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ABSTRACT

As the cost for permanent magnets are decreasing and the quality of the magnets are
increasing the Permanent Magnet Synchronous Machine (PMSM) are becoming more
popular. The PMSM is superior to induction machines both in torque per kilograms and
efficiency. Typical applications for these machines are applications where machine
volume or efficiency is important. In order to control a PMSM the rotor position needs
to be known. This can be obtained by usage of sensor or by usage of a sensorless
control scheme. Sensorless Control schemes typically divide into two categories;
schemes that give good controllability from 2-5 Hz and schemes that gives good
controllability at all speeds including zero speed. The focus for this thesis is sensorless
control schemes with good controllability at low and zero speeds. Sensorless control is a
multi physics challenge where the machine, inverter and control scheme are equally
important for the quality of the drive system. In order to describe the saliency in the
machine a new saliency machine model is developed in this thesis. The model includes
yoke saturation, teeth saturation and induced currents in magnets. In injection based
sensorless control the high frequency flux distribution in the machine is of great
interest. In this thesis the frequency dependency in inductance is estimated in two
machines by using injection of test signals in a large frequency range. Based on the
measurements and the new saliency model the high frequency flux distribution is
estimated and the frequency dependency of the saliency is described. A variety of
different sensorless schemes are published over the last two decades. As the
publications uses different test criteria it is challenging to determine the characteristics
for the different schemes: three different control schemes are evaluated in terms of
determining the scheme characteristics. A new scheme based on [1, 7] is presented in
this thesis. The new scheme enables integration of transient excitation and position
estimation in every switching period. The continuous injection based schemes evaluated
in this work is rotating high frequency carrier injection [2,13,39] and pulsating high
frequency carrier injection [3,26]. The different schemes sensitivity to the inverter non
linearity is modelled and evaluated. A comparison of the three schemes is presented.
Surface mounted PMSM typically has a small saliency. The saliency in a surface
mounted PMSM can be increased in several ways. The last part of this thesis presents a
redesign approach for an axial flux PMSM. Several approaches are evaluated in terms
of synergy effects with the machine cost and performance. An approach based on
insertion of semi-magnetic slot wedges are realised in a prototype.
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INTRODUCTION

Sensorless control of electric machines has been a research topic for more than two
decades. The objective for this work is to eliminate the need for a position sensor by
using the machine as the position sensor. The position sensor and cable connection has
been a source of failure for motor control applications. For small drives the sensor
contributes considerable to the overall cost. Sensorless control is divided into two speed
regions; a high speed region and a low speed region. In the high speed region the back
EMF can be used for the rotor position estimate. In the low and zero speed region the
back EMF becomes too small for position estimation. In this region second order effects
in the machine can be utilized in order to make a position estimate. Induction machines
have been the main focus for the research in this field [1, 2, 13, 21, 22, 28, 35].
Research on sensorless control of PMSM has been going on simultaneously [1, 3, 26,
39]. In later years Permanent Magnet Synchronous Machines has been increasingly
popular as the cost of permanent magnets is decreasing and the quality of the magnets
improves. The activity on sensorless control of PMSM has increased as the application
ranges of the PMSM are expanding.

Project overview

There are a variety of different schemes and patents within the field of sensorless
control. The test conditions differs from author to author and it is difficult to determine
what the characteristics of each scheme really are. Part of this project was focused on
determining the characteristics of the different schemes. In order to limit the number of
schemes a selection of schemes was made upon the following system criteria:

o High or medium bandwidth estimation capability
o Two current sensors

o Measurement of DC bus voltage

o Varying load inertia

From these criteria the following schemes where selected: Rotating High Frequency
Carrier Injection (HFCI-R) [2, 13, 39], Pulsating High Frequency Carrier Injection
(HFCI-P) [3, 26] and Transient based excitation (TE) [1, 7]. In order to make a direct
comparison the Transient based Excitation scheme was modified to a new scheme
where the position could be estimated in every switching period. The methods where
evaluated on a PMSM with interior magnets (IPMSM).



A surface mounted PMSM have typically very little saliency. If machine design are to
be used in order to cerate more saliency in the machine, increased understanding of the
mechanisms of saliency are needed. Part of this project has been focused on modelling
the mechanisms of saliency for PMSM’s. A prototype axial flux PMSM was tested in
the initial work. There where no detectable saliency in the machine when the applied
test signal had frequency larger than 125 Hz. Part of this project has been evaluating
redesign approaches in order to increase the saliency ratio for the axial flux machine.

Contributions

Most of the detailed work done on sensorless control has been focusing on induction
machine control. There are several large differences in the machine structure and
control strategy for Permanent Magnet Synchronous Machines (PMSM). In this thesis
the main components in the drive system is analysed in order to increase the
understanding of the system. The main contributions from this work are:

o Detailed Single Saliency Modelling for Radial- and Axial PMSM

o Analyses and measurements of the frequency dependency of saliency in radial
and axial PMSM

Development of a new sensorless scheme based on transient excitation.

Implementation, test and comparison of three of the most promising excitation
methods for sensorless control.

o Detailed description of inverter non linearity impact on the different sensorless
schemes

o Sensorless control aspects integrated in the machine design process for an axial
flux PMSM

Overview of Chapters

Chapter 1 describes the standard machine equations for radial flux PMSM and a more
detailed description of modelling for an axial flux PMSM.

Chapter 2 gives a brief overview of the most common sensorless control methods. The
back EMF based methods are presented first in order to see their limitations and their
ability to include low and zero speed techniques. Then a brief overview of the state of
the art low and zero speed sensorless control methods are given.

Chapter 3 presents a new modelling approach for single saliency PMSM’s. The main
idea is to model the main and leakage inductance separate in a dq-oriented system. The
spatial variation in the main and leakage inductance are 90 electrical degrees apart.
These variations are represented in a machine model that incorporates rotor saliency and
saturated induced saliency from the permanent magnet and the load current. The



saliency modelling can be used as a tool when increased saliency ratio is wanted by use
of machine design.

Chapter 4 describes the frequency dependency of the saliency. As the frequency of the
injected signal increase there will be skin effects in the stator conductors and the
machine laminations. These mechanisms are described and measurements with carrier
frequency from 100 to 8100 Hz are presented for the IPMSM. In addition the IPMSM
was tested with transient excitation (20 kHz equivalent). The saliency ratio for the axial
flux PMSM is tested with carrier frequency from 125 to 500 Hz.

Chapter 5 describes the experimental set up. The main focus in this chapter is the
inverter and the dead time introduced in order to prevent cross-conduction in the
inverter legs. The dead time effect was one of the major disturbances to all the schemes
evaluated. A brief description of the experimental work strategy is given at the end of
the chapter.

Chapter 6 describes the scheme based on rotating high frequency carrier injection
(HFCI-R). In the first section the basics of the scheme are presented. The observer
structure used for all the schemes is described. A simple decoupling technique is
suggested in order to remove the dead time effects. In the final part of the chapter the
experimental work with the HFCI-R scheme is presented.

Chapter 7 describes the scheme based on pulsating injection of high frequency carrier
injection (HFCI-P). In the first section the basics of the scheme is presented. Usage of a
synchronous frame filter is suggested for the HFCI-P scheme in order to allow higher
current regulator bandwidth. In the final part the experimental work done on the HFCI-
P scheme is presented.

Chapter 8 describes a new scheme based on transient excitation (TE). The scheme is
based on [1, 7] and a position estimate is generated in every switching period. A
modified scheme applies the transient excitation in intervals in order to evaluate the
performance with lower switching losses. In the final part of the chapter the
experimental work with the TE scheme is presented.

Chapter 9 contains an evaluation of the implemented methods. A detailed analysis of
the dead time effects is presented.

Chapter 10 describes saliency ratio enhancement by machine design. In the first section
the state of the art redesign for sensorless control are presented. Then a design example
is given for an axial flux machine. A new prototype is built and tested.

Chapter 11 gives a summary of the main conclusions and suggestions for future work.



NOMENCLATURE

s_cn
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Symbol......cooeiiiniiii definition

integral operator

phase current in a-phase

phase current in b-phase

phase current in c-phase

stator current in stationary reference frame

alpha component of stator current, stationary reference frame

beta component of stator current, stationary reference frame

stator current in rotor reference frame (dq-frame)

q-axis component of the stator current, rotor reference frame (dq-frame)

d-axis component of the stator current, rotor reference frame (dq-frame)

carrier signal component of the stator current, stationary ref frame

carrier signal component of the stator current due to the positive sequence carrier
signal voltage

carrier signal component of the stator current due to the negative sequence
carrier signal voltage

magnitude of the positive sequence component of the carrier signal current
magnitude of the negative sequence component of the carrier signal current
magnitude

stator voltage, stationary reference frame



stator voltage, alpha component, stationary ref. frame
stator voltage, beta component, stationary ref. frame
stator voltage, rotor reference frame

stator voltage, direct component, rotor ref. frame
stator voltage, quadrature component, rotor ref. frame
carrier signal component of the stator voltage

alpha component of carrier signal

beta component of carrier signal

carrier signal voltage magnitude

stator flux linkage

permanent magnet flux linkage

carrier signal angle

rotor position (electrical degrees)

rotor angular speed (radians per seconds-referred electrical)

rated rotor angular speed
carrier angular speed

rotor position - mechanical

rotor angular speed - mechanical

error signal

stator resistance

stator self inductance

average stator self inductance minus leakage inductance
stator leakage inductance

stator mutual inductance (position dependent)

stator mutual inductance between a and b phase

average stator inductance



AL

differential stator inductance

Inductance terms from Saliency modelling

L,
I‘()rd

ots

oYS

les

LOcs
I-Olcs

oCS

olcs

*

= = wn @

average main inductance with no magnets or saturation in the machine

rotor design saliency in main inductance (including relative permeability and
induced currents in magnets)

stator teeth saturation (main flux path)

stator yoke saturation (main flux path)

average leakage inductance

variation in leakage inductance due to stator teeth saturation

variation in leakage inductance due to yoke saturation

load dependent saturation

influence on main inductance from core saturation when core is in the d- axis
influence on main inductance from local core saturation when core is in q- axis
influence on leakage inductance from core saturation when core is in the d- axis

influence on leakage inductance from local core saturation when core is in g-
axis

Superscripts  definition

estimated quantity

commanded or reference quantity

(lower case) stationary reference frame quantity, two axis
(upper case) stationary reference frame quantity, three axis
rotor position synchronous reference frame quantity

general synchronous reference frame



1 MACHINE MODELLING

In order to discuss the different aspects of sensorless control a basic understanding of
the machine equations are needed. This chapter describes the machine equations for
Permanent Magnet Synchronous Machines (PMSM). In the first section the equations
for an Interior Permanent Magnet Synchronous Machine (IPMSM) is derived. In the
second section the equations for a double air gap axial flux PMSM is derived.

1.1 Radial flux machine model

This chapter describes the basic machine equations for the permanent magnet machines
(PMSM). The derivations are based on basic machine theory from [8-11]. First part
describes the standard equations for a radial flux permanent magnet machine with
interior magnets (IPMSM). Second part will cover the equations for an axial flux
PMSM with surface mounted magnets. Some simplifications are used to derive the
equations for the [IPMSM:

o Magnetic saturation in the iron is not considered

o The permanent magnet material is assumed to have linear, temperature
independent demagnetizing curve.

a The flux from the magnets and the windings are assumed sinusoidal distributed
over the air gap. The distributed windings are simplified by representing them
as one concentrated winding.

Iron losses (hysteresis and eddy current losses) are neglected.

Resistance and inductance are assumed independent of temperature and
frequency, thus skin effects are neglected.

a The three phase stator windings are assumed to be y- connected, thus no zero
sequence currents can appear (and no zero sequence flux is assumed).



1.1.1 Radial flux IPMSM machine equations

The radial flux IPMSM has a designed saliency in the rotor due to the different
permeability in iron and permanent magnet. The d and g-axis inductance will be
different; in Figure 1.1.1 and Figure 1.1.2 the d-axis inductance will be smaller than the
g-axis inductance. This is due to the magnet permeability is close to unity and the iron
permeability is typical three decades bigger.

In this sub chapter the design in Figure 1.1.1 and Figure 1.1.2 will be used for the
derivations. The inductance in each phase can be described in two parts; one due to self-
inductance and one due to mutual inductance. The self-inductance has three terms:

L.(0) =L, + L + L, cos(20) (1.1)
L,(0) = L, + L, + L, cos(26+120) (1.2)
L.(0) = L, + L, + L, cos(26-120) (1.3)

L, - Leakage inductance

L, - Average inductance minus the leakage inductance

L - Amplitude of the sinus varying part

g

The mutual inductance has two terms; one constant term and one sinus varying;

Figure 1.1 IPMSM basic designs
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L (0) = Ly (0) == Ly + L, cos(20-120) (1.4)
L. (0)=L,(0) = —% Ly, + L, cos(20) (1.5)
L. (0)=L,(0)= —% Ly, + L, cos(20 —240) (1.6)

For the PMSM in Figure 1.1.1 L, becomes negative. For all three phases we get an
inductance matrix;

L.(6) L@ L.(9)
L =| L@ L(©) L(©®) (1.7)
L.(0) Ly(0) L.(0)
The voltage equation in the tree phase system becomes:

S
Us = I0R, + 32 (1.8)
dt

Where:
Wi=L 1+, (1.9)

The equations can be represented in a two axis model in different reference frames. The
transformation (and the transformation matrixes) of the three phase representation to the
two axis model is given in Appendix A. The inductance matrix becomes:

3
|—50+5(|—so+|—g) 0 L, 0
L= . {0 L} (1.10)
0 L, +=(L, - L, a
2
The dg-inductances are expressed as:
3
Ld=LSG+5(Lso+Lg) (1.11)

3
L, =L+ (Lo - L) (1.12)
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If these inductances are used to describe the inductance matrix in the stator stationary
reference frame the simplified expression becomes:

. | 2 L—ALcos(20) AL sin(26)

1.13
= ALsin(26) D L+ALcos(26) (1.13)
Where the average and difference inductance are defined as:
L,+L
2L=— oL +3L, (1.14)
2
L,-L, 3
AL=—"—%="L 1.15
5 >l (1.15)
The voltage equations in synchronous frame fixed to rotor are:
Ul = 1R + s L o (1.16)
dt
Y=Ll +¥, (1.17)
The voltage equations in stationary reference frame:
Us- 3R + 4 (1.18)
dt
Y=L+, (1.19)

The electromagnetic torque produced in the machine can be expressed as:
3 3
M, =3 Pyl =¥, 1) =3 P(Y I, — (L, =Lyl (1.20)

Where p represent the pole pairs in the machine. The relation between torque and
acceleration can be expressed as:

dQ
J.—mk —M —-M 1.21
it e~ M, (1.21)
The relation between mechanical and electrical angular speed and angle is:
= p'Qmek (1.22)

0=p-0,, (1.23)
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1.1.2 Scaled model

The basis values for the scaled model are the amplitude values from the rated phase

quantities.

Ibase =\/§|f,n =\/Eln

The rated speed is the basis for the angular velocity;

Opase = 2z fn
The rest of the basis values are derived from the first three;
Y _ Ubase
base
a)n
3
Sbase - EUbase Ibase
(4]
_ %
Qbase T
p
M _ Sbase
base [9)
base
Z _ Ubase
base — I
base
Lb _ LPbase — Ubase
ase | o |
base n " base

.1 dy,
U =ri +——2+n
o, dt Va

And the flux linkages becomes;

Wy =Xglg T,

and

(1.24)

(1.25)

(1.26)

(1.27)

(1.28)

(1.29)

(1.30)

(1.31)

(1.32)

(1.33)

(1.34)

(1.35)
(1.36)
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3
(Lsa +7(Lso +L ))a)nlbase
X, = ;’nLd _ 2 = i (1.37)

base base

3
3 a)nLq 3 (Lsa +§(Lso - Lg))a)nlbase

X (1.38)
! Zbase Ubase
The mechanical equations can be expressed as:
M, =y, g — (X, = Xg) -1y -1 (1.39)
dn
—=m,-m 1.40
m dt e L ( )
déo
—=w®,-N 1.41
e (1.41)
‘] ) Qrznek n
T = S— (1.42)

n

1.2 Axial flux machine model

There are a variety of different axial flux machines. Some machines are “toroide
wound” as in [42], some are realized without iron core, and some are wound on separate
iron cores or as for the toroide wound on a common iron core. In this chapter the axial
flux machine is a prototype Machine from SmartMotor AS. The machine realized with
concentrated iron powder cores and two air gaps. The derivations will be made on a
general machine with the same characteristics. In Figure 1.2.1 principal view of the
machine is presented. Figure 1.2.1 shows the stator where the grey areas represent the
iron powder cores and the yellow areas represents the windings. Figure 1.2.2 represents
the rotor, the blue segments are the permanent magnets that are mounted on a iron disk
that forms the rotor yoke. Figure 1.2.3 shows the assembled machine. The wires to the
stator is fed trough the shaft.
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stator

Figure 1.2 Principal view of the axial flux machine

1.2.1 Machine model

In the derivation of a machine model for the axial flux PMSM we include one position
dependent term due to saturation in the yoke between the magnets. This is merely done
to illustrate how position dependencies in the coils are modelled as one winding. There
is several other saturation effects that may introduce position dependent inductance,
these effects are discussed in detail in Chapter 3. In Figure 1.3 the saturation in the
yoke is represented by the red areas between the permanent magnets. The coupling
between the coils is very small in this type of machines. This is mainly due to the
structure with every second core has a surrounding winding. Some assumptions are
made in order to simplify the modelling:

o the permeability of the yoke is assumed to vary sinusoidal as a result of the
saturation

0 the flux in the yoke is assumed to be dominated by the flux from the permanent
magnets

the air gap flux is assumed to be sinusoidal distributed
magnetic coupling between the coils are neglected
only yoke saturation (due to permanent magnets) is included in the model

If we assume no magnetic coupling between Coil2 and Coil3 and that we have a
position dependent variation of the inductance in each coil, the resulting inductance
from the series coupling of coil 1 and 2 becomes:

Lein = Ly + Eg -cos(2-0) (1.43)
Loiis = Lay + Ly -c0OS(2- (0 +A0)) (1.44)
Lppase = 2+ Loy + L -c08(2-0+y) (1.45)
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Figure 1.3 Principal view of concentrated windings with yoke saturation between cores

Where

L, = L,\/1+cos(2-AB)’

y=atan sin(2-A6)
1+cos(2-A6)

(1.46)

(1.47)

A typical coil configuration could be three coils in series. If we derive the resulting
inductance and place the coil in the centre of the series coupling in the same position as
coill in Figure 1.3 the resulting phase inductance (labelled “a” for phase a) can be
written as:

L, =L, +L,+ Lg cos(20+7y)

(1.48)
Where:
LSO + LSO‘ = 3Lav (1'49)
L, = L,y/1+2-(cos(2-A))’ (1.50)
y=atan sin(2-Af)—sin(2-A6) _0o (1.51)
1+2-cos(2-A6)

Thus with a series coupling of three coils the self inductance can be writes on the same
form as for the IPMSM modelling in the previous chapter:

L, = L, + L, + L, cos(26) (1.52)
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The two remaining phases are placed 120 electrical degrees shifted compared to the a-
phase. Thus the phase inductance terms get the same as IPMSM modelling also for the
two remaining phases:

L, = L, + Ly, + L, cos(20+120) (1.53)
L, =L, + Ly, +L, cos(20-120) (1.54)

If we assume no coupling between the coils there will be no mutual inductance between
the phases and the resulting inductance matrix becomes:

L, 0 0
L={o L o0 (1.55)
0 0 L

The machine equation can be found in the same manner as for the IPMSM modelling.
The only difference will be a different definition of the direct and quadrature
inductance:

L. =

Lg
L, +L, +? 0 L, 0
= (1.56)
Lg

0 L,
0 L, +L,——
2

The scaled equations become identical with the IPMSM modelling ((1.33) -(1.42)) only
with the expressions for Lg and L, for the axial flux machine used instead of the
expressions in (1.11) and (1.12).

The assumptions made in the modelling of the axial flux machine may seem crude. In
particular the assumption of sinusoidal flux density in the air gap flux is especially
crude. The assumption was tested by a simple test: the induced voltage between two
phases was measured while the machine was rotated by hand (Figure 1.4). The
sinusoidal shape of the induced voltage indicates that the air gap flux can be modelled
as sinusoidal distributed without introducing any large errors. The sinusoidal shape of
the induced voltage does not indicate that the flux density is sinusoidal but rather
indicates that the six (six coils in series between two phases) sums up like a sinusoidal
flux. The assumption that there is no coupling between the individual coils also may
seem like a crude approximation. The coupling between the phases was measured in the
prototype machine by applying a step voltage to a phase (return in neutral) and
measuring the induced voltage in the two open phases. The mutual inductance between
the coils where found to be approximately 4 % of the phase self inductance.
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Figure 1.4 Induced voltage for the axial flux machine; shaft turned by hand, voltage measured by
oscilloscope

The effect of this coupling was analyzed in detail in [54] and position dependent terms
was found in the zero sequence flux if the mutual inductance was position dependent.
This could potentially be used as a basis for sensorless control if the neutral point of the
machine was made available. In this work voltage measurements for the neutral point
was not considered and the modelling was done without including the zero sequence
components.

1.3Chapter conclusions

A machine model for an axial flux machine is presented. The derivation of the machine
model shows how the saliency effect from three coils in series will be in the resulting
phase inductance. The average values in each coil sums up and the position dependent
parts must be added as vectors. The pole pitch ((360—A8)/360) determines how the

position dependent parts adds up. If the pole pitch is unequal unity the resulting saliency
ratio will always be smaller for the series coupling than for the single coils. The
saliency ratio (SR) for a single coil can be expressed as:
SR ng (1.57)
=T ,

av

Three coils in series gives:

_ L,/1+(2-cos(2-A0))’
3L,

SR

(1.58)

The machine equation for the axial flux machine can be expressed on the same form as
the standard equations for the radial flux PMSM if the expressions for Lq (1.11) and L,
(1.12) substituted with the expressions found in(1.56).
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2 STATE OF THE ART

The term sensorless control is used to cover a variety of different sensorless schemes.
There is a distinct difference in the usage of the different schemes. Some applications
needs speed or torque control and may not need accurate control around zero speed (for
example pumps, propulsion, fans etc.). For this type application sensorless control based
on FOC (Field Oriented Control) or a DTC (Direct Torque Control) scheme typically
apply. For applications where servo control is needed a position sensor has traditionally
been used. In the last two decades techniques based on second order effects has been
proposed in order to enable servo control. In order to classify the schemes one can
separate the schemes based on the machine model used and if signal injection is used. In
the classical machine models the first harmonic of the MMF is used to model a
sinusoidal stator MMF. In these models saturation, harmonics due to stator and rotor
slotting and skin effect are typically not included. This type machine model will be
referred to as fundamental wave machine model. The machine models that incorporate
second order effects will be referred to as the non fundamental wave machine model.
Table 2.1 shows the classification of schemes [46] and the subchapters devoted to the
different classes.

Table 2.1 Classification of Sensorless control Schemes for PMSM

Fundamental-wave Non fundamental wave
Machine model Machine model
Fundamental wave Chapter 2.1,2.2,2.3

Excitation

Signal injection Chapter 2.3 Chapter 2.4
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2.1Classical Control Methods

There are two methods for torque production in a PMSM: Vector control or direct
torque control (DTC). Vector control drives where introduced in Germany over 25 years
ago by Hasse [52] and Blaschke [53]. DTC was first introduced by Takahashi and
Noguchi in 1985. The first commercial DTC where introduced by ABB in 1995. Most
commercial sensorless drives are based on these two control methods and estimation of
flux or rotor position based on the fundamental wave machine model and excitation.

2.2Vector Control

The most common control strategy for PMSM is rotor oriented Vector Control with a
voltage source inverter. The commanded voltages are modulated with a pulse with
modulator (PWM) and a fixed switching frequency. In order to get the state variables in
rotor reference frame the rotor position is required. The rotor position can be obtained
with a position sensor or by estimation of the rotor position. A machine model for a
surface mounted PMSM is used to illustrate how the position estimate can be derived
from the applied voltage and measured currents. A comparable scheme for IPMSM can
be found in [50]. The second term in (2.2) represents the back EMF and contains
information of the rotor position.

d S
ug =igr, +L—§S 2.1)
2N
pl=X0 el (22)

There are several methods that derive the flux estimate (and rotor position) from the
voltage equations:

o Open loop integration [50]
o Observer based estimation [51, 20]

The simplest (and most common) form uses open integration of the stator voltage minus
the resistive drop:

y =y [ -ridt+ oy 2.3)

The rotor position can be derived by considering the real and imaginary parts of the flux
linkages from the permanent magnets in the stationary reference frame:
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: 0 S, = Xls
S o B s 2
W, sin(6) Wep = Xslsp

There are several aspects of the open integration that may lead to problems: the sensors
involved with current and voltage measurements may have offsets, dead time in power
electronics distorts the output voltage, and estimate of the stator resistance may be
incorrect. These problems may lead to drifting of the integral and failure of the
sensorless operation. Examples of compensation schemes that keep the integral parts
within bounds are presented in [12, 27, 50]. In a surface mounted PMSM the torque
production is proportional to the g-axis current. The large effective air gap due to the
low permeability of the permanent magnets leads to a small stator inductance. Field
weakening is not possible for a wide speed range. The control of the machine becomes
simple as the q component of the stator current is proportional with the torque
production.

m, =y, (2.5)

Figure 2.1 shows a simple control scheme for the PMSM. The speed and position is
derived form an encoder (replaced by estimates for sensorless operation). The speed
regulator gives the commanded torque, this is proportional to i4 reference value. The d
axis current component does not contribute to torque production and the reference value
is set to zero. In order to get the two current regulators decoupled a decoupling block is
included. After adding the decoupling terms the commanded voltage is transformed
from a rectangular value in rotor reference frame to polar values in stationary reference
frame. The voltage angle is corrected for delay in the DSP and converter with the block
containing k,Ts. Finally the reference values are used in a space vector modulation in

PWM 4
VSI —

—»O—» p| O P

Pl

352

Figure 2.1 Block diagram of the PMSM control
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order to obtain register values for pulse with modulation in the voltage source inverter.
In a [IPMSM the electromagnetic torque has two components. One torque component is
due to the interaction between the permanent magnet flux and the stator flux. The other
component is caused by a reluctance torque due to the difference in the magnetic
structure. The reluctance torque size is proportional to the difference in the direct and
quadrature inductance and the product of the current components:

M, =i, — (X, — Xyl (2.6)

The maximum torque per ampere trajectory can be found tracking the derivative of (2.6)
with respect to the current in the g-axis:

i = [ig Yol 2.7)
Xy — Xq

The torque relation is derived from (2.6).

