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Abstract

Today the interest for Hybrid electric vehicles (HEV) is high due to their ability to reduce the
fuel consumption, which means a reduction in the operation cost as well as in the
environmental impact. Weight and volume is important and the machine type with smallest
size for a given performance is usually the permanently magnetized synchronous machine
(PMSM). To be able to control the PMSM with good performance the position of the rotor
has to be known. In terms of space, reliability and cost it would be favorable to replace the
mechanical position sensor used today with a so called sensorless control system.

The thesis evaluates the possibilities to use sensorless control for a Permanent Magnet
Synchronous Machine (PMSM) used in a hybrid powertrain for heavy vehicles. Different
machine configurations are investigated to see if changes can be made facilitating the position
detection.

This has been done with simulations in Matlab, Simulink and FEM software. A sensorless
method has been implemented in simulations and evaluated on a realistic model of the PMSM
in Simulink attained by FEM calculations.

As the problem with sensorless control primarily is related to the signal injection method used
at low and zero speed, the focus of the thesis has been at rotation speeds up to 5 electrical Hz.
Problems associated with the signal injection method is explained using illustrations
describing the machines electromagnetical behavior during loading conditions.

Signal injection methods use the fact that the directions where the permanent magnets are
placed in the rotor have the lowest reluctance. It is found that cross saturation effects will
change this direction causing an angle error depending on the applied current. This
disturbance can however be compensated for to a large extent.

The sensorless control system used in the thesis introduced a limitation in the response time
caused by the non ideal filters used to filter the high frequency current response.
Optimizations could be done to make the system faster, however it has not been established
whether it is possible to make the system equally fast as when using mechanical position
Sensors.

Evaluation of different machine configurations showed that alterations of the rotor can
provide better sensorless performance without deteriorating the machines torque production
capabilities.

Keywords: PMSM, Sensorless Control, Signal injection, HEV
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EMF
FEM
FFT
HEV
Hf
ICE
IPMSM
MAM
MMF
PM
PMSM
PWM
RFO
RTDC
SNR
VSI
7CC

Electro Motive Force

Finite Element Method

Fast Fourier Transform

Hybrid Electrical Vehicle

High frequency

Internal Combustion Engine

Interior Permanent Magnet Synchronous Machine
Magnetic Anisotropy Method

Magnetic Motive Force

Permanent Magnet

Permanent Magnet Synchronous Machine
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Rotor Flux Orientation

Resolver To Digital Converter
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Zero Current Clamping



VI



Table of Contents

1

INEEOAUCTION ...ttt ettt ettt et sat e et esneeenbeesateenseesnees 1

1.1 Back@round .........c.oooiiiiiiiiiiciece et eneas 1
1.2 OBJECIIVES ..ttt ettt ettt ettt ettt s bt ettt sttt e st bt et e bt et 1
L3 MEROAS .ttt 1
Control of electrical MaChines............c.oeviiiiiiiiiiiii e 3

2.1 Field oriented CONLIOL .........oouiiiiiiiiieiieie e 3
2.2 POSITIONS SEISOTS ...eeueiiiuiieiieeiiiesiie ettt ettt et ettt et e et e e bt e st e e bt e snbeebeesaseenseennnas 4
23 SenSOTIESS CONLTOL......cuiiiiiiiiiieiee et e 5
Existing sensorless rotor position detection methods ...........cccceeviiiiieniiiiiiniieiieee 7

3.1 BaCK EMEF ...ttt 7
3.2 S1ENAL INJECTION ...ttt ettt ettt sb et 8
3.2.1 Theory behind signal iNJECtION .........cccuieeuiiiiiieiieciieieeeie e 8
322 Superposition injection SChEME...........cceriiriiriiiinieeeteseeeee e 10
323 PWM pattern modifiCation...........ecouveeeiiieeriiieeniieerieeeiee e st eveeesvee e ens 11
324 Recent 1€S€ArCh ......c...oiiuiiiiieiie e 11
3.3 Magnetic anisotropy Method.........cccveriiiiiieiiiiiieiieeie e 12
3.4  Possibility to combine different methods...........ccocceeiiiiiiiiiiiiiiiieeee 13
Simulation ENVIFONIMENT ........coiuiiiiiiiiiiie ittt e 15

4.1 Matlab/SIMUIINK.........ooiiiiiiii e e 15
4.1.1 Existing Simulink model............ccoooiiiiiiiiiniieiecieceece e 15
4.1.2 Nonlinear MOdel..........oooviiiiiiiiiie e 16
4.2 Matlab/FEMM ..ottt sttt ettt ettt ettt 16
4.2.1 Calculations using Lua-SCript.......coceveerieiiirieniniereeieeeee et 16
4.2.2 Code for design of Radial Flux machines ..........c.cceeverveeciienieeieenieeieeneeeee, 16
423 Modeling the PMSM ......ccciiiiiiiiiiiitcieecnee ettt 17
4.3  Merging FEMM, Matlab and SimulinK..............ccccecueevieniiienieniieiieeie e 19
43.1 Calculation of flux linkage and tOrqUe...........ccoerviiriiiieiiinicnicceceeceee 19
4.3.2 Integration of flux linkage tables in Simulink.............ccccoeeveviieiiienieniiieeeee. 21
433 How to evaluate different geometries ..........ceevveeriieiiieniiiiieeieeeee e 21
Implemented sensorless rotor position deteCtion ............cccvveeeeeieerieeiieenieereesiee e 23

5.1 EXisting method..........cooiiiiiii e 23
5.2 Developed Method..........ooouiiiiiiiiiiiiciiee et 23
5.2.1 Theoretical eXplanation............ccoecuieiiiiiiiiiiiiee e 23
52.2 Implementation in STIMUNK.........ccciiiiiiiiiiieee e 28



6 Results of simulations in FEMM and SImulink ............eeeeeeeeeeeeeeeeea 31

6.1 PMSM behaviour at electric 10ading...........coeevierieniiiiniiniiincneceeeeeeeee 31
6.2 Sensorless rotor position detection in SIMUlink ..........cccoeevveriiiiiieniiiniiinieeeeeee, 35
6.2.1 Sensorless rotor position detection at no load conditions ...........ccccccerveneeenene 35
6.2.2 Sensorless rotor position detection at loading conditions .............ccceeeveennennnee. 41

7 Analysis and OPtIMIZATION .......eevuiiiiieiiieiieeie ettt ettt et ste b e seeeebeens 43
7.1 Saturation effECtS......oouiiiiiiiii e 43
7.1.1 TREOTY .ttt ettt sttt e e e 43
7.1.2 How the saturation affects the sensorless performance ............cccceeeveeeneenenne. 47
7.1.3 COMPENSALION ...ttt ettt ettt ettt sae et e e s 51

7.2 Response time of the sensorless SYSteM .......c.cevvieiieriieiiienieeiieeie et 56
7.3 The machine geometries influence on sensorless performance ............cccceeveenenne. 58
7.3.1 PIEr@QUISIEES ..eeevveeiiiieeiiie ettt ettt ettt e et e e e et e e snbeeesaneeesnseeennneeens 58
7.3.2 Different rotor GEOMETIIES .......eevuuieiieiiieiierie ettt 59
7.3.3 EValUAtION. ¢ttt e 60
7.3.4 Favourable properties of the rotor geometry...........cccceeveieiieniieniienieeieee, 61

8 CONCIUSIONS .ttt ettt ettt ettt e s te et sa e s et et e entesbeebeeneesseenseas 63
9 FULUTE WOTK ..ottt st e eeee s 65
10 RETETEINCES ...ttt sttt s 67
Appendix A Flux linkage to current transformation ............cccccueeeeveeeeieeeiieescie e 71
Appendix B Model flow Chart...........cccooiiiiiiiieiiie ettt 73

VIII



1 Introduction

1.1 Background

Increased discussions about the global warming have resulted in an increased interest in the
area of hybrid electrical vehicles (HEV). A hybrid electric vehicle is equipped with an
electrical motor in addition to the internal combustion engine (ICE). This makes it possible to
increase the efficiency of the vehicles propulsion. The most suitable machines for this purpose
are permanently magnetized synchronous machines (PMSM).

To control the PMSM in an efficient way the position of the machines rotor has to be known
at all time. This has traditionally been accomplished by using a mechanical sensor such as a
resolver or an encoder. A mechanical sensor will however occupy a significant amount of
space. In a HEV this is a large problem as the space in the powertrain is strictly limited.

The mechanical sensor consists of rotating parts which constitutes a risk for failures that will
compromise the systems reliability as the position is crucial for the machines functionality.
Accurate mechanical sensors like resolvers or encoders are also expensive making it a
considerable part of the drive systems cost.

With these limitations in mind it would be favorable to replace the mechanical sensor with a
so called sensorless control system, meaning that the need for a mechanical positions sensor is
eliminated. Research in this field has been done for several years. By making electrical
measurements it is theoretically possible to determine the position of the rotor. For medium
and high rotational speeds of the machine the sensorless control is feasible by means of
voltage measurement, but at zero and low rotational speed there are still issues to resolve to
achieve a system with good sensorless performance, since the induced voltage at zero speed is
Zero.

1.2 Objectives

The purpose of this thesis is to investigate and evaluate the possibilities of sensorless control
of a permanent magnet synchronous machine (PMSM) used in a hybrid powertrain for heavy
vehicles. A strategy for the removal of the machines mechanical position sensor and replacing
it by a sensorless control system should be proposed.

Different machine configurations should also be investigated to determine if it is possible to
change the machines electromagnetically properties to facilitate the detection of the rotor
position. These changes should be done without deteriorating the machines torque production
capabilities.

1.3 Methods

The thesis starts with a literature study of research carried out in the field of sensorless control
of permanent magnet synchronous machines. This to revise what have already been done and
to acquire a physical understanding of the problems associated with sensorless control.

Performance of sensorless control systems on different machine configurations is investigated
by simulations. The sensorless control system is implemented in the Matlab toolbox
Simulink; the graphical user interface makes it possible to accomplish advanced control
systems. To get a realistic model of a PMSM to use in the simulations in which it is possible
to make changes in the machine configuration, calculations in Finite Element Method (FEM)
environment is used. For this the software FEMM is chosen for its great possibility to control
from script, making it possible to automate much of the calculation procedure and in an easy
way evaluate results from a large number of simulated machine configurations.






2 Control of electrical machines

To understand the concept of a sensorless control system and why it would be favorable
compared to a conventional system, there are some things that are necessary to be familiar
with: Why the rotor position is required, how it is attained and how its quality affects the
performance and reliability of the control of the machine.

2.1 Field oriented control

The development of power electronics resulted in a renaissance in control of electrical
machines. Previously most AC-machines had been connected directly to the grid making it
difficult to control speed and torque; consequently DC-machines were used in applications
with those control demands. With power electronic components, power supplies with
controllable voltage and frequency were designed. This made it possible to develop control
methods for AC-machines that allowed both speed and torque control.

