.

The simulation with the worst case parameters in Table 2 resulted in Figure 45. It can be ob-
served that the system sees large ripples in the currents and consequently the torque. An impor-
tant observation is that the currents are lower than the solely 3 degree angle offset simulation
presented in Figure 37b. This indicates that a position angle offset error and position sensor
time delay cancel each other out. This is expected as it previously have been concluded that a
time delay have the same effect as a negative angle offset.
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Figure 45: Scenario of all the worst case error parameters implemented simultaneously.

The torque of the three different cases was plotted against each other. This clearly visualizes
the difference in torque ripple depending on the implemented error parameters. This plot re-
sulted in Figure 46 which clearly illustrates that the torque ripple is significantly increased with
suboptimal error parameters.
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Figure 46: Torque comparison of the three simulated combined error scenarios.

The resulting increase in power loss for the three scenarios compared to the no error power loss
was calculated and is presented in Table 5.
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Table 5: The increased resistive power loss in the machine for different scenarios of imple-
mented combinations of sensor errors.

Scenario
Resulting increased power loss

[Watt]

Percentual increased
power loss

(%)
Optimal parameters 8.2 2%
Realistic parameters 19.1 4.8%

Worst case parameters 91.5 23.1%

As previously discussed the effect of a positive position angle offset and a position sensor time
delay cancel each other out. Because of this fact, a simulation with combined errors where
the position offset angle is negative is of interest. Such simulation was performed and resulted
in Figure 47. Comparing Figure 43 and Figure 47 it can be observed that the currents have
increased which indicates that the position sensor errors amplify each other if a negative offset
angle is implemented.
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Figure 47: Scenario of all the optimal error parameters implemented simultaneously, but with
a negative offset angle.
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6.4 Sensor technologies comparison matrices

The applicable sensor technologies for PMSM’s used in vehicle applications, presented in Sec-
tion 3 and Section 4 proved to possess various advantages and disadvantages. This section
presents a comparison of the different technologies. This was performed according to Section
5.5 as the properties of all the investigated technologies was summarized and presented in Ta-
ble 6 and 7.

6.4.1 Current sensor technologies comparison

The investigated sensor technologies was evaluated according to Section 5.5. The resulting
main attributes of interest is presented in Table 6.

Table 6: Current sensor technologies matrix.

Sensor
tech

Adv. Disadv. Accuracy Bandwidth

Shunt
-Reliable and simple
-Cheap

-No galvanic isolation
-Risk for permanent damages
-Thermal drift
-High power losses

0.1-0.5% kHz-MHz

Hall-OL

-Galvanic isolation
-Lower power consumption
than Hall-CL
-Cheaper than Hall-CL
-Small size

-Limited by core
saturation
-Sensitive to external
magnetic fields

2-3% 25 kHz

Hall-CL
-Galvanic isolation
-Accurate & noise immune

-Expensive
-Secondary current
power consumption
-Core saturation limited

>0.5% 200 kHz

AMR

-Galvanic isolation
-More accurate than Hall
-High reliability
-Small weight and size

-Expensive
-Higher power loss
than Hall at high currents
-Limited frequency response
due to skin effect

0.5-2% >500 kHz

6.4.2 Position sensor technologies comparison

Similar to the comparison of current sensor technologies, the attributes of the investigated po-
sition sensors in Section 4 is compared in Table 7. The incremental encoder was quickly dis-
missed as an option for use in vehicles. The main motivation behind this was because it can be
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regarded as a big safety concern due to its unreliable performance. If a pulse in the measure-
ments is missed by the encoder which is likely in the harsh environment of a vehicle, a signifi-
cant error in the angle readings will be produced. The main attributes of the sensors according
to Section 5.5 was complied and is presented in Table 7.

Table 7: Comparison of attributes of the position sensor technologies.