. m
= e 2.8
" [V + (X _Xq)id] @9

Maximum torque per ampere trajectories is plotted in Figure 2.2. The intersections
between (2.7) and (2.8) gives the relation between commanded torque and optimal
reference current. The optimal current reference is obtained from the torque demand and
a lookup table (analytical solution can also apply). The rest of the control scheme is
identical with the scheme presented in Figure 2.1. When the speed increases the back
EMF increases. There is a limit determined by the DC link voltage that gives the
maximum speed without field weakening. When this speed is reached a negative d-axis
current is applied in order to reduce the resulting stator flux and the induced voltage.

0.8+

iqpu]

0.6

0.4

0.2

idfpu]

Figure 2.2 Constant toque loci and maximum torque per ampere trajectory
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Figure 2.3 Block diagram of the IPMSM maximal torque per ampere controller

2.3DTC

In a PMSM drive direct torque control is typically realized by controlling the g-axis
current for PMSM. DTC was commercialised by ABB in 1995. The DTC scheme is
based on controlling the stator flux (and torque) with hysteresis controllers. The idea is
that the torque can be controlled without transformations to the rotor reference frame
and with very simple hysteresis controllers. The torque can be expressed as:

m, = ZZ i (2.9)

There are several control strategies for DTC, two of them are: the stator flux and torque,
the quadrature axis current and the torque (PMSM). In this section the scheme based on
flux control is covered. For this scheme maximum torque per ampere is used as control
criteria for the speed region up to field weakening, in the field weakening region
maximum torque per unit flux will be used as the criteria. DTC is based on the possible
voltage vectors from the inverter and optimal selection of these vectors according to the
overlaying criteria and the hysteresis controllers.

Figure 2.4 The six active switching vectors
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Figure 2.5 DTC control scheme for flux and torque control

The three leg inverter has six active voltage vectors (u(1)..u(6)) and two vectors that
short circuits the stator windings. Figure 2.4 shows the six active voltage vectors and
the sectors (a(1).. au(6)) that are used for the voltage vector selection. The direction of
the stator flux derivative can be derived from the stator voltage equations; if the
resistive voltage drop is neglected dyy/dt=u,. Thus the stator flux will change in the
direction of the voltage vector. If no change in the flux is needed the zero vector is
applied. Figure 2.5 shows a control structure for DTC control of a PMSM machine.
Two hysteresis controllers are used in order to keep the flux and the torque at reference
value. Figure 2.6 shows the four possible active voltage vectors in sector 1. For example
if the stator flux is located in sector o(1) and the stator flux should be increased and the
torque should be positive (dy=1,dm.=1) voltage vector u, is selected. The scheme based
on hysteresis controllers results in a variable switching frequency. This makes the
classical DTC scheme harder to combine with the signal injection based methods
compared to Vector control schemes. In [47] an alternative DTC scheme was presented.
In this scheme the switching frequency was held constant, thus in this DTC scheme the
carrier signals could easier be integrated.

v 2

u,(FD,TI) u,(FI1,TI)

L

~.

Figure 2.6Selection of optimum switching voltage vectors. FI: flux increase, FD: flux decrease, TI:
torque increase, TD: torque decrease.
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2.4Low frequency signal injection

The progress in power electronics and microcontrollers allowed online realization of
injection based estimates. In 1982 Gabriel [16] presented his PhD thesis with online
parameter estimation of rotor time constant based on injection of pseudo random noise
in the estimated d-axis of an induction machine. The position was measured and
acceleration of the machine was used as input to an estimator for the rotor time
constant. The concept was presented by using step commands in d-axis current while
monitoring the acceleration of the rotor. If the pulses were shorter than the time constant
in the rotor flux there was no torque response when the estimated position equalled the
actual position. The injection based estimation in [16] was realized online with relative
low frequency pseudorandom signal (100 Hz). Correlation functions where used to
produce the error signal to an estimator. Low frequency injection in the d-axis has also
been used for sensorless control of induction machines by Leppanen and Sng[46, 48]. A
low frequency signal is injected in the estimated d-axis. Fundamental wave machine
model is used and the principle of torque ripple as a result of miss alignment of the
estimated d-axis compared to the actual d-axis is the basis to establish an error signal
proportional to the position error. As these methods are based on torque production they
can be used for machines with no saliency. The latest contribution on this field is
presented in [46]. In this work the mechanical relation was used in order to establish an
error term proportional with the estimated speed error. Additional excitation was used in
order to cancel the torque ripples when the estimated d-axis is aligned with the d-axis.
The error term for speed estimation is based upon that there is an oscillation in the
actual speed of the machine. This leads to some limitations for the usage of the scheme:
the bandwidth of the scheme will be low and the inertia of the system (machine and
load) must be limited in order to enable small speed oscillations. Several machine
parameters are also used in order to produce the error signal. In [49] the low frequency
signal based sensorless control that is tested on a surface mounted PMSM. The
operation of the PMSM system was presented (speed reversal tests) but no data on
bandwidth performance or disturbance rejection was presented. In general all schemes
based on low frequency signal injection will inherently have low bandwidth due to the
low frequency of the injected signal.

2.5High frequency Carrier injection

Of all the carrier injection based schemes for sensorless control the schemes based on
high frequency carrier injection has been the scheme with the highest activity during the
90-ties. These schemes use saliency in the machine as the basis for the flux or position
estimate. The saliency may be present due to saturation, slot variations, slot harmonics
or inherent saliency due to machine geometry. The goal for this type schemes are to
enable high performance control at all speeds including zero speed.
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2.5.1 Rotating High Frequency Carrier Injection

Rotating high frequency carrier injection for online flux and position estimate was
introduced by Professor R.D. Lorenz and the graduate students at University of
Madison Wisconsin during the late 80-ties [13]. During the 90-ties there was a large
activity sensorless control in Madison covering induction machines [2, 13], linear
induction machines [13], Permanent magnet synchronous machines [3], Switched
reluctance motors [55] and Universal Motors [56]. There was also several other
universities that worked with this type of technology during the 90-ties: at the university
of Nottingham Asher, Bradley, Cilia, Teske [21, 35] worked with sensorless control and
redesign of induction machines for sensorless control. A detailed description of the
scheme based on injection of a rotating high frequency carrier will be given in Chapter
6. In this chapter the evolution of the method is described:

The scheme is based on injection a balanced high frequency carrier superimposed on the
fundamental excitation. The response to this carrier signal will contain saliency position
information if the machine has a saliency. In early stage both current and voltage
injection was evaluated. The scheme based on voltage injection vas preferred as the
current based injection needed very high bandwidths for the current regulators (larger
than the carrier frequency). The early work on induction machines [13] used saturation
induced saliency as basis for the flux position estimate. The saturation induced
saliencies where depending on the operating condition of the machine, this made the
saturation induced saliency difficult to use. Slot harmonics where also evaluated as a
basis for flux position estimate in [2]. In this approach the position dependent part of the
current was very small and current sensor (and digital resolution in analogue to digital
converters) accuracy became problematic. Finally the induction machine was
redesigned with spatial variation in the rotor slot openings [2]. The redesign approach
introduced a position dependent variation in the leakage inductance of the induction
machine. The redesigned machine in [2] was successfully tested at low load (not at rated
torque). In [21] a saliency where introduced in an induction machine by modifying the
rotor bars. The effects of inverter non linearity on the position dependent terms in the
current where evaluated and a compensation scheme was suggested [35]. The
redesigned induction machine in [35] was successfully tested under all operating
conditions. As a result of the compensation of the inverter non linearity a standard
induction machine was also tested sensor less by using the slot harmonics. Despite the
progress on rotating high frequency carrier injection there is still no universal method
that will work for all “off the shelf” induction machines. A limited numbers of
publications are presented for rotating high frequency carrier injection for PMSM. In
1995 the rotating high frequency carrier injection was tested on an IPMSM [39]. The
bandwidth of the position estimate exceeded 100 Hz. The observer used in this
experiments use the estimated inertia and a feed forward torque. The scheme used in
this paper is described in detail in Chapter 6.
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2.5.2 Pulsating high frequency carrier injection

The schemes based on pulsating high frequency carrier injection are also based on a
saliency present in the machine. The scheme is described in detail in Chapter 7. In this
chapter only a brief overview of the evolution of the method is described. In 1996
Corley and Lorenz [4] applied pulsating high frequency carrier (voltage) injection in the
estimated q-axis on an [IPMSM. The response in the d-axis current was demodulated by
multiplication of sinus to the injected angle. The demodulated signal was proportional
to the position error. The error signal was used in a Luenberger style observer
comparable to [2] and [13]. In a later paper [5] the bandwidth for the speed loop was
found experimentally to be limited to 10 Hz for the g-axis injection based scheme. D-
axis voltage injection with a different criteria function for the position estimate was
used by Sul, Jung and Ha [22-23] in 1997-1998. The searching criteria were made on
assumptions of different high frequency impedance in the d- and q axis. The response
from the carrier signal was transformed to a coordinate system n/4 displaced form the
estimated d-axis. The difference of the squared current components in this reference
system gives a term that is proportional with the sine of the double angular
displacement of the estimated d-axis compared to the real d-axis. For small errors the
error term is approximately linear dependent on the angular displacement of the
estimated d-axis. In a later paper by Jang and Sul [26] the position estimate was
implemented with an alternative error term: the g-axis current was multiplied with sinus
to the carrier angle and the resulting term was low pass filtered (this is essentially the
same as in [4] but the injection in [4] is done in the g-axis, and the measurement is done
in d-axis). This method (d-axis injection) was tested for IPMSM, PMSM, IM and SRM
machines with promising results [22-26].

2.5.3 Third harmonic based estimation

Third harmonic based flux position methods was presented by Moreira and Lipo [31,
32] in 1990. Saturation in the induction machine creates a third harmonic component in
the air gap flux. The machines that were used had Y-connected stator and therefore no
zero sequence current, this leads to a fixed relation between the third harmonic air gap
flux and the main flux independent on machine loading. The voltage at the neutral point
is in quadrature with the third harmonic air-gap flux and this voltage was used to detect
the air gap flux position. The scheme could not give high performance control at low
and zero speed due to the small amplitude of the third harmonic voltage. In 2000
Consoli, Scarcella and Testa [28] presented a scheme based on measured voltage from
the neutral point of the machine in combination with high frequency carrier injection
was presented. The concept is based on the interaction between the carrier signal and
the direct axis flux from the permanent magnets. The idea in this method is to use the
relation between the direction of the carrier MMF compared to the main MMF. When
the two MMF components are aligned the third harmonic flux component increase,
when the two MMF components are in opposite directions the third harmonic flux
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Figure 2.7 Air gap flux components and third harmonic stator voltage

component decreases. When the carrier MMF is orthogonal there is no change in the
third harmonic flux. Thus the high frequency flux component is maximum when the
high frequency MMF is aligned with the main MMF. The third harmonic flux and the
third harmonic voltage at the neutral point is related by a m/2 phase shift. Thus by
detecting the maximum, minimum and zero crossings of the high frequency neutral
voltage the main flux position can be derived from the relation between the known
injection angle and the max, min and zero crossing of the high frequency neutral
voltage. This relationship is shown in Figure 2.8

The proposed scheme gives four updates on the position estimate for every period of the
injected carrier voltage. The influence of loading is very small as the air-gap flux
position is the goal for this estimation. If position estimate is needed one have to
include some machine parameters is order to correct for loading. For surface mount
PMSM the air-gap flux position is very close to the rotor position.
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Figure 2.8 Relationship between maximum, zero and minimum of the measured hf zero point voltage
and the injected hf signal angle
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2.6 Transient excitation

Transient excitation has been used for parameter estimation and initial position
estimation for more than three decades. Blaschke [17] used voltage steps in the field
winding on a salient pole synchronous machine and determined the rotor position from
the response as early as 1975. The method was performed in the commissioning stage in
order to determine the initial position of the rotor. The progress in power electronics and
microcontrollers allow online realization of these principles. Schroedl presented his
thesis in 1993 [1] where the inductance of a surface mounted PMSM was estimated
online and used for position estimation. The scheme is described in detail in Chapter 8.
Only a brief overview of the evaluation of the method is given in this chapter. In the
first implementation the INFORM-method (Indirect Flux detection by On-line
Reactance Measurement) was implemented with a measurement sequence that included
measurements in all three basis axis (a,b,c-axis). The measurements where done by
applying voltage pulses and measure the current change. The fundamental operation of
the drive system had to be halted during the measurement sequence. This was a limiting
factor as the measurements sequence used several hundred micro seconds. In order to
have sufficient torque production the intervals between the measurements had to be
long. An alternative approach [58] was presented by Ogasawara and Akagi in 1998. The
PWM modulator was rearranged and all six active vectors where active for a minimal
time during each switching period. This enabled measurements of the derivative of the
current at zero speed. A hardware sampling arrangement where presented in [59] that
increased the effective resolution of the analogue to digital converter. The scheme was
tested with a [IPMSM and the performance where described as: 20 rad/s position
response and 300 ms settling time. In a later paper (2002) from Robeischl and Schroedl
[60] the measurement sequence was limited to one direction in each measurement
sequence. This reduced the measurement time dramatically and the measurement
sequence could be performed in all three axis (abc) in intervals with 2 ms between the
measurement sequences. In the next paper [61] one additional vector was applied in the
measurement sequence in order to minimize the deviation from the stator current before
the measure sequence was applied. This modification reduced the audio noise and
additional losses in the machine. In [7] Wolbank and Machl integrated the excitation
sequence in the zero vector (symmetrical space vector modulation). The performance
(or operation) of this excitation schemes was not showed in [7]. The INFORM method
[60, 61] was integrated as a commercial product in 2002.

2.7Chapter conclusions

The rotor oriented Vector control schemes need a position estimate in order make the
transformation to rotor reference frame. This is usually done by estimation the stator
flux and deriving the position from the relation between stator flux and rotor position.
Equation (2.1) and (2.2) shows the simplicity of EMF based position estimate but also
the limitation: as the derivative of the permanent magnet flux (y,,) is the bases for the
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estimation the machine must rotate in order to have any position dependent terms in the
voltage. At low speeds the resistive voltage drop, dead time in inverters and voltage
drop in power electronics will influence the integral in (2.3). The lower limit for this
type sensorless control is 1-2 Hz . Below this frequency an alternative control strategy
must be used . Due to the PWM modulation used in Vector control it is easy to integrate
high (or low) frequency carrier injection in these schemes. Transient excitation becomes
a little more challenging to implement as the interrupt structure in the DSP must be
changed.

In [12] the DTC scheme advantages over the standard back EMF methods are
described: absence of coordinate transforms, absence of separate voltage modulation
block, absence of voltage decoupling, only the sector of the stator flux vector needs to
be known and minimal torque response time is achieved. The DTC scheme is also based
on the stator flux estimate and it will eventually have the same low and zero speed
problems as the Vector control scheme. The classical DTC scheme has varying
switching frequency, which makes integration of high (or low) frequency carrier
injection difficult.

As all sensorless schemes based on the stator flux estimate will have issues at low and
zero speed the need for alternative methods are evident. It is hard to separate the
properties of the different schemes found in the literature as different criteria often is
used by each author. Also the machines and inverters used in the different setups are
different. In order to make a comparison a selection of methods are tested in this work.

The selection of schemes was based on the following requirements and assumptions:
o PMSM application (interior and surface mounted)
o Saliency present in the machine

0 Measurements of two phase currents (standard LEM sensors) and DC bus
voltage

Industrial fix point DSP (TMS320F2812)
High bandwidth
High quality low and zero speed sensorless control (no position sensor)

0O 0 0O O

Must work for low and high values of system inertia

From these criteria’s the following schemes are candidates: rotating high frequency
carrier injection, pulsating high frequency carrier injection and transient excitation. The
schemes are described, implemented and tested in Chapter 6, 7 and 8. In Chapter 9 a
comparison of the schemes are presented.



29

3 SALIENCY MODELLING

In the literature saliency modelling is usually based on Fourier analysis [2, 62]. This
type analysis is useful when considering saliency based on slot harmonics or other types
of saliencies that gives high harmonic order terms. In this chapter the sources of single
saliencies are evaluated. The main idea is to model how the different sources of saliency
sums up to a resulting single saliency. Saliency contributions in leakage and main
inductance are modelled separately. This type of modelling is very useful when
considering different flux distribution for the carrier flux [45]. Depending on the
lamination used and the carrier frequency the carrier flux may distribute in the leakage
flux path or in the main flux path (or in both). The resulting saliency model can also be
used when saliency is increased by machine design.

3.1Concept of Saliency
There are several sources of saliencies in AC machines:
Rotor inherent saliency
Saturation based saliency (yoke, teeth)
Rotor and Stator teeth harmonics
Lamination direction based saliency

Eddy current based saliency (for example in permanent magnets)

O 00 o0 o

Rotor eccentricity based saliency

In this Chapter PMSM machines are evaluated and the saliencies based on rotor
inherent saliency and saturation based saliency are the most dominating. Saliency based
on rotor stator slotting is not present as the rotor structure has a magnetic smooth
surface compared to the slots found in an induction machine. In order to define the term
saliency a salient pole synchronous machine in Figure 3.1 is considered. The direct axis
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d —axis

Figure 3.1 Salient pole synchronous machine

magnetic properties is dominated by the two small air gaps, and the quadrature axis
magnetic property is dominated by the two much larger air gaps. The inductance for two
fictive coils with equal number of turns in these two axis will be different. In the
machine model this is represented with Lq > L. If this was the only saliency present the
machine would be considered as a machine with a single saliency. The presence of a
single saliency leads to the 26 dependent terms in the stator oriented machine model
(1.13). In order to describe the saturation based saliencies it is helpful to first consider a
simple magnetic circuit. Inductance variation is often used as the basis for description of
saliency in electric machines. Figure 3.2 illustrates a core with two different materials.
The permeability for the two materials differs as illustrated in the figure. The magnetic
reluctance in the circuit can be defined as:

l g
= +
Holt A oty A

3.1)

mag

In (3.1) po defines the permeability for vacuum, and ., defines the relative permeability
for materials other than vacuum. A defines the area of the cross section of the core, 1
and g defines the average core lengths. The inductance can be expressed as:

N 2

R

L=

(3.2)

The inductance in (3.2) depends on the relative permeability in the two core parts, the
core dimensions and the number of turns. The relative permeability for standard iron is
often in the region 1000 — 10000. The relative permeability for vacuum is 1.0. The
relative permeability changes when current is increased in the coil (Figure 3.2.1). Figure
3.2.2 describes the relationship between the magnetic flux density (B) and the magnetic
field (H) for a laminate material (Congent M235-35A). Equation (3.3) gives the
resulting permeability.

B

=— 33
Mo Ly H (3-3)
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Figure 3.2 Simple magnetic circuit (1) and BH curve for lamination (Congent M235-35A) (2)

When the magnetic field increases towards infinity the relative permeability converges
to 1.0. At this operating point an increase in the current will only result in a flux
increase comparable to a coil with no iron core.

In addition to the saliency based on electrical phenomena there may be saliencies due to
mechanical phenomena: two types rotor eccentricity can be found in electric machines:
static and dynamic eccentricity. The static eccentricity is illustrated in Figure 3.3.1. The
rotor rotates about the rotor centre. This type eccentricity gives no position dependent
terms in the inductance in the stator reference frame. The dynamic eccentricity is
illustrated in Figure 3.3.2. The rotor rotates about the centre of the stator. This type of
eccentricity will give position dependent terms in the inductance in the stator reference
frame due to the air gap variations as the rotor rotates. Several publications [2, 62]
analyses the effects of rotor eccentricity but in this work these effects will not be
included in the model.

Centre of Centre of
rotation rotation

Figure 3.3 Rotor eccentricity. 1: Static Eccentricity, 2: Dynamic Eccentricity
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3.2Radial Flux Machines

In analyses of electric machines simplifications often needs to be done. Typical
simplifications are related: windings in stator are distributed in discrete slots, the air gap
flux density is not sinusoidal, magnetic material is non linear. In the following some
simplifications has been made to simplify the work:

o The permanent magnet material is assumed to have linear, temperature
independent demagnetizing curve.

0 The flux from the magnets and the windings are assumed sinusoidal distributed
over the air gap. The distributed windings are simplified by representing them
as two concentrated windings (dq-two axis representation).

Iron losses (hysteresis and eddy current losses) are neglected.

Resistance is assumed independent of temperature and frequency, thus skin
effects are neglected.

a0 The three phase stator windings are assumed to be y- connected, thus no zero
sequence currents can appear.

o Relative permeability assumed to vary linear with flux density

The last simplification is rather crude: the relation between flux density and relative
permeability may be extremely nonlinear depending on material type. In the lamination
material used in the IPMSM there is an approximately linear relationship between 0.4
and 1.3 T (Figure 4.4.2). In the definition of inductance [§] the total flux linkage and the
current in the coil defines the inductance. Thus in order to describe the inductance in a
coil the leakage flux and the main flux must be considered. Figure 3.4 shows the current
distribution, the current space vector, the main flux and leakage flux. In the following
chapters the main inductance will be derived in the direction of the main flux. The
leakage flux is concentrated 90 electrical degrees spatially displaced compared to the
main flux. Modelling of the leakage inductance is therefore derived separately in order
to incorporate position dependent variations in the inductance.

When the machine is controlled in a standard drive system the flux in the rotor appears
as a static flux as the stator current is controlled to be aligned to the g-axis (or to the
maximum torque angle if optimal control). The flux path for this flux will be used as the
main flux path, and the inductance from these flux linkages will be called main
inductance.
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Figure 3.4 Current distribution , current and flux space vectors

Two types radial flux PMSM are common: interior and surface mounted magnets.
IPMSM has a saliency present in the rotor. Surface mount PMSMs are typically
symmetrical (Lg =Lq) if saturation is neglected. In the following chapters saliency
models for IPMSM are modelled as these cover both types of machines. In order to
make a saliency model the flux from the permanent magnets are considered as the
source for saturation in the first step. Saliency and stator flux movement due to load
current are included after the no load model is derived. In order to visualize the regions
of saturation a representative model of Test Machine 1 is simulated in FEMLab. The
machine has 8 poles and interior magnets. Both stator and rotor is made of 0.35 mm
lamination (M235-35A) from Congent. The magnet remanence Bris 1.1 T in the model.
The relative permeability as a function of flux density was derived from data supplied
from the manufacturer of the laminations. In order to reduce the simulation time one
pole of the machine is simulated. In Figure 3.5 the flux density (surface) and the
magnetic vector potential (lines) is plotted. Flux density is high in the stator teethes
(maximum 1.5 T) and in the stator yoke (maximum 1.3 T). Relative permeability is
plotted in Figure 3.6. Both the stator teeth and rotor yoke has reduced permeability due
to saturation. Due to the colour code and range of the relative permeability it is hard to
determine the exact saturation level from Figure 3.6. The three stator teeth in the middle
have approximately g, ~ 150, the saturated yoke region has approximately gz, ~800-

3000.
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Figure 3.5 IPMSM FEM simulation, Flux density (8 poles total)
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Figure 3.6 IPMSM FEM simulation, relative permeability (8 poles total)
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3.2.1 Main flux path

Figure 3.7 shows the regions of saturation and the rotor saliency at no load condition.
The permanent magnets in the rotor have relative permeability close to unity. The iron
in the rotor has relative permeability in the region of 1000 — 10000. The difference in
the relative permeability leads to a different inductance in q and d axis. In Figure 3.7 the
q axis main inductance will be larger than the d axis main inductance.

The basis for the saliency model is chosen to be constant and equal inductance in both
axis. This represents a structure with no saturation, and relative permeability in the
permanent magnets equal to the relative permeability in the rotor iron.

I‘d—main = LO (34)
I‘q—main = LU (35)

The effect from the permanent magnets (relative permeability close to unity) in the rotor
is included by subtracting a proper term from the d-axis inductance (L, ).

I‘d—main = LO - I-Ord (36)

In addition to the rotor structure the stator teeth can be saturated in the same axis as the
permanent magnets. This leads to further difference in the dq- inductance. This can be
modelled as an additional term ( L, ) in the d-axis inductance.

Ld—main = LO - LUrd - LUts (37)

s stator teeth

saturation

> I

permanent
magnets

s
>

stator yoke
saturation

Figure 3.7 Sources for saliency at no load condition
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Figure 3.8 Leakage flux path

In the stator yoke there may also be saturation due to the flux from the permanent
magnets. In the main flux path this saliency acts in the same manner as the previous
saliencies. This can be modelled as an additional term (L, ) in the d-axis inductance.