A method used for speed control in simpler control systems is the volts-hertz method. Speed
control is achieved by varying the supply frequency and by controlling the supply voltage
approximate proportional to speed, the magnetization in the machine is kept constant. This
control strategy can be used without any kind of speed or position feedback and is called open
loop control. [1]

To use open loop control with a synchronous machine the speed has to be varied slowly, this
to ensure that synchronism is not lost. [2]

The control method used in most high performance PMSM-drives is the field oriented control
which allows both torque and speed control with more precision than the volt-hertz method.
Field oriented control with rotor flux orientation (RFO) utilizes the fact that the PMSM-
machine in many ways is similar to a DC-machine turned inside out. By transforming to a
coordinate system rotating with the same speed as the rotor, voltages and currents become dc-
quantities. This is called the synchronous reference frame, or sometimes the direct and
quadrature, dg-system. The direct axis, often called d, is aligned with the permanent magnet
flux linked with the stator windings and the quadrature axis, called q, is placed orthogonal
from that. The stator current can then be divided into a d-directed, flux producing part and a
g-component that produces torque. In the control system it will then be easy to control the
magnetization and torque production in the machine independently, just like in a dec-
machine.[3]

The 3-phase quantities are generally expressed in a two-phase stator stationary coordinate
system (o). The dg-system is then displaced from the af3-system with the rotor flux angle,
0;, as seen in Figure 2-1.
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Figure 2-1 Definition of the dq- and of3- reference frame

To transform quantities between the stationary and the synchronous reference frame the Park-
Clark transform is used [1]. In order to be able to carry out the Park-Clark transform, the rotor
flux angle has to be known. In conventional PMSM-drives a resolver or encoder can be used
for this, but much research has been focused on determining the position without a
mechanical sensor. [4], [8]-[18], [20]-[31], [33]-[34]

Regardless how the angle is obtained, accurate knowledge of the rotor position has to be
ensured [4] as the d-axis otherwise could become misaligned to the PM flux. This
misalignment will result in a deteriorated control of the machine since an incorrect angle can
cause a reference applied in the g-direction of the control algorithm to end up in d-direction of
the physical machine and vice versa. The machine can then even produce torque in the
opposite direction than what was intended, causing the machine to rotate the wrong way.

2.2 Positions sensors

The present rotor position detection in many PMSM machines is carried out with a resolver,
which connected to the rotor shaft gives the rotor angle needed in the field oriented vector
control. A resolver can be described as a combination of a small electrical motor, built up
with a rotor and stator, and a rotating transformer since the voltages are induced between
different windings. The stator usually contains three windings while the rotor holds one.

A high frequency reference voltage is applied to one of the stator windings, the primary side
of the rotating transformer, exciting a current in the secondary side or the rotor winding. This
way, no brushes or slip rings are needed in the resolver. Since this voltage is not used to
produce any torque, the amplitude can be kept low, around 5 V, with a frequency at about 5
kHz. The two remaining windings in the stator are placed opposite to the first one, with a
mutual distance of 90 degrees. The voltages in the two phase windings will be the injected
reference voltage multiplied with sinus and cosines of the angle respectively. This makes the
absolute angle,d, determinable with arctan(u-sin(6, )/u-cos(d,)) and hence, the rotor

detection will not be affected by changes in injected voltage that may occur due to
temperature changes or ageing. [5] The basic resolver is built as a two pole machine which
means that the mechanical and the electrical degrees agree with each other, but with multiple
poles, the achieved accuracy can be better. The drawback is that the mechanical and the
electrical degree will no longer agree.



Since the resolver is an analogue device, the signal has to be demodulated with a
demodulating scheme or a phase locked loop to achieve a digital signal. The comprehensive
name for this type of devices is a Resolver to Digital Converter, or a RTDC. [1], [6]

The digital equivalence to a resolver is the encoder. A simple and schematic explanation of
the principle behind an encoder can be made by dividing the rotor circumference into small
fields, alternatively black and white. With a sensor, e.g. optical or magnetic, it can be
determined if the current position is black or white, hence a one or a zero. The absolute
position can be determined either by measure the discrepancy from a predefined and
detectable zero degrees position, or by use several sensors and construct a binary code that
gives the position. The drawbacks with an encoder is that it either needs several sensors that
can suffer from disturbances, or has to wait until the zero position mark has passed by, to
obtain the absolute position. These facts make the resolver and an RTDC preferable as a rotor
position detection device in harsh environments. [7]

2.3 Sensorless control

High quality information about the rotor flux angle is crucial in field oriented control systems.
The most common way to attain this information has been to add a dedicated sensor to the
rotor shaft. This has a few disadvantages especially in drive systems used in automotive
applications. Its physical size is a large drawback when designing the motor. The length of the
machine is often critical due to constraints in the powertrain. This makes it sometimes
impossible to fit a standard mechanical sensor. [§]

The sensors can also cause problems in terms of reliability as they are sensitive to shock and
vibration, optical sensors like encoders are in addition sensitive to dirt. A sensor connected
through long cables can also be sensitive to disturbances.[8]

A sensor fulfilling all requirements is often expensive, why removing it would constitute an
important cost reduction. A control system that not has to rely on a mechanical position
sensor would therefore be favourable, a so called sensorless control system. [9]

Research on this has been done for many years and a lot of methods have been proposed.
Many of them have been based on detection of the speed dependent back electromotive force
(EMF). This work satisfactory for medium and high speed but fails at low and zero speed.
This as the back EMF is reduced with speed and is gradually lost. [10]

To solve this problem, signal-injection methods have been developed taking advantage of that
the rotor is salient. By injecting high frequency voltages the difference of inductance in d and
q axis direction can be extracted from the resulting high frequency currents. This information
will give the position of the rotor. Problems that will arise are low signal to noise ratio (SNR)
on the resulting currents making the measurements sensitive to for example noise and non-
linearity in the converter. [10]

As the position is determined by the inductance in the rotor there will be problems when the
iron becomes saturated as that will decrease the inductance. The problem with saturation is
significant in motors for hybrid electric vehicles (HEV) where the torque demand is very
high. It is also desirable to achieve a short motor to make it easy to fit. For high torque output,
concentrated windings are then needed, increasing the risk for saturation. [9]






3 Existing sensorless rotor position detection methods

There are mainly two different methods to obtain the rotor position without the use of
mechanical sensors, the back electromotive force or back EMF method and the signal
injection method [11]. In the following chapter, these methods are introduced in terms of
operation areas and limitations. A new, third method that uses the characteristics of the
magnetic material is also briefly explained. In the last part of the chapter, a description of how
the two main methods can be combined is done.

3.1 Back EMF

For medium and high speed, the dominating methods to detect the rotor position without
using a mechanical sensor is to make use of the back electromotive force, back EMF, from the
motor model. [12]

The underlying theory behind these methods is the motor equation of the stator, in (3.1),
expressed in the dq reference frame. In (3.2), the back EMF term, eris defined.

- Ly -
Vag :qu-7:+qu~1dq+ef 3.1)
é/‘ = j'a)r .l/7mdq (32)

In (3.1) and (3.2), the inductance, Lqq, the resistance, Rqq, and the magnetic flux generated
from the permanent magnet in the rotor, wmaq, are all approximately known quantities. The
current, 14 and voltage, vqq, can be measured; hence the motor equation can be solved for the
electrical rotor speed, ®,. Finally an integration of the speed dependant back EMF term,
results in an achieved rotor position. [1]

The limitations of the back EMF methods are the fact that the detection possibility is
proportional to the speed; the ability diminishes at low rotor speed and stand still. The
explanation to this is that the amplitude of the back EMF will be small since ef, as can be seen
in (3.2), is proportional to ;. Hence the terms with the inductance and resistance in (3.1) will
become dominant compared to the back EMF, meaning that the motor equation element
containing the information regarding the position gets to small to detect. [12]

In order to settle the speed at which ef no longer is useful, methods determining when the
back EMF method becomes unstable has been developed. These methods can be implemented
in the control of the machine. [13]

The methods based on the motor model usually detect the back electromotive force vector and
extracts information about rotor position with either an open or a closed-loop observer [4]. A
rule of thumb for the observers is that they have to be faster than the system they observe, but
slow enough to suppress noise and other type of disturbances [8].

Open loop observers suffers from sensitivity to system noise and changes in the stator
resistance. During operation the stator resistance can increase with up to 50% due to heat. The
problem with changing resistance becomes evident at low speed as the voltage drop over the
stator resistance then is of the same magnitude as the back EMF. [4]

As back EMF based rotor position detection methods already works satisfactory for
automotive applications during medium and high speed, e.g. utilized in a test vehicle from
Daimler Chrysler [8], this paper will not look any further into this subject.



3.2 Signal injection

The basic idea behind the signal injection methods is to add a high frequency signal in order
to obtain the rotor position. The high frequency, typically 0.5 to 3 kHz [14], means that the
resistance in the motor can be neglected and the current will depend on the inductance only
[15], [16]. The applied signal can either be added with superposition on top of the
fundamental voltage, or by modifying the fundamental PWM pattern to contain a voltage
pulse that can be used to track the rotor position [17]. The following subchapter shortly
explains the physics behind the phenomena and the two different ways to inject the high
frequency signal. Finally some resent research on improvements is mentioned.

3.2.1 Theory behind signal injection

The saliency, on which the signal injection techniques are based on, originates from either an
asymmetrical rotor design or from the saturation caused by the permanent magnets. [11], [18]

In an internal permanent magnet synchronous machine, IPMSM, the permanent magnets are
buried in the rotor core. The consequence is a spatial saliency since the d-directed flux will
pass trough magnet material instead of iron for some part. The flux paths are shown in Figure
3-1.

Figure 3-1 Flux paths in a V-shaped IPMSM

As the relative permeability of a magnet is close to one, which is comparable to air from a
flux point of view, the d-directed stator flux will appear to face a larger air gap compared to
the flux in the g-direction. In (3.3) it is stated that the reluctance, R, is inversely proportional
to the permeability, p, and with the relative permeability of iron being at least 10° times
higher than air [19], the flux will experience more resistance in the d-direction passing trough
iron for a shorter distance.



/
R = (3.3)
_ mmf
V=5 (3.4
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According to (3.4), the flux linkage, v can be higher for a smaller reluctance and a constant
mmf, or magnetic motive force; hence the flux will flow more easily in the g-direction. These
facts in combination with (3.5), the relation between inductance, L, and flux linkage, suggests
that larger air gap leads to lower permeability, meaning a larger reluctance that gives lower
flux and eventually lower inductance. Hence, for an IPMSM such as the one shown in Figure
3-1 above, the inductance in d-direction, Ly, will be lower than the g-directed, Ly, something
that can be and are used to detect the rotor position.

If the permanent magnets instead are mounted on the surface of a cylindrical rotor core, there
will be no difference between the d- and g-directed air gaps that can be used for rotor position
detection. In this case the saliency instead originates from magnetic saturation in the iron.
Since the d-direction is magnetized with PM as well, the stator flux linkage as a function of
stator current in the d-direction is offset by the PM flux. The increased amount of flux in d-
direction means a reduction in the relative permeability, p. and hence according to (3.3) to
(3.5) lower inductance. The consequence is that the d-directed stator flux gets slightly lower
than the g-directed and the rotor appears to be salient. However, the saliency caused by this
phenomenon is much smaller then that caused by spatial differences, hence, the signal
injection method is seldom used on surface mounted PM machines [20].

The problem with the saliency based signal injection methods appears when the electrical load
is increased. With a large torque demand, the current to the machine has to be higher, which
means that the magnetic flux in the iron parts will increase as well. Eventually the iron
reaches magnetic saturation and the flux linkage will no longer be able to increase. This is
illustrated in the B-H curve for a type of laminated steel in Figure 3-2, where it can be seen
that the flux density in the iron increases steeply up to a certain level, after which any further
increase would require a vast increase in the current density.
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Figure 3-2 B-H curve for magnetic steel

According to (3.5), the inductance is forced to decrease if the current continue to increase
after the saturation state is reached.

Due to that the saturation of the iron is a nonlinear phenomenon, the inductances will decrease
nonlinearly and the foundation of which the signal injection method is based on is interrupted.

Further on, the d-directed inductance will not be as much influenced as the g-directed, L
which complicates the saturation dependent position determination methods even further [13],
[21].

Another source of disturbance is the cross-saturation; an applied current in d- or g-direction
affects both the d- and g- inductances. This phenomenon can be explained by imagining that
the iron contains a limited number of flux carriers that transports the magnetic flux, that is, if
some of the available flux carriers have to be used to transport flux in one direction, the
ability to transport flux in the other direction will decrease. Hence the inductance will change
even if the current is applied in the other direction. In Figure 3-1 it can be seen that the
different flux paths cross each other. If the iron along one of the flux paths is saturated, the
other flux path will also be affected due to the saturation in the crossing.