Sensor Technology Advantage Disadvantage

Optic Encoder
-Very high resolution
-High accuracy

-Sensitive to particles, dust and
condensation
-Unreliable in harsh environment
-Limited working temperature range

Capacitive Encoder
-High resolution
-High accuracy

- Sensitive to temperature, humidity,
foreign matter and vibration.
-Not well suited for harsh environment
-Difficult mechanical installation

Inductive Encoder

-High accuracy
-High resolution
-Robust
-Cheaper than Resolver
-Easy to install
-Compact
-Lightweight

-Relatively new technology,
thus not widely available.
-Limited sources which investigates
deeper on its performance

Resolver
-High Accuracy
-High Resolution
-Robust

-High system cost
-Bulky
-Heavy
-Large installation space requirement

From the knowledge in Section 4, a further comparison between the resolver and the inductive
encoder is presented in Table 8.

Table 8: Comparison of attributes presented in theory between Resolver versus Inductive En-
coder.

Property Resolver Inductive Encoder
Ability to work in harsh environments X X
Resilience to electrostatic effects X X
High Resolution X X
High Accuracy X X
Easy installation X
Economical X
Lightweight X
Compact X
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7

Discussion

In this Chapter, the presented results are further discussed. It also contains a discussion regard-
ing the comparison of different sensor technologies. Additionally, suitable technologies for ve-
hicle applications that can satisfy the needs of the DHT being developed at CEVT are discussed
together with recommendations.

7.1 Current sensor simulation

As observed in section 6.3.1, the simulations of a phase current DC offset resulted in a current
ripple with the stator electrical frequency. This was consequently translated to a similar ripple
in the torque and thus also in the speed. The specification provided by CEVT required a max-
imum continuous torque ripple of ±5 Nm. Looking at Figure 33a, a 2.5 Nm torque ripple was
observed when no error was applied which was caused by the PWM switching as previously ex-
plained. However, with the DC offset applied in Figure 33b a continuous torque ripple of ±7.5
Nm was observed. To be within the constraint of ±5 Nm, the DC offset should not exceed 3.5
A according to Figure 34 as this value corresponds to a PTP torque ripple of 10 Nm. As CEVT
existing specification on the DHT current sensors is ±5 A, it is recommended that further inves-
tigations of these specifications are conducted. It should although be consider how the torque
ripple manifests itself in the speed output since it depends on the inertia of the machine. If the
inertia is high, a high frequency torque ripple will not have a significant effect on the speed,
whereas a low inertia would result in significant ripple in the speed.

From Figure 35 it was observed that introducing a time delay in the current sensor resulted in an
increased current ripple. As seen in Figure 36 the effect of a time delay starts to have a significant
impact when going below 100 kHz which corresponds to a delay of 22 µs. However, it can be
observed that none of the simulated time delays resulted in a torque ripple which exceeds the
constraint of ±5 Nm, but it does however exceed the constraint of ±10 Nm peaks. It should be
mentioned that it was difficult to distinguish the increased torque ripple due to the time delay
from the ripple seen without errors. Because of this fact the interpreted numerical values can
be questioned.

In conclusion it is recommended that physical testing of current sensors is conducted in order
to verify the presented impacts of the measurement errors.
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7.2 Position sensor simulation

During the simulation stage it was observed that a constant offset angle measurement error
resulted in an unaffected speed estimation by the PLL. This is corroborated by the theory pre-
sented in Section 2.2.3 which states that the speed is the derivative of the angle and this is valid
regardless of shift in the angle. Thus the speed controller is being fed the actual value of the
speed. However, as can be seen in Figure 37a and 37b, a constant angle offset will introduce a
suboptimal current vector as presented in Figure 39. A positive constant angle error results in a
current vector consisting of increased negative d-current, and a reduced q-current. The speed
controller will therefore increase the torque reference, which in turn increases the current, in
order to achieve the torque required to drive the vehicle to the requested speed.

Introducing the error in the position angle measurement, it is important to mention that this
is an error in mechanical degrees. This means that the error is much bigger when converted to
electrical degrees which is done by multiplying with the number of pole pairs. A measurement
error of one mechanical degree would consequently result in an error of 12 electrical degrees
for a PMSM with 12 pole pairs. The important conclusion is that a PMSM with many poles is
more sensitive to angle measurement errors.