I-d—main = LO - L()rd - L()ts - L()ys (38)

3.2.2 Leakage flux path

In the regions around the stator windings there are leakage flux. The leakage flux is
concentrated around the end windings and the stator teeth area. Figure 3.8 shows the
leakage flux paths for one stator tooth; some of the leakage flux crosses over the
winding area and closes in the yoke over the slot and some portion crosses the air gap
and links through the rotor surface.

Figure 3.9 Carrier current distribution 1)Current vector in g-axis, 2)Current vector in d-axis
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Stator teeth are for most machines partially saturated by the flux from the permanent
magnets. The leakage flux path is concentrated around the stator teeth, thus it is natural
to include a position dependent term to include the tooth saturation in the leakage
inductance term. Figure 3.9 shows a fictive carrier current distribution when the stator
current coincides with the g- and d- axis. In order to derive the variations in the leakage
inductance we consider an inductance estimate based on the carrier current distribution
in Figure 3.9: the leakage flux will be smaller in Figure 3.9.1 compared to the leakage
flux in Figure 3.9.2 due to the tooth saturation. This saliency is spatially shifted 90
degrees compared to the main inductance variations. If we model the leakage
inductance in the same manner as the main inductance we consider the same inductance
in the two axes (L_ ) and the make the correction for the saturated teeth:

L (3.9

d—leakage =L

—L L, (3.10)

L
L

q—leakage

Yoke saturation can influence the leakage inductance as well but as the yoke saturation
is located 90 electrical degrees apart from the tooth saturation it will reduce the d-axis
leakage inductance.

Ld—leakage = Lo‘ - Lays (31 1)
3.2.3 Resulting no load inductance

The resulting no load inductance consist of both the leakage and the main inductance.
The d and q inductance becomes:

Ld = I‘d—main + Ld—leakage = I‘0 - I-Ord - LOts - LOys + Lo‘ - Lays (312)
Lq = I‘q—main + Lq—leakage = I‘0 + Lo‘ - Lo‘tS (313)
L, - average main inductance with no magnets or saturation in the machine

L, -rotor design saliency in main inductance
L, - stator teeth saturation (main flux path)
Loy,  -stator yoke saturation (main flux path)

L -average leakage inductance

s -variation in leakage inductance due to stator teeth saturation

-ys  -variation in leakage inductance due to yoke saturation
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The difference between Lq and Lq is the basis for saliency in the machine. From (3.12)
and (3.13) it can be seen that the saliency from the main inductance and the saliency
from the leakage inductance acts in different axis (assumed L, >> L, ). The resulting

inductance in vector form becomes:

L=3L+A Le"? (3.14)
Where
S = Ld + I‘q _ 2I‘O - I-Ord - LOts - Lys +2Lo‘ - Lats - Lo—ys (315)
2 2
AlL _ Lq ; Ld _ _Lo—ts + Lays + I;Ord + LOts + LOys (316)

3.2.4 Load dependency

When evaluating the load dependency the influence from leakage and main flux are
modelled separately. In order to simplify we assume the control strategy to be 1;=0 and
I;=I; (optimal control can be evaluated in the same manner including I4*Ly). If the load
current increases the stator flux get a phase shift.

\IIS
;.
v

Figure 3.10 Load dependency on stator flux

The shift in the stator flux angle results in a shift in the stator teeth saturation region and
the saturated stator yoke region. The angle between the direct axis and the location of
the stator flux can be expressed as:

Ly
v’ + (L)

A@ ~ asin

(3.17)

Before the resulting saliency model is derived the leakage flux from the load current
must be considered. Figure 3.11 illustrates the regions that typically will saturate during
a large load current: the region over the slot and the region close to the slot opening. If
we consider the control strategy to be I =I; the load dependent saturation will decrease
the g-axis leakage inductance.
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Figure 3.11 Saturation due to Leakage flux from load current

The decrease in the g-axis leakage inductance can be included in the modelled as an
additional term in ( L, ) the g-axis inductance:

L L, - L, — L (3.18)

q—leakage =L ots

L, =L

-L

+ Lq =L, +L, —L— L (3.19)

g—main —leakage

The angular offset of the air gap flux from the d — axis result in an angular offset for the
inductance model:

L=3L 0 +A,Le 72+ A Le 1209 (3.20)
Where:

AL = % (3.21)

ASL _ _Lats + I-o-ys + LOts + LOys - les (322)

2

The upper index in the inductance terms indicates that the flux level may increase due to
loading (the increase can approximately be assumed to be proportional to¥, /¥ ).

Since the variation in the inductance is modelled as sinusoidal variations the two
position varying terms in (3.20) can be modelled as one resulting term:

L = z“I‘Ioaded + A4 Lejg (323)
Where
£ =atan(—SnADAL (3.24)
A,L+cos(AB)A,L

AL = /(AL +cos(AO)ALY +(sin(AO)A, LY’ (3.25)
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The inductance model in (3.23) describes the relation between saturation based
variations and the rotor design based variations in the leakage and main inductance. In
addition the load dependency is included as both a phase shift in the stator flux and
local saturation due to heavy load current. The inductance model is by no means an
accurate description of the inductance values. The model is developed to increase the
understanding of the physics involved when evaluating saliency in different machines at
different excitation frequency. This type of modelling can be useful in several ways:

o Selecting of proper excitation frequency for sensorless control
o Development of compensation schemes for sensorless schemes

o Improvement of the saliency ratio for sensorless control purposes trough
special machine design

3.2.5 Inductance modulation due to carrier signal

In sensorless control, based on signal injection, the carrier signal can have an influence
on the inductance. Two types of modulation will typically occur: induced currents in the
permanent magnets and influence of the magnetic work point due to the carrier flux.
The permanent magnets are not laminated and the high frequency flux in the rotor can
induce currents in the magnets. The flux from the induced currents opposes the carrier
flux. This effect will be at maximum when the carrier flux is aligned with the d-axis. In
the inductance modelling this effect will lead to a decrease in the d-axis main
inductance (this effect has also been modelled as a resistive variation in [6]). The term
L,,, includes the effect of relative permeability in the permanent magnets. In order to

simplify the model the effects of induced currents in the magnets will also be included
in L. Thus:

L,, -rotor design saliency in main inductance (including relative permeability and

induced currents in magnets)

The induced currents will in general be frequency dependent. The frequency
dependency is not modelled in detail in this work. The flux from the carrier signal can
influence the magnetic work point of the machine. This effect is highly undesirable for
some sensorless schemes based on saliency sensing [2-5]. Other sensorless schemes are
based on this effect: Consoli [28] use the carrier signal flux influence on the resulting
magnetic field as the basis for the sensorless control. This means that the carrier flux
alters the saturation in the materials in the machine. In the PMSM used in this work the
flux from the permanent magnets are much larger than the carrier flux. The influence of
the carrier flux or transient flux on the resulting flux is therefore neglected.
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3.2.6 High frequency Inductance measurements on a IPMSM

Prior work in [1] suggested that the high frequency flux resulting from the high
frequency current mainly consist of leakage flux. This is natural for an induction
machine: in the squirrel cage structure in the rotor there will be induced currents that
oppose the high frequency flux. Sensorless control for IPMSM is often regarded
advantageous due to the large difference in Ly and L. The large difference in L4 and L
is often considered to exist due to the rotor design. Thus if the high frequency injection
methods are supposed to sense this saliency the carrier flux must penetrate into the rotor
structure. In order to describe the high frequency machine model the phase and mutual
inductance was measured on an IPMSM. The set up is illustrated in Figure 3.12. One of
the phases where excited by voltage steps. The first harmonic representation of the
transient excitation is a 20 kHz sinus signal (transient excitation further described in
Chapter 8). The phase-a current where measured and the induced voltages in the open
phases (b and ¢) where measured. All measurements where measured both within the
control system (LEM/ADC/DSP) and with oscilloscopes. The shaft was rotated and the
inductance where estimated as a function of the electrical position. Self and mutual
inductance estimates are presented in Figure 3.12. In Chapter 1 the basic machine
modelling was described. The self and mutual inductance are repeated here for
convenience, and the sign of the position dependent term is corrected according to a
machine structure shown in Figure 1.1.1:

L,(0) =L, + L, — L, cos(26) (3.26)
L, (0)= —% ~ L, cos(26—120) (3.27)

The measurements indicate that there is a difference in the magnitudes of the position
dependent terms in the self and mutual inductance. If we assume a position dependent
leakage inductance in the phase inductance located in accordance to the saliency
modelling in the previous chapter we get:

LSJ(G) = LsaO - (Lsots — Ly,ys) c08(260) (3.28)

SoYS
, __IPMSM
e a

inverter

Figure 3.12 Measurements of self and mutual inductance
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Figure 3.13 Self and mutual (high frequency) inductance phase a, measured with transient excitation

The tooth saturation effect is assumed to dominate over the yoke dependent saturation
for the leakage variation. This assumption is based on the FEM simulation where the
minimum relative permeability in the teeth where approximately 150 compared to 800
in the stator yoke (Figure 3.6). The leakage flux is not assumed to link with the other
phases and the self and mutual inductance high frequency model becomes:

Li(0) = Ly + Ly + (L — Lypys — Ly c05(26) (3.29)

a0

L, (6)=- Lzso ~ L, cos(20-120) (3.30)

The ratio between the position dependent terms indicates what portion of the saliency
that stems from the leakage and main flux. In this case L, /(L,— L, +Lg,,) I8

approximately 1.75. In order to relate the saliency modelling to the measured quantities
the high frequency machine measurement model ((3.29), (3.30)) is transformed to the
dg-frame.

3L, L
3LSO + Lsao_ g + Lsats _ __soys 0
=] 2 2 2 2 ] L (3.31)
0 3 S0 +Lso-0+ g _ sots + Says
2 2 2
Where:
3
dL= 3 L, + L, (3.32)
L, —L L 3L
AL=t_ao o 2n ) b (3.33)
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Table 3.1 Relation between Theoretical model and Modified standard model

Theoretical model Modified standard model(measurements)
LO +L > 3L_so + Lsa'
2
LOrd + Lms + LOys Lg
Lo‘ts ﬁ
2
L
L, ys —s;ys

In order to describe the relationship between the measured quantities and the theoretical
model the no load theoretical model in (3.15) and (3.16) must be compared to (3.32)
and (3.33). The mapping of the variables is necessary due to the difference in derivation
of the theoretical saliency modelling and the standard saliency modelling. The
modelling in this chapter was performed by assuming equal inductance in both axis and
subtracting the effects of saturation and rotor structure. In the standard modelling the
average inductance term is the basis for the model the variations are superimposed sinus
variations. Some of the components in the inductance model can be estimated from the
self and mutual inductance. These estimates are given in Table 3.2.

Table 3.2 Estimated inductance terms

L L L L

L L -L
S0 [mH] SO [mH] sots  7S9YS [mH] 9 [mH] 4 [mH] 4 [mH]
0.125 0.025 0.0375 0.0875 0.1 0.325

Table 3.1 and 3.2 shows how the difference in the position dependent term in the self
and mutual inductance can be included in the machine model by adding a position
dependent term in the leakage inductance. In the next main chapter the same estimates
will be used in order to estimate the flux distribution in the machine.

3)

1)
assembled

stator

Figure 3.14 Axial flux PMSM
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Figure 3.15 Radial Cross section

3.3Axial flux machines

There are a variety of different axial flux PM designs. In this chapter a double air gap
axial flux PM design will be used as an example. The axial flux machine used in this
thesis is a prototype machine; a fictive machine is used in this chapter to model the
saliency in the machine. In order to model the inductance in the machine one coil will
be modelled. The resulting phase inductance can be derived by adding the inductance in
the coils as described in Chapter 1. If second order effects (saturation, eccentricity,
induced currents) are neglected the axial flux machine has no saliency. The saliency
modelling of the axial flux PMSM is therefore only based on second order effects.
There are several common factors with the modelling of the radial flux PMSM: the iron
powder cores in the axial flux machine can be evaluated in the same manner as the
stator teeth of the radial flux machine, the effect of yoke saturation also contributes in
the same manner as the yoke saturation of the radial flux machine, and effect of induced
currents in the magnets contributes in the same manner as for the radial flux model.

3.3.1 Magnetic loading from permanent magnets

In order to model saliency in the machine saturation effects has to be encountered. The
first step in this analysis is to determine the parts of the machine structure that may go
into saturation due to the flux from the permanent magnets. The d-axis of the machine
will be regarded as the position where the iron powder core is centred under a
permanent magnet. The g-axis will be used as the position where the iron powder core
is located between two magnets; this is illustrated in Figure 3.16. Some portions of the
flux (¢,,) crosses the upper section of the core and in the air between the magnets. The

remaining flux ( ¢,,) flow trough the full length of the core.
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Figure 3.16 Magnetic loading from permanent magnet — core in g- axis

The resulting flux in the core is relative small due to the opposing magnetic field from
magnets in different directions. Two areas can potentially be partially saturated due to
the magnetic loading from the permanent magnets when the core is located in the g-
axis: the top section of the core and the yoke between the magnets. Figure 3.17 shows
the flux from the permanent magnets when the core is located in the d-axis. In this
position a large portion of the flux (¢, ) links trough the core. A smaller portion of the

flux (¢,,) does not link trough the coil but links in the air between the magnets. Two
areas can potentially be partially saturated due to the magnetic loading
d—axis g-axis

0 i yoke—saturation
N ?Zd L/ core — saturation

K 0K A yoke
Ly Ly

< PM

ol YAY! | o
[} = - c
S S| |8 5
8 =[P c
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Figure 3.17 Magnetic loading from permanent magnet in d — axis
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from the permanent magnets when the core is located in the d-axis: the yoke between
the magnets (same as for g-axis position) and the core. The actual design was
implemented as a FEM lab model (not presented here as this is a commercial product)
and the saturation levels where identified. The yoke saturation between the magnets was
found to be large. The local core saturation and core saturation was found to be modest.
In the saliency model all the potential areas of saturation is included in order to describe
the relations between them.

3.3.2 Main flux path

In the previous section the magnetic loading due to the permanent magnets was
considered. Based on the magnetic loading the potential areas of saturation were
identified. In this section the inductance of a single coil is derived based on the
magnetic loading from the previous section. From the principal view in Figure 3.18 a
magnetic equivalent circuit is presented in Figure 3.19. There are two regions that
typically saturates due to the magnetic loading from the permanent magnets; the yoke
and the core. The core has an average maximum flux density when the core is located in
the d- axis. When the core is located in the g- axis there may be local saturation in the
core section close to the magnets. The basis for the dq inductance derivation is two
equal values for both axes;

L -main = Lo (3.34)
I‘q—main = LU (335)

d —axis

yoke
“— PM

core
core

core
winding ® |

winding ® |

«—— PM
yoke

Figure 3.18 Main flux from the stator winding
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Figure 3.19 Magnetic equivalent scheme for one coil (flux from winding considered, flux form permanent
magnet only considered as input to saturation evaluation)

The core saturation in d-axis is included by the term L. and the local saturation in the
g- axis is included by the term L. The inductance terms then become:

I‘d—main = LO - L()cs (336)
I‘q—main = LO - LOIcs (337)

The yoke saturation between the magnets has maximum impact when the core is in the
d-axis. The term L, includes the effect of yoke saturation:

I-d—main = I‘O - L()Ics - I‘Oys (338)

3.3.3 Leakage flux path

The leakage flux paths can be expressed as two constant terms initially.
Ld—leakage =L (339)

Lq—leakage = Lo‘ (340)

A position dependency in the leakage inductance is hard to imagine due to the fact that
the flux will have to cross the winding section twice. A position dependent term will be
added anyway in order to incorporate this effect for redesign procedures. The core
saturation will be included as L_, and the local core saturation as L The core

oles *
saturation will be at maximum when the core is centred in the d-axis (Figure 3.20). The
local core saturation will be at maximum when the core is in the g-axis.
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Figure 3.20 Leakage inductance flux path.1: winding in d-axis, 2:leakage flux paths in structure

.The position dependent leakage inductance expressions become:
L L, -L (3.41)

d—leakage =L oCS

L -L

q—leakage =L olcs

L (3.42)

3.3.4 Resulting no load inductance

The resulting no load inductance can be represented by the sum of the main and leakage
inductance. In order to describe the saliency in the machine the phasor representation of
the resulting inductance is presented:

L, -basis main inductance evaluated with no saturation
L, -influence on main inductance from core saturation when core is in the d- axis
L, - influence on main inductance from local core saturation when core is in g- axis

Ly,s  -yoke saturation between magnets

L,  -basis main inductance evaluated with no saturation
L. -influence on leakage inductance from core saturation when core is in the d- axis
L. - influence on leakage inductance from local core saturation when core is in g-

axis
Ld = Ld-main +L d—leakage — LO L()cs LOys + L L (343)
L = Lq maln q leakage — LO L()Ics + L alcs (344)
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The resulting inductance on vector form becomes:

L=X,L+A,Le’ (3.45)
L, +L, 2L,- -L,. - +2L -L —L
ZzL _ d q _ 0 L()cs 0Olcs I‘Oys o oCS olcs (346)
2 2
L, —-L, —Ly- + Ly — L+ L
ASL — d 2 q — LOcs LOys ;Ics oCS olcs (347)

3.3.5 Load dependency

In this application the control strategy is typically: 1;=0, I=I; due to the symmetrical
structure of the machine. This type of control strategy will be used in this analysis in
order to simplify the analyses (optimal control based on L, # L, not considered). The

load dependency from a load current in the g-axis is illustrated in Figure 3.21. The black
flux lines illustrates the flux from the windings, the red flux lines represent the flux
from the magnets. The area with yoke saturation can potentially be shifted due to high
load currents (I4=0, I=I;) as indicated in Figure 3.21. This is comparable to the saliency
shift found in radial flux machines. As the load current increases the flux density in the
core increase, this is included in the machine model as load dependent decrease in the g-
axis inductance.

Ly = Lymain T L

q g—main —leakage

+L

q—load —dependent — LO - LOIcs + Lo‘ -L (3 48)

oles aldcs

The loading of the machine will potentially have two effects: the yoke saturation is
shifted and the saliency ratio changed (due to the reduction of g-axis inductance). The
resulting inductance on vector form becomes:

L=3,L ., +A.Lei? 1+ A Ll (3.49)
Where:
22 I—Ioaded = Ld + Lq — 2LO LOcs Oys I‘Olcs Oldcs + 2Lo‘ - Lcrcs _ LGICS (350)
7 2
AS _ _LOCS + LOIcs + L;Idcs — Lo-cs + LO'ICS (351)
AL —Loys (3.52)

6 2
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Figure 3.21 Loaded machine. Red lines represent flux from coil, blue lines flux from magnets

The upper index on the inductance terms indicated that these quantities may change due
to loading. Since the variation in the inductance is modelled as a sinusoidal variation the
two position varying terms becomes:

L=%L 0 +A,LE" (3.53)

£ =atan(—SMADAL (3.54)
AL +cos(AQ)AL

AL= \/(ASL +c0s(AQ)AL) +(sin(AQ)A,L)? (3.55)

3.3.6 Inductance modulation due to carrier signal

As for the radial flux PMSM there may be some effects from the carrier signal if a
carrier signal is used to estimate the inductance. Two phenomena’s will typically occur:
induced currents in the magnets and influence on the magnetic work point due to the
flux from the carrier signal. The permanent magnets are not laminated and the high
frequency flux in the rotor may induce currents in the magnets. The flux from the
induced currents opposes the carrier flux. This effect will be at maximum when the
carrier flux is aligned with the d-axis. In the inductance modelling this effect will lead
to a decrease in the d-axis main inductance. The term L, includes the effect of relative

permeability in the permanent magnets. In order to simplify the model the effects of
induced currents in the magnets will also be included in L, . Thus:

L,, -rotor design saliency in main inductance (including relative permeability and
induced currents in magnets)
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The induced currents will in general be frequency dependent but this is not included in
this work. The flux from the carrier signal can influence the magnetic work point of the
machine. In the axial flux PMSM used in this work the flux from the permanent
magnets are much larger than the carrier flux. The influence of the carrier flux or
transient flux on the resulting flux is therefore neglected.

3.3.7 Model validation

The axial flux PMSM and the converter are still in the prototype phase. Due to limited
access to the converter for this machine the experimental work and verification of the
machine model are limited. In the next main chapter the saliency of the axial flux
machine (Test Machine 2) is documented by using a rotating carrier signal at difference
frequencies (Figure 4.7 and Figure 4.8). The measurements show a frequency
dependency in the saliency: at a carrier frequency equal 100 Hz the saliency ratio is
approximately 0.08, when the frequency was increase to 250 Hz the saliency ratio was
close to zero. This frequency dependency indicates that the saliency detected at 100 Hz
is the saturation in the yoke between the magnets. When the frequency was increased
induced currents in the magnets and the stator yoke prevented the carrier flux from
penetrating into the yoke. At carrier frequencies at 250 Hz and higher the flux was
assumed to distribute in the leakage flux paths. At these frequencies no saliency was
detectable. Thus the local core saturation and the core saturation were not detectable in
this design (Test Machine 2). The effect of induced currents in the magnets due to the
carrier signal was not tested on this machine. In order to test for such phenomena the
carrier signal must be varied over a much larger frequency. An extended experimental
study of the saliency phenomena’s in this machine is scheduled for future work.

3.4Chapter conclusions

In this chapter new saliency models has been developed for two machines: an axial flux
PMSM and a radial flux IPMSM. The saliency models developed in this chapter
includes: saturation, rotor designed saliency and saliency due to induced currents in the
magnets. The model is based on separate modeling of main and leakage inductance in
this way the saliency can be evaluated based on what flux path a carrier flux will
distribute in. Due to the many simplifications in the modeling the models are not exact
models but rather models that describe the relation between the different sources of
saliency. In the first part a radial flux IPMSM (Test Machine 1) was modeled. The
saliency model includes a position dependent term in the leakage inductance 90
electrical degrees spatially shifted from the variations in the main inductance.
Measurements performed on the IPMSM showed that the position dependent terms in
the main and mutual inductance had different magnitude. This can be included in the
machine model by using position dependent leakage inductance.
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4 HIGH FREQUENCY FLUX DISRIBUTION
FOR DIFFERENT EXCITATION METHODS

In this chapter the two major excitation methods for sensorless control is evaluated in
order to determine the high frequency flux component distribution in machines. For
sensorless control it is of great interest to establish knowledge of whereas the high
frequency or transient signals produce flux in the main or in the leakage regions of the
machines.

4.1 Basic excitation methods

There are a lot of different low and zero speed sensorless schemes, but the common
factor for most of them is the use of additional excitation in order to extract the saliency
information. The additional excitation can be divided into two categories:

o High Frequency Carrier Injection (HFCI-R and HFCI-P)

o Transient Excitation

In the HFCI based schemes the carrier frequency can be chosen in a wide frequency
range depending on the switching frequency. For a drive with switching frequency at
10 kHz the typical range for the carrier would be 500 — 2000 Hz. The lower frequency
is determined by the need of frequency separation in filtering and torque oscillations
due to the carrier. The upper frequency limit is given by the ability of producing a high
resolution in the modulation of the carrier signal. The frequency of the carrier signal
will influence the resulting carrier flux in the machine. When transient excitation is
applied the resulting “frequency” is not given. One approach is presented in [36] where
the 1. harmonic of the pulse is used to indicate the frequency of the transient excitation.
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Figure 4.1 First harmonic representation of the transient excitation

In Figure 4.1 the transient excitation used in this work is shown in the upper part. The
derivative of the current is calculated by sampling the current at time instances 0, 25
and 50 us. The first harmonic of the transient excitation is indicated in the lower plot in
Figure 4.1. The first harmonic representation has a frequency equal 20 kHz.

4.2 Flux penetration in laminates

High frequency flux distribution in laminations has been focus for several papers and
dissertations [13, 45, 64, 65]. Usually the focus for these publications [64, 65] is loss
calculations: the flux density and eddy currents in each lamination are often the goal for
this type of work. In this work the losses are not the main focus but rather the flux
distribution in the radial direction. The FEM tool available for this work has been a 2D
simulation tool. The physics involved is of a three dimensional nature. Thus in order to
understand how the skin effect influence the flux distribution a simple model is used:
Figure 4.2.1 illustrates an AC-machine with sinusoidal current distribution in the stator
(direction/location represented by two conductors). The main flux is indicated with two
flux lines. Side view of one lamination is shown in Figure 4.2.2. The thickness of the
lamination (d) is not representative for the real machine (the thickness is made much
larger in order to illustrate the flux directions). In the IPMSM (Test Machine 1) the ratio
between d/h is 34. When the d/h ratio is large (and the thickness d is small) the skin
effect in the radial direction is small compared to the skin effects in the axial direction.
One way of illustrating the lamination skin effect [75] is to consider the same flux
density at the surface (By) of the lamination for different frequencies. In order to define
the flux distribution the penetration depth, ¢, must be calculated (4.1).
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Where o is the conductivity, @ angular frequency and p the permeability of the core
material. The normalized flux distribution can be expressed as:

(e—x/5 +e(x—d)/<>‘)

1+e79/9

B(x) =B, (4.2)

Where 0<x<d. The relative flux distribution for different frequencies is plotted in
Figure 4.3.1. In this example a relative permeability equal 10000 is used. The “effective
area” is reduced with increasing frequency. If the same amount of flux is passing in the
laminate the flux density increases. In order to represent the effective relative
permeability several factors must be considered: the effective area reduces, the flux
density increases (locally) and the area close to the surface may go into saturation. In
order to get an idea of the relations the effective area can be compared to the total area:

d (e—x/b‘ +e(x—d)/5)

——dx
effective_ A _3  1+e 2\2 . h(d‘mm}] .3)

= an
total _ A d d+/pow 22
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Figure 4.3 L:relative flux distribution, 2: Relative effective area in percentage p, = 10000,

o =1.85x10°S/m

The effective area in percentage of the total area is shown in Figure 4.3.2. The skin
effect can be evaluated in several ways. If the radial flux distribution is the point of
interest the skin effect can be evaluated as a frequency dependency in the relative
permeability. The “relative effective area” curve in Figure 4.3.2 can be used as an
approximation to the relative permeability reduction factor.