3.2.2 Superposition injection scheme

In the superposition method, the high frequency voltage signal is created by the converter and
superimposed on top of the fundamental voltage. This means an upper limit on the frequency
of the injected signal; it has to be low enough to be realized by the converter [22]. The result
is a measurable, high frequency current response containing information about the rotor
position.

The technique can be divided into several different methods with different approaches to
obtain the rotor position. The injected high frequency signal can be rotating or pulsating,
injected in stationary, a3-, or rotating, dg-reference frame and be injected as currents added to
the references in to the regulator or as voltages added directly before the motor. The common
part for all methods is that the information is obtained by evaluating the current response
given by the motor due to the saliency, by adding a high frequency signal on top of the
fundamental signal. [11]
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If the high frequency signal is superimposed in a dg-reference frame, the rotor angle
information is attained by using the fact that the d- and g-axis are decoupled. This means that
if the high frequency signal is added in an estimated d-direction there should be no high
frequency current response in the g-direction, which can be used to regulate the estimated d-
direction to equal the real one. This is done by demodulation of the signal into a DC current,
proportional to the rotor position estimation error and sent to an observer that updates the
estimated speed and angle until the error reaches zero, that is, until the estimated rotor angle
equals the real one. The observer is modeled on a mechanical model of the motor, containing
estimations of the inertia and torque and if these estimations can be made correctly, the speed
and rotor position can be followed with almost no lagging. [12]

The advantage of this type of superimposed signal injection methods is that the torque ripple
will be minimized as there, when the angle estimation is correct, will be no high frequency
current on the torque producing g-current. On the other hand, problems will occur when the
fundamental currents are applied since this causes cross saturation which counteracts with the
idea of decoupled axis and thereby makes the method less accurate.

When the high frequency signal is injected in the stationary, of-reference frame the
differences in the inductance is the main source of information. The signal is injected as
voltages with constant amplitude, rotating in the af-reference frame, leading to constant
amplitude in the induced flux. According to (3.5) the varying inductance in combination with
the constant flux will make the high frequency current response dependent on if the flux is
directed along the d- or g-axis. Since Lq is smaller than L, the amplitude of the current will
be higher when directed along the d-axis, something that can be used to obtain the rotor angle.

[11]
3.2.3 PWM pattern modification

The other type of signal injection is the voltage pulse test method. Like in the superposition
method the only motor parameter in the high frequency model of the motor voltage equation
that varies is the inductance. This means that if the derivative of the current caused by the
applied voltage is measured, the inductance can be calculated. In the voltage test pulse
method the PWM switching pattern is modified. At the beginning of the PWM pattern a test
voltage vector is applied and after about 5 ps the current derivative is measured in all three
phases. Last in the PWM pattern a test voltage vector with the opposite sign is applied and the
current derivative in all three phases is measured again. With this information the inductances
can be calculated. By using voltage vectors with opposite sign the effects of voltage drop in
resistances and the back EMF are canceled, even though these effects can be neglected in the
high frequency model. [10]

3.2.4 Recent research

Due to the many difficulties concerning signal injection methods much research has been
done to refine the methods. When studying scientific articles from the last few years it
appears that most studies has been concentrated on finding a general sensorless method that
can be directly applied to most commercial PMSMs. Some years back there where more
attempts to make the detection easier by making changes in the rotor configuration. One
example is [23] from 1998, where attempts to improve position estimation by placing a
sensing winding in the rotor was made. The winding was placed to link with the d-axis flux
only and not with the g-axis flux. Since high frequency voltages injected in the stator induces
currents in the winding, the stator inductance becomes reduced when the stator is aligned with
the d-axis but not when aligned to the g-axis. This increased difference of inductance in d-
and g-direction was supposed to increase the accuracy of position determination. A drawback
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with such a sensing coil is the decrease of torque that in the paper was said to be
approximately proportional to the reduction of iron material to fit the rotor winding.

In [22] the motor equation is expressed in stationary, af-reference frame, but rewritten to
contain the inductances expressed as Lg and L from the rotating dqg-reference frame, making
them dependent on the angle. This results in a so called Extended back EMF term, which not
is speed dependent. The prerequisites for this method are that there has to be a difference in
the d- and g-directed inductance, which is fulfilled with a salient rotor, and that the derivative
of the d-current must not be equal to zero. This is realized with an applied high frequency
signal to the reference current. The advantage with this method compared to other is pointed
out to be the ability to detect the polarity of the d-axis directly, which other methods has had
problems to do. The disadvantage is that the method is volatile and easily becomes unstable.

A solution to the fact that the values of Lq and particularly L, will change during saturation
has been presented in [9]. By modeling the motor using FEM calculations, a non linear
voltage equation is achieved and hence better estimations can be made. Another approach to
the same problem is presented in [18], where the inductances are expressed as Fourier series
that depends on rotor position and stator voltages. However, in both methods, the problem of
acquiring exact measurement data remains.

As the injected signal amplitude is small compared to the fundamental voltage and current,
distortions can easily deteriorate the information. One way to increase the SNR is to increase
the signal, e.g. the amplitude of the injected voltage, something that means increased losses
and torque ripple. This makes it more favorable to try to decrease the noise, originating from
for example errors in the measurement equipment, something that has been suggested in [24].

Another source of distortions is nonlinearities in the inverter, especially if the machine is
supplied by a standard PWM Voltage source inverter (VSI). According to [25] the Zero
Current Clamping, or ZCC, is the largest cause of distortions in the carrier signal. In that
paper it is shown that the ZCC effect is related to the inverter dead time and occurs when a
phase current crosses zero and the current path changes from one transistor to a diode.
Moreover, in [26] it is stated that as the transistors not are turned on and off instantaneously,
ZCC is caused by two things. First the extinction of the current in the freewheeling diode
which disconnects the phase leg from the bus for a period of the dead time and also the larger
commutation time at low current levels due to parasitic capacitance in the diode.

Reference [27] has stated that if the applied high frequency voltage vectors are not
synchronized with the rotor rotation there will be induced eddy currents that will add losses to
the iron. The proposed solution is to add the eddy current effects to the high frequency model
to improve the accuracy of the estimated angle.

3.3 Magnetic anisotropy method

A new method to determine position during low-speed and in stand-still is the Magnetic
Anisotropy Method (MAM). Instead of using saliency in the rotor to determine the position,
anisotropies effects in the permanent magnets are used. The physical properties are different
in different directions depending on the direction of the measurement. The frequency of the
applied carrier voltage is set to 100-500 kHz instead of 0.5-3 kHz that is more common in
other signal injection methods; hence an additional signal generator has to be utilized. In
industrial applications this has to be a chip, with the ability to generate such a high signal.
High frequency voltages are applied in one phase and the response is measured in all 3
phases. This type of measurement is performed for all three phases and from this information
the rotor position can be extracted.
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Unfortunately this method is undeveloped, e.g. the temperature dependence of the anisotropic
properties has not been examined and satisfactory results have not been obtained in practical
experiments. This means that the research in the area is concentrated in trying to explain the
phenomena physically.

The great advantage with this method would be that it has the theoretical possibility to work
for salient as well as non salient motors, where the permanent magnets do not saturate the
stator teeth. [14]

3.4 Possibility to combine different methods

As a conclusion, the signal injection method has the big advantage of its capability to detect
the rotor position at low and zero speed [15]. On the other hand the drawbacks are that it
requires high accuracy measurement equipment with good capability to handle noise and
disturbances and precise signal processing [15]. It is not suitable as a replacement for back
EMF methods at higher speeds as additional losses will be added due to the extra signal [28].
The high frequency signal added to the fundamental voltage requires some modulation space
and will also decrease the maximum available voltage vector. In applications with high torque
demand saturation effects still remains a serious concern. Furthermore, the reliability and
noise specification required in an automotive application is not yet fulfilled [8].

On the other hand, the large amount of research on the back EMF method has made it a
reliable sensorless rotor angle detection method for medium and high speeds that, as
mentioned above, already has been implemented in the automotive industry. Combining the
abilities of the two methods makes it possible to create a sensorless current control that could
handle the entire speed range [28], [29]. At low speeds signal injection can be used and as
soon as the back EMF method reaches stability, it succeeds. The changeover can be realised
with a step that is activated once the EMF-method is stable, but in order to acquire a more
smooth conversion an arctan function can be used [30].

Considering that the part of the sensorless control system not yet fully developed is position
detection at standstill and low speeds, the focus in this paper has been put on understanding
the problems and trying to suggest improvements that can facilitate the rotor detection at these
conditions.
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4 Simulation environment

In the work of investigating the possibilities of sensorless operation of the PMSM machine a
good simulation environment had to be constructed. The ambition was to make as much as
possible of the calculations automated to allow easy changes in the machine configuration and
quickly evaluate its effect on the sensorless performance.

4.1 Matlab/Simulink

To evaluate the sensorless control system on an electrical model of the PMSM machine the
Matlab toolbox Simulink appeared to be a good choice. In Simulink advanced control systems
can be implemented without too much difficulty thanks to the graphical user interface.

4.1.1 Existing Simulink model

An existing Simulink model of a PMSM machine with control system was attained from the
start. The system was developed at Lund University in Sweden where it is used in education.
To be as authentic as possible the control system is implemented on a digital form as in a real
control system where the inputs are sampled values of the measured signals. The control
system is basically a current controller implemented in the dg-reference frame. Based on the
reference current and actual current the system calculates new voltage references which is
transformed to 3-phase quantities, something that requires a correct angle estimation. The 3-
phase reference voltages from the control system are discrete and changes once every
switching period. By comparing the 3-phase references with a triangular wave the duty cycles
to the IGBTs in the Pulse Width Modulated converter are calculated. As the supply to the
PMSM machine is PWM-voltages some of the non-ideal effects found in reality are
represented in the simulations.

The model of the PMSM was based on the stator equations in a rotor reference frame
described in (4.1) to (4.4).

. dy,
v, =R-i, + & -0, Yy, 4.1)
o dy
v, =R-i + dtq—a)r-z//d (4.2)
Wy =L, i,+y,, (4.3)
w,=L, i, (4.4)

The machine is supplied with a voltage and will consume a certain current. Equation (4.1) to
(4.2) can be rewritten to (4.5) and (4.6) which mean that flux in the machine will be the
integration of the voltages in the right hand side of the equations. Currents and fluxes in the
right hand side of (4.5) and (4.6) will be feedbacks from the previously calculated values.
Which current a certain flux will correspond to will then be determined by the inductance as
seen in (4.7) and (4.8).

1 .
;//d:;-(vd—R-zd+a)r-t//q) 4.5)
1
s

v, = -(vq—R-iq+a),,-1//d) (4.6)
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iy = (4.7)
d
.y

lq = L—q (4.8)

q

In the supplied linear model of the PMSM the inductances were constant values and the flux
in d direction was only dependent on the current in d direction and not dependent of the
current in the q direction, and vice versa. This is a valid approximation for low current levels.
However when the current loading increases the inductance will change due to the saturation
effects in the iron. There will also be a cross saturation effect; a change in the d axis flux will
cause a change in the q axis current and vice versa. This much more complicated behavior is
very important to represent if to simulate the behavior of sensorless control algorithms as the
problem with getting these to work much depend on the nonlinear effects.

4.1.2 Nonlinear model

To create a more realistic model of the machine the changes of the inductance due to electric
loading has to be characterized. This can be done either by measurements on a machine or by
FEM-calculations. As part of the task was to study changes in the rotor configuration FEM
calculations is the obvious choice. By performing FEM-calculations for stepwise current
loadings in d and q axis and evaluating the resulting flux linkage in the stator coils a relation
can be established. This will illustrate saturation as well as cross saturation effects.