It can be observed in Figure 38 that offset current magnitude increases significantly faster when
approaching 1 degree measurement error and above. It is also seen from the calculated power
loss in Table 3 that the power loss increases significantly when going above this angle offset
error. An important conclusion to draw from this result is that the accuracy of the sensor should
not have an error larger than somewhere between 0.5-1 mechanical degrees depending on how
much is considered as an acceptable loss for the system.

An introduced time delay in the position sensor was concluded to act as a negative angle offset.
This can be observed by comparing Figure 29 with Figure 40 which corresponds to a negative
angle offset and an implemented time delay respectively. This was considered to be a reason-
able conclusion. The position sensor measures a delayed angle whereas the actual angle, which
should have been sent to the controller, has advanced to a new position. From Figure 41 and
Table 4 it can be seen that the power losses start to increase significantly when going below 7.5
kHz.
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7.3 Combined sensors simulation

The simulations of each sensor error implemented separately resulted in observations regard-
ing the optimal, realistic and unacceptable error parameters. This resulted in the three combi-
nation of error parameters presented in Table 2.

It was through the simulations of these combined error parameters, implemented simultane-
ously, concluded that the previously presented effect of each error could be distinguished in the
combined simulation plots. Regarding the torque ripple it was observed that the ripple from
the phase current DC offset and current sensor time delay amplified each other. As observed
in Figure 46 the constraint of ±5 Nm continuous and 10 Nm PTP was almost exceeded already
with the most optimal parameters implemented together. With the realistic parameters imple-
mented simultaneously both of the torque constraints were exceed which was not the case with
separately implemented realistic error parameters.

The combination of a constant measurement angle offset with a time delay in the position sen-
sor resulted in a cancelling effect if the angle offset is positive. However with a negative angle
offset, the effect of the error was amplified. This can be observed when comparing Table 5 and
3. Comparing the worst case scenario where the combined errors yielded a increased power
loss of 91.5 W, whereas the increased power loss was 309 W with the solely implemented angle
offset of 3 mechanical degrees.

7.4 Applicable current sensor technologies

During the extensive literature study of applicable current sensor technologies, several conclu-
sions could be drawn. Many of the sources indicated that only a few of viable current tech-
nologies were suitable for usage in vehicle operation due to alternating factors. It was quickly
realized that the industry does not use shunt based current sensors. This was also concluded
from the fact that the power losses would be unacceptable for this high power application. Al-
though galvanic isolation can be added which would reduce the losses, the cost of this would
results in a more expensive sensor than the alternatives is explained in Section 3.1 [9]. The other
investigated sensor technologies also proved to have several advantages over the shunt based
technology and consequently it was disregarded during further investigation. These advantages
can be observed in Table 6 where the most significant ones are the galvanic isolation and less
thermal drift.
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The Rogowski Coil could in a similar way be excluded from the sensor comparison at an early
stage as it was concluded that this automotive application requires DC or close to DC measure-
ments. When the motor operates at low speed the frequency is to low for the Rogowski Coil
to be a viable current sensor. However, the study showed examples of a combination of sensor
technologies where the Rogowski Coil could be utilized for accurate measurement at higher fre-
quencies. This is a questionable solution as it would increase the complexity and the number of
electronic components for the sensors to work smooth together. This would in turn increase the
size and make the sensor configuration more bulky which is undesirable in vehicle operation.

This meant that the two viable alternatives for further comparison were the Hall effect and AMR
sensor. Looking at the attributes presented in Table 6 it is indicated that the AMR sensor would
be the optimal choice. These sensors provide a larger bandwidth and better accuracy with few
disadvantages.

It should however be mentioned that the attributes presented in Table 6 can be questioned.
The table is constructed by information extracted from data sheets and technical reports. Few
of these displayed sensor attributes for the particular operating conditions found in the DHT
specifications. The sensor manufacturers also uses different strategies of displaying the accu-
racy. Usually it is the worst case accuracy that is of display and a common method is to display
is as % FS which means percentage of full scale. An example of this is found in [31] which is
a data sheet of a AMR sensor capable of measuring currents up to 1000 A with a total error of
2% FS meaning 20 A error during the total span of possible current measurements. Using this
sensor in the DHT system would result in a 20 A error in the 500 A measurements which is not
realistic and consequently this method of displaying an accuracy can be questioned. The con-
clusion of this is that in order to make the most optimal comparison of sensors the specific
sensor requirements should be provided to a supplier which then can deliver a more precise
sensor specification.