The laminations in Test Machine 1 were supplied from Congent. The laminations
(M235-35A) where 0.35 mm thick and had a conductivity equal 1.85x10°S/m. BH
curves (from supplier) for this material is plotted in Figure 4.4.1, the relative
permeability (Figure 4.4.2) is derived from the BH curves (measurement error distorts
the relative permeability curves for 100 and 200 Hz). From Figure 4.3 and lamination
data it is likely that the laminations will have skin effect for the frequency region from
500 Hz to 20 kHz. The distribution of the high frequency flux will tend to be higher
near the surface of the laminations and the reluctance will increase when the frequency
increase. In sensorless control the radial distribution of the high frequency flux is of
great interest. As for the saliency modelling the main flux and the leakage flux
components will be evaluated separately. The frequency dependency for the main flux is
evaluated first.

The main flux is illustrated in Figure 4.2.1. The flux flows trough the stator yoke and
rotor structure. Compared to the leakage flux the main flux path consists of a long path
trough the laminate material. Skin effects are will appear as the frequency increases;
Figure 4.3.2 shows a theoretical approximation of the skin effects in the laminates for
the main flux. The leakage flux path is illustrated in Figure 3.8. This flux path is
dominated by a large air gap and a relative short path trough the laminate; the skin
effects in the laminations is assumed to have less influence on the leakage flux
magnitude.
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Figure 4.4 Congent M235-35 lamination, 1:BH curves, 2: relative permeability

The resulting radial distribution is assumed to be dominated by the main flux for lower
frequencies. As the frequency is increased the main flux is reduced and at high
frequencies the leakage flux is assumed to dominate the radial flux distribution.
Inductance measurements was performed on an IPMSM and an axial flux PMSM in
order to determine the frequency regions where the main flux dominates and where the
leakage flux dominates,.

The permanent magnets have a certain level of conductivity; circulating currents can be
induced in the magnets when the high frequency flux tries to penetrate into the magnets.
This effect adds to the saliency effect that the magnets have for IPMSM (i.e. reduces the
d-axis inductance). This effect was included in the saliency model in the previous
chapter. In the surface mounted PMSM’s the effect could in fact be used as a saliency
effect. This is used in [6] for initial position estimate.

4.3Inductance measurements

The simplest way of determining the frequency dependency in the inductance is to
perform measurements of the inductance as a function of position and frequency. This
has been done in several papers and PhD reports [3, 13, 25] for a variety of machines. In
[3] inductance measurements where performed on an IPMSM. The frequency range in
[3] was 500 to 2000 Hz and the inductance where approximately constant in this
frequency region. In [25] an IPMSM was also applied; the frequency range was 100 to
700 Hz. In this work the saliency ratio was approximately constant for the actual
frequency region. In [13] an induction machine with modified rotor slots was tested. A

larger frequency range was cowered (60Hz — 30kHz). The saliency ratio (AZ/ ZZ )
had a characteristic maximum in the region 1-5kHz. For higher carrier frequency the

saliency ratio decreased. The increase in the saliency ratio for frequencies below 1 kHz
was assumed to result from the skin effect in the induced currents in the rotor (forcing
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more of the flux to the rotor surface where the modified slot with determines the
inductance). The decrease in saliency ratio for frequencies over 5 kHz where assumed
to be caused by the skin effect in the laminations. The actual lamination thickness used
in [13] was not given.

4.3.1 Inductance measurements on the IPMSM

The measurements in this section were made on a IPMSM (Test Machine 1) with 0,35
mm laminations both in stator and rotor. The frequency dependency was measured by
using the inverter. The rotor was locked and a high frequency balanced carrier signal
was injected in the machine. The currents where logged and the characteristic ellipse
plot in stationary stator reference where plotted. In order to determine the d and q axis
characteristic current the length of the major and minor axis where representing the d-
and g-axis current. The terminal impedance where represented by dividing the carrier
voltage amplitude with the characteristic d- and g-axis current. The standard switching
frequency for the system was 10 kHz. The frequency range of the carrier signal was
limited by the switching frequency. In order to produce higher carrier signal the
switching frequency of the inverter was increased. The practical maximum switching
frequency was 40 kHz (DSP run time, and dead time limitations). The dead time in the
inverter was fixed to 3 us. In order to avoid large dead time effects the DC-bus voltage
was lowered from 300 V to 86 V, thus the pu voltage command could be bigger for
lower voltages. Two measurement series was taken: fs, =10kHz covered the frequency
from 100 to 1000 Hz, f,, =40kHz covered from 500 to 8100 Hz. The lower limit for the
fow =40kHz test was caused by the dead time becoming large compared to the
commanded duty cycle for low output voltages (the lowest duty cycle used was 0.4 for
f= 500 Hz). In addition to the continuous high frequency carrier measurements,
transient excitation was applied. The transient excitation can be considered as an
equivalent 20 kHz signal by considering the first harmonic representation [36]. In
Figure 4.5.1 the saliency ratio as a function of the carrier frequency is plotted. The
saliency ratio increase in the entire frequency region (maximum=0.44 at 8100Hz). The
transient excitation resulted in a saliency ratio at 0.43. Thus the maximum saliency ratio
is assumed to be located between 8.1 and 20 kHz.
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Figure 4.5 Measurements on Test Machine 1, 1: saliency ratio, 2: terminal impedance
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The saliency ratio decrease for frequencies higher than 20 kHz is assumed to be caused
by lamination skin effect. If skin effect in the laminations is extreme the high frequency
flux distributes on the surface of the stator teeth (only leakage flux) and no detection of
the rotor saliency is possible. At such extreme skin effect there would also be little
penetration in the stator teeth and yoke where the saturation based saliencies are
located. As the saliency ratio increase for the frequency region in Figure 4.5.1 there can
not be an extreme skin effect in the laminations. At 20 kHz the skin effect is reducing
the saliency ratio but not to a great extend. The terminal impedance is plotted in Figure
4.5.2. A logarithmic x-axis is used in order to visualize the transition between the f,
=10kHz and f;,, =40kHz measurement series. Due to the inverter dead time the voltage
applied to the machine is reduced for the fi, =40kHz measurement series compared to
the fy, =10kHz measurement series. As the commanded voltage is used in the
estimation of the terminal impedance the estimated terminal impedance is larger
compared to the f, =10kHz measurement series. Despite the difference in the actual
and commanded voltage the trends in the measurements are equal. When the terminal
impedance is plotted on a linear x-axis (Figure 4.6.1) a linear relationship between
impedance and frequency can be seen from 100 Hz to 8.1 Hz. The apparent knee at 1
kHz is due to the dead time effect for the fi, =10 kHz measurement series. The linear
relationship indicates that the impedance is dominated by the reactance in the entire
frequency range. In Figure 4.6.2 the inductance is plotted (the resistance is neglected).
The inductance decreases in the entire frequency range. If the plot of the effective area
(Figure 4.3.2) is compared to the inductance plot (Figure 4.6.2) a close relation can be
seen. The decrease in the inductance is thus assumed to be caused by the skin effect in
the laminations. The main conclusion from the frequency test is that a portion of high
frequency flux penetrates into the rotor for the entire frequency range (100-8100 Hz). In
the transient test (20 kHz) the saliency ratio is reduced and the skin effect in the
laminations is reducing the amount of “main” flux penetration in rotor and stator.
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Figure 4.6 Measurements on Test Machine 1, 1: terminal impedance (linear x-axis), 2: 2: dg-inductance

The reduction is not extreme but the skin effect is increasing in the entire frequency
region (100- 20 kHz). The increasing saliency ratio in the frequency region 100- 8100
Hz is assumed to be cased by induced currents in the permanent magnets. This effect
adds to the saliency and contributes more than the reduction of “main” flux in the rotor
and stator as a result of the lamination skin effect. At 20 kHz the saliency ratio is
decaying, the leakage inductance is less sensitive to frequency compared to the main
inductance (the leakage flux crosses a larger air gap than the main flux). From the
measurement series presented in Chapter 3 the levels of main and leakage flux may be
evaluated (transient excitation 20 kHz equivalent). According to the saliency model in
Chapter 3 there should be a 90 degree shift in the saliency position depending on if the
variation in the main or in the leakage flux dominates. In this work the position
dependency in the main flux dominates over the leakage flux. This was verified by
locking the rotor and applying signal injection at various frequencies (0.1-8kHz). Under
this test the estimated saliency position (d-axis estimate) was equal for all frequencies.
From the estimated inductances in Table 3.2 (estimated with transient excitation, 20
kHz equivalent) the transient flux linkage components may be estimated:

_Y_N¢
o

The inductance measurements give a good indication of the flux linkage components
and they also indicate the level of main and leakage flux. In the definition of inductance
(4.4) one of the factors that give an uncertainty in the flux levels is the number of turns
(N) that the actual flux links trough. The main flux links all the turns in the winding but
this is not the case for the leakage flux. Even tough the flux levels cannot be estimated
directly from this kind of test the flux linkage values give an indication of the leakage
and main flux level. In this work the amount of main flux was surprisingly high
considering the transient excitation used for the measurements (20 kHz equivalent).

L (4.4)
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Table 4.1 Transient flux linkage distribution (20 kHz equivalent)
Flux linkage components Amount of total (constant or position dependent)

Main flux linkage constant part 83 %: L, /AL,+L.,)

Leakage flux linkage constant part | 17 %: ,_/L,, +L,.)

Main  flux linkage position | 70 %: L AL, + L, —Lu,y)
dependent part

Leakage flux linkage position | 30%: (L, — L) /Ly + Lus — Luoys)
dependent part

When considering the results in Table 4.1 one must recall that this machine (Test
Machine 1) has a rated frequency equal 167 Hz. During field weakening the maximal
fundamental frequency is approximately 500-600 Hz. Thus this machine is a special
designed machine with thin lamination compared to a standard machine designed for 50
Hz. The results in Table 4.1 show that the position dependent part of the main flux is
larger than the position dependent part of the leakage flux. The inductance estimates in
Table 3.2 indicates that the flux in the main flux path dominates the resulting flux for
excitation frequencies ranging from 0.1 to 20 kHz.

4.3.2 Inductance measurements on a axial flux PMSM

Test Machine 2, the axial flux PMSM, has different materials compared to the radial
flux machine. The cores are made of iron powder, the magnets are surface mounted and
the yoke is made of solid iron. The machine is illustrated in Figure 3.14 and Figure
3.15. This machine has a different high frequency response compared to the machines
with laminated stator and rotor. As these measurements where made in an early stage of
the PhD work the inductance was not directly measured. In this early stage position
dependency in the high frequency current response was measured. The measurements
still gives an indication of the frequency dependency in the position dependent
inductance term. The frequency dependency in the “inductance” was measured with
balanced three phase voltage applied to the stator windings. The rotor was locked and
the current response in the stationary alpha/beta frame was logged for different rotor
positions. Saliency was detectable when the carrier frequency was 125 (saliency ratio
approximately 0.08). This is shown in Figure 4.7. The major axis of the ellipse indicates
the double rotor position. The saliency measured at 125 Hz is a saturation based
saliency in the yoke between the magnets (verified by FEM simulations). As the
frequency was increased the saliency ratio approached zero and the alpha beta currents
became circular (Figure 4.8). This indicates that the high frequency flux no longer
penetrates into the rotor yoke. Induced currents are likely to occur both in the permanent
magnets and the solid iron in the yoke.
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Figure 4.7 | alpha and | beta for two positions; excitation 125 Hz - 6 A(blue), the red circle indicates the
case if the machine is symmetrical
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Figure 4.8 | alpha and | beta for two positions; excitation 250 Hz - 6 A, the red circle indicates the case if
the machine is symmetrical

The measurements performed at the axial flux PMSM (Test Machine 2) shows that the
high frequency flux distribution can be highly frequency dependent for some machines.
Transient excitation where also tried on Test Machine 2. The transient excitation based
scheme could not detect position dependency.

4.4 Chapter Conclusions

In this chapter the different excitation signals used in sensorless control is evaluated in
terms of high frequency flux distribution in the machine. In general there are two types
excitation for high frequency injection schemes: continuous high frequency injection in
the range 500 — 2000 Hz and transient excitation with equivalent frequency at 10-20
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kHz. The saliency ratio was evaluated on two machines for different excitation methods
and different excitation frequencies.

For sensorless control of AC machines the high frequency flux distribution is of great
interest. This distribution describes the saliency regions that the high frequency flux can
detect. In this chapter the effects of lamination skin effect is described. Traditionally the
effect of lamination skin effect has been described as forcing the high frequency flux to
distribute around the stator slot as a leakage flux. The term “high frequency” is rather
undefined. Based on the work in Chapter 3 and the work in this Chapter the flux
distribution was evaluated for an IPMSM. The experiments performed in these two
chapters indicate that parts of the carrier flux penetrated the rotor structure in the
frequency range 0.1 to 20 kHz. Table 4.1 shows estimates of the flux linkages
associated with the different inductance terms developed in Chapter 3. The percentages
given in Table 4.1 can be used indirectly to evaluate the portions of leakage flux and
main flux when transient excitation is used to estimate the inductance. The saliency
characteristics of the IPMSM indicates that the schemes based on high frequency
injection (HFCI-R and HFCI-P) and the schemes based on transient excitation can be
used to detect the saliency due to the rotor saliency (relative permeability in magnets
and induced currents in the magnets).

The second machine was an axial flux PMSM with surface mounted magnets. This
machine had a saturation based saliency in the yoke behind the magnets. Due to the
solid structure of the yoke and the permanent magnets the saliency was only detectable
at low frequency carrier injection (125 Hz). The magnets cover most of the surface
facing the windings and the induced currents in magnets and yoke prevent the high
frequency flux from penetration into the yoke. When the carrier signal was 250 Hz or
higher (and for the transient excitation) no saliency could be detected in the machine
The frequency dependency of the saliency makes the machine not suitable for high
frequency (500 Hz and higher) injection based sensorless control. The same machine is
revisited in Chapter 10 where a redesign approach is used in order to introduce saliency
in the high frequency flux paths.
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5 EXPERIMENTAL SETUP

5.1Electrical Machines

Four different machines were used in this thesis. The machine used for testing of the
different schemes was an Interior Permanent Magnet Synchronous Machine (IPMSM).
This machine is referred to as Test Machine 1. Test Machine 1 has 0.35 mm thick
laminations in stator and rotor, skewed rotor and virtually no cogging torque. Test
Machine 1 has a single saliency and is ideal for injection based sensorless control.
Initially the machine was water cooled. The original machine data is given in Table 5.1.
These values where not used in the setup. The inverter available for this work was 20
kW. Thus the machine was de-rated to the parameters in Table 5.2 and the water
cooling was not used.

Table 5.1 Test Machine 1 original motor data
Pn[kW] [Un[V] |In[A] [non[pm] |R[Q] |LamH] | LfmH]  |p
30 110 181 2500 0.011 0.123 0.381 4

It should be noted that the rated frequency for this machine is 167 Hz. The machine was
tested at 500 Hz during field weakening at 8000 rpm. This illustrates some of the high
frequency flux characteristics in this machine; the machine can be operated at very high
fundamental frequency.

Table 5.2 Test Machine 1 de-rated motor data
Px[kW] [UN[V] [IN[A] [nn[pm] |R,[Q] |LamH] |LJmH]  |p
15 110 90 2500 0.011 0.123 0.381 4
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Table 5.3 Test Machines 2-4 motor data

Py[W] | Un[V] | IN[A] ny[rpm] | R¢[Q] | La[mH] Lq[mH] p
(50Hz) (50Hz)
250 12 13 150 0.115 |0.131 0.153 19

The other type machine was an axial flux permanent synchronous machine. Three
different designs of this machine were used. Ratings for these machines were identical
(Table 5.3). Test Machines 2-4 are designed to be integrated in the wheels of
wheelchairs. The magnets are surface mounted. Test Machines 2-4 are disc shaped and
had a high number of poles. The first prototype (labelled Test Machine 2) was a concept
prototype. The initial saliency measurements where tested on this machine and this
work were also the basis for the work done in [36]. The next stage was an optimized
machine, this machine has reduced air gap and reduced magnet thickness (labelled test
Machine 3). The last machine is the machine that was redesigned for sensorless control
(labelled test Machine 4).

5.2Inverter

The inverter and rectifier used in the experimental work are developed in the Power
Electronics group at NTNU and at SINTEF Energy AS. The inverter ratings are 20 kW,
DC-voltage 0- 650V, 3300uF Capacitor bank, 70 A maximum continuous current at 300
V DC and recommended switching frequency in the range 0 — 25 kHz. The converter
module has gate drivers, hardware dead time generation and current limitations. The
hardware dead time in this converter is approximately 1.6 us [63].

Rectifier Inverter
AN Y, B IO ] J |
BR+
L1 ZX A
L2 T~ B
L3 o —O C
BR-
TR TR |

Figure 5.1 Inverter and rectifier
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5.2.1 Effects of phase current zero crossing

There is a delay between the turn on command and the actual turn on of the IGBT. The
same phenomena can be found for the turn off sequence. In [57,68] these effects were
analysed in order to approximate the resulting delay, the analyses is repeated here for
convenience. There are several contributors to these delays: delay between DSP output
to IGBT drivers (d-Figure 5.2) and delay from drivers to the actual gate emitter signal
change (denoted tyon) and tqefr in Figure 5.2). In addition the IGBT it self adds delays
according to the IGBT’s turn on and turn off characteristics. As the rise time of the
current 1s a part of the delay the delays will be dependent on the amplitude of the
current in the inverter leg. Thus in order to avoid cross conduction in the leg a delay is
added in the control signal for the turn on operation. This delay will be denoted
blanking time (ty). The blanking time can be realized in the DSP or in hardware as a
part of the inverter. In the experimental set up both options are available but the
hardware solution is used. The operation of an inverter leg is dependent on the current
flow in the leg and the on/off condition of the switches. First we consider the two
possible turn off cases:

o if the current is flowing into the inverter leg and the upper switch (Ta) turns
off (and the lower switch T turns on after a delay)

o if the current is flowing out of the branch and the lower switch (T,.) is turned
off (and the upper switch Tx, turns on after a delay)

Under these conditions the turn off delay can be approximated as:
t

ty ztd(off)"’?rv (5.1

Turn on delay will appear if:

o the current is flowing out of the inverter leg and the lower switch (Ta.) turns off
(and the upper switch Tx, turns on after a delay)

o the current is flowing into the branch and the lower switch (Ta+) is turned off
(and the upper switch T turns on after a delay)

Under these conditions the turn on delay can be approximated as:
Ly
t, =, +td(0n) +1, +7 (5.2)
In the approximation of t,, the effects of t;,, is assumed to be small. The resulting

delay can be approximated as the blanking time and the difference of the turn on and
turn off delay. This delay is typically called the dead time:
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Figure 5.2 Approximated turn-on/off waveforms for the inverter with IGBT’s

thl trv
At=t, + td(on)+tm+7 - td(oﬁ)+? (5.3)

From the test data on this inverter [63] the typical dead time is 1.64 us. In [68] the dead
time effect was analysed, this analysis is repeated here in order to describe the dead
time effect: the dead time effect can be described by considering one inverter leg. In
order to describe the dead time we consider inverter leg A (Figure 5.3). The output
voltage is Uay in the analyses: the dead time is represented as a delay between the
control signal “on” command and the real switching on action in the IGBT. Figure 5.4.1
and 2 shows how the control signal for the upper (Ta+) and lower (Ta.) IGBT. The delay
for Ta+1s indicated by At in Figure 5.4.3.
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Figure 5.3 One inverter leg, 1) negative current, Ta., Ta. 0ff2) positive current, , Tas, Ta. Off

During the dead time both IGBT’s are off: the voltage Uan then depends on the
direction of the current in the inverter leg. If the current is negative it flow trough the
upper freewheeling diode (Da+) and the resulting voltage is positive. The output voltage
will have a gain compared to an ideal operation with no dead time. This gain is
indicated in Figure 5.4.6. When the current is positive (Figure 5.3.2) it flows in the

lower freewheeling diode (Da+). The result is a loss in the resulting voltage as the diode
clamps to the lower voltage level.

X%} A TA+
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Dy 5
% off >
g on TA—
2 8 "
off | >
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E" off Oy -
4) ° OnTTA— At
off | > >
At
A loss -
— U 1, >0
5) 8 udg—AN A
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e o -
T My gain i, <0
6) 35 UdCW
0 »

Figure 5.4 Dead time effect
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Figure 5.4.5 indicates the voltage loss. If the effect of the dead time is evaluated over
one switching period the change in the output voltage can be described as:

i,>0: AU, :-TA—tuDC (5.4)
i, <0: AU, =+TA—tuDC (5.5)

Sw

In addition to the dead time the IGBT’s has forward voltage drop characteristics. Figure
5.5.1 shows the forward voltage characteristics for the Semikron IGBT [70] used in the
inverter. The forward voltage is usually divided in two parts: one part is constant and
dependent on the direction of the current in the IGBT and one part is dependent of the
current magnitude. The latter can be modelled as an additional stator resistance. The
constant part is modelled together with the dead time effect. The same effect can be
seen from the freewheeling diode. The forward voltage drop in the diode (Figure 5.5.2)
is very similar to the IGBT forward voltage drop. In the model the diode and IGBT
forward voltage characteristics will be regarded as equal. Thus the resulting voltage
error that changes with the sign of the phase currents is:

U =Uso + 2 Uge) -sign( (5.6)
Where urp describes the constant forward voltage drop in the IGBT and diode. In [69]
and [70] the dead time effect was modelled as a space vector quantity. The dg-
modelling of the dead time effect found in [70] is repeated here for convenience: in
Figure 5.6.1 and Table 5.1: the error vectors are described for the space vector sectors in
the machine.

Ic [A] 2002us7 vpo 400
400
= g h
350 S M (A)
-_--_-_‘-—-
1av__| 300
300 11V 125/ °C 25/°C

250 W //
200 i / 200
- 100

17
A %

0 1 2 3 4 aQ 1 2 3 VFWI 4
VGE V] 2)

150

1)

Figure 5.5 Characteristics Semikron 400 GB 123 D, 1) IGBT forward characteristics, 120*C, 2) Diode
forward characteristics



69

s

[=X

v IR

2)

Figure 5.6 1)Location of the sectors between the zero crossings 0{(1) - 0{(6) and the space vector

representation of the zero crossing errors, 2) Transformation of the error space vector in a rotating
coordinate system

The sectors a(l)—a(6) describes the sectors where the error vector Ur is constant.

Figure 5.6.2 shows the coordinate system used for decomposition of the error vector.
The angle between the d-axis and the stator current can be expressed as:

i
tan(e}) =

Table 5.1 Sectors with constant signs of phase currents

d

(5.7)

Sector sign(i,) sign(ip) sign(ic) Ue
a(l) 1 -1 -1 4/3ue’
a(2 1 1 -1 iz
2) 4/3ue"
a(3 -1 1 -1 B
3) 4/3u.e’?
a(4) -1 1 1 4/3ue’”
a(5 -1 -1 1 BEd
) 4/3u.e 3
a(6) -1 -1 1 Ed

4/3ue
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When i is located in sector «(1) the dead time error can be decomposed as:
Up 4 = Ug, cOS(&; —&;) (5.8)
Up o = Ug, sin(e] —&;) (5.9

Figure 5.7 describes the decomposed dead time effect for different angles & and
rotating machine. In this simulation the dead time voltage vector is created depending in
the current vector location. The af -components are transformed to the dg-reference
frame according to the angle ¢, . In this work the reluctance torque has not been utilized
and the dg-currents are controlled as: i4*=is, 14*=0. For this control strategy the angle
&, always is equal 90 degrees. In Figure 5.7 we see that the dead time effect is largest

for the d-axis voltage and that the influence in the g-axis is minimal. This effect was
also found in the experimental work.

5.2.2 Space Vector Pulse Width Modulation

Symmetrical space vector pulse with modulation was used for voltage modulation in
this work. The space vector modulation principle is build upon producing an average
representation of the commanded voltage within the switching period. The commanded
voltage in the dg-system is transformed to the stationary «f - system. The inverter
gives 8 possible voltage combinations (Figure 5.8.1). The representation of the average
voltage can be illustrated by assuming a voltage command in the first quadrant (0-60
degrees). The reference voltage can be decomposed in the two basis vectors €, and €,

and the duration of each pulse can be derived as:


sigurdo
Rectangle


71

Vs
&,(010) g,(110) Yia
A e,(101)
u
uﬂref —sref
€(000) g (100)
e,(111) a
L,
) ¢ €,(100)
e,(001) e,(101) T P> > >g
e, u
\j T aref
1) 2)
Figure 5.8 Space vectors inverter, 1) available space vectors, 2) space vector modulation
. T
Tl = Ugrer Tsw Sll’l(g - g) (5 10)
T, = Uy Ty, sIn(S) (5.11)
To=Tu-T,-T, (5.12)

In the DSP the symmetrical space vector modulation is realized by compare units and a
counter. Figure 5.9 illustrates how the realization is done in the DSP. There are two zero
vectors used in Figure 5.9: g, at the beginning and end, e, in the centre. In the transient
based excitation the centre zero vector time region is used for pulse generation.
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Figure 5.9 Symmetrical Vector Pulse Width Modulation
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5.3System description

The test system used in the evaluation of schemes is based on Test Machine 1 (IPMSM)
and the inverter described in the previous chapter. An overview of the system is
presented in Figure 5.10. A three phase variac was applied in front of the rectifier in
order to allow variation of the DC bus voltage. A load machine was not included in the
test stand (due to time limitations) and the inertia of the rotor where utilized in order to
perform high load currents in short intervals. All three currents where measured by
LT300-S current transducers. The technical specifications for the current transducers are
given in Table 5.5. (three turns was used in the LEM sensors, thus real rated current
equals 100 A).