4.2 Matlab/FEMM

To accomplish a good model of the PMSM machine many FEM-calculations has to be
performed. The flux linkage in the stator coils must be calculated for a large number of
current loadings and for several rotor positions. If the simulation environment should be kept
dynamic and allow for easy changes in the rotor configuration this has to be an automated
process. Therefore it was decided to use the software FEMM which incorporates the use of
Lua-script which can be utilized to automate calculation tasks. FEMM is a free calculation
software for magnetics, electrostatics, heat flow and current flow. The software only supports
2D calculations, this is however satisfactory as the machine does not change much along the
rotor axis, hence effects of the stator end windings can be neglected [31].

4.2.1 Calculations using Lua-script

Lua-script support adds the opportunity to control the complete software from a script file.
Geometries can be drawn, materials defined, calculations performed and results presented.
That the software is able to be controlled completely from a script file provides the possibility
to make use of the powerful FEM-calculation from another program, for example Matlab. By
creating a Lua-script file from Matlab, execute it and read the results, it is possible to perform
FEM calculations from within Matlab.

4.2.2 Code for design of Radial Flux machines

At Lund University in Sweden (LTH), code for radial flux machine design by FEM-
calculations has been developed by Dr Avo Reinap [32]. In the code most parameters for a
PMSM can be specified, geometrical measurements, materials, electric loading, type and
number of windings, magnet type and much more. A Lua-script with this information is
created from Matlab and executed with FEMM that performs the calculations and saves the
results to a file which can be read by Matlab. Changes in the configuration can then be
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evaluated in terms of torque capability, air gap flux density and other interesting quantities.
The different steps are illustrated in Figure 4-1.

e Gy S ey S ey

Figure 4-1 Flowchart of the data between the different software’s

This is a very fast process, a configuration can be finished within a few seconds depending on
its complexity, how fine grid that is used for the FEM calculations and the performance of
computer used.

To fulfill the requested requirements some changes had to be done to the code. For example
the ability to control the distance between the magnet pairs were added, e.g. twice the distance
D in Figure 4-2. This as the distance between the magnets forms the path for the q axis flux
and could be important for the characteristics of the machine.

Figure 4-2 Sketch of the rotor configuration

4.2.3 Modeling the PMSM

When modeling the PMSM machine many assumptions were made. The configuration of the
rotor and stator is very complex and to achieve an optimal design very much time and effort
has to be put in. The idea was instead to accomplish a principal design of a PMSM machine
that could be used in a HEV. Approximate outer dimensions of a 120 kW PMSM machine
was therefore used. Machines used in HEV are typically short but has a large diameter, this
due to constraints in the powertrain length. The short length of the machine will lower the
reliability of the FEM-calculations as the end windings effect gets more significant. This
should however not constitute in any large problems as the calculations are made essentially
to get a principal understanding of how physical changes in the machine affects its
electromagnetic dynamics.

The stator of the machine was approximated with a simple geometry with 3 phases and one
slot for each pole and phase. For simplicity the windings in the stator was made with only one
turn, this means that the results had to be rescaled with the number of turns later according to
the specific voltage level and speed the machine should be designed for.

Materials chosen were 0.35 mm laminated iron for the rotor and stator core, plastic bonded
NdFeB for the permanent magnets and copper for the electrical windings.

17



The permanent magnets in the rotor can be placed in many ways as seen in Figure 4-3. The
first configuration is surface mounted magnets, the second inset magnets and the third
configuration is V-shaped inset magnets.

(D052

Figure 4-3 Different placement of the permanent magnets in two pole rotor

The V-shaped magnets were chosen for the principal design, which is what is used in the
motor configuration presented by Toshiba for a hybrid truck [33]. Toshiba has also added
cavities with low reluctance material at some specific points, this to be able to control the flux
path more precise. This was omitted in the principal design due to the great complexity this
would add to the modeling as well to the simulations. Also the mechanical strength of the
rotor was not considered. When placing the magnets very close to the air gap to avoid leakage
flux it can be seen in Figure 4-4 that the iron in between the V shaped magnets will just barely
be attached to the iron in the rest of the rotor, resulting in poor mechanical strength.

A picture of the smallest possible symmetry piece of the principle design can be seen in Figure
4-4. 1t is also on this symmetry piece of the rotor and stator the calculations are made, results from
the entire machine can then be attained by making use of the symmetry.

Figure 4-4 A fragment of a symmetrical motor configuration
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4.3 Merging FEMM, Matlab and Simulink

To get a desirable dynamic simulation environment, work procedures for using the different
software together had to be prepared. A good way to exchange the data between the software
also had to be established.

4.3.1 Calculation of flux linkage and torque

A reasonable geometry is created in the code for a radial flux machine design with the
prerequisites determined in chapter 4.2.3. To understand the behavior of the saturation and
cross saturation effects calculations has to be performed for several currents in the d and q
direction. In a Lua-script the defined configuration is imported and the script is set up to
perform calculations for a large number of current loadings in the d and q axis direction, as
well as all combinations of them. The calculations are also performed for several rotor
positions as the torque and flux linkage changes with the position due to interaction between
the permanent magnets in the rotor and the stator poles. In the simple geometry used with one
slot for each pole and phase these changes are repeated periodically with 60 electrical degrees.
To get a more realistic model of the PMSM it would be possible to characterize this angle
dependent variation. This would however generate large amount of data and increase the
simulation time and complexity. Therefore, it was decided to make the calculations for a
number of rotor positions within these 60 electrical degrees and compute an average. If the
number of slots per pole and phase are increased, these variations get lower amplitude and
higher frequency, which can be favorable in that respect that it gives a smoother torque. This
would however greatly increase the simulation time as the lowest symmetry part is increased
to several poles of the machine, why this has been omitted.

When FEMM has finished all calculations specified in the Lua-script the result file can be
read by Matlab, the steps can be seen in Figure 4-5.

I i

Figure 4-5 Flowchart of the data between the used software’s

The result file is a text file containing one row for each calculation on which the rotor angle,
electrical loading and calculated torque and flux linkage is printed. Flux linkages are
transformed to the rotor reference frame and mean values for the different rotor angles are
computed. The attained values are from the least possible symmetry piece of the machine; to
get the correct values for the complete machine the flux linkage and torque has to be
multiplied by the number of symmetry pieces that the machine consists of. As the number of
turns in the stator windings are set to one during calculations, the flux linkage and current has
to be scaled according to the real number of turns. How many turns there are in a real machine
depends on which voltage level and nominal speed it is designed for.

The machine is assumed to be supplied from a 600 V DC-source by a three phase inverter as
in Figure 4-6.
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Figure 4-6 Three phase inverter

When using a PWM inverter with space vector modulation there are 6 available space vectors
from the inverter. They are created by having the three IGBTs turned on or off in different
combinations. The vectors V-V can be seen in Figure 4-7, together with the zero vector, Vg
that has the length 0. By switching very fast between these vectors a mean voltage vector can

be achieved anywhere inside the hexagon. The vectors V-V all have the length 7, -4/2/3 in
the power invariant af3-system. However, the largest vector that can be put out at all time is
the vector Vipase. Simple geometry shows that the length of vector Vi 1s V¢ \/5 / 2. This

means that the largest vector that can be put out at all time isV/, / V2.

Figure 4-7 Space vector diagram

In steady state, the stator voltage the in rotor reference frame can be described as in (4.9). At
higher speed the resistive voltage drop in the stator windings can be neglected and the voltage
depends on the term in the right hand side of (4.10) which is the back EMF.
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U =R-i +j-w, v (4.9)

U~ jo-y (4.10)

To be able to control the machine, the back EMF should not exceed the maximum available
voltage vector. As seen in (4.11) to (4.13) this gives a condition for the maximum flux vector
that could be created at different speeds. In (4.13) there is a control margin of 10% added to
insure that the vector could be created.
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At nominal speed and zero torque the flux in the machine is created by the permanent
magnets and the nominal stator current together. The number of turns in the stator windings
has then been established by the highest integer of turns that doesn’t make the induced back
EMF at nominal speed exceed the maximum voltage vector. When performing the rescaling,
calculated flux linkages are multiplied and the currents divided with the number of turns.

Having the correct values for the complete machine, surface plots of the flux linkage in the d
and q axis direction can be made as a function of current in the d and q axis direction. As the
flux linkage and current is known, the inductance can be calculated and also plotted in surface
plots. Together with the surface plot of the torque these three dimensional figures gives a
good understanding of how the machines electromagnetic dynamic changes when the
electrical loading increase.

4.3.2 Integration of flux linkage tables in Simulink

To use the results from the FEM-calculations in a nonlinear model of the PMSM machine in
Simulink the data should be presented as current as a function of flux linkage, the opposite
from what’s received from FEMM calculations. Transforming these results is complicated by
the fact that all values are interconnected due to the cross saturation. The Matlab code
performing the transformation can be seen in Appendix A. The data is saved to a file and
imported into Simulink where it is implemented in two multidimensional look-up tables. The
path of the data can be seen in Figure 4-8.

[ Matlab ]|:>[ Data file ]|:>[ Simulink ]

Figure 4-8 Flowchart of data used in the look-up tables

4.3.3 How to evaluate different geometries

In the configuration of the PMSM there are numerous parameters to change and study the
effects of. To be able to compare the different geometries they should have about the same
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torque production capabilities. This has been approximately accomplished by comparing
configurations with similar permanent magnet flux linked to the stator, as this means similar
magnetically produced torque, though disregarding the reluctance torque. The different rotor
configurations, however will mean different reluctance torque, hence the total amount of
torque might still vary, something that has to be considered in an eventual evaluation. A very
large number of geometries were first created for which flux in d axis direction was calculated
with unloaded windings, e.g. the flux from the permanent magnets. The results were plotted in
Matlab which made it easy to isolate the geometries with the same permanent magnet flux,
these were selected and more extensive calculations performed.
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5 Implemented sensorless rotor position detection

In order to perform simulations with a sensorless control system, a working model had to be
implemented in Simulink. In the following chapter a short presentation of a widely used
method are carried out. This is followed up by a method developed from the knowledge and
physical understanding obtained from studying the literature.

5.1 Existing method

After reading a vast amount of scientific papers, it was decided to look a bit further into [12]
since a lot of the more recent articles containing improvements had built their sensorless
control from this paper, making it a reliable and relatively well tested technique.

This method uses the similarities between a PMSM and a resolver. The fact that the d- and g-
axis flux linkages are decoupled is utilized by applying the high frequency signal to give a
flux linkage in the estimated g-axis direction only. A controller similar to a resolver to digital
converter (RTDC) can then be used to adjust the estimated rotor angle to follow the actual one
by regulating the direct axis current response to zero. This occurs when the applied flux is
directed in the actual q direction, hence when the estimated position equals the real one.
However, the cross saturation associated with high fundamental currents causes a problem to
the method since an applied flux in the g-direction affects the d-axis as well. The consequence
is a deviation in the angle estimation when torque producing currents are applied. To avoid
the offset, the angle has to be measured and compared to the actual angle in advance and
compensated for.

5.2 Developed method

In order to keep the physical understanding of the sensorless technique, it was decided to
develop a fundamental method using the knowledge obtained from studying existing
sensorless rotor position detection methods. Below, the theory behind the method and the
realization in Simulink are explained.

5.2.1 Theoretical explanation

As described, the physical phenomena in an IPMSM can be used to detect the rotor position
by adding a high frequency voltage to the motors supply voltage. In the method used in this
paper, a rotating high frequency voltage, v4* described in (5.1), is superimposed in the ap-
reference frame at the output of the current controller.

vi =V cosQx- f, 1)

5.1
vl =V sinQx- f, 1) -1

The low amplitude, Vg and high frequency, fi makes the inertia in the machine sufficient to
prevent the rotor from being affected by the extra, alternating torque produced by the injected
voltage.