Considering the fact of the reliability of the comparison it was still concluded the the most
promising sensor in terms of attributes and accuracy was the AMR sensor which is recom-
mended for further investigation in the DHT project.

7.5 Applicable position sensor technologies

When considering which sensor technology is most suitable to use in the DHT, one should un-
derstand the purpose of the component and the role it plays in the system as a whole. Safety
is of paramount importance in a vehicle, and the sensor is an important puzzle piece in a safe
vehicle. Both passengers and pedestrians need to be safe and not prone to danger of an unre-
liable vehicle. Therefore, a sensor technology which is robust and reliable must be chosen. As
discussed in Section 1.5, the sensor also plays a role in the energy efficiency of the system. This
is also seen in Table 3 where inaccurate measurement readings lead to added power losses in
the system. Accurate readings are thus an important property in having a sustainable system.

78



In the comparison between different position sensor technologies, Table 7 shows the advan-
tages versus the disadvantages with the four technologies. The optical and capacitive encoders
are both good sensors, but they are both also very sensitive to their environment which makes
them difficult to use in vehicle application where you can have an environment with a lot of
dust and particles.

The resolver is a common type of sensor used today and is the type of sensor used at CEVT
today. This is mainly due to its robust property along with the high accuracy and resolution.
However, due to how the resolver works and consisting of heavy transformation coils, it is a
very bulky system which causes it to take up a lot of space in the vehicle.

The inductive encoder is a technology with promising properties. As seen in Table 8, the induc-
tive encoder has the benefits of the resolver, but without most of the disadvantages. The rotary
inductive encoder is however a relatively new technology which makes this sensor not as widely
available on the market as the resolver. The qualities of the sensor however makes it interesting
to further investigate if it is a viable replacement to the resolver. There is although not as much
literature as the resolver regarding this technology, it is therefore important to stay critical to the
sources as the properties can sound skewed when there is not so much negative properties of
the sensor being highlighted. At least until it can be verified by independent sources or through
practical testing in future work.
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7.6 Future work

The difference between simulation of combined optimal and worst error parameters are pre-
sented in Section 6.3.5. It could be concluded that a increased number of system components
required a complex analysis of the simulations. Because of the countless combinations of the
error parameters, errors from different sources can either add up or cancel each other out. The
errors either amplify or mitigates the effect they have on the system. An example is to compare
the result of a the 3 degree angle error in Figure 37b with the worst case scenario of combined
errors in Figure 45. It can be observed that the power loss with only the position error is greater
than the power loss of the combination of sensor errors with worst case parameters. However,
for the worst case the torque ripple is significantly higher. This indicates that the errors cancel
out each other regarding the current but amplifies each other regarding the torque once imple-
mented simultaneously. The conclusion drawn from this example is that in order make a more
accurate analysis, a more realistic model could be built. This should be done in order to make
more accurate specifications of acceptable sensor error parameter values.

Regarding the position sensor technologies, it is encouraged to look deeper into the Inductive
Encoder as an option to replace the currently used resolver at CEVT due to its qualities.

Using sensorless control and not having to deal with the cost and challenges of having a sensor
measurement device in the system is appealing. To this day however it has been too difficult to
deliver the correct torque from start position of the PMSM with stable and accurate measure-
ment readings as discussed in Section 4.7. If sensorless control can be made to work, the ad-
vantages would be reduced cost, reduced hardware complexity and less maintenance require-
ments. It could however imply that an increased accuracy from the current sensors is required
as it depends on input coming from the current sensor which would have to be considered. It
is therefore a very interesting research topic to follow and be updated on with the hope that it
can one day in the future be safely used in vehicles with reliable performance.

Throughout the thesis only one operating point has been under investigation. This was chosen
as it was provided by CEVT and it was indicated that continuous operation were of interest to
investigate. The number of test quickly grew and with several operating points the effect of
each error would be difficult to display in a perspicuous way. It could however be of interest to
evaluate the effect of sensor errors in a span of operating points which would resemble a typical
driving scenario containing start from zero and high speed operation where field weakening
have an impact.