Table 5.5 LT300-S Current Transducer data

Dynamic performance

IN[A] Overall Linearity error | di/dt — | Bandwidth
accuracy followed (-1dB)
300 0.5% of In <0.1 % of In 50A/us 0-150kHz

The DSP board was an experimental board developed by Aker Kvaerner, SINTEF, and
NTNU. The DSP is a 32 bit fixed point industrial DSP (TMS320F2812). The DSP has a
12 bit analogue to digital converter (ADC). The effective resolution is 9 bit as the DSP
is still an early version (bad internal voltage reference).

Variac
Rectifier Inverter LEM IPMSM
Grid N N ]
Py
- T I3
Paralell
Communication Udc
Y
Serial :
Communication ADC
PC I g DSP

Figure 5.10 Test setup -overview
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5.4Experimental work strategy

The experimental work is not presented as one single chapter in this work. Due to the
many schemes involved the experimental work is presented for each scheme. The
results are discussed in Chapter 9. The strategy in the experimental work is to document
the fundamental characteristics of the scheme evaluated. Also, in order to evaluate how
these schemes can be integrated into standard drives several aspects have to be
evaluated:

Additional losses in power electronics

Switching frequency

Current regulator bandwidth

Speed regulator bandwidth

Demands on Current sensors

DC-bus voltage reservation due to carrier/excitation signal
Parameter sensitivity

Stability/Reliability

Acoustic noise

O 00000 0D DO O

DSP requirements (complexity of schemes)

All these aspects are not covered by the work done in this thesis as the time and
equipment for this work was limited. Three schemes are tested in this work: rotating
high frequency carrier injection (HFCI-R), pulsating high frequency carrier injection
(HFCI-R) and transient excitation (TE). The switching frequency in the original system
was 10 kHz. This switching frequency was used as the base value for the comparison of
switching losses associated with each scheme. The scheme based on transient excitation
will introduce additional switching operation and the switching frequency was lowered
to 5 kHz. For each scheme the tuning of the current regulators are discussed, different
issues are associated for each scheme. The performance of each scheme is evaluated
using two tests:

o Speed reversal test +/- 0.1 pu speed reference
0 Transient test +/- 0.5 pu iq reference (45A)

The speed reversal test results in a large transient g-axis current, multiple fundamental
zero crossings and zero speed transition. From this test the robustness against transient
current and inverter non linearity can be evaluated. The estimation errors and lags at
constant speed can also be evaluated just after the speed reversal. The transient test is
performed with a square wave reference signal in the g-axis current regulator. Two
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reference frequencies are tested: 12.5 Hz and 25 Hz. At 12.5 Hz the variation in the
position is approximately 40 electrical degrees and the speed varies from -0.036 to
0.036 pu (90 rpm). In the 25 Hz test the variation in the position is approximately 10
electrical degrees and the speed varies from -0.018 to 0.018 pu (45 rpm). The transient
test illustrates the dynamic operation of the schemes.

Chapter 6, 7 and 8 describes the implementation and experimental work for each
method. In Chapter 9 the results from the tests are compared and some of the issues
regarding integration with standard systems are evaluated. The effects from inverter non
linearity are discussed for the three methods in Chapter 9.
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6 HIGH FREQUENCY CARRIER INJECTION
— ROTATING

The basic scheme is described in the first section. In the next section some modified
schemes are presented. The first modification is a simplification of the rotating
Synchronous frame filter, the second modification is a simple decoupling approach for
the Synchronous Frame filter. In the chapter conclusions the main features of this
scheme is summarised and the performance with the decoupling scheme is evaluated.

6.1Description of Scheme

In this chapter the implementation of the HFCI-R scheme is described. This work is
based on the work done by Professor R.D. Lorenz and he’s graduate students at
University of Wisconsin, Madison, USA [2,13, 39]. In [2,13] the method was tested on
induction machines and in [39] it was tested with an [IPMSM.

6.1.1 Carrier injection

The carrier injection is implemented as a voltage injection. Current injection is also
possible but this kind of injection place extreme requirements on current regulator
bandwidth. Figure 6.1 show a principal view of the scheme. The carrier voltage is
superimposed on the fundamental voltage after the current controllers. The measured
current is divided in two parts in the synchronous frame filter: one for the current
regulators and one for the observer.
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Figure 6.1 Injection of high frequency carrier signal

The derivation in this Chapter is based on a single saliency model. The single saliency
model is described in detail in Chapter 3. The high frequency current response can be

described by inverting the inductance matrix (6.1) in stator reference frame:

o D L- AI‘_ cos(20)  —ALsin(26) 6.0
~ALsin(20) )’ L+ALcos(26)
Where:
L, +L L, —L
d AL=—_" (6.2)

The inverse of (6.1) can be written as:
1 | D_L—ALcos(26) ALsin(26) 6.3)
ALsin(260) D L+ALcos(26) '

LS—l —
C Ll

If we solve for constant and differential parts, one obtains:

. 1 ﬂwl_[—cos(ze) sin(ze)D 64)

(Z I{O sin(26)  cos(20)

If a symmetrical rotating three phase voltage is applied the resulting current would be:

-, {cos(a)ct)} L {—005(26) cos(@,t) +sin(26) sin(a)ct)} 6.5)

1
L,L,

sin(aw,t) sin(26) cos(a,t) + cos(20)sin(aw,t)
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By using trigonometric simplifications:

o {cos(a)c'[)}+ 3 {cos(2¢9—a)ct)} 6.6)

sin(a,t) sin(26 — wt)
Where:
_ Ly +L, U 67
To2LL, o '
L, —-L,)U?
L= ML (6.8)
2LL, o

Thus a balanced high frequency voltage results in two high frequency current terms: one
positive rotation and one negative rotating. The negative rotating term contains
information on the saliency position.

6.1.2 Synchronous Frame filtering

The separation of the position dependent carrier frequency and the fundamental current
can be done in several ways. One approach is based on low pass filters in the negative
carrier frame for the observer output, and a low pass filter in the dg-frame for current
controller feedback. A second approach [2] is the usage of a synchronous frame filter
with high pass filters. The high pass filters have zero magnitude for any constant (DC)
signal and have the ability to completely eliminate a specified frequency. If we consider
a simple PMSM control that only regulates the g-axis current the resulting current
would be:

P cos(a,t) I cos(20 - w,t) | cos(wt) 6.9
S % sin(ayt) e sin(260 — w,t) s sin(wt) (69)

Common for both outputs from the filter is that the positive rotating carrier signal
should be removed (first term in (6.9)). This task is therefore the first in the
synchronous frame filter. The current is rotated to positive rotating carrier reference
frame and filtered by a first order high pass filter (hpl). For the current regulator output
the second term in (6.9) should also be removed. This term contains the estimated
double rotor position and the negative rotating carrier angle, this frame is labelled cn’.
The current is then filtered by a first order high pass filter (hp2) and transformed to the
dg- reference frame. This current is used as the feedback for the current controllers.
The lower branch is designed for the separation of the position dependent part of the
carrier signal. When the signal enters the lower branch the positive carrier signal is
already removed, then only the fundamental current needs to be removed (third term in

(6.9)).
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Figure 6.2 Synchronous frame filtering

This is done by transforming the current to the rotating dq-frame and high pass filtering
(hp3). The remaining current should then be the second term in (6.9). When this current
is transformed to the negative rotating carrier frame the current forms a vector with
magnitude equal i, rotating with the double rotor position. During acceleration the g-
current can change very quickly, the high pass filter in the dq-frame does not filter of all
the fundamental current as we have a high frequency change in the dq reference frame.
The remaining fundamental current will appear at the observer input with carrier
frequency; this can be filtered off by a low pass filter (Ipl). The amplitude of the
remaining fundamental current is several times larger than the position dependent
carrier current (typically comparable to the fundamental current amplitude at the time
instant after the transient). The bode plot for the synchronous frame filter (Figure 6.3)
gives a graphical impression of the function of the synchronous frame filter. The low
pass filter is not included in Figure 6.3. The transformation of the filter transfer
functions from the respective reference frames are done by substituting s with (s-jm,)
for the positive frame and (s-jogq) for the dq frame. The resulting expression for the
observer branch is:

i —j s—jo,
Lo ste | ST )% (6.10)
Is_cn S—Jw, + a)cpf S— Ja)dq + a)dqf
Where @, = @, -n. The current controller branch becomes:
i _ s—jo,  s+jo 6.11)

i S— ja, + @y S+ Jo, + @,

s—cn

There are three approaches that reduce the problems with the transient operation: low
pass filtering before the position dependent part is fed to the heterodyning term (Figure
6.9 and Figure 6.4.1-LP-A), low pass filtering after the heterodyning term [39] (Figure
6.4.1-LP-B), decoupling of the fundamental current (Figure 6.4.2).



79

enfis”
1
o
=
2 |
=205 |
E
(]
-1%00 -1000 -500 0 500 1000 1500
100 T
= 5S0r |
s
2 0
2
S sof | |
R . . . . .
9%00 -1000 -500 0 500 1000 1500
frequency [Hz]
1

phase[deg]

amplitude

. .5
ldqf/ Ig

%0 000 S00 0 500 1000 180
100 T
50_ |
(0]3
50t | |
%0 1000 500 500 1000 150

2)

Figure 6.3 Bode plot synchronous frame filter.1:0bserver filter. 2: current regulator filter. Hp1, hp2 and
hp3 cut off frequency at 5Hz, n=0 rpm.

The heterodyning term generates the error signal to the observer (defined in the next sub
Chapter). When the low pass filter is placed after the heterodyning term there will be
less position dependent error in the estimates. In this work the low pas filter is placed
in Figure 6.2 and Figure 6.4.1-LP-A) in order to
evaluate the influence from the phase current zero crossings and transient operation. If
low pass filtering is implemented as mentioned above, and the cut off frequency is one
magnitude lower than the carrier frequency, the notch filtering characteristics in the
synchronous frame filter is lost: the low pass filters bode plot will overlap the frequency
region for the notch filtering performed in the synchronous frame filter. The resulting

before the heterodyning term (as

expression for the observer branch:

.5 .
i, S— Jw,

S+ jo,

c—cnf

@y

S— J, -I-Cc)cpf S+ O, + Wy

(S_ ja)c)2 + 11414(8_ ja)c)'a)lp +a)I2p

Heterodyning

i LP-A

—cH

&

LP-B

Observer

1

-
|

Y

Decoupling and

filtering

0
frequency [Hz]

(6.12)

Heterodyning

Observer

—-cn

£

2)

Figure 6.4 Alternative solutions for enhanced transient operation. 1) low pass filters, 2) decoupling

scheme
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Figure 6.5 Bode plot. 1: 100 Hz Ip filter in negative carrier frame, 2: combined effect of Ip (100 Hz) filter
in negative frame and hpl and hp3 at 5 Hz

The synchronous frame filter can be reduced to the filter shown in Figure 6.6. Even
though the high pass filters completely eliminates the current at the frequency in the
frame, the low pass filter gives approximately the same effect. The low pass filtering
introduces a lag in the speed and position estimate. The lag can be approximately
compensated by a linear function and the speed estimate. The speed estimate used in the
compensation is an internal state from the observer. This estimate is typical noisy and
must be filtered by a low pass filter. A fundamental current observer was presented in
[29]. According the authors the fundamental current observer could remove the effects
of the fundamental current zero crossing, transients from a step in the g-axis current and

DC bus voltage variations. The fundamental current observer was tuned for 200 Hz
bandwidth.

cp — frame cn'— frame dg - frame )
=S
I p o !dqf
A e’i’”c‘ » hpl - ejz(wcl—e) - hp2 o g i@t-0) B
cn— frame
. !s—cnff
» eJ((Uct) - Ipl -

Figure 6.6 Simplified synchronous frame filter
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Figure 6.7 Fundamental current observer used for decoupling [29]

4
4

el2@t-0) |l hp2 g i@t-0)

The fundamental current observer contains estimates of both the stator resistance and
the d and q axis inductance. A simpler approach is tested in this thesis (Figure 6.8). The
fundamental current is directly decoupled in the synchronous frame filter. This
approach is much simpler than the use of a fundamental current observer, and it
contains no machine parameters. This decoupling scheme will be revisited in the
experimental work.

6.1.3 Observer/Heterodyning

Common for all the implemented schemes is the use of an observer in order to track the
rotor position. The focus of this work has been to verify the ability to extract position
information with different excitation methods, thus the observer topology has not been
the main focus in this work. There are several methods that can lead to position and
speed estimate: extended Luenberger observer, arc tang function and separate positive
d-axis correction algorithm, PLL solutions and Kalman filters [1]. In this work an
extended Luenberger observer structure [3] is used.

;o frame cn'— frame dg - frame )
s | ) — Lagf
T e e‘]alct > hpl > ejZ(th—B) > hp2 > e—]((oct—a) -
to current regulators
dqg - frame cn— frame i
-S—Ccn
> pi(@t-0) - > oli(@t+0) .
€ c i i hp3 | € : to observer
—dq2 —dq3 _dq4

Figure 6.8 Fundamental current decoupling
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Figure 6.9 Luenberger style observer, heterodyning and normalizing term

The position information gives double rotor position, thus the positive d-axis is
determined during commissioning stage and the position (theta) is tracked with an
observer. The electrical position is converted to mechanical position by using the pole
pairs p (alternatively all quantities in per unit system). The observer includes the
mechanical model of the machine and load. In the first stage the error signal for the
observer is made by heterodyning. The heterodyning stage is simply the cross product
of the estimated saliency vector (always unity amplitude) and the position signal vector.
If we assume the positioning signal has amplitude equal I, we get:

e=1_x120=1_sin(2(6 - 0)) (6.13)
For small errors the error term can be approximated as:
e~2l_(0-6) (6.14)

In Figure 6.9 the factor two from the linear approximation is included as a scaling term
before the observer. The bandwidth of the observer can be selected using the
approximation of the error term for small errors. A simple pole placement technique is
used in order to give the observer the bandwidth needed for the actual application. The
poles are placed with a factor 5 between them in order to reduce parameter sensitivity
for the observer. The amplitude of the positioning signal enters the observer and they
will influence the three gains in the observer. In order to decouple this effect a
normalizing term is used in order to scale the position signals before they enter the
observer:

icn

= —— (6.15)
(i) +(5)

o icn

i =l (6.16)

i) + (i)
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With the normalized positioning signals the tuning of the observer becomes easier as the
bandwidth does not change with carrier signal amplitude. Discrete design was used in
the implementation and pole placement. The discrete design is described in the next
section. The s-plane transfer function for the closed loop system becomes:

5 H i(dez+st+Ki)
Hop = = = — o =—3 < (6.17)

O 1tH o Kag B K

J J

If one consider the combined effect of the torque feed forward and the estimate of the
load torque the combined effect must be expressed. The effect from the feed forward on
the estimated position can be expressed as:

A~

9 __ > (6.18)
me Js’+K, s’ +K s+K,

the real relationship (m=0):

0 1

e

If these two expressions are combined the relation ship between the feed forward torque
and the estimation accuracy becomes:

357 (e
m
= — —= (6.20)
Js'+Kys"+ K s+K,

| D™

The resulting effect in the observer is the feed forward effect together with the standard
transfer function. The combined effect is evaluated by summation of (6.17) and (6.20):
Js’ m. K,s* + K s+K

(m—) +Kys"+ K s+K;

= (6.21)
Js’ + K, s + K s+K,

0
0

In this work the reluctance moment is not used (iy = 0) and the electromechanical
torque can be estimated as:

~

Me =y, i, (6.22)
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The estimated position accuracy can be expressed as:

38 (Umy 4 K,s* + K s +K,
— Ynm (6.23)
Js’ + K, s* + K s+K,

™

The disturbance rejection can be represented by the transfer function:

MM (6.24)
0-0 0,
The real system is:
m,—m
0=——=1 6.25
352 (6.25)
The observer gives:
I 9e£ﬁ+Kpj+r?1e +«9€§ (6.26)
S| Js S J

(6.24),(6.25)and (6.26) are combined :

N m. K
0-0=0 =T M M 9[ﬁ+—p+ﬁ} (6.27)

+——0,| = = =
SN SN S W TS N S
The influence of the disturbance with respect to the position error can be describes as:

ﬂ:Jsz+%(Kp+de+ K. (6.28)
S

e
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Figure 6.11 Discreet representation of observer

The disturbance rejection describes the amount of disturbance torque needed on
different frequencies in order to make a 1 electrical degree error. This function will be
used in the evaluations of the final tunings for the different methods. As there is no load
machine connected to the machine this is the only evaluation one get on the disturbance
rejection. In general large values in the disturbance rejection gives good disturbance
rejection. In the DSP the observer is implemented in a discreet version. When a fixed
point DSP is used there are several modifications that simplify the implementation: in
Figure 6.11 the estimated inertia is included in the gains, in addition to this the sampling
times can also included in the gains in order to represent the gains on a suitable fixt
point format. The factor 1/2 in the gains represents the linearization of the error
term(6.14). The estimated inertia is included in the gains in order to tune the State Filter
representation (no torque feed forward) without the estimated inertia. When the torque
feed forward is used the estimated inertia and the pole-pairs (p) is used as scaling.

6.2 Experimental work on HFCI-R

The experimental work was performed on test machine 1 (IPMSM). As the test setup
had no load machine the inertia of the machine it self was used as load during
acceleration. Two types tests where performed: a speed reversal test and a transient test.
The speed reversal test performs a speed reversal from 250 rpm to -250 rpm (0.1 pu
speed). The speed reversal test covers the speed range that this method should cover, it
reveals the zero crossing effects and it shows the performance of the synchronous frame
filter during a quick change in the g-axis current. In the transient test a square wave
reference (45 A) is applied to the g-axis current regulator. The test shows the dynamics
(and distortions) in the estimated speed and rotor position, the relationship between the
saliency position and the g-axis current and the performance during extreme g-axis
current change. Since there was no load machine in the test setup the disturbance
rejection properties could not be tested. These properties are described by the
disturbance rejection function(6.28).
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6.2.1 Current regulators

In all sensorless schemes based on voltage carrier signal some strategy must be chosen
in order to prevent the current regulators to follow the carrier signal. In [35] the
bandwidths of the current regulators were selected lower than the carrier signal
frequency. In this work the synchronous frame filter found in [29] is used for the current
feedback. The synchronous frame filter is made adaptive by using the estimated position
in the frame where the position dependent part of the carrier signal is removed. In
theory the synchronous frame filter removes the carrier signal components from the
stator current and the current regulator bandwidth can be selected higher. In the
practical implementation there will be some errors in the estimated rotor position and
there may be some carrier signal components entering the current controller feedback.
Thus the current regulators must be tuned according to the performance of the position
estimate and the synchronous frame filter. Figure 6.12 show the inputs and outputs for a
step change in the speed reference.

The bandwidth (wp) of the current regulators where determined by measuring the 10-
90% rise time for a step response.

In9
®, =—7 rad/s] (6.29)
tr
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Figure 6.12 Synchronous frame filtering for current regulator feedback:Vc=30 V, fc=1000Hz, hp1l-
3=100Hz (rated current equals 90 A)
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Figure 6.13 Left: 1.0 pu step change in g-axis regulator. Right: 1.0 pu step change with pre filter on
reference.

Initially there were some problems during the speed reversal tests. The quick change in
the stator current resulted in loss of orientation. This was mainly due to the high pass
filtering in the dq-frame. When the g-axis current changed very quickly the high pass
filter in the dg-frame could not remove the fundamental current. In order to slow down
the change in the current a pre filter was applied on the reference for the regulator.
According to (6.29) the current regulator bandwidth was approximately 700 Hz before
the pre filter was introduced, with the pre filter the bandwidth was reduced to
approximately 350 Hz. The pre filtering did not improve the transient operation of the
synchronous filter, but due to the smooth current response it was used during the
experimental work in this Chapter. It should be noted that the gains in the regulator was
not changed, only the reference current was pre filtered. Thus any deviations from
reference current still faced a 700 Hz bandwidth.

6.2.2 Selection of carrier voltage magnitude

The selection of carrier voltage magnitude relates to many aspects: current sensor
accuracy, magnitude of transient current distortion and magnitude of zero crossing
effects. A speed reversal test was used to show the position dependent part of the carrier
signal during transient operation of the system.

The typical resulting frequency from a transient in the negative rotating carrier
reference frame is at the same frequency as the carrier. The typical amplitude is
comparable to the g-axis change in amplitude. In Figure 6.14 transients from speed
reversals is shown. The interpretation of the different currents is shown in Figure 6.2.
The speed controller outputs a step in the iq reference equal almost 50 amps. The size of
the transient in the carrier position signal is at the same size as the transient in ig.
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Figure 6.14 Speed reversal -370/370 rpm — transient impact on carrier in negative rotating carrier
reference frame. Carrier frequency 1000 Hz ,hp1-3= 5Hz,1: Ip1 200 Hz and Vc=7.5 V. 2: Ip1= 100 Hz,
Vc=15.0V, 3:lp1=100 Hz, Vc=30 V

The second plot in Figure 6.14-1 show the position carrier current after the synchronous
filter. The transient dominates the position signal and a low pass filter can be used in
order to remove the high frequency disturbance. In Figure 6.14-1 a second order Butter
Worth filter with cut off frequency at 200 Hz was used. The filtered carrier signal is
shown in the lower plot in Figure 6.14-1. In this implementation the transient has bigger
amplitude than the position dependent carrier and the tracking will be lost during the
transient. In order to reduce the impact on the position estimation due to transient
operation the carrier voltage was increased to 15 V. The cut off frequency in the low
pass filter after the synchronous filter was lowered to 100 Hz. With these settings the
position tracking was not failing during the transient test but there where large errors
(approximately 20-30 el. degrees) during the transient due to fundamental current zero
crossing. In Figure 6.14-2 the time instants of the large position errors can be derived
from the fundamental current zero crossings. In the final test (Figure 6.14-3) the carrier
amplitude was increased to Vc=30 V (amplitude). With this carrier signal the impact
from the zero crossings are minimized as the amplitude of the position signal becomes
sufficient larger than the influence from the fundamental current zero crossing. In the
rest of this subchapter 30 V is used as the default carrier amplitude. The resulting high
frequency phase current was approximately 20 A (0.22 pu) in peak value.
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6.2.3 Transient and zero crossing effects on the estimates

The fundamental current zero crossing effect in the position dependent part of the
carrier can be evaluated by applying a speed reversal and logging the response after the
synchronous frame filter and Ipl in Figure 6.3. In this test only the fundamental
excitation is used: Figure 6.15 shows that there is virtually no influence from the
fundamental phase zero crossing when no carrier signal is applied.

Figure 6.16 shows the influence on position estimate from fundamental current zero
crossings when the carrier is applied. The labels t1-t5 indicates where the position error
peaks are located: there is a close relation between the error peaks and the fundamental
phase current zero crossings. This indicates that the fundamental current zero crossings
impose transients in the same frequency region as the negative rotating carrier signal.
These transients are difficult to remove by filtering due to the frequency overlap with
the position dependent carrier signal. A detailed analysis of these phenomena is
presented in Chapter 9.
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Figure 6.15 Resulting Current in negative frame after synchronous frame filter and low pass filter 1 (100
Hz) during a speed reversal, no carrier signal injection
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Figure 6.16 Fundamental current zero crossing effect on position estimate when carrier is applied

6.2.4 Tracking and transient test with standard and simplified scheme

The standard scheme (Figure 6.2) and the simplified scheme (Figure 6.6) were tested
with the speed reversal test. During these tests the carrier voltage amplitude was 30V.
There was a speed dependent lag in the estimated speed and rotor position. The lag was
mainly due to the low pass filtering used (Ip1) but some lag also relates to the observer
and other lags in the current loop and DSP. A linear approximation could be used to
compensate for the speed dependent lag in the position estimate. From the speed
reversal test the speed dependent correction is estimated. For the implementation with
the second order butter filter at 100 Hz the delay at 0.1 pu speed is approximately 13.5
electrical degrees. There is also a load dependent offset in the position estimate due to
iq. The load dependent offset is due to the interaction between the flux from the magnet
and the flux form the load current. This interaction creates a spatial shift in the resulting
stator flux and a shift in the saturation based saliency. This effect was described in
detail in Chapter 3. The size of this offset is determined with transient operation in the
next section. From these measurements the offset due to iq is approximately 5 electrical
degrees (negative) for a 90A change in i.