The added high frequency a- and B-voltages are applied with a 90 degrees phase shift,
constituting of a rotating voltage that causes a rotating magnetic flux through the rotor. Since
the amplitude of the voltage is constant, the amplitude of the flux, y will be constant as well,
making it a circle, described in Figure 5-1.
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Figure 5-1 Rotating stator flux linkage with constant amplitude

As the reluctance along the direct axis is larger than along the q axis, the amplitude of the
resulting current vector, iys, in to the motor will be higher when directed towards the d axis
compared to when directed to the q axis hence dependent on the high frequency angle, Oys.
The varying amplitude of the current can be described as the ellipse in Figure 5-2, where the
higher reluctance in the direct direction results in higher amplitude in the current, compared to
the amplitude of the g-directed current. As the d- and g-axis in the figure suggests, the
displacement of the rotor is 45 degrees from the af-reference frame in the example.
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>
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Figure 5-2 Current response with 45 degrees displacement of the rotor
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Since the amplitude of the current response vector, i_hf(0ys) in Figure 5-2 is dependent on the
angle of the high frequency flux vector, the current response can be used to establish the d-
axis direction of the rotor.

To facilitate the position detection, the injected voltages and resulting currents are
transformed from the stationary af-reference frame to a reference frame rotating with the
injected frequency omega hf. In Figure 5-3 the axis in the high frequency reference frame,
from now on denoted as the hf-frame, are defined as x_hf and y_hf. The rotor displacement
angle, 6; in the figure, is still 45 degrees.

beta
y_hf

X_hf

alpha

Figure 5-3 High frequency reference frame

As can be seen in Figure 5-3, x_hf is directed alongside the flux and from now on this is the
definition of the hf-frame. According to the theory, the current and the flux will always be
directed alongside each other, but due to the dissimilarities between the d- and g-directed
reluctance this alignment will not always be true. The reason is that the d-component of the
flux has to overcome a higher reluctance than the q-component and hence require a larger d-
directed current component than a g-directed. If the flux vector for example is directed 45
degrees from the d-axis, i.e. built up by equally large d- and q-components, the d-component
of the corresponding current vector has to be larger than the g-component. As a result, the
current vector will have a smaller angle towards the d-axis compared to the angle of the flux.
The consequence is that the current vector will lag behind the flux vector when the vectors are
in the first and third quadrant of the dqg-system, and lead when in the second and fourth
quadrant. The only location at which the flux vector angle equals the angle of the current
vector is when it consists of a d- or a g-component only, i.e. only when directed alongside the
d- or the g-axis.

Seen from the high frequency reference frame, the current ellipse can be described as a dc-
offset in the x_hf-direction, together with a part rotating at twice the speed and in opposite
direction to the injected frequency. That is, for every lap the high frequency current carry out
in the ap-frame, the alternating part in the hf-frame completes two laps. This is shown in
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Figure 5-4 where the left picture shows the high frequency current ellipse in the af-frame.
The same instant is displayed from the hf-frame point of view to the right.
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Figure 5-4 Current response in aff- and hf-reference frame

As seen in the figures above, the pointy ends of the ellipse are directed along the d-axis,
which coincides with the theory that the amplitude of the current, due to the higher reluctance,
will be higher in that direction. This knowledge in combination with the knowledge of the
angle in which the high frequency signal is injected at all time, gives an opportunity to decide
the angle of the d-axis. When the amplitude of the current response is at a maximum, the
current and therefore also the flux, will be pointing alongside the d-axis; hence the angle of
the injected flux at that precise moment, equals the rotor angle at which the d-axis is directed.

Due to the fact that the rotor is symmetrical in positive and negative d- and g-direction
respectively, the ellipse in the af-frame is symmetrical too; the maximum in the current
amplitude returns twice each lap. Since every other maximum occurs when the high
frequency current is directed opposite the d-axis it results in a 180 degrees misalignment
every other time the requirements are fulfilled. The consequence is that the spatial saliency
alone not will be enough to determine the polarity of the d-axis. To determine when the angle
is correct or 180 degrees shifted, the saturation saliency has to be used.

If the rotor is configured so that the flux from the permanent magnets, Psiy, almost saturates
the iron in the d-direction, there will be a noticeable difference in the reluctance whether the
rotor flux is strengthened or weakened by the high frequency flux vector. The slight
dissimilarity in the reluctance affects the inductance in the rotor, that is, the inductance will
not only vary with the flux being in d or q direction, but also depending on if it is directed in
positive or negative d-direction. This comes from the non linearity in the flux-current
characteristics that is a result of the magnetic saturation which is principally shown in Figure
5-5.
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Figure 5-5 Flux-current relation

The extra axis, denoted as Psig* and i4* in Figure 5-6 shows the flux at zero current, i.e. the
flux originating from the permanent magnets. With a constant variation in the amplitude of
the flux, delta Psig, the amplitude of the resulting current will be lower when directed in the
negative direction. This is described in Figure 5-6.

N

.-k
Psig4

PSid

*APsiy{ — — — - =

Psig1 — —

-apsip — — /| ld

| . s

0 iq

Figure 5-6 Flux-current relations with permanent magnet flux

The result is that the current ellipse will no longer be symmetric around the g-axis; the point
directed in the negative d-direction will be more rounded compared to the end directed in
positive direction. This case is explained in Figure 5-7 where the current vector will point in
due order towards number one to eight and then back to one again and as can be seen, the
vector reaches a local maximum in position one and five and a minimum at position three and
seven. Hence the current vector is aligned with the g-axis at position three and seven and
along the d-axis at position one and five.
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Figure 5-7 Resulting current response in aff- and hf-reference frame

By detecting if the current vector reaches position one or five it can be determined whether
the high frequency current vector is directed along the permanent magnet flux or reverse to it.
This discussion suggests that the polarity of the magnets hence also the d-axis, is determined
by looking at variations returning with half the frequency of the rotation in the hf-frame, i.e. at
the injected frequency.

To summarize the method in general terms; a high frequency rotating voltage vector is
applied to the machine inducing a rotating flux vector with the same frequency. The
amplitude of the resulting current vector will be dependent on the inductance of the rotor. For
each lap of the rotating flux vector it will be aligned with the d-axis two times, positive and
negative direction, resulting in two current maxima. The current maxima will be slightly
larger when the high frequency flux vector equals the direction of the permanent magnet flux,
1.e. positive d-axis direction. This means that by detecting the largest current maxima for each
lap of the high frequency flux vector, the rotor position angle can be updated at the same
frequency as the injected voltage signal.

5.2.2 Implementation in Simulink

As mentioned above, the high frequency signal is injected as a rotating voltage in of}-
references at the output from the current regulator. Once that is done, all necessary
information about the rotor position would in principle be possible to obtain by measuring the
stator currents in combination with the known angle of the injected voltage. However, in
order to get an accurate estimation of the angle, some additional modifications in the Simulink
model needed to be done.

As the theory above implies, the information of the d-axis direction is found at twice the
injected frequency and the polarity is determined with variations at the injected frequency.
This was also confirmed with a Fast Fourier Transform (FFT) on the high frequency current
in the motor. The FFT also revealed a dc-part in the current.

In order to isolate the useful frequencies from the switch frequency noise caused by the PWM
converter, the measured current used for the position detection was low pass filtered; a band
pass filter could not be used due to the dc-component. This meant that the fundamental
currents, seen as disturbances by the rotor detection, where not filtered. Instead a feed forward
of the reference current were utilized to subtract the fundamental currents from the measured
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stator currents used in the rotor position detection unit. The cut off frequency on the filter was
set slightly below half the switching frequency, well above twice the injected frequency
where some of the information is received.

The transformation to the high frequency reference frame was implemented in a similar way
as the well recognized Park-Clark transform which transforms quantities from afj- to dq-
reference frame, but with the angle of the rotating injected signal instead of the rotor angle.
As is the case with the dg-transformation where the alternating currents in the of-frame are
turned in to dc-quantities in the dq-frame, the transformation to an hf-reference frame makes
it possible to consider the high frequency flux and currents as dc-components. The saliency
based alternations are the only variations left.

The implemented low pass filters also cause a slight shift of the phase of the currents. As a
result, the instant at which the angle of the flux vector is directed along the d-axis will not
agree with when the filtered high frequency current is at its maximum, as the theory suggests.
The result of this disagreement is an offset in the estimated angle. In order to compensate for
this, a delay equal to the delay caused by the phase shift had to be added to the high frequency
angle. With knowledge of the actual rotor position angle, the delay could have been adjusted
until the estimation offset was reduced to nothing. But since the only knowledge of the angle
in the final version would be the estimate, such a solution is not favourable. Instead a filter
equal to that used on the currents where added to the high frequency angle signal going in to
the rotor position detection, which reduced the angle offset to close to zero. A flow chart of
the model including the sensorless rotor position detection is illustrated in Figure 5-8, further
details can be found in Appendix B.

Signal
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Figure 5-8 Flow chart of the model including the position detection

When implementing the method in Simulink it is important to have a non-linear model of the
machine. Considering the theory; it can be clarified that the rotor position detection method
would not be able to function properly if simulations where to be made using a traditional
linear model of the motor. This as when using a linear model there would be no difference
magnetizing the rotor in the positive or negative d axis direction. By defining the d- and g-
directed inductances to different values, it would be possible to determine a direction of the d-
axis, but it would not have been possible to determine the polarity.
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6 Results of simulations in FEMM and Simulink

In the following chapter, the results from the simulations are presented. First the result from
the simulations conducted in FEMM, followed by testing of the sensorless control method
developed in Simulink

6.1 PMSM behaviour at electric loading

The results from the simulation of the principal design of the PMSM machine provided a first
indication of the performance of the machine and how the different parameters changes when
the electrical loading is increased.

First to be studied is the flux linkage dependency of the current applied in d and q axis. In a
simple model of a PMSM this relation is linear and consists of the constant inductance L4 or
Lg, as seen in Figure 6-1.

Flux 4

S

>
Current

Figure 6-1 Relation between flux and current with constant inductance

Due to the irons properties it can not carry an infinite amount of flux. The almost linear
relation between flux and current will start to change when the iron becomes saturated. It will
require more and more current to increase the flux and the resulting relation will be similar to
Figure 6-2.

Flux 1

5

>
Current

Figure 6-2 Relation between flux and current with saturation effects included

The real relation is however even more complicated and that is also what the results from the
FEM-calculations showed. Figure 6-3 shows the flux linkage in the direct axis for different
currents. The dotted circles in the figure represent the current density 5 and 10 A/mm?” and is
inserted to give an indication of the loading condition of the machine. To easier see the
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amplitude of the flux the zero level is shown by the grey plane, the point with zero applied
current is also marked with a black dot.

When the currents are set to zero there is already a d-axis flux in the machine due to the
permanent magnets. Studying the change in flux when i4 is increased or decreased it is
obvious that it is not a linear relation, this due to saturation effects in the iron. It can also be
seen that the d-axis flux decrease because of cross saturation when a positive or negative iq
current is applied. This is expected as the d- and g-flux paths meet at two points which was
shown in Figure 3-1.
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Figure 6-3 Flux in the d axis as a function of d and q axis currents

Looking at the q axis flux as a function of 14 and 14 in Figure 6-4 it is apparent that there are
some differences to the d-axis flux. At zero current there is no g-axis flux as the permanent
magnet flux only contributes to the d-axis flux. A similar non linearity between g-axis current
and flux as for the d-axis flux can be seen though. At a first glance, the maximum of g-axis
flux appearing for a negative ig current can look strange. The maximum are however
coinciding with the total demagnetizing of the permanent magnets. When the stator windings
produce the same amount of d axis flux as the permanent magnet but with the negative
direction the resulting d axis flux will be zero. This will make it possible for the q axis flux to
fully utilize the shared part of the iron core and it will reach a maximum.
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Figure 6-4 Flux in the q axis as a function of d and q axis currents

This demagnetization can also be seen in Figure 6-5 that is the total flux in the machine. The
bottom of the cone is the operation point where no q axis current is applied and hence there is

no q axis flux, and the d axis flux from the stator created by the negative d axis current
entirely cancels the flux in the d axis direction.
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Figure 6-5 Total flux in the machine as a function of d and x axis currents

When establishing the optimal control strategy for a salient PMSM machine it is found that to
get maximum torque it is usually advantageous to apply some negative ig current in addition
to the positive iq current. By this the reluctance torque is utilized. As can be seen in Figure 6-6
a large part of torque in the simulated geometry comes from reluctance torque; the torque is
increased for a constant i; when negative iq4 is applied, i.e. when the PM-flux is weakened. A
maximum is reached when the magnets are completely demagnetized. This is though not a
possible working condition for the machine as the magnets are likely to be destroyed and the
machine rendered useless.
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Figure 6-6 Torque as a function of d and q axis currents

That the PMSM develops large reluctance torque is a big advantage in HEVs where a large
constant-power speed range is preferable. Toshiba even calls there machine with similar
configuration a Permanent Magnet Reluctance Motor [33].