The last interesting work to further look into would be to recreate the errors in real workbench
testing. This would validate the conclusions drawn from the simulation results and provide the
actual sensor properties.
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8

Conclusion

The main goal of this thesis was to evaluate the impact of position and current sensor errors for
a PMSM used in automotive application. Additionally the main attributes of applicable sensor
technologies was concluded and a perspicuous comparison was presented.

Simulations of a continuous and discrete PMSM system was performed. A current and position
sensor containing modelled errors was implemented and simulated individually. It was con-
cluded that an DC offset in the three phase currents as well as a time delay in the current sensor
resulted in a current ripple. Consequently the torque experienced a ripple which exceeded the
constraint of ±5 Nm when the DC offset became larger than 3.5 A. The impact of the current
sensor time delay did not cause the torque to exceed the torque constraint other than at peak
spikes. However, the ripple increased significantly for bandwidths below 100 kHz in the LPF
which represented the time delay.

A simulated offset and time delay of the rotor angle resulted in a suboptimal current vector.
The requested operating point was reached but with a larger current vector and thus increased
resistive power losses. It was concluded that the power losses experienced a significant increase
above 1 mechanical degree offset and for LPF bandwidth lower than 7.5 kHz in the position
sensor.

Simulations of combined current and position errors showed that the errors both negates and
amplifies each other depending on the error combination. Simulation of the observed worst
case error parameters implemented simultaneously resulted in a reduced current vector while
the torque ripple was increased. A conclusion drawn from these simulations was that the com-
plexity of the error analysis increases with the number of error sources. In order to perform a
most accurate analysis, the model should be as realistic as possible.

Regarding the comparison of applicable sensor technologies for the DHT project, it was con-
cluded that an AMR current sensor and an Inductive Encoder position sensor showed promis-
ing attributes. The AMR current sensor provides a better accuracy and bandwidth than the
alternatives and have few disadvantages. The properties of the Inductive Encoder have the
benefits of the commonly used resolver, but without many of the resolver’s disadvantages. It
is therefore recommended that further investigation is conducted regarding possible replace-
ment of the currently used resolver with the Inductive Encoder.
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Appendix
Appendix 1 - Controller subsystem block

The continuous controller subsystem block in the Simulink model is shown in Figure 48.

Figure 48: Inside the continuous controller subsystem block in the Simulink model.

The discretized controller subsystem block in the Simulink model is shown in Figure 49.

Figure 49: Inside the discretized controller subsystem block in the Simulink model.

In reality there is a time delay in the system due to the computation time of the processor. In
this discrete model however, this computational time delay is not considered.
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The MTPA block inside the controller in the Simulink model is shown in Figure 50.

Figure 50: The MTPA subsystem block inside the controller in the Simulink model.

The current controller block inside the controller in the Simulink model is shown in Figure 51.

Figure 51: The Current controller subsystem block inside the controller in the Simulink model.
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The PLL block inside the controller in the Simulink model is shown in Figure 52.

Figure 52: The PLL subsystem block inside the controller in the Simulink model.

The Speed controller block inside the controller in the Simulink model is shown in Figure 53.

Figure 53: The Speed Controller subsystem block inside the controller in the Simulink model.
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Appendix 2 - PMSM subsystem block

The PMSM subsystem block in the Simulink model is shown in Figure 54.

Figure 54: The PMSM subsystem block in the Simulink model.
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Appendix 3 - Overview of discrete system

An overview of the discretized Simulink model is shown in Figure 55.

Figure 55: The discretized simulink model.
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Appendix 4 - Converter subsystem block

The discretized converter subsystem block in the Simulink model is shown in Figure 56.

Figure 56: The discretized converter subsystem block in the Simulink model.

The PWM inside the discretized converter subsystem block is shown in Figure 57.

Figure 57: The PWM inside the converter subsystem block.

A.4



The Duty cycle subsystem block is shown in Figure 58.

Figure 58: The Duty Cycle block.
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