6=0"+A, -n+A,-i (6.30)



91

4, [el.deg]
\, [el.deg]

-50

-100

'—S-ini-{.'.:r'ul-o—-nuhm

‘1%00 -2060 -1000 4] 1000 2000 30¢
n,., lrpm)

Figure 6.17 Correction functions used for HFCI rotating

In order to compare the different schemes the same pole placement strategy was used
for all schemes: the poles where placed with 5 times frequency separation. The
observer poles where tuned up (as far as possible); the upper limit where determined by
a maximum +/- 10 electrical degrees error in the position estimate. This may not be an
optimal pole placement in respect to parameter sensitivity and noise rejection for all
schemes, but it gives an easy way of comparing different schemes. If the torque feed
forward term was used the transient test for high frequencies turns into a test of how
good the estimated inertia is. In the comparison of the schemes the performance without
the estimated inertia and torque feed forward will be used. In Figure 6.18 speed reversal
tests are shown. The correction term A,n is used for all plots. The basic solution with

the synchronous filter is plotted in Figure 6.18.1. If this plot is compared to the
simplified scheme (Figure 6.18.2) there is virtually no difference (the simplified scheme
is illustrated in Figure 6.6). Torque feed forward was not used in Figure 6.18-1 and 2.
Transient tests where also performed in order to verify the similar characteristics and
these tests also confirmed that the operation was equal. As the performance was equal
only the standard synchronous frame solution is presented for the remaining tests. The
effects from torque feed forward were also tested: in Figure 6.18-3 and 4 the estimated

inertia is set equal to J =0.5J and J = J . As the speed reversal is slow compared to
the observer pole location (10, 50, 250 Hz) the feed forward term has virtually no effect.
This can also bee seen if considering the sensitivity function in Figure 6.10. The large
errors in the position estimate in the time instant after the commanded speed step is
related the fundamental current zero crossings.
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In order to verify the extreme transient operation square wave 14 reference (+/- 45 A)
were applied. As the reference frequency was increased the speed and position estimates
begin to degrade. The fast transition from + 45 A to — 45 A leads to phase current zero
crossing and heavy transient content from the fundamental current. Figure 6.19 shows
the transient test at 12.5 Hz and 25 Hz. Correction terms were not used for the tests in
Figure 6.19. Two major contributions to the position error are: the fundamental current
goes trough zero, and the saliency is shifted due to the high g-axis current. In addition
the synchronous frame filter suffers from the rapid change in the g-axis current. The
high pass filtering in the dg-frame (Figure 6.2) cannot reject the rapid change in the g-
axis current. This current must be filtered off in the low pass filter in the negative
rotating frame (Ip1 in Figure 6.2). The resulting effect in the speed and position estimate
is an error in the time instant the g-axis current is changed. In Figure 6.19- 3 and 4 the

feed forward term is used (j ~J).
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Figure 6.19 Transient test, Synchronous frame filtering, Observer poles at 10, 50 and 250 Hz,1) no
torque feed forward 12.5Hz, 2) No torque feed forward 25Hz, 3)Torque feed forward 12.5 Hz (J =J) 4)
Torque feed forward 25 Hz (J = J)

The 12.5 Hz test (Figure 6.19- 1 and Figure 6.19- 3) are quite similar due to the low test
frequency compared to the observer pole placement. As the frequency was increased the
feed forward torque improved the estimates (Figure 6.19- 1 and Figure 6.19- 3). The
AFF diagram in Figure 6.10 also indicates this type of effect form the feed forward
term. In order to fully illustrate the potential effects of the torque feed forward a
different observer tuning approach is presented in Figure 6.20: the observer poles are
placed slower than the test frequency. This tuning result in a lower disturbance rejection
and the estimates apparently becomes much better. The observer poles were detuned to
0.2, 1 and 5 Hz, the test sequence was 12.5 and 25 Hz (Figure 6.20). If this type
observer tuning was used for comparison of the different schemes the tests results
would be fairly equal as this merely is a test showing how good the estimate of inertia is
and how the torque feed forward term improves bandwidth of the observer. This type
tuning will result in a more parameter sensitive scheme and it will not be used in the
final comparison of schemes.
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Figure 6.20 Transient test with standard synchronous frame filtering.1: 12.5 Hz alternating iq reference.

2: 25 Hz alternating iq reference. Observer poles 0.2, 1 and 5 Hz, j ~J

6.2.5 Decoupling of fundamental current

Two approaches were tried with the configurations in Figure 6.8: narrow notch filtering
(hp1-3=1-10Hz Figure 6.2) and wide notch filtering (hp1-3=50-100Hz Figure 6.2). The
narrow notch filtering aimed to decouple both the zero crossing and the transient
fundamental effect. The wide notch filtering aimed at decoupling only the transient

fundamental effect.

Figure 6.21 the current response during a speed reversal with narrow notch filtering.
The labelling is referring to Figure 6.8 were ig3 is the resulting current after the
decoupling. In this test the position from the encoder was used in the synchronous frame

50
£
50
5
£ o
5
4ok
< 20
Ok

04
time [s]

05

Figure 6.21 Fundamental current zero crossing effect, 375 rpm speed reversal, no hf excitation, hp(1-3)
filters at fc= 5 Hz, rotor position from encoder, no signal injection



sigurdo
Rectangle

sigurdo
Rectangle

sigurdo
Rectangle


95

filter. When the encoder position was used all the frames in the synchronous frame filter
were based on measured or commanded variables. This made the reference frames as
accurate as possible. From a series of tests full decoupling was found when the cut off
frequency for the high pass filters was tuned to <5 Hz. Figure 6.22 shows the same test
with the carrier voltage applied. The zero crossing and the transient fundamental current
effect was eliminated even when the carrier amplitude was lowered to 7.5 V. Compared
to the carrier signal in Figure 6.14 the quality of the position dependent carrier was
improved and the need for low pass filtering was eliminated. When the synchronous
frame filter was tried with the estimated rotor position the results where not as good.
The narrow notch filtering has one serious problem: when the estimated rotor position
has errors the feed back in the observer contains carrier signal. In addition the lag of the
carrier signal in the feedback alters from +90 to -90 when the error is small positive or
small negative. Even tough the narrow notch filtering was not successfully implemented
with the estimated position the tests gives an idea of the potential performance of the
scheme based on HFCI-R when the zero crossing effects are decoupled.

50

i [A)
(=]

s

o8

i A

ob o M o

1 0z 03 04 05 08
time [s]

1)

i [A)
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i, (A

i A

X 02 03 04 05 08 02 03 04 05 06
time [s] time [s]

2) 3)

Figure 6.22 Speed reversal -370/370 rpm — transient impact on carrier in negative rotating carrier
reference frame. Carrier frequency 1000 Hz, hp1-3=5Hz, rotor position from encoder used in filters,1:
Vc=7.5V. 2: Vc=15.0 V, 3: Vc=30V
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The wide notch filtering (hp1-3=50-100Hz Figure 6.2) was aimed at decoupling of the
fundamental current, but no decoupling of the zero crossing effect. 100 Hz cut off
frequency was selected for the high pass filters (1 to 3 in Figure 6.8): the resulting
decoupling removed the impact from the transient fundamental current and the low pass
filter before the observer was not needed. In the tuning of this approach there was one
serious problem as the observer could not be tuned at high bandwidths. If the observer
was tuned with a high bandwidth the noise sensitivity became too big and the
performance degraded. As the original solution with the low pass filter in the negative
reference frame also removed the transient current (and the observer poles could be
located at 10, 50 and 250 Hz) the decoupling scheme with wide notch filtering did not
enhance the operation of the scheme.

6.3Chapter conclusions

Based on the work found in [2, 13, 39] the scheme based on rotating carrier injection
was implemented. The implementation in this thesis is a simple implementation where
the bandwidths obtained by no means are optimal. In [39] a 100 Hz bandwidth was
proved with an IPMSM and the same scheme. The bandwidth test in [39] was a test
with sinus varying load. For comparison with the work done in this thesis the test
without the torque feed forward must be used. In this thesis the comparable bandwidth
was approximately 12.5 Hz (Figure 6.19.1). The reason for the large difference is
mainly the effects of the fundamental zero crossings and the low cut-off frequency used
in the low pass filter (Ipl in Figure 6.2). In addition the test in Figure 6.19 is more
extreme as a large square wave torque reference was used. In the square wave test there
are large transients and a saliency shift due to the large g-axis current. In this thesis the
recognition of the challenges for each scheme is the focus rather than optimal
implementation of each scheme. For the HFCI-R based scheme the following
challenges where found:

o the synchronous frame filter alone does not reject transient response in the dq-
currents. A low pass filter is needed in order to remove transients in dq-current
(Figure 6.2). Alternatively a fundamental current decoupling scheme could be
used [29].

o the effect of fundamental phase current zero crossings limits the bandwidth of
the system and the accuracy in the estimated speed and position

If low pass filtering is used after the synchronous frame filtering in Figure 6.2 the
performance would be equal to the simplified scheme in Figure 6.6. The torque feed
forward arrangement in the observer enhance the observer when applied frequencies are
close to or higher than the observer poles.
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A simple scheme for fundamental current decoupling is presented in this Chapter. In the
tuning of the decoupled system the bandwidths could not be as high as for the
arrangement in Figure 6.2. The decoupled system with narrow notch filtering is
presented merely to show how the potential improvement could be if the fundamental
current is decoupled. For future work the decoupling scheme in [29] could be
implemented or a dead time compensation scheme could be implemented. Both these
methods could improve the performance of the system.

In the initial analyses the carrier voltage amplitude had to be 30 V in order to produce
reliable position and speed estimation. With this carrier voltage and the observer poles
in 10, 50 and 250 Hz the maximum frequency in the transient test was found to be 12.5
Hz. In the comparison of schemes the following results will be used: speed reversal -
Figure 6.18.1, transient test - Figure 6.19.1, disturbance rejection - Figure 6.10.2.
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7 HIGH FREQUENCY CARRIER INJECTION-
PULSATING

7.1Description of scheme

The schemes based on injection of pulsating high frequency injection are many. Both d
and q axis injection can be found in the literature [3, 25]. In this work d-axis injection is
implemented due to two factors: minimum torque production from the carrier signal and
minimum influence from fundamental current zero crossing. Minimum torque
production from carrier signal will be true for surface mounted PMSM where only the
g-axis current is torque producing. For an IPMSM the carrier injection in the d-axis will
not be the minimum torque producing angle due to the reluctance torque. As the carrier
frequency is high any pulsating torque components due to the carrier will be effectively
filtered by the rotor inertia, more interesting is the acoustic noise as a result of the
torque production. The influence from transient operation of the drive is documented in
this chapter: very little influence from fundamental zero crossing is found. A new
filtering approach is presented based on synchronous frame filtering. The new filtering
technique allows the current regulators to be tuned more freely.

7.1.1 Carrier injection and observer

The injection scheme is very similar to HFCI-R scheme. The high frequency component
is added to the d-axis output voltage. The carrier signal in the estimated dq-frame can
be expressed as (j-included in order to simplify resulting current):

U = Ui | [Uscos(art) 1
=~c Uac _J O ( . )
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In order to derive a expression for the carrier current the inductance matrix must be
transformed to the estimated rotor reference frame by the difference between the

estimated rotor position and the real rotor position (Af =6 — 0 ):

e 1 1 0 —cos(2A0) sin(2A0)
L= DL +AL| (7.2)
LyL, 0 1 sin(2A0)  cos(2A0)
If the resistive drop is neglected the high frequency response can be derived as:
\ P U, (z L+AL cos(ZAﬁ))cos(a)ct) (73)
L Y —ALsin(2A0) cos(a,t) .

In order to derive a term proportional to the position error the g-axis current is
demodulated by multiplication of sin(w.t) followed by a low pass filter (LPF):

. U, (L ~
e~ LPF (i sin(a.t)) = ——=———=sin(2(6 - 0)) (7.4)
4o, LyL,
~ U, (Li-L
K. _Ys c(La—La) (7.5)

4o, i:d Eq
It should be noted that the amplitude of the error signal is only half the amplitude
compared to the HFCI-R based scheme. In Figure 7.1 an outline of the scheme is
shown: in order to remove as much of the fundamental current as possible a high pass
filter is added in the dg-fame. This filter is optional and the effect of the high pass filter
is presented in the experimental work. In order to tune the observer the error term is

scaled according to the estimated error amplitude(7.5). Due to the linearization of the
sinus term in (7.4) a factor 2 must also be included in the scaling term.

Transformation to Controller ~ Physical Model
dq frame

i
L I VUL Tr) M

I Y _
i &/‘ hp3 Ipl

‘ cos(é) H Sin(é) ‘
[ A

Figure 7.1 Error term and observer for HFCI-P
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7.1.2 Synchronous frame filtering

The high carrier frequency will lead to limitations in the tuning of the current regulators.
Some implementations use a low bandwidth current regulator that would not act on the
high frequency injection. In [25] the d-axis current regulator feedback was simply
filtered by a low pass filter. The low pass filter must be approximately one decade lower
than the carrier signal in order to properly remove influence from the carrier injection.
In this thesis a synchronous fame filter solution is suggested in order to remove the
carrier frequency from the fundamental current. The implementation of the filter is
slightly different from the synchronous frame filter used in the previous chapter. The
injected voltage can represented as two rotating voltage vectors [2] (transformation
matrixes in Appendix A):

U  =T4-U; ] [Cosg% )} = T j(e10+e 4 gi@-ad)y (7.6)

The carrier current components can be expressed by using the inversed inductance
matrix (6.4) and the voltage components in (7.6):

15—l ey (7.7)

s ¢ . s =s_cC

J[28
The decomposition of positive and negative rotating current components are derived in
same manner as in (6.5) and (6.6).The currents in stationary stator reference frame can
be expressed as:

lzic — Icoej(ﬂﬂoct) + IClej(Zﬁ—Q—wct) + Icoej(ﬁ—wct) + IClej(20—€+wct) (78)
Where
S S
_Usic(Ld +Lq) | _Usfc(Ld _Lq) (7 9)
c0 — s lecl — .
4do.L,L, 4do.L,L,
A 15[A]
ICO
Icl
D m— | >
% @ 4 wfrad/s]
~(@,— ) (0,~20-®) vy (@ +0)  (0,-0+20)

Figure 7.2 Frequency spectra for pulsating high frequency injection in d-axis
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s ©P '— frame cn'- frame dg — frame i
| i - Zdqf
=S > e—J(wct+9)_> hpl > ej(2a)ct) » hp2 > e*i(wct) -
to current regulators
dg — frame .
R iq ) s cnt
> o i > hp3 » sin(a,t) > Ipl —

Figure 7.3 Synchronous frame filtering and signal demodulation for HFCI pulsating scheme.

Figure 7.2 illustrates the frequency spectra in stationary reference frame. There are two
components rotating in negative direction and two components rotating in the positive
direction. The difference in location for the negative (and positive) rotating pair equals
the error in the estimated speed. In order to utilize the synchronous frame filter in an
optimal manner the filter should be made adaptive (use the estimated position). A
modified synchronous frame filter is presented in Figure 7.3. The cp’ frame is located at

a)ct+9 while the cn’ frame is located at-a)ct+g?. When the estimated speed and

position is correct the synchronous frame filter completely eliminates the high
frequency components. As there always will be some error in the estimates high pass
filter 1 and 2 are tuned with 50-100 Hz cut off frequency. Figure 7.4 illustrates the AFF
diagrams for the two filter solutions: Figure 7.4.1 illustrates a first order 100 Hz low
pass filter and Figure 7.4.2 illustrates the synchronous frame filter with high pass cut off
frequency at 50 Hz. The solution with synchronous frame filter allows the bandwidth of
the current regulators to be higher compared to the low pass solution.

is(LP)/is idqf/is
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amplitude

o
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; | . : . i
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2 2
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i L L M L " _10%00 L L " L "
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Figure 7.4 AFF diagrams for current feedback filtering f.=1kHz, 1) standard solution with 100 Hz low
pass filter, 2) Synchronous Frame filter (n=0) hp1-2=50Hz
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7.2Experimental work on HFCI-P

In the experimental work Test Machine 1 (IPMSM) was used in all tests. In order to
derive the characteristics of the scheme the same tests is used as in the previous chapter:
speed reversal and transient test.

7.2.1 Current regulators

The current regulators were tuned with the same bandwidth as for the HFCI-R scheme.
Pre filtering of reference value was also used here and the resulting bandwidth is
approximately 350 Hz (700 Hz for disturbance — no pre filter effect in feedback loop).
The synchronous frame filtering in Figure 7.3 is used in the current feedback loop with
75 Hz cut off frequency in the high pass filters. A speed reversal test is plotted in Figure
7.5, the filtering removes nearly all the carrier signal content.

7.2.2 Amplitude of carrier voltage

When selecting the carrier voltage amplitude the first requirement is that the current
measurements accuracy is sufficient for measurements of the position dependent part of
the carrier. The current measurement error is discussed in Chapter 9. The error term
(7.4) containing the position dependent part of the carrier was measured for different
carrier voltage magnitudes. The pulsating excitation was fixed in the stator reference
alpha axis and the machine was rotated by hand while the error term was logged. The
results from 15 V carrier voltage amplitude is shown in Figure 7.6.1. The experimental
setup uses an inverter with 10kHz switching frequency with a 3us dead time. At this
switching frequency the dead time influence the voltage quality for low voltage
commands. The 15 V carrier voltage amplitude represents 0.1 pu of the system voltage.
The inverter will introduce a non linearity at this small voltage command. When the
voltage command is increased to 30V the dead time has less influence on the resulting
voltage. The error term for Vc=30 V is presented in Figure 7.6.2 .In this work both 15
and 30 V carrier was tested.

Q 0.005 001 005 0.02 0.025 0.03

20+, f R f " Ay
d |

aQ 0,005 0.01 0.015 0.02 0.025 0.03
time [s]

Figure 7.5 Synchronous frame filtering of current controller feedback during a speed reversal hpl and 2
=75 Hz, f.=1kHz, Vc=30V
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Figure 7.6 Carrier signal and error signal to observer, left Vc=15V right Vc=30 V

When the carrier signal was 15 V the acoustic noise was reduced. In order to compare
the scheme to the HFCI-R scheme the performance for the 30 V carrier was used as this
gives the same carrier current magnitude as for the HFCI-R implementation.

7.2.3 Transient and zero crossing effect

The basic implementation found in [35] uses no high pass filter in the dg-frame. In a
later thesis by [73] the usage of a high pass filter in the dg-frame was suggested. In this
section the effect of this high pass filter is evaluated. Two speed reversal tests are
shown in Figure 7.7. They illustrate how the fundamental current leads to high
frequency content in the error term. Figure 7.7.1 shows the results from a speed reversal
test when no high pass filter is used in the error term (hp3 in Figure 7.3). After the
demodulating term the fundamental g-axis current appears with frequency
approximately equal to the carrier frequency and amplitude equal to the g-axis current.
The signal is filtered by a 2. order low pass butter worth filter with cut off frequency
equal 200 Hz. The filter does not suppress all the high frequency content and some high
frequency components exist in the error term. During the experimental work the cut off
frequency was lowered to 100 Hz for some tests but the effect was still present and the
presented tests all uses the 200 Hz low pass filter. A higher order filter may improve the
performance (not implemented here). As for the synchronous frame filter a high pass
filter can be implemented in the dq-reference frame in order to remove the fundamental
current before the demodulating. The high pass filter removes the fundamental current
in stationary operation. Under transient operation (step reference in current or speed
reversal) the current changes quickly and the all the fundamental current passes the high
pass filter. Figure 7.7.2 shows the improvement from the high pass filter: when the g-
axis current changes slowly all the fundamental current is removed, when the current
changes quickly the effect is equal to the implementation with no high pass filter. In the
experimental work the high pass filter was used in order to improve the steady state
operation.
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Figure 7.7 Impact on position dependent carrier signal during speed reversal (no signal injection), 1) no
high pass filter in dg-frame, 2)100 Hz high pass filter in dg frame

In the HFCI-R scheme the errors during speed reversal could be related the fundamental
current zero crossings. A comparable plot can be seen in Figure 7.8; there are no
detectable error that can be related to the fundamental current zero crossing. A detailed
analysis of these phenomena is presented in Chapter 9.

7.2.4 Speed reversal and transient test

The speed reversal and transient tests where performed with Test Machine 1 (IPMSM).
Two carrier voltage amplitudes where tested: 15 and 30 V. The 30 V test is used for
comparison with the HFCI-R scheme in order to evaluate the schemes with the same
carrier magnitude. When the carrier voltage was 15 V the acoustic noise was
dramatically reduced. As acoustic noise is also a criteria used in the comparison the
performance with the 15 V carrier was also documented. In order to compare the
performance an identical tuning approach was used for all the schemes; the observer
bandwidth was increased until the estimated position and speed was at best performance
for the 12.5 Hz transient test. The three observer poles where placed with 5 times
frequency separation (i.e. poles in pl, p2 and p3 placed as p3=2*pi*(5*12),
p2=2*pi*(5*f1)). The speed reversal and transient tests are done with no feed forward
torque in the observer in order to find the characteristics of the scheme. In Figure 7.8.1
the speed reversal test for Vc=15 V and observer poles in 1, 5, and 25 Hz is presented.
When the poles where placed more to the left in the complex plane the position error
was larger and the system started to oscillate when the poles were located in 2, 10 and
50 Hz. When the carrier voltage was increased to 30 V the performance was improved
as the transient and zero crossing effects are smaller compared to the carrier amplitude.
The results for 30 V carrier and poles in 2, 10 and 50 Hz is shown in Figure 7.8.2.
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Transient tests are presented in Figure 7.9. In the transient test the g-axis reference
current is a square wave (12.5 and 25 Hz) +/-45A. The motor shaft oscillates and the
performances of the estimates are evaluated. In Figure 7.9-1 and 2 the carrier amplitude
was 15 V and the observer poles where located in 1, 5 and 25 Hz. Under the 12.5 Hz
test the position estimate is within the +/- 10 degrees limit, but the speed estimate is
deformed. The maximum speed during this test is only 4% of the rated speed thus the
speed error in percentage of the rated speed is maximum 2%. At the time instant of the
current step there are transient effects in the estimated speed and position: the
fundamental phase current crosses zero and the quick change in the g-axis current gives
a distortion as showed in Figure 7.7. In addition the saliency will have a shift due to the
change in the load current. When the test frequency is increased to 25Hz the change in
position is comparable to the effect from the transient effects and the speed and position
estimates fails. When the carrier voltage was increased to 30 V the influence from the
transients is smaller compared to the carrier voltage and the poles in the observer could
be placed in 2, 5 and 50 Hz. The 12.5 Hz test (Figure 7.9.3) shows an excellent position
estimate: the scheme quickly compensates for the position change but also here the
speed estimate is deformed. The speed estimate is an internal state in the observer and it
is highly sensitive to noise when the observer is tuned at high bandwidths. When the
test frequency was increased to 25 Hz (Figure 7.9.3) the transient effects are comparable
to the position change and the estimates fails. The bode plot and the disturbance
rejection function (defined in Chapter 6) is plotted in Figure 7.10 for the poles used in
the 15 and 30 V carrier implementation.

The scheme was also tested with the torque feed forward term included in the observer.
The observer poles where placed at 0.2, 1 and 5 Hz in order to reduce the sensitivity to
the transient effects. This type tuning reduces the disturbance rejection ability as the
bandwidth of the estimated load torque reduces. The 12.5 and 25 Hz transient test is

shown in Figure 7.11 for J ~J.Both speed and position estimates are excellent

Ve=15v [i
Ve=30 ||

Magnitude (abs)

d

1
amplitude (T, mp]

Phase (deg)

- i 1‘
Frequency (Hz) frequency [Hz]

1) 2)

Figure 7.10 Vc=15V Observer poles in 1, 5, 25 Hz (blue) and Vc=30 V observer polesin 1, 5, 25 Hz
(green), 1) AFF diagram for estimated position over real position 2) Disturbance rejection function
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Figure 7.11 Transient test Vc=15 V, Observer poles in 0.2, 1, 5 Hz, torque feed forward,|p1=100Hz,
hp1=200Hz, j ~J 1) 12.5Hztest 2)25 Hz test

compared with the estimates without the torque feed forward. In the 25 Hz test some
transient effects can still be seen in the position and speed estimate. In Chapter 6 the
disturbance rejection and parameter sensitivity functions where defined. Figure 7.12.1
shows the parameter sensitivity for the torque feed forward solution (0.1, 1 and 5 Hz
poles) is plotted. The disturbance rejection function for the same pole placement is
shown in Figure 7.12.2.
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Figure 7.12 Torque feed forward, poles in 0.2, 1, 5 Hz 1)Parameter sensitivity 2) disturbance rejection

7.3Chapter Conclusions
Based on the work done in [3, 25] the scheme based on pulsating high frequency d-axis
injection has been implemented. The successful operation with 15V carrier amplitude
indicates that the combined zero crossing effects from fundamental and carrier is
smaller compared to the HFCI-R scheme.
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There is a different mechanism that limits the bandwidth of the HFCI-P scheme: due to
the “search algorithm” nature of the scheme the carrier current injection angle is a result
of the estimated position. This includes the lag from filters, electrical time constants and
lag in observer. In the HFCI-R scheme the carrier voltage is injected in the stationary
stator reference frame independent of the position estimate. In the HFCI-R scheme the
observer is an add-on compared to the HFCI-P scheme where the estimated position is
included in the injection angle.

In order to prevent the carrier injection from influencing the current regulators two
approaches is common:

o The feedback to current regulators are filtered by a low pass filter [22, 25, 30]

o The current regulator bandwidth selected sufficiently lower than the carrier
frequency [3, 4]

In this work synchronous frame filtering is suggested to filter the feedback to the
current regulators. This allows for higher current regulator bandwidth compared to the
existing methods.