Similar machines are also treated in [34]. A prototype IPMSM with a saliency ratio between
the d- and g-direction of 5 has a torque production where over 70% comes from reluctance
torque; this gives a constant-power speed range up to 5:1.

6.2 Sensorless rotor position detection in Simulink

To verify the functionality of the implemented sensorless control method, testing at different
loading conditions where performed. Before these tests could be performed, the functionality
at no load had to be confirmed.

6.2.1 Sensorless rotor position detection at no load conditions

A plot of the high frequency stator flux rotating in the af-frame can be seen in Figure 6-7
where the constant amplitude forms a circle.
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Figure 6-7 Rotating stator flux linkage with constant amplitude

The resulting current response in the af-reference frame when the d-axis is deviating from the
a-axis with 45 degrees is presented in Figure 6-8 where an egg shaped ellipse with one end
more pointed than the other is formed. As described in the previous chapter, this makes it
possible to detect not only the d-axis, but also the magnetic polarity of the pole i.e. the
direction of the d-axis.
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Figure 6-8 Resulting current response in the af-reference frame at no load

The current response transformed to the high frequency reference frame is plotted in Figure
6-9. Two circles are formed with a dc-offset in hf x direction; the bigger circle is when the
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current vector contains a positive d-component and the smaller circle when the d-component
of the current is negative. When comparing the plots in Figure 6-8 and Figure 6-9 with the
current response in the af- and hf-reference frame in Figure 5-7 it can be determined that the
implemented method agrees with the theory.
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Figure 6-9 Resulting current response in the hf-reference frame at no load

The hf-currents as a function of time are shown in Figure 6-10. As can be seen, the imaginary
part of the current response, i_hfy is shaped like a sinus wave around zero, while the real part,
i_hf; has a dc offset that displace the current from zero. It can also be seen that every other
peak of the hf current is a bit higher compared to the previous peak. This maximum occurs at
the instant when the rotating hf-flux and current vectors are directed along the d-axis. The
local maximum between the peaks is when the hf-vectors points in the negative d-direction
while a minima in the hf; current identifies the g-axis.
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Figure 6-10 Hf-current response as a function of time
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In Figure 6-11 it is explained how this knowledge can be used to detect the angle. The upper
plot shows the current response from Figure 6-10 and in the lower plot the high frequency
angle is plotted from -180 to +180 degrees, during multiple hf-flux vector revolutions. The
dotted line combining the two plots shows that at a higher peak, the hf-angle equals the real
angle, while a lower peak means that the hf-angle are 180 degrees misaligned to the d-axis. In
the plot, the real angle is located 45 degrees from the a-axis, which means that the sampled
angle will be incorrect at the beginning, before it aligns with the real angle after
approximately 2.5 ms.
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Figure 6-11 Rotor angle estimation

Since it can be determined by looking at the current response at what instant the rotating flux
vector is directed in positive d-direction, the angle of the injected signal at that instantaneous
moment can be used as a substitute to the real angle. This means that the sampled angle will
be updated once every lap, hence with the injected frequency. The result will be that the
sampled angle will be able to follow the real one even when the rotor rotates, i.e. when 6,
increases, as in Figure 6-12.
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Figure 6-12 Rotor angle estimation at 5 electrical Hz

By plotting the difference between the real and the sampled angle, it can be determined how
well the angle estimation method works. This is done in Figure 6-13, where the real rotor
angle is plotted in the upper figure, while the angle estimation error is plotted underneath it.
After 20 ms the rotor is rotated with 5 electrical Hz by an external force making the rotor
angle to change from 45 degrees at start, up to 80 degrees 20 ms later. In the lower plot it can
be seen that the error starts at 45 degrees. Once the hf-currents have been stabilized, the rotor
position can be estimated and after about 2.5 ms, the angle error is reduced to close to zero.
The angle error signal becomes noisy when the rotor starts to rotate after 20 ms, but stays at
around zero degrees.
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Figure 6-13 Real angle and angle estimation error without load

The noise on the angle error signal is originating from the fact that the estimated angle is
updated with the injected frequency, i.e. the estimated angle will be constant during one high
frequency period. This will cause the estimated angle to fall behind the real angle until the
next angle estimation update occurs. This is displayed in Figure 6-14 where the estimated
angle tends to look like a discrete signal, causing the angle error to form a saw tooth wave
while the rotor rotates. As in Figure 6-13, the rotor starts to rotate with 5 electrical Hz at 20

ms and stops 20 ms later.
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Figure 6-14 Real and estimated angle and angle error without load

Considering how the plots agrees with the figures in chapter 5, explaining the theory, in
combination with the low angle error in Figure 6-13 it can be determined that the rotor
position estimation works satisfactory at no loading conditions.

6.2.2 Sensorless rotor position detection at loading conditions

With the method working according to the theory for no load conditions, it had to be tested
with loading currents applied, something that proved to mean problems with the sensorless
rotor position detection method.

In Figure 6-15 two torque producing g-current reference steps of 200 A is applied after 20 ms
and 60 ms respectively. The d-current reference is kept constant at 0 A. After 0.1 s the g-
reference current is reduced to zero again. As can be seen in the middle and lower plot,
showing the real and estimated angle and the difference between the real and the estimated
angle respectively, the deviation is 45 degrees until the correct angle is detected and the angle
error is reduced to close to zero after about 2.5 ms.

At the time of the first current step, disturbances in the angle detection occurs; the angle error
signal becomes disrupted for almost 10 ms before it become constant again. Once the signal is
stabilized, the estimated angle disagrees from the real angle, shown in the middle plot,
resulting in a stationary angle error in the lower plot. The same procedure is repeated when
the g-current is increased to 400 A, the estimated angle is disturbed and when returning to a
stable condition, an even larger stationary offset can be seen. When the current demand is set
to zero again, the sampled angle estimation is interrupted for some time before it is stabilized
again, this time around the real angle. Hence, problem with the rotor position detection occurs
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at rapid changes of the torque producing currents and at heavy loading conditions but when
the current is decreased, the real angle is established again.
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Figure 6-15 Disturbances with current steps

In Figure 6-15 it can also be seen that at steady state conditions, the estimated angle do not
drift away any further, it is kept constant around a certain angle even though it no longer
agrees with the real angle. The offset also tends to be dependent on the applied current; a
higher current demand gives a higher angle offset and once returning to no load conditions,
the detected angle agrees with the real one again. This behaviour suggests that the method still
can detect an angle even though it not is the correct angle.

To summarize the simulation results from Simulink, the estimation method seams to work
properly at no loading conditions, but it seam to lose its angle detection ability for some time
when rapid changes in the reference current is applied. Further more, an incorrect angle is
detected when a torque producing current is applied, but since the erroneous angle is constant
for a constant current, an angle is still being detected but with an offset to the real angle. This
offset also seams to be dependent on the amplitude of the current demand; zero current means
no offset while high current and loading demands gives an angle error, increasing with
increased torque producing currents.
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7 Analysis and optimization

7.1 Saturation effects

The results in chapter 6 showed that difficulties occurred in the sensorless performance and
that they where related to high current demands. The fact that an increase in current meant an
increase in the angle offset suggests that it is the saturation effects when the machine is loaded
that causes the problems. Since it is desirable to fully understand this problem and find
possible ways to compensate for it to achieve enhanced sensorless performance the
phenomenon is studied further in the following chapter.

7.1.1 Theory

Since an angle, even though it is an incorrect one, still is detected when the machine is heavily
loaded together with the fact that the method detects the d-axis by detecting the direction of
the hf-current vector maxima, it can be proposed that the highest current vector no longer is in
parallel with the PM flux linkage. This would mean that the tip of the ellipse no longer is
directed in d-direction, thus that the hf-current ellipse in the dg-frame has turned away from
the d-axis. The change of the maximum hf-current vector direction, i.e. the turning of the
ellipses in the dq-system indicates that the maximum and minimum reluctance no longer is
aligned with the d and q axis.

When the supplied fundamental current to the machine is zero, the maximum reluctance in the
rotor is in the d axis direction and the minimum in q axis direction. As the machine is
unloaded there exists almost no cross saturation effect. A rotating flux vector with constant
amplitude applied to the machine consists of sinusoidal variations of the d and q axis flux
displaced 90 electrical degrees. As there is almost no cross saturation, ig is dependent on the
d-axis flux and iq is dependent on the g-axis flux. Consequently, the maxima and minima of
the d- and g-axis currents coincide with those of the flux, e.g. the current is in phase with the
flux. This is illustrated in Figure 7-1. Due to the fact that the reluctance in d direction is
higher than in q direction, ig will have larger amplitude and the current therefore constitutes of
an ellipse in the dq current plane.
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Figure 7-1 High frequency flux and current in phase with zero fundamental current applied

When the fundamental current loading increases the cross saturation effect will be more and
more eminent. To understand how this affects the ellipses an example of i4 as a function of d
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and q axis flux is shown in Figure 7-2 and Figure 7-3. The circles shows the rotating high
frequency flux vector applied by the sensorless system during four working conditions; 1;=0,
200, 400 and 600 amps respectively while iq is kept constant at 0 A. Hence, higher i current
means that the circles are moved along the positive flux q axis.

For better visualization the amplitude of the high frequency flux is increased, making the
current response ellipsis larger which makes the details easier to study. The cross saturation
effect can be seen for the higher working conditions, where also the q axis flux affects the
amplitude of the i4 current.
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Figure 7-2 I, current as a function of d and q axis flux, view 1
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Figure 7-3 1, current as a function of d q axis flux, view 2

The star at the high frequency flux circles in the figures indicates the point where the d-axis
flux reaches its maximum. At higher current levels it is evident that the maximum and
minimum iq do not coincide with maximum and minimum g-axis flux. Instead maximum iq
occurs when the g-axis flux is slightly lower than maximum but also some d axis flux is
applied. In the same way the minimum iq occurs when some negative d-axis flux is applied.
The same phenomena exist for the d-axis current which makes all the maxima and minima of
the currents displaced from those of the fluxes. Hence, the current is no longer in phase with
the flux. Figure 7-4 illustrates this; it is the displacement from the d- and g-axis that creates
the turning of the ellipses.
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Figure 7-4 High frequency flux and current with fundamental current applied
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Since the problem is caused by the cross saturation it gets more and more prominent as the
fundamental current increases, the direction of the highest reluctance will turn more and more
towards the q axis.

If a considerable large iq current is applied a reduction in ig will cause an additional turning as
the cross saturation effects then increases. This could be seen in Figure 7-2 and Figure 7-3,
when the d-axis flux is reduced the 14 current surface bends more due to the cross saturation.

The direction of the highest reluctance is hence the direction of the highest current response
from the high frequency rotating flux vector applied in the used sensorless method. According
to this, the dg-system aligned according to the estimated direction will cause a stationary
offset to the real angle, dependent of the applied current. This means that at high torque
output there will be a large angle offset. As the offset is constant for a certain current, it would
be possible to compensate for it. Still, even if it would be possible to compensate for the cross
saturation to a full extent, the problem with regular saturation would still remain though: A
large 14 causes saturation meaning that the reluctance along the q axis will increase. If the g-
axis flux path is saturated so that the reluctance is decreased to the same magnitude as the d-
axis reluctance, the current response from the rotating flux vector will begin to equal a circle.
This would mean that the reluctance would become the same in all directions in the dg-plane;
hence it would be impossible to determine a direction. The problem with regular saturation
when no cross saturation exists is illustrated in Figure 7-5. Ellipse number one symbolize a
ratio between the d- and g-inductance of about five, ellipse number three a ratio of about one.
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Figure 7-5 Illustration of saturation

To avoid the problem there should be a large difference in inductance from the start and the q
axis flux path should not be easily saturated.

If no cross saturation effect would exist, the angle would be possible to determine without
offset as long as there is a measurable difference of the d- and g-inductance and L4 is larger
than L.

To establish if it is possible to use the sensorless method on a machine with cross saturation
effect at a specific electrical loading, it is important to compare the ratio of the minimum and
maximum dynamic inductance in the entire dg-plane rather than the ratio between the d- and
g-directed dynamic inductances. In Figure 7-6 the current response from a rotating flux vector
with constant amplitude at loaded condition is shown. As the amplitude of the flux is constant,
the dynamic inductance is inversely proportional to the current amplitude, L= /i. The ratio
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between current amplitudes can therefore be used to determine the ratio between the dynamic
inductances.

When the machine is unloaded the ratio between the dynamic d- and g-directed inductances is
large, but in the loaded condition it is however reduced to close to one due to the turning
caused by the cross saturation. The loaded condition can be seen in Figure 7-6 where the
arrows indicate that the inductance would seem to be the same in d- and g-direction. But as
can be seen, the current response does not form a circle, meaning that the ratio between the
minimum and maximum dynamic inductance in the dg-plane can still be considerably large if
the inductance is measured when the current vector is built up by both a d- and a q-
component. This makes it possible to determine an angle also at loading conditions and if the
offset between the angle and the d axis is known for a certain applied current, the real rotor
flux angle can be calculated. That is also why it is possible to get a considerable amount of
reluctance torque even though the ratio between the d and q dynamic inductance is low.

Figure 7-6 The high frequency current response with marked d and q axis current

But if the ratio between the minimum and maximum dynamic inductance in the dg-plane too
gets close to one, the current response will form a circle in the dq-plane, making it impossible
to determine any angle whatsoever.

The problems originating from the saturation should be the same for most sensorless control
methods as they all utilizes the saliency in the rotor to determine the position. The ability to
directly determine the correct rotor position will be lost when the properties changes with
electrical loading as shown.

7.1.2 How the saturation affects the sensorless performance

In Matlab different control strategies can easily be tested, e.g. different ways to choose the dq-
currents when increasing the torque can be performed. For the rotor configuration used in the
simulations, it is stated in Chapter 6.1 that some amount of negative ig is advantageous to
achieve higher torque utilizing the reluctance torque. In Figure 7-7 three different control
strategies are shown, each one following one of the three lines connecting the hf-current
response ellipses. The different reference current approach is built up with different amount of
negative ig in addition to i;. As can be seen, the strategy farthest out to the left in the figure;
the one with most negative ig applied is the one that suffers most from the displacement from
the dg-axis. This due to that the cross saturation is more evident when current is applied in
both d- and g-direction.
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Figure 7-7 High frequency current response ellipses from three different control strategies

Even though a large angle offset occurs, the control strategy with most applied negative i4 is
not necessarily the inferior one. When a negative d current is applied, the reluctance torque is
acquired in addition to the electromagnetical torque. By making use of the reluctance torque,
the required torque is attained at a lower absolute current level. The difference in torque
creation capability can bee seen in Figure 7-8 where the total amount of torque is increased
when the amount of negative d current is increased.
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Figure 7-8 Torque from the three different control strategies

How the inductance changes in the dg-plane and consequently makes the ellipses turn seems
to vary greatly for different amount of applied current. To get a better understanding of this
change and if there is any working conditions that should be avoided the whole dg-plane
should be investigated. In Figure 7-9 the current response from high frequency rotating flux
vectors all over the dg-plane can be seen. The small x on the ellipses represents the maximum
hf-current vector direction; hence the direction of the estimated d axis. As can be seen, this
estimation agrees with the real direction when the machine is unloaded, i.e. when i4 and i
equals zero.
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Figure 7-9 High frequency current response ellipses in the whole dg-plane

The figure above represents the problem with saturation very well. How much the direction of
maximum reluctance deviates from the d axis is represented by the turning of the ellipses in
relation to the d-axis and is caused by the cross saturation. The proportion of the ellipse
indicates how difficult the detection of the direction will be. If the ellipses are almost circular,
e.g. the ratio between length and width is small; the detection will be hard considering
possible noise in the measuring equipment if implemented in a real control system.
Consequently, conclusions can be drawn from Figure 7-9 about the direction of lowest
dynamic inductance in the rotor and how difficult it will be to detect, in all working
conditions for the machine. This is important information when developing the control
strategy for the machine. To accomplish high efficiency it is desirable to find a strategy that
develops the wanted torque with shortest possible current vector. In Figure 7-8 it could be
seen that this is when combining positive 1; with some additional negative 14, this however
gives large angle offset according to Figure 7-9. It therefore seems difficult to combine high
efficiency and small angle offset in a control strategy. The best approach would then be to
choose a strategy with high efficiency and try to compensate for the offset. This should be
possible as long as working conditions where there is a small difference between the
maximum and minimum reluctance is avoided. In Figure 7-9 it can be seen that problem
occurs at a very high negative d current; the high frequency response will constitute a circle
instead of an ellipse. This is however a working condition that is not allowed due to the risk of
demagnetizing the permanent magnets.
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7.1.3 Compensation

Knowing the extent of the saturation effects and how it influences the performance and ability
to sensorless control the machine, it would be desirable to find a strategy to compensate for
the unwanted behavior.

7.1.3.1 Look up table

The most straight forward approach to compensate for the angle deviation where the cross
saturation causes the maximum reluctance axis to turn would be to establish a look up table.
This can be done by calculating or measuring the angle deviation for the currents in d and q
axis from zero to maximum in appropriate steps. A problem with this method is that the angle
deviation is dependent on the current vector applied to the machine at that moment. This
means that the rotor flux angle has to be known to be able to compensate for the deviation.
Normally this is not a problem as the angle is determined correctly at start up when no torque
is applied; the correct angle can then be kept with help of the look up table when the electrical
loading increases. Problem arises if the correct angle is lost due to for example disturbances at
some point and the current vector applied to the machine might be another than what was
intended. A control system using this type of compensation method would still use the
compensation angle for the intended angle and the error could escalate.

These kinds of errors in the estimated angle will hopefully be detected in a real control
system, by for example comparing the reference torque with the torque output. It will
unfortunately not be possible to recover from a problem like this; the only option would be to
back down to zero torque and reinitiate the rotor flux angle.

The angle error for a large part of the dg-plane was calculated in Matlab with the results
originating from FEMM. A surface plot of the angle offset at different currents could then be
made. In Figure 7-10 this deviation can be studied and shows the increase with rising positive
q-current and negative d-current.
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Figure 7-10 Angle error as a function of d and q axis current

This information was exported and implement in Simulink as a look up table. The
performance of the sensorless control system was then considerably increased. Figure 7-11
shows the angle error with and without the compensation at iy equal to 400 A, producing
approximately 900 Nm of torque in the simulated machine.

52



400 T T T T T T
300 - R R S I SRR B R
B 200 R e S RRIRRIREEESS EEEE
o | | | | | |
100 - i SRR e MRt SSLEITEELES IR
0 . o - L,
| | | | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
g‘ T T T T T T T
[0 | | | | | | |
(Uw 50 ! ‘ I | + :, |
T \ |
e [ |
[ | |
g
©
©
<
l_
:
mU
©
£
'_
g
©
©
e
'_

Figure 7-11 Angle error at iqg= 400 A without and with compensation

To implement the described compensation method for a real machine the data can be retrieved
from measurements of the stator flux linkage as a function of currents. The theoretical angle
deviation can then be calculated.

However, the problems when losing the angle remain, making this method an unreliable
alternative.

7.1.3.2 Compensation method independent of previously rotor position information

Some effort has been spent on developing a compensating method that does not rely on
previous information about the rotor angle to perform the compensation.

If the angle is lost with the previously used method the only information about the applied
current is the length of the current vector. This makes it impossible to use the look up table if
the angle is unknown.

In Figure 7-9 ellipses were plotted for multiple currents in the dq-plane. It could be seen that
both the proportions and direction of the ellipses changed in the plane. At a certain current
level resulting in a circle with constant radius in the dq-frame, the direction and proportions of
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the ellipses could be thought of as angle dependent. The ellipses at constant reference current
amplitude are shown in Figure 7-12.
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Figure 7-12 Ellipses at constant radius

If the angle is lost it should be possible to detect this and compensate using a table with
calculated or measured directions and length/width proportions of the ellipses for all current
vector radiuses. The direction and proportion of the ellipses from the high frequency current
response is calculated continuously and compared with ellipses in the correction table for that
specific current vector length. If a better match is made for an ellipse on an angle deviating
from the believed angle a correction is made.

The idea could be represented graphically. By a fault the angle is misaligned over 90
electrical degrees. When a current vector is applied in what is believed to be in positive q axis
the high frequency response will look like the red ellipse in Figure 7-13. The direction and
proportion of that hf-current response is compared to how the ellipse is supposed to look like
should the angle be correct. In Figure 7-14 the best match is found and the angle error is
obvious and can be compensated for.
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This method can also be used to assure that the angle don’t start to drift away from the correct
rotor position angle.

In a real control system it is extremely important to quickly detect and take action on a faulty
angle. A high torque reference results in high iy and if the angle would suffer a large deviation
a number of dangerous scenarios are possible. The most obvious is that a large offset would
cause torque in the other direction than what was intended. An accident is not an unlikely
result from this. Another risk is an angle deviation causing a large negative d-axis flux which
could results in complete demagnetization of the permanent magnets, rendering the machine
useless.

The compensation method described in this sub section has not been implemented in the
Simulink model of the control system due to time constraints. Its performance was
accordingly not evaluated.

7.2 Response time of the sensorless system

The simulation results in Chapter 6 showed problems in the position detection when the
current was changed rapidly to achieve an alteration in produced torque. This problem is
found to originate from the non ideal filters used in the control system filtering out the high
frequency current response used for the position detection. A non ideal filter will introduce a
delay to the system making the filtered signal distorted for some time after the applied step. In
the middle plot in Figure 7-15 it is evident that the distortion causes the pattern where the high
peak represents the alignment with the positive d axis to disappear. This makes it impossible
to determine the correct position for some time after the step has been applied making the
angle error in the lower plot to vary before the constant angle offset caused by cross saturation
appears.
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Figure 7-15 Angle error during a reference step

It is desirable to have filters that remove as much as possible of the frequencies that are not
used for the position detection. A filter with high order increases the control of which
frequencies that are removed and which are allowed to pass, the delay of the filter will
however increase with the order of the filter. This means a trade of situation, making the
design of the system more complicated. To accomplish a system with good performance,
much room for optimizations in the control system and its filters exist.

With an optimized system it would still not be possible to change the reference current in
steps as the position still would be lost momentarily, something that not is an acceptable
condition. Instead the reference should be increased with for example a ramp function. The
increased rise time will allow the filters to keep filtering out the high frequency current
response without introducing the noise seen in Figure 7-15. The disturbance in the hf-currents
in the middle plot can then be reduced; hence the angle error caused by the step gets smaller
making it possible to control the system during changes in the current reference. This is
illustrated in Figure 7-16.
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Figure 7-16 Angle error during a slow reference step

Depending of how optimized the system is this ramp can be implemented with different
steepness. How much the system can be optimized and how fast response time that can be
expected from a system using a sensorless control system has not been evaluated.