For the comparison of schemes in Chapter 9 the following results will be used: speed
reversal test from Figure 7.8.2, transient test from Figure 7.9.3, and the disturbance
rejection function from Figure 7.10.2 (Vc=30 V). All of these test where made with no
torque feed forward and the observer poles in 2, 10 and 50 Hz. It should be noted that
the normalizing term used in this tuning (observer tuning) is an estimate containing
machine parameters. The observer pole placement and the disturbance rejection must
therefore be regarded as approximately results. In worst case the observer poles may
drift due to changes in the estimated parameters and lead to unstable operation. In [73]
stable operation was guarantied by using saturated estimates of inductance in the tuning
of the observer.
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8 TRANSIENT EXCITATION

There is a variety of different schemes that uses transient excitation for sensorless
control or initial position estimation [1, 66, 67]. In comparison of different schemes [2]
it has been claimed that the transient excitation based schemes have lower bandwidth
and disturbance rejection ability. A new scheme based on transient excitation is
presented in this chapter. The new scheme estimates the rotor position based on a single
measurement sequence. In the experimental part of this chapter the characteristics of the
new scheme is documented and used in the comparison of schemes in chapter 9.

8.1Description of Scheme

The scheme is based on the INFORM (INdirect Flux detection by On-line Reactance
Measurement) method [1] and the excitation principle found in [7] where the transient
excitation is integrated in the zero vector. In contrast to the basic INFORM method the
modified scheme make a position estimation based on one measuring sequence and an
offset. Thus a new independent position estimate can be made in each switching period.

8.1.1 Stator current derivative trajectory

The basis for the transient excitation methods are the same as the basis for the high
frequency injection based methods. If back EMF and stator resistance is neglected the
remaining stator voltage equation is:

dl;
us-13 9
dt
In the implemented scheme the back EMF is not neglected but removed by a differential
measurement. This technique will be covered in the next section. The derivative of the
stator current can be expressed by introducing the inverse inductance matrix:

(8.1)
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dls Ly 1 (zl{l 0}_&[@(20) _Sin(w)Dui(M)
dt LyL, 0 1 —sin(260) —cos(26)

The voltage pulses used in this approach is directed in the stationary stator « direction.
On vector form, with excitation in the « -axis, the derivative can be expressed as:

S

dl P
d—ts =(y, +Ay-e U, (8.3)

Where:

L+l o Lk

= Y 8.4
aLL Y T L 5

Yo

The current response from a voltage step in the stationary stator o direction with the
duration At is in each phase:

Al =At-U; [y, —Ay-cos(20)] (8.5)
Al:b’l =At -U:a [y, —Ay-cos(20 -4 /3)] (8.6)
AISSC’1 =At-U; -[y,—Ay-cos(20-27/3)] (8.7)

Re(Ai,)

Ai

sh,1

offset
n >

\/

Figure 8.1 Stator current derivative trajectory
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The stator current derivative can be expressed by the change in the stator current during
a time interval At :

2 2r

AL~ AIS +ALS e 3 +AIS e 3 (8.8)

sa,l sc,1

As the machine rotates the stator current derivative trajectory forms a circle in the
complex plane (Figure 8.1). In this scheme the offset in the real axis is subtracted and
the remaining stator current derivative used for the position and speed estimation.

8.1.2 Excitation

When the machine rotates there will be back EMF in the stator voltage. If the estimate
of the stator current is made from a differential measurement the back EMF term is
eliminated. Thus two voltage vectors are used as excitation: on in the positive- and one
in the negative stationary stator « direction:

ALY, Al
U -U =L —=L-—=2 8.9
sa,l sa,2 s( At AtJ ( )

The voltage pulse used is of equal duration and opposite polarity:
(AL, - AL, ) =202 L5 At (8.10)

In order to minimize the deviation from the average stator current space vector, two
additional voltage pulses are used (the small pulses t1-t2 and t4-t5 in Figure 8.2). In the
PWM scheme used for the standard drive system a symmetrical space vector
modulation is used. At low speed the induced voltage is small and there is a large zero
vector in the modulation. Figure 8.2 illustrates the transient excitation in the zero vector.
The current is sampled at time instances t2, t3 and t4. The delta currents are formed as
(same for all three phases):

Al =i, (14) =21, (13) +i, (t2) (8.11)
Al =iy (t4) =21 (13) +ig, (t2) (8.12)
Al =i (14) =2 (13) +i (12) (8.13)

The three delta values in (8.11),(8.12) and (8.13) are combined in order to get the
imaginary and real part of the di, /dt trajectory.

Re(Ai,) = Ai,, —0.5- (Al
V3
2
¢ = (Re(Ai,) —offset) + jIm(Ai,) (8.16)

+Aig ) (8.14)

sc,1

Im(Ai,) =~ (A, - Al,,) (8.15)
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Figure 8.2 Transient excitation in the zero vector

8.1.3 Observer and normalizing terms

As for the two other schemes the transient excitation is combined with the observer
described in Chapter 1. The complex vector in (8.16) rotates with the double rotor
position. The vector is normalized before entering the heterodyning (exactly as the
HFCI-R scheme in Chapter 1). After the cross product (heterodyning) the error term is
divided by two in order to compensate for the linear approximation of the sine term and
divided by the pole pairs p in order to get the mechanical position. The mechanical rotor
position appears at the output of the observer and this is multiplied with the pole pairs p
in order to get the electrical position. The discrete implementation of the observer is
covered in Chapter 6.

Heterodyning Process Controller -~ Physical Model
gna + & 1
> > ——
C A - |2p
—®| Normalizing
> K
c =
“n = = J
A ‘ cos(260) H sin(26) ‘
A A
o ’T‘#
[

Figure 8.3 Observer and normalizing term
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8.1.4 Transient excitation in intervals

If the transient excitation is applied in every switching period the number of switching
operations increases with a factor 3 compared to standard symmetrical space vector. In
order to reduce the additional switching losses due to the transient excitation the
transient excitation can be applied in intervals. The switching losses from this type
implementation is compared to the other schemes are presented in Chapter 9. Each
transient excitation sequence produce a position estimate and the interval between the
excitation sequences can be selected freely. In this implementation the speed is assumed
constant between the excitation sequences i.e. the speed estimate is updated after every
excitation sequence. The position estimate is updated with the speed estimate between
the excitation sequences. The observer presented in Chapter 6 is used also for this
implementation and the observer is applied in the same interval as the transient
excitation.

8.2Experimental work on Transient Excitation

The switching frequency was lowered to 5 kHz for the transient based excitation
schemes in order to properly fit the transient excitation in the zero vector. All tests
where performed with Test Machine 1 (IPMSM). In order to compare the performance
of this scheme to the other two schemes the same tests are performed as in Chapter 6
and 7: speed reversal and transient test.

8.2.1 Current regulators

Compared to the high frequency injection based schemes the tuning of the current
regulators is quite different for the transient excitation based scheme. As the transient
excitation is an isolated event the current regulators are tuned according to standard
optimal design procedures [74]. The only influence from the transient excitation is that
the maximum available average voltage is reduced and that there may be a small
deviation from the stator current vector due to the transient excitation. The optimal
tuning criteria used for the tuning was:

gL (8.17)
rS
L T,
T =_:_ - (8.18)
L T
Ky=—ote 2 (8.19)
K.(2T,. +T.)
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L T

_s

Ky=—»to 2 (8.20)
KS(2TSUm +TS)

Where Tgm represents the sum of the delay in the inverter, current measurements and
filters. In the setup the current regulators where tuned slightly lower than the optimal
values in order to reduce the overshoot. The resulting experimental bandwidth (10-90%
rise time based) was 833 Hz.

8.2.2 Selection of time intervals in measurement sequence

There are several factors that determine the selection of time intervals in the
measurement sequence. The most obvious demand is that the change in the current must
be reasonable larger than the current measurement accuracy. This demand is met by
adjusting the time interval t2-t3 and t3-t4 in Figure 8.4 until the change in the current is
sufficient for the current measurement equipment. In Figure 8.4 this interval equals 25
us. In addition to the current measurement accuracy issue there is large transients in the
current due to the switching of the IGBT’s. These transients may cause problems for
the current measurements. Time region t1-t2 and t4-t5 are used in order to minimize the
deviation from the stator current vector. In this work the time interval t1-t2 was the
limiting factor in the tuning of the time intervals due to the switching transients. When
the tl1-t2 interval was to short the current measurements where influenced by the
switching transients and the performance degraded. The final time period for the time
interval t1-t2 and t4-t5 was 12.5 us. The total measurement sequence was 75 us. In the
work with the transient excitation a SkHz switching frequency was used.

15
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A5 - - ———— - — 4 -+
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Figure 8.4 Transient excitation measurement sequence, 5 kHz switching period
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Thus 37.5% of the total duty cycle was occupied by the measurement sequence. In the
experimental setup the DC link voltage is high compared to the IPMSM rated voltage;
the machine could be controlled with transient excitation in the entire speed region.

8.2.3 Tracking and transient tests

All the tests in this chapter are performed without the feed forward torque in the
observer. Two series of measurements are presented: one series has the transient
excitation integrated in every switching period and one series has the transient
excitation integrated in every 10™ switching period. The low pass filters on the current
measurements had a very high cut off frequency (30kHz). Due to the high cut off
frequency in the low pass filters and the transients from the switching there are some
high frequency noise in the ¢ vector(8.16). Due to the high frequency noise two pole
placement approaches are presented. The first approach is the approach that was used
for the schemes in Chapter 6 and 7. The second approach has more experimental placed
poles in order to reduce sensitivity for high frequency noise.

8.2.3.1 Transient Excitation in every switching period

When the transient excitation was applied in every switching period the observer poles
was placed at 10, 50 and 250 Hz (as for the HFCI-R scheme). At higher bandwidths the
scheme was more sensitive to the high frequency noise and the performance degraded.
For the speed reversal test the position error was well within +/- 10 electrical degrees
(Figure 8.5). The disturbance rejection properties with this tuning are equal to the
properties found with the HFCI-R scheme. The position error has different
characteristics compared to the schemes in Chapter 6 and 7: the main contribution to the
position error stems from offset in the stator current derivative trajectory (Figure 8.1)
and switching noise. Offsets in the stator current trajectory can be influenced by
operating condition of the machine, ADC gains, delays in current sampling and dead
time effects. For the HFCI-R scheme the largest error could be found in the instant after
the speed command was applied. In the transient excitation the error is of equal size
during the speed reversal. Thus the zero crossing effect is not dominant in this scheme.

In the transient test (Figure 8.6) two observer pole sets are presented. The first test is
performed with the same pole placement approach as in Chapter 6 and 7. The observer
poles are located at 10, 50 and 250 Hz (this figures will be used for comparison of
schemes). At 12.5 Hz test signal the speed and position estimate are well within the
acceptable error band. When the frequency is increased to 25 Hz (Figure 8.6.2) the
speed estimate fails and the position estimate is noisy. The observer is too sensitive to
the high frequency noise and the poles are moved in order to improve the performance.
The pole in 250 Hz was moved to 200 Hz in order to reduce the impact from the high
frequency noise, and the pole in 10 Hz was moved to 4 Hz in order to reduce the
“overshoot” in the resulting AFF diagram. With this observer poles the 12.5 and 25Hz
test performs with acceptable accuracy both for position and speed estimates.
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Compared to the HFCI-R scheme the transient performance is improved: zero crossings
of the phase currents do not influence the estimates in the same manner. The saliency
shift can be estimated from Figure 8.6.1 and 2: for a 90A shift in the g-axis current the
saliency moves approximately 5 electrical degrees. The small shift due to g-axis current
can be interpreted as an indication of that the rotor inherent saliency dominates over the
saturation based saliencies (as in the saliency modelling in Chapter 3).

8.2.3.2 Transient Excitation in every 10" switching period

In order to document how the transient excitation based schemes work when applied in
intervals a modification of the scheme was made. In this scheme the transient excitation
was integrated in every 10" switching period. The observer was also used every 10"
switching period (executed on a 500 Hz bases). In the interval between the transient
excitation the speed was assumed constant and the position estimate was updated using
the speed estimate. Due to the increased sampling time for the observer the observer
poles had to be placed at lower frequencies. In order to compare the scheme with the
other schemes the 5 times separation of the poles was also used for this tuning. The
optimal performance for the 12.5 Hz transient test was found with poles in 0.6, 3, 15
Hz. Figure 8.7.1 shows the speed reversal test for this pole location. Due to the low
observer bandwidth there is a speed dependent error in the position estimate. This error
was corrected by a simple linear function shown in Figure 8.7.2.
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Figure 8.7 Speed reversal test +/250 rpm, transient excitation every 10" switching period, Observer
poles in 0.6,3 and 15 Hz, 1) Position and speed estimates (correction function used) 2) Correction
function for rotor position estimate
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In the transient test (Figure 8.8.1) the approach with poles in 0.6, 3 and 15 Hz
performed within the specified accuracy both for speed and position estimate at the 12.5
Hz test. When the 25 Hz test (Figure 8.8.2) was applied the scheme failed due to low
observer bandwidth.

The speed reversal test was particular poor with the pole placement strategy used for the
comparison of schemes. With a more experimental approach in the pole placement, the
performance increased and the speed dependent error was reduced. In the comparison of
schemes the plots from Figure 8.7 and Figure 8.8 will be used.
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8.3Chapter Conclusions

In this chapter a new scheme is presented based the work found in [1, 7]. The new
scheme use transient excitation and gives an updated position estimate every switching
period. The scheme shows the characteristic properties of transient excitation based
schemes. During the speed reversal and transient tests, no fundamental zero crossing
effects where found. The scheme uses an offset that depends on machine parameters.
This offset was not changing noticeably during any of the tests applied in this thesis.
The observer bandwidth and disturbance rejection was equal to the HFCI-R based
scheme when the poles in the observer located at 10, 50 and 250 Hz (Figure 8.8.1). For
the comparison of schemes the approach with observer poles at 10, 50 and 250 Hz is
used: speed reversal test (Figure 8.5.1), transient test (Figure 8.8.1).

The analogue low pass filters on the current measurements interface had a very high cut
off frequency (30kHz). As there is no low pass filters before the observer there are high
frequency noise in the c-vector(8.16). This noise was better rejected when the observer
poles where separated and placed at 4, 50, 200 Hz. An improved transient test is
presented in Figure 8.6.3 and 4.

In order to describe transient excitation based schemes where excitation is applied in
intervals a modified version of the new scheme was implemented. The transient
excitation was integrated in the zero vector every 10™ switching period. A simple
update approach was used in the interval between the transient excitation: the speed was
assumed constant and the position was updated with the estimated speed. The observer
updated the speed and position on a 500 Hz basis. As the observer sampling time
decreases the bandwidth and disturbance rejection decreases approximately
proportional. For the comparison of schemes the approach with observer poles at equal
frequency are used: speed reversal test (Figure 8.7.1), transient test (Figure 8.8.1). Also
Experimental pole placement was also advantageous (Figure 8.9) for the interval based
transient excitation.
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9 EVALUATION OF METHODS

It is difficult to compare the performance of the three schemes implemented in Chapter
6, 7 and 8. Every scheme has different characteristics and there are several ways of
enhancing the performance in each scheme. In this comparison the simple
implementation of each scheme will be compared (no individual enhancements used).
By using the same strategy for the pole placement and no torque feed forward torque in
the observer the characteristics of the different schemes will be analysed. This is by no
means the optimal possible performance in each case, but in this work the
characteristics of each scheme are the focus. In addition to the performance in the tests
other characteristics will also be evaluated as: current sensor requirements, additional
loss in the power electronics, stability, integration into existing schemes, acoustic noise,
voltage reservation and parameter sensitivity.

9.1 Performance

In the comparison of performance the speed reversal test, transient test (12.5 Hz) and
the disturbance rejection will be compared. In Figure 9.1 the results are revisited for
comparison purposes. There are several characteristics that can be interpreted from the
test results: in the speed reversal test for the HFCI-R scheme (Figure 9.1.1) the largest
error appears at phase current zero crossing when the fundamental current has the
largest amplitude (the resulting current vector). The same phenomena can be seen for
the transient test (Figure 9.1.2) where there is an increased error at the time instant of
the g-axis current step. The zero crossing effect and the demand for low pass filtering in
the carrier negative frame are assumed the limiting factor for the HFCI-R scheme in this
experimental setup. For a different setup the zero crossing effect may have different
impact, but the sensitivity to the zero crossing is evident. The speed estimate is an
internal state and this estimate is very sensitive to distortions in the carrier signal at high
observer bandwidths.

In the HFCI-P implementation the limitation on observer bandwidth are a combination
of the zero crossing effects and the low pass filter placed in the observer structure. The
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maximum bandwidth was found with poles in 2, 10 and 50 Hz. The HFCI-R scheme
could be tuned with poles in 10, 50 and 250 Hz and resulted in a better disturbance
rejection function (Figure 9.2). However, if the results in Figure 9.1.2 and 4 is
compared, the HFCI-P scheme has less error in the position estimate and better speed
estimate. Thus, even if the HFCI-R scheme could be tuned for a higher bandwidth the
HFCI-P scheme outperforms the HFCI-R scheme in the transient test. The HFCI-R
scheme was also tested with poles in 2, 10 and 50 Hz but the results where not
improved: the zero crossing effects had the same influence on the estimates. The phase
current zero crossing effect is smaller for the HFCI-P scheme compared to the HFCI-R
scheme. This is evident from the test results in Figure 9.1.and the testing done with 15
V carrier signal: when the HFCI-R scheme was tested with 15 V carrier the position
estimate had error larger than 20 electrical degrees, for the HFCI-P based scheme the
tests with 15V carrier could be performed with a position estimate within +/- 10
electrical degrees.

The scheme with integrated transient excitation in every switching period performed
noticeably better then the other schemes in the transient test. There are no phase current
zero crossing effects and the speed estimate is of high quality in the transient test
(Figure 9.1.6). The disturbance rejection function is plotted in Figure 9.2 where the
label “TE1” represents the scheme with transient excitation in every switching period.
The periodic errors in the speed reversal test are mainly a result of offset in the stator
derivative current trajectory. There are several contributors to this effect: load
dependency, direction of excitation compared to direction of magnet, current sampling
delays and ADC gain errors. The influence from direction of excitation compared to
direction of magnet is assumed to give the largest effect. The 25 Hz transient test is not
presented in this chapter. When comparing the methods is should be noted that only the
transient based excitation scheme could perform success fully on this test. The 25 Hz
test is presented in Figure 8.6.4. In order to reduce the high frequency noise content the
poles where placed in 4, 50 and 100 Hz in this test.

When the transient excitation is applied in intervals the observer was only executed
every 10" switching period. This resulted in a 500 Hz repetition rate for the observer.
Due to the slow repetition rate the bandwidth and disturbance rejection was lowered in
approximately the same rate as the interval number. In the speed reversal test in Figure
9.1.7 a speed dependent lag was present. This lag is compensated for by a liner function
in Figure 9.1.7. In addition to the speed dependent lag there is also a lag in the
acceleration phase. In this scheme there are several factors that may enhance the
performance: the observer could be executed at the switching frequency with the torque
feed forward term and the pole placement could be performed in a more optimal manner
(Figure 8.9). Due to the low bandwidth the disturbance rejection function has the lowest
value compared to the other schemes (Figure 9.2.2).
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Figure 9.1 Speed reversal and transient test (12.5 Hz): 1-2) HFCI-R, 3-4)HFCI-P, 5-6)Transient
excitation in every switching period, 7-8) Transient excitation in every 10" switching period
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Figure 9.2 Characteristics:1) 0/0-AFF function for the different schemes at maximum bandwidth, 2)
Disturbance rejection function: TE1-transient excitation included in every switching period, TE2-
transient excitation included in every 10" switching period

9.2Drive issues

There are several issues that must be regarded when an injection based sensorless
scheme is integrated into a standard drive system. Usually the main objective for
implementing a sensorless scheme is cost savings. In order to get the full cost picture
the penalties of inserting an injection based sensorless system must be considered. The
sensorless scheme may lead to lower available output voltage, additional losses in the
machine and inverter, DSP requirements, switching frequency limitations, current
sensor requirements and acoustic noise emission.

9.2.1 DC-voltage reservation

All the injection based schemes requires some reservation of voltage due to the extra
excitation. The different schemes implemented in this scheme required different
reservation of voltage. In the high frequency injection based schemes the output of the
current regulators must be limited to a level large enough to supply the carrier voltage at
all operating conditions. In the tuning of the schemes in this work, the HFCI-R scheme
needed a 30 V carrier amplitude (20% of the duty cycle) in order to overcome influence
from fundamental current zero crossings and transients from the fundamental current.
The HFCI-P scheme could operate with carrier amplitude equal 15 V, but the best
performance was found with carrier amplitude equal 30 V. When the transient
excitation was included in every switching period the voltage reservation was made by
reserving a region of the zero vectors. The region reserved was 37.5 % of the full duty
cycle. When the transient excitation is applied in intervals the voltage reservation is
only needed every 10" switching period: the average voltage reservation then becomes
2.75%. All these methods should be used in combination with an alternative non
injection based schemes at speed above approximately 0.1 pu. If the schemes are
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properly combined with an alternative high speed scheme the voltage reservation does
not have to be a limitation. In the “transient test” with the HFCI-R the g-axis voltage
reference never exceeded 0.5 pu. In general the level of voltage command depends on
the tuning of the current regulator but for low speeds below 0.1 pu the voltage
reservation is not regarded as a limiting factor due to the low back EMF in this speed
region.

9.2.2 Demands on current sensors

Current sensor and Analogue to Digital Converters (ADC) accuracy has been the
limiting factor for several sensorless approaches. This is especially important when the
saliency ratio is small and when the maximum current is large compared to the rated
current (high torque demands short term). If the contributors to the error term are
considered without normalizing functions for the different schemes, we get an idea of
how the position dependent current level is. In the HFCI-R scheme the negative rotating
vector has amplitude as in (9.1). The level of position dependent current is determined
of the carrier frequency, carrier voltage and the saliency ratio of the machine. If we
consider the error term for the HFCI-P scheme the error term is only half the size as the
HFCI-R scheme for the same carrier voltage.

L —-L, Us .
Crrcir = . hsin@(&’—&’)) .1
2L L, o,
L —-L, Us n
S ﬁsin(z(e—e)) 9.2)

e =
HFCI-p 4 Lq Ld ]

The transient excitation based scheme has a slightly different derivation of the un-scaled
error term to the observer. In this analyse only one voltage pulse is considered as this
defines the current sensor accuracy demand. In the implemented scheme a differential
measurement is used in the error term. This will not be representative for the
measurement accuracy as it contains two separate measurements. In (9.3)

U:, =Upc gus and the only parameter for adjustment of the current level is the duration
of the voltage pulse applied.

Al =AtUZ [y, — Ay cos(26)] 9.3)
L, —L

Ay=—2"2 9.4)
2L,L,
L, - L, , .

e =——LAtUS sin(2(0—0)) (9.5)

2LL,

q
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TABLE 9.1 Signal to noise ratio for position dependent part of current

Method e[A] SNR — LEM
HFCI-R (Uc=30V) 52 11.6
HFCI-P (Uc=30V) 2.1 5.7

TE 4 8.9

In the experimental set up the current sensors has 0.5% overall accuracy on a 90A rated
current this gives the current measurements accuracy equal +/- 0.45A. In addition to the
LEM measurement accuracy there is a quantification error due to the digital
representation in the DSP. The ADC in this set up has a 12 bit resolution. The DSP is
still at an alpha version and the effective resolution is maximum 10 bit. This gives a
quantification error equal 0.18 A. Thus in this set up the LEM accuracy is the limiting
factor for the current measurement accuracy. There have been several approaches to
improve the demand on the current measurements. Common for these approaches is that
the ADC resolution is improved and the LEM accuracy is unchanged. In [29] the HFCI-
R method was used for an induction machine. A decoupling scheme for the fundamental
current was implemented in a software/hardware combination where the carrier current
could be supplied separate to the ADC. In [59] a sample and hold arrangement was used
in combination with transient excitation. The sample and hold circuits where combined
with analogue summation and the differential of the stator current was feed to the ADC.

9.2.3 Additional losses in the Power Electronics

The high frequency injection based schemes does not add any additional losses in the
power electronics as the carrier voltage is superimposed on the fundamental excitation.
The transient excitation based scheme increases the number of switching actions on
average. When comparing the schemes the reduced switching frequency also has to be
considered. In general the high frequency injection based schemes requires a high
switching frequency in order to produce a high quality carrier signal. The transient
based excitation on the other hand does not require a high fundamental switching
frequency but it needs to produce voltage pulses in addition to the fundamental
switching. In this work two approaches are evaluated: transient excitation integrated in
every switching period and transient excitation integrated in every 0™ switching
period. In the symmetrical space vector routine each IGBT switch twice in every
switching period. When the transient excitation is integrated in the zero vector each
IGBT switches 6 times in every switching period. The number of switching operation
can be compared over a time interval t as following:

t
Moz = T 2 (9.6)

s5kHz
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Figure 9.3 Switching operations during a 2ms time interval, 5 and 10 kHz standard symmetrical space
vector, 5 kHz with transient excitation integrated on intervals(5kHz+TE)
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Where k represent the repetition rate of the transient excitation. If we consider a 2ms
time interval the 10" interval is included for a 5kHz system. In Figure 9.3 the numbers
of switching operations in each IGBT is plotted. When the transient excitation is
integrated in every 2.switching period the switching losses are equal to the 10 kHz
scheme. The implemented scheme with transient excitation every 10" switching
frequency has only 60 % of the switching losses compared to the 10 kHz scheme.