7.3 The machine geometries influence on sensorless performance

7.3.1 Prerequisites

In the geometry of the PMSM there are many parameters to change that could affect the
behavior of the machine. The phenomena that the signal injection theory is based on is
however the saliency of the rotor, described in Chapter 3.2 and 5. Consequently, changes in
the rotor configuration are studied. The magnet thickness appeared to be an important
parameter as it according to theory should reduce the inductance in the d axis significantly,
causing the motor to become more salient.

58



7.3.2 Different rotor geometries

A large number of geometries with V shaped magnets were created in the simulation
environment. The magnet thickness as well as the distance D;, D, and D3 shown in Figure
7-17 was varied.

Figure 7-17 Varied distances in the rotor geometry

This rendered a large variety of different geometries and those with the same permanent
magnet flux linked to the stator were then selected for further comparison. Some of the more
extreme designs are shown in Figure 7-18 to Figure 7-21.
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Figure 7-18 FEM model of rotor configuration

Figure 7-20 FEM model of rotor configuration Figure 7-21 FEM model of rotor configuration

7.3.3 Evaluation

The different geometries all showed to have similar characteristics, important differences
could however be spotted.

Extremely long and thin magnets like the one in Figure 7-19 have the large drawback that the
g-axis flux path gets heavily compromised. When the magnets are made very long the g-axis
flux will be more and more forced to take the path through the magnets. This will make the
ratio between d- and g-inductance very small as there will be a similar reluctance in the d- and
g-axis flux path. The sensorless performance will then be poor as well as the ability to
produce reluctance torque. In Figure 7-21 there is a path for the g-axis flux which will make
the desirable difference in d- and g-axis inductance larger, this geometry will however show
to suffer from some other problems.
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The iron between magnet pairs is the place where the path of d- and g-axis flux will meet,
consequently it is where the cross saturation will be worst. In Figure 7-19 it can be seen that
there are less iron available for the fluxes to meet compared to in Figure 7-20. The iron will
then be saturated at lower current levels making the cross saturation more significant. This is
seen when studying the d- and g-flux surfaces for the different cases, the contours are sharper.
It can also be seen when the rotating high frequency flux vectors from the sensorless system is
plotted. The direction of the highest reluctance will deviate more from the d axis due to the
increased cross saturation.

If the angle in the V shape of the magnets are decreased too much in an effort to increase the
available iron between the magnet pairs another problem can arise. The distance S, in Figure
7-22 will be more equal to the distance S|, making the leakage flux through S; much larger.
To keep the same permanent flux seen from the stator, the width of the magnets as well as the
length has to be increased. That is why the magnets in Figure 7-21 are so much larger
compared to the other geometries. By using large magnets it could be imagined that the d-axis
inductance would be much smaller than the inductance in g-axis. The leakage flux will
however saturate the small g-axis path above the magnets, decreasing the q inductance as well
making the inductance ratio smaller.

So

Figure 7-22 Illustration of the spaces between the magnets in one magnet pair

7.3.4 Favourable properties of the rotor geometry
By the results from subsection 7.3.3 it is possible to summarize some of the properties for a
rotor design with good sensorless performance.

To minimize problems with regular saturation it is important that the path for the q axis flux is
not easily saturated. This is accomplished by keeping the smallest width of the path large
enough. The areas where problems are likely to occur are marked with dots in Figure 7-23.

61



Figure 7-23 Problem areas regarding the g-axis path saturation

In order to reduce cross saturation effects it is positive to keep the distance between the V
magnet pairs large. This is the area where the d- and g-axis flux paths meet and it is
advantageous to have much iron there to reduce the saturation. The problem areas are
illustrated in Figure 7-24.

Figure 7-24 Problem areas regarding cross saturation

It is also important not to decrease the angle in the V shape of the magnet too much, this as
the leakage flux increases with the angle reduction. Too much leakage flux could cause
serious problems to the g-axis flux path as flux with no useful purpose is added.

To get a large ratio between d-and g-axis inductance it is important that the g-axis flux path is
not easily saturated, but also that the permanent magnets are thick as this is what to a large
extent determines the d-axis inductance. Making the magnets very thick gives a large
reduction in d-axis inductance; the disadvantage with this is that higher current is needed for
field weakening.
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8 Conclusions

To accomplish a sensorless control system of a PMSM the back-EMF method has to be
combined with a signal injection method for low and zero speed. At medium and high
rotational speeds the back-EMF method is well tested and is a reliable choice, but since the
back EMF vector is speed dependent, hence diminishes at low speed, a transition to signal
injection must be done. Considering that the signal injection method is not yet fully
developed, the focus in this paper has been put on understanding the problems and trying to
suggest improvements that can facilitate the rotor detection for low and zero speed (up to 5
electrical Hz).

Signal injection requires a magnetical asymmetry in the rotor leading to a difference between
the d- and g-inductances (the d-axis direction in the rotor will have the lowest inductance).
This asymmetry can originate from the physical design of the rotor, essentially from the
placement of the permanent magnets. It can also be caused by saturation and cross saturation
effects in the machine. In a normal modern rotor these saturation effects are evident.

Using signal injection means adding a voltage vector with constant length, rotating with a
high frequency in the af-system. This creates a rotating flux vector with constant amplitude in
the motor. Due to the constant amplitude of the flux vector, the current response will fluctuate
depending on how the inductance in the rotor is varying. The knowledge of the direction of
the rotating flux vector at every instant in combination with measuring the length of the
responding current vectors, gives the d-axis direction as equal to the direction of the injected
flux at the instant when the current vector reaches a maximum. The signal injection method is
explained and illustrated in detail in the thesis.

It is concluded that when large torque producing currents are applied to the motor, the cross
saturation in the rotor will be more and more evident, causing the direction of the lowest
dynamic inductance to be displaced from the d-axis direction. This means that the direction of
the maximum current vector no longer will equal the d-axis direction; hence there will be an
offset between the detected and the real rotor angle. This will cause problems with all
methods that uses signal injection. The deviation is however depending on the applied current
and it has been shown that by characterizing its effect by measurements it can to a large extent
be compensated for with for example a lookup table.

It is further shown that saturation effects also can be made useful. In the developed signal
injection method the saturation in the d-axis flux is used to determine the polarity of the rotor.
If the iron materials had been linear, the polarity would have been impossible to establish
since the rotor is structurally symmetrical in positive and negative d-direction.

Rapid current changes are identified as a problem in the sensorless control system. The filters
used to filter the useful high frequency current are not ideal and will require some time to
adapt when the amplitude of the torque producing current is changed. To keep the angle error
low during a change of applied current, the rise time of the current had to be limited. By
optimizing the control system and the filters the performance could probably be improved, but
whether the sensorless system can be made as fast as a system with a mechanical position
sensor is still to be resolved.

Extensive changes in the machine configuration were made, primarily regarding the magnet
design and placement in the rotor, showing that the performance of the sensorless control can
be increased. This was proven possible without compromising the torque production
capabilities in the rotor. To avoid problems with a small ratio between the d- and g-axis
inductances (Lq and L), the path for the g-axis flux should not be easily saturated. In order to
reduce cross saturation effects it was found positive to keep the distance between the V
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shaped magnet pairs large. This is the area where the d- and g-axis flux paths meet and it is
advantageous to have much iron there to reduce the saturation. It is also important not to
decrease the angle in the V shape too much as this means much permanent magnet leakage
flux, that will saturate the g-axis flux path. The consequence is that the g-inductance
decreases, hence the ratio between L4 and Ly will be smaller, in combination with a demand
for more magnet material as the magnets would have to be larger to produce equally much
flux linking with the stator windings.

A large inductance ratio can be achieved by decreasing the d-axis inductance. This will
however be disadvantageous if the machine is used in field weakening as this is obtained by
creating a flux in negative d direction, counteracting the permanent magnet flux. If the d-axis
inductance is small, the current needed to produce the necessary amount of negative d-axis
flux will have to be high, resulting in a reduction in the torque producing capabilities in the
field weakening region.

Finally, it is concluded that when choosing a machine to use with a sensorless control system
a thorough investigation of the machines electromagnetical properties has to be done, as was
done in this thesis. Only considering the changes in d- and g-axis inductance is not enough as
it does not describe the machines sensorless behavior in a comprehensive manner.
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9 Future work

In the model of the PMSM used in the thesis work some simplifications were made. To get
better results from the simulations that more equals reality these effects should be added. In
the FEM calculations a 2D model of the machine were used, replacing it by a 3D model
would add the possibility to incorporate the end windings effect. Even more important could
be to add the eddy current effects, this because of the rotating high frequency flux from the
signal injection method.

A problem with the sensorless control system showed to be restrictions in the response time
caused by delays in the non ideal filters (used to filter out the high frequency response).
Improvements in the response time could be done by optimizing the control system and its
filters.

To decrease the influence of the cross saturation effects the more advanced compensation
method described in Subchapter 7.1.3.2 should be implemented. This would also increase the
reliability of the system as it will be able to detect angle deviations caused by failure in the
system.

More features could be added to the simulations to make the system more complete. A system
working for all speeds could be accomplished by complementing the signal injection with a
back-EMF method that is used for higher speeds.

One of the most demanding working conditions for the PMSM in a hybrid powertrain is the
cranking of the ICE. By adding a model for this the functionality of the sensorless control
system during a more difficult condition could be verified.

The next step of testing the system would be to use a model of the machine attained from
measurements on a real machine and ultimately test the system on a real PMSM machine.
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Appendix A Flux linkage to current transformation

The Matlab code shown below is performing the transformation from flux as a function of d-
and q axis currents to current as a function of d- and q axis flux. The goal is to find at what
currents a certain combination of d and q axis flux is created. To achieve this, the contour
lines for the wanted fluxes are calculated in the flux surfaces. This gives the combinations of
I4 and I, that could create the d axis flux and which combinations that could create the q axis
flux. By calculating the crossing point between the two contour lines the one combination of
I4 and I, that creates that specific d and q axis flux is found.

The extract is a part of the code written to the thesis.

%Calculates the currents Id and Iq as a function of the linked fluxes Psid and Psiq
incq=0;
for Psiq_find=-0.31:0.001:0.31;
incq=incq+1;
incd=0;
Psiq_x(incq)=Psiq_find;
for Psid_find=-0.2:0.001:0.37;
incd=incd+1;

Psid_y(incd)=Psid_find;

%Calculate the two conturlines as 4 vectors
Linel=contourc(Psid,[Psid_find Psid_find]);
y1=Linel(1,2:length(Linel));
x1=Linel(2,2:length(Linel));
Line2=contourc(Psiq,[Psiq_find Psiq_find]);
y2=Line2(1,2:length(Line2));
x2=Line2(2,2:length(Line2));

if (length(x1)>0) && (length(x2)>0)
%The crossing between the two contour lines in the plane is found using polyxpoly
[xi,yi] = polyxpoly(x1,y1,x2,y2);
if (length(xi)>0)
%Interpolate the current at the crossing
Id i = interp1(I1d,yi);
Iq_i=interp1(Ig,xi);
Iq_result(incd,incq)=Iq_i(1);
Id_result(incd,incq)=Id_i(1);
else

Iq_result(incd,incq)=NaN;
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Id_result(incd,incq)=NaN;
end
else
Iq_result(incd,incq)=NaN;
Id_result(incd,incq)=NaN;
end

end
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Appendix B Model flow chart

The subsystems in the flow chart in Figure 5-8 is shown in Figure B-1 to Figure B-4 below.
The current regulator, off to three phase transformation, pulse width modulation and low pass

filters in Figure 5-8 are not included since no changes has been made to these systems during
the thesis work.

Creation of hf-rotating voltage vectors

cos

dTheta
pif2 + .
sin
L H 1
27pitf_si | . : _ IE
n_gxe theta_exe theta_ht

Figure B-1 Signal injection
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Rotor angle estimator
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Figure B-2 Rotor angle estimator
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Figure B-3 Subsystem in the rotor angle estimator
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