9.2.4 Current regulator limitations

All the schemes reduce the current regulator maximum voltage output due to the
reduced voltage available for the fundamental excitation. This is not the main limitation
as the back EMF is minimal during low speed operation. The main limitation on current
regulator bandwidth is the interaction between the high frequency carrier signal and the
current regulators. In this work synchronous frame filtering is used for the HFCI-P and
HFCI-R schemes. The current regulator bandwidth must be selected sufficiently lower
than the carrier frequency as the high pass filters in the synchronous frame filter are
tuned to 75 — 100 Hz in this work. A 700 Hz current regulator bandwidth (defined by
the 10-90% rise time — Chapter 6) could be obtained without noticeable interaction
between the fundamental and carrier current. In addition the current reference was pre-
filtered in order to slow down the transient operation. The pre filter implementation was
optionally and resulted in a 350 Hz current regulator bandwidth. In the transient
excitation based scheme the excitation is an isolated event and the current regulators
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could be tuned in accordance to optimal tuning procedures. Even if the switching
frequency was lowered to 5 kHz the current regulator bandwidth could be higher than
the other schemes. The experimental current regulator bandwidth for the transient
excitation based scheme was found to be 833 Hz.

9.2.5 Acoustic noise

All the implemented schemes resulted in additional acoustic noise. The acoustic noise is
highly dependent on the amplitude of the injected voltage amplitude, carrier frequency
and intervals for the transient excitation. In order to get an idea of the noise level from
the different schemes a dB metre was used to measure the noise (Onsoku Sound Meter
SM-6). The dB-meter has two filters available for noise measurements: dBA and dBC.
The dBA filter is supposed to be representative for audio noise in the frequency region
of the human ear. The dBC filter has a flat characteristic more sensitive to high
frequency noise. Figure 9.4 shows the filter characteristics [73] for the dB meter. In the
measurements done in this work the dBA filter was used in order to describe the audio
noise as in the human ear. The dB-meter was mounted one metre from the IPMSM
(Figure 9.5) and the noise was measured for two operating conditions in each scheme.
The first operating condition was no load at standstill. The second operating condition
was constant speed 0.1 pu and no load. In order to compare the noise measurements to a
standard drive solution the machine was first tested with no signal injection: at zero
speed the noise was not measurable with the dB meter (minimum range 40dBA). For
the rest of the measurements the noise was considerable larger and all measurements
could be done within the range of the dB-meter.

IPMSM

im dB-meter

e

Figure 9.5 Principal view of acoustic noise measurement
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Table 9.1 Acoustic noise measurement (fc=1000Hz for HFCI-P and HFCI-R)

Speed No HFCI-R | HFCI-P HFCI-P TE1 (in | TE2 (in every
injection | (ve=30v) | (ve=30v) | (Ve=15V) | every fwm | 1 0" £,y
[ABA] | [dBA]  |[dBA]  |[dBA] | [dBA] [dBA]

n=0 <40 75 57 55 64 54

n=0.1pu | 47 75 71 64 65.5 56.5

The results of the acoustic noise measurements are presented in Table 9.1. These results
should be used with care as the noise measurement was a primitive measurement
compared to the professional noise measurement techniques. From the simple noise
measurement it was evident that the HFCI-P and TE2 scheme had lowest noise at zero
speed. When the machine was operating at constant speed the TE2 scheme had lowest
noise. The HFCI-R scheme had highest noise for both operating conditions. The noise
observations done in this work is not sufficient to give a general statement regarding
acoustic noise emission for the methods. In order to give a general statement a series of
machines should be tested.

9.2.6

When an injection based sensorless scheme is integrated in an existing drive system it is
preferred that the program structure, current sensors and cooling requirements are
unchanged. The HFCI-R and HFCI-P schemes offer integration as an add-on to an
existing system. The carrier voltage is added after the current regulators and the filtering
and observer and be added as a separate routine. The synchronous frame filter may
seem like a large effort to a DSP, but in [3] a transformed representation is developed
where no coordinate transforms are needed. The observer may also seem like a large
effort to the DSP but the actual implantation is not large. The simplest form of HFCI-R
could be the simplified scheme presented in Chapter 6 and a simple PLL tracking
device. At an early stage of this project the HFCI-R scheme was implemented with a 16
bit fix-point DSP (TMS320c240). The implementation required assembly coding but the
system could operate at 10 kHz. The transient excitation based systems requires more
adjustments when combined with a standard drive system. The interrupt arrangement
must be altered in order to apply the voltage pulses. In addition the sampling instants of
current must be altered. In the scheme presented in this work the available computing
time also reduces (compared to a standard 5 kHz implementation) as the vital parts of
the program must be executed in the time span after the last voltage pulse (t5 in Figure
8.2). The maximum runtime for inner loop functions at 5 kHz was 100us before the
transient excitation was included. After the transient excitation was included the
maximum runtime was reduced to 62.5us. There is no need for additional filtering but a
tracking device like the Luenberger observer or a PLL arrangement is required. The

Integration in standard drive systems
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additional losses in the power electronics may also lead to increased cooling
requirements for the power electronics.

9.3Scheme characteristics

9.3.1 Inverter non linearity

The dead time in the inverter legs will introduce a non linearity in the resulting voltage
and current. In Chapter 6 and 7 the dead time effects on the fundamental excitation was
demonstrated. The dead time effect was largest in the d-axis current as the deformation
of the current during he zero crossing has largest effect in this axis. The d-axis current
regulator tries to compensate for the non linearity but fails with the bandwidths used in
this work. When the bandwidth was increased the zero crossing effect on the
fundamental current was decreased as the error was compensated by the current
regulators. These observations are fully in agreement of the theoretical derivation found
in Chapter 5 and in [70].

9.3.1.1 Fundamental excitation and inverter non linearity

The effect in the error term (input to the observer) from the fundamental current zero
crossing alone was documented in Figure 6.15 and Figure 7.7. In the HFCI-R scheme
the dq-currents are transformed to the negative carrier reference frame and low pass
filtered by a 100 Hz 2.order butter worth filter. In the negative carrier reference frame
the dead time effects appears with a frequency equal @w— @, thus they are effectively

filtered off by the low pass filter. This can be seen in Figure 6.15 where the dead time
effect from the fundamental current hardly can be related to the variations in the error
term. The same effect can be seen for the HFCI-P scheme: in the demodulation term the
g-axis current is multiplied with sin(e,t) and the effects seen in the dq-frame appears at

a frequency equal w—@,. The demodulated signal is low pass filtered by a 200 Hz 2.

order butter worth filter. Thus also for this scheme any “low frequency” effects in the
dq frame is filtered off after the demodulation. In addition the HFCI-P scheme uses the
g-axis current as the input for the error generation term. This term contains very little
dead time effect. The error term for the HFCI-P scheme is plotted In Figure 7.7.2; the
dead time effects cannot be seen in the error term. From the measurements done with
the fundamental excitation alone it can be concluded that the dead time effect from the
fundamental current alone does not influence the error terms for the HFCI-R and HFCI-
P scheme.

9.3.1.2 High frequency signal injection and inverter non linearity

When a carrier signal is superimposed to the fundamental excitation the dead time effect
is quite different. If we consider an operating point right after a speed reversal the g-
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Figure 9.6 Phase current zero crossing due to carrier signal, 1)HFCI-P, 2)HFCI-R

axis current is large. Figure 9.6.1 illustrates this operating point when the b-phase
current approaches zero. First we evaluate the effects for the HFCI-P scheme: the
carrier pulsates in the d-axis and creates multiple zero crossings in the b-phase current.
The effect can be simulated using (9.9) in the dq derivation of the dead time voltage (as
in Chapter 5).

£, =90+ atan (:i] sin(w,t) (9.9)

q

Figure 9.7.1 shows the dead time effect without the carrier injection. Figure 9.7.2 shows
the effects when the carrier is superimposed: the dead time voltage is modulated with
the carrier frequency. The resulting voltage in each axis becomes:

Ug =Ug +Ug o +Up 4 (9.10)

Uy = U, +Upg (9.11)

The high frequency modulation in ur has a 6 times periodicity with the electrical
position. This modulation is very close to the modulation created by the saliency in the
machine as this has a periodicity of twice the electrical position. In the HFCI-P scheme
the error term is created by demodulating and low pass filtering the g-axis current. The
high frequency terms in ur will pass trough the low pass filtering after the demodulation
term. When the estimated position equals the real position a disturbance proportional to
high frequency portion of ur 4 will enter the observer.
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Figure 9.7 Simulated dead time effect is*=iq, u=1V, f:=500 Hz, fundamental frequency 1Hz, 1) no carrier
signal, 2) carrier signal pulsating in d-axis iq/is=2.75

(LPF (sin(@,t)-Up  ))(Lg + L)
4oL, L, )

[+ LPFGsin(@.)-u. )L ~ L)
4oL, L,

e = LPF(sin(o,b)i,) =
9.12)

]sin(2A 0)

When there is an error in the position estimate there will be a term proportional to the
position error and an additional disturbance term from the dead time voltage (9.12). As
the high frequency modulation in ur4 is small the influence from the dead time is small
in the HFCI-P scheme. Even during transients the experimental work shows that the
dead time effect on the position estimate is small.

The same operating condition is also considered for the HFCI-R scheme Figure 9.6.2.
The superimposed carrier rotates and creates multiple phase zero crossings. The

variations in &, can be expressed as:

q

i
&, =90+ atan (ﬂ] sin(@,t) (9.13)

The carrier is injected in the stationary stator reference frame and the high frequency
pulsations in the dead time voltage will have frequency @, —@ in the rotor reference

frame. A simulation of the dead time voltage is given in Figure 9.8. For comparison
with the HFCI-P scheme the dead time voltage is plotted in dg-reference frame in
Figure 9.8.1. The effect is almost identical as the fundamental excitation rotates with
1Hz compared to the carrier at 500 Hz (in Figure 9.7.2 the high frequency component is



132

1 | ‘ T N ' . ' ' || . || }| : lRe[(uF)}n
il miu
- | - i
= of I I
F: _ L1111 — |
A o5l ‘ . [kl | H ]
0 20 40 60 80 100 S o | H _ |
I’y
| £ | |
1k
- (| i i ‘ | ' H‘ '
Z o ‘II il I
2 al ]
s |||||I‘_|||‘ ‘H |
At il M
: . y -15 - : : : - :
o 20 4 60 80 100 0 50 100 150 200 250 300 350
position [el.deg] position [el. deg]
1) 2)

Figure 9.8 Simulated dead time effect HFCI-R, is*=iq, ug=1V, f;=500 Hz, fundamental frequency 1Hz,
igfla_c=2.75, 1)dg-frame, 2)stationary reference frame

500 Hz compared to 499 Hz in Figure 9.8.1). In Figure 9.8.2 the dead time voltage is
plotted in the stationary stator reference frame. The DC offsets are effectively filtered
off in the low pass filter in the negative carrier reference frame. The high frequency
modulation creates a signal modulated with 6 times periodicity compared to the
electrical position. This modulation will appear in the negative carrier reference frame
with only 3 times frequency separation compared to the position dependent term. In
contrast to the HFCI-P scheme, the HFCI-R scheme uses the entire negative rotating
carrier component. Thus the distortion from the entire dead time vector will act as a
disturbance. This disturbance will have 6 times periodicity with the estimated position
(electric). The simulations of the dead time voltage indicated that there will be voltages
modulated with the carrier frequency and a periodicity 6 times the electrical frequency.
In order to simulate the impact on the position and speed estimates from the dead time
voltage the impedance have to be included. The position varying terms in the
inductance matrix will add additional harmonics. In the simulation the analyses will be
simplified by using only the constant part of the inductance matrix. For the HFCI-R
scheme the resulting current from the dead time voltage can be approximated as:

en s (Ld + Lq)gf:n
e 2L, Lo

d —q~c

(9.14)

From Chapter 5 the dead time voltage in the experimental set up was found to be
approximately 4.9 V. The analyses will be performed in two steps: first we evaluate the
error in the angle in the position dependent carrier. Then we include the normalizing
term and express the effect in the input of the observer in order to make a direct
comparison with the HFCI-P scheme. The influence from the dead time voltage in the
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Figure 9.9 Simulated influence from dead time in position dependent part of the carrier signal in
negative carrier reference frame, fc=500Hz, Ip=100Hz(first order) , Vc=30V, ug=4.9V

negative carrier position dependent current was simulated and plotted in Figure 9.9. The
maximum deviation is approximately 8 electrical degrees. The simulated deviation is
comparable with the measured errors in the position estimate right after a speed reversal
command. In Figure 9.10 a simulation of the error terms to the observer is plotted. In
the simulation a 100 Hz first order low pass filter was applied, transformation and
normalizing where performed as in the actual implementation. In these plots the error
terms are presented in per unit system. The per unit representation is used as the input to
the observers are scaled in both the HFCI-R and the HFCI-P scheme. When there is an
error in the estimate the HFCI-P scheme will be more influenced by dead time effects.
These effects are documented by the test results in the experimental work. From the
simulations and the experiments it is evident that the HFCI-P scheme is less sensitive to
inverter non linearity compared to the HFCI-R scheme.
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Figure 9.10 Simulated influence from dead time on error signal to observer , 0= 9, Uc=30V, U=4.9

V, fc=500 Hz, Ip=100Hz (first order), pu referred to input to observer after normalizing term, 1)HFCI-P,
2)HFCI-R
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In Figure 6.16 the combined effect of fundamental and high frequency carrier is shown
for the HFCI-R scheme. There is a close relation between the fundamental current zero
crossing and the error in the position estimate. This indicates that the combined effect of
the fundamental and the carrier zero crossing is the reason for the relative large errors at
the fundamental zero crossing. In the HFCI-P scheme this effect is not as large. This can
be seen from Figure 7.8.2 where the position error in the time region 0.15 -0.3 s is
smaller than the steady state (constant speed) position error. In addition the HFCI-P
scheme could operate with Vc=15 V and accuracy within +/- 10 electrical degrees for
the speed reversal and the transient test. When this was tried with the HFCI-R scheme
the position error was 20-30 electrical degrees and loss of orientation appeared
occasionally. From the tests and analysis it is evident that the HFCI-P scheme is less
influenced by the phase current zero crossing effect compared to the HFCI-R scheme.

Transient measurement sequence
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Figure 9.11 Transient measurement sequence, back EMF=0, 1) dead time effects , 2) zero crossing
effect
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9.3.1.3 Transient excitation and inverter non linearity

The dead time effect and the current zero crossing effect cannot be modelled combined
for the transient excitation without a detailed analyses: the dead time will appear as a
delay between the switch on command and the actual switching action. Figure 9.11.1.1
illustrate the switching commands for the three upper legs in the inverter ((T,,,Tg,,T¢,)

and the timing for the actual switching operation. During the dead time (Figure 9.11.1.1:
t2- t3, t4- t5, t6- t7) all the switches are off and the direction of the current in inverter
legs determines the actual voltage vector in this time region. The back EMF will
influence the current during the transient excitation sequence but for the purposes of
analysing the dead time and zero crossing effects the output voltage from the converter
is used as bases for the analysis. In order to illustrate the dead time and zero crossing
effect the current in inverter leg A is analysed during a transient excitation sequence.
Figure 9.11.1.2 illustrates the dead time effect when the inverter currents are equal the
currents in Figure 9.12.1 (t2). The first dead time appear in the time region t2-t3 (Figure
9.11.1.2): all switches are off and the A-phase voltage clamps to the negative DC bus.
The voltage vector is directed in the negative phase a-direction.
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Figure 9.12 Diode clamping effect during dead time, 1 )timing instances for three phase current, 2) Ia
positive, Ig,lc-negative (t2), 3) Ia, Is positive, Ic-negative,(t3), 4) I, Ic positive, lg-negative (t1)

For the two other dead times (t4-t5, t6-t7) the effect is equal and the result is a smaller
change in the current in the time region t4-t6, and an ideal change in time region t2-t4.
This will influence the estimated stator current derivative: the offset will be smaller and
the radius of the circle will be smaller compared to the ideal case. In addition the
resulting stator current vector will have an offset compared to the initial value. In Figure
9.11.1.4 1A is negative during the transient excitation sequence. In this example the
operating condition showed in Figure 9.12.1 (t5) is used. In the dead time interval (t2-
t3) the current flows in Da+ and the derivative of the current is the same as in time
region t1-t2. The change of current is smaller in the region t2-t4 compared to t4-t6 (this
will have current change as the ideal). This will influence the estimated stator current
trajectory: the offset will be smaller and the radius of the circle will be smaller. As a
result of the dead times the resulting stator current vector will have an offset compared
to the initial value. Figure 9.11.1.3 describes a phase current zero crossing during the
transient measurement sequence. The operating condition is equal Figure 9.12.1 (t4).
During the actual zero crossing in the time region t3-t4 Ta., T+ and Tc+ are on. When
the current is positive, the current flows in Da. (Figure 9.11.2). When the direction of
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the current goes negative, the current flows in Ta. (Figure 9.11.3). The characteristic
forward voltage drop of the diode and the IGBT is shown in Chapter 5. The forward
drop is very similar for Da. and Ta. : when the voltage across the device is close to zero
there is diode characteristic knee voltage. For these devices this knee appears at
approximately 1.5 V (Figure 5.4). The effect of the knee voltage is a deformation on
the resulting voltage and the change of current smaller in the time regions t2-t4 and t4-
t5. As the total voltage across the circuit is the DC-link voltage (300V) the actual zero
crossing effect is small. This can be seen in Figure 8.4 where the actual zero crossings
have very little influence on the derivative of the current. The dead time effect is
different from the two other cases: in this example the operating condition close to
Figure 9.12.1 (t4): at the first dead time I, and I are positive and Ic¢ is negative. The
voltage vector in the time region t2-t3 (Figure 9.11.1) is directed in the C-phase
direction. If we neglect the saliency in the machine the effect of the dead time voltage
can be approximated as representing the derivative with half the ideal value in phase A.
At the second dead time (t4-t5) I5 and I¢ are negative and Ip is positive. The voltage
vector in this time region is directed in the negative B-phase direction. If we neglect the
saliency in the machine the effect of the dead time voltage can be approximated as
representing the derivative with half the ideal value in phase A. The last dead time (t6-
t7) will have the same properties as the first dead time (t2-t3). The consequences for the
measurement of the derivative in phase A is a slightly smaller value compared to the
ideal operation. From the three examples shown in Figure 9.11 and the clamping effect
shown in Figure 9.12 it is evident that the transient based excitation scheme also is
influenced by the dead time effects. The voltage vector in the dead time period depends
on the current direction in all the inverter legs. The six dead time voltage vectors
defined in Figure 5.5.1 will be active in accordance to the angle of the current space
vector. The estimated stator current derivative is calculated using the change in current
during time intervals t2-t4 and t4-t6 in Figure 9.11:

ALt —t) =L ((t ) ug — (4, —t)u,) (9.15)

ALt —t) =L (=) Uy + (t,—t)-u,) (9.16)

In order to remove the influence from back EMF the delta currents are subtracted ((t3-
t2)=(t5-t4) and (t4-t3)=(t6-t5) substituted):

Al =AL =L ((t—t) (Ug —Ug) —2-(t, —t,)u,,) (9.17)

Thus when the phase currents do not cross zero Ug =Ug and the dead time effect

cancels. When the phase current crosses zero the resulting “dead time voltage” in
(9.17) becomes:

Ug = (Ug —Ug) (9.18)
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The resulting time voltage integral in (9.17) becomes:
Ups = (1 —1,) - (Ug —Ug) —2-(t, —t))U, (9.19)

The effects is summarised in Table 9.1 where the dead time is 1.6 us and the time region

t2-t4 is 25 us. The maximum deviation from the mean amplitude of u, is +/- 3.76 %.

The resulting error from this type error is discussed in the next section.

Table 9.1 Dead time effect on transient excitation

Ug —Ug Ug —Ug (vectors) .Vl U [V us]
Ug, —Ug, g 0 _gi®0 1£-60 47.6£-1.7
Uz, —Ug, g 100 _g7iI20 120 48.420
Ugy —Ug, g 120 _gmi180 1260 47.6/£1.7
Ug, —Ugs g 180 _ g-i240 12120 46/1.7

Ugs —Ugg g 1240 _gmi300 12180 4520

Ups —Ug, g 1300 _ g0 1£-120 46£-1.7

9.3.2 Parameter sensitivity

When the observer structure is used with feed forward term there will be parameter
sensitivity due to inertia, permanent magnet flux and dg-inductance estimates. The
parameter sensitivity functions are presented in Chapter 6. This sensitivity is equal for
all the schemes when applied with the torque feed forward observer and equal
bandwidths. The HFCI-R scheme does not use any machine parameters when
implemented with the normalizing function before the observer. If the normalizing
function is not used the amplitude of the negative rotating carrier can lead to migration
of the eigenvalues in the observer. When the HFCI-R scheme is implemented without
the feed forward torque and with the normalizing functions the inertia estimate can be
included in the observer gains and no machine parameters are used. In the HFCI-P
scheme the normalizing function (with no machine parameters) cannot be used before
the observer. In order to scale the error signal the dq inductance must be estimated. The
effect of errors in the estimate is eigenvalue migration for the observer. In the transient
excitation based scheme the offset in the stator current derivative needs to be estimated.
The offset contains the transient dq-inductance.
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Figure 9.13 Error due to 3.76% error in the offset term used in the Transient based excitation scheme

If there is errors in the offset estimate the estimated angle will have a periodic error.
The error from a 6.8 % error in the offset estimate is shown in Figure 9.13. The position
dependent part of the derivative stator current trajectory rotates with two times the
electrical position. When the electrical position is derived the error from the offset is
also divided by two. The resulting error will have a 4 times periodicity with the
electrical position.

9.3.3 Stability

The stability issues will not be discussed in detail in this work. In [2] the stability of the
Luenberger Style observer and heterodyning term was discussed. For the comparison of
schemes there is one difference in the three schemes evaluated: in the HFCI-R and
transient excitation based scheme the vector containing position information could be
normalized before entering the heterodyning term. Thus there will be no eigenvalue
migration due to a change in the amplitude of the carrier signal. In the HFCI-P scheme
the normalizing term contains machine parameters: thus for different operating
conditions of the machine there will be eigenvalue migration in the observer. In [73]
saturated inductance estimates where used in order to guarantee real poles in the PLL
scheme.

9.4 Application range

In general all the sensorless schemes evaluated in this thesis are aimed for medium to
high bandwidth applications. The high bandwidth category is referred to as the category
with servo capability. These systems typically have low system inertia in order to
enable fast transitions. Ratings close to the ratings in the sensored servo solutions are
the ultimate goal for the sensorless solutions. These systems are often positioning
systems where the machine has a large rotor length compared to the rotor radius in order
to minimize the inertia. In the medium bandwidth class typical applications would be
electric cars, truck, wheelchairs. These applications are dominated by larger system
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inertia. Thus the demand for high bandwidth in estimation is not as high. There is often
a focus on high bandwidth for the sensorless schemes but the schemes are also well
suited for low bandwidth systems. Typical for low bandwidth systems is that the
disturbance rejection does not have to be fast: pumps, fans, propulsion. In this work the
different schemes has been implemented without optimizing each scheme. The potential
improvement is largest with the HFCI-R scheme where the dead time influenced the
position estimate. In an optimized scheme a dead time compensation scheme should be
implemented. The HFCI-R scheme have double signal to noise ratio for the current
measurement arrangement and would potentially be better for high bandwidth solutions
compared to the HFCI-P scheme. In addition the HFCI-P scheme is implemented with a
low pass filter in the observer loop. Thus for high bandwidth applications the HFCI-R
scheme and the Transient excitation based scheme are candidates. For medium and low
bandwidth the HFCI-P scheme and the Transient based scheme with excitation applied
in intervals are candidates. The continuous injection based schemes needs a high
switching frequency (>5kHz) in order to produce a high frequency carrier (>500 Hz)
with sufficient quality. The transient based scheme used in intervals gives a position
update for every excitation sequence and can be used in any interval given that the
demand for bandwidth is low. Thus for applications with low switching frequency and
low bandwidth demands the transient based scheme is a candidate. During the work
done in the experimental work it was evident that the HFCI-P scheme was not
influenced much from the dead time effect. Even tough the bandwidth could not be as
high as for the HFCI-R scheme it gives and advantage; for machines with small
saliencies the scheme performs better. If dead time compensation does not solve the
problems for the HFCI-R scheme the HFCI-P scheme will be superior for application
where a machine with a small saliency is used (for example surface mounted PMSM).
This is due to the dead time components easily get large compared to the position
dependent part of the carrier signal.

In applications where the current sensors have poor characteristics the Transient based
excitation applied in intervals have an advantage. The current in the measurement
sequence can be made large by allowing the pulse duration to be larger. In the INFORM
[1] method the measurement sequence is separate from the fundamental excitation (not
integrated in the zero vector): thus the pulse with in the measurement sequence can be
made larger and a the accuracy demands on the current sensors can be lowered. In the
continuous injection based schemes the carrier amplitude can also be increased but this
will deteriorate the performance faster compared to the transient based scheme.

9.5Chapter conclusions

In the comparison of schemes it must be stressed that the individual schemes was not
optimized. The work done in this thesis has been focused on the characteristics of the
schemes in terms of transient operation and dead time effects rather than the optimal
implementation. Table 9.3 summarizes the characteristics found from the test result and
the analyses. The content in Table 9.3 should be used with care as there are a lot of
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different approaches when implementing these schemes. In general there are a large set
of parameters for each scheme that can change the results in Table 9.3. For example an
increase of the carrier frequency allows the current regulator bandwidth to increase but
the DC voltage reservation must be increased in order to maintain carrier signal
amplitude (and accuracy in current measurements). As another example decoupling
techniques and different filtering can change the observer bandwidth and disturbance
rejection function. Keeping in mind the above limitations the results can be used to
derive some of the characteristics of the schemes. In drives systems the losses in the
power electronics, switching frequency and current regulator bandwidth closely related.
The losses in the power electronics determines the need for cooling in the inverter:
when a sensorless scheme is integrated with a standard drive system it is advantageous
that the cooling requirements are not changed. The additional switching losses for the
transient based excitation were 50 % when the excitation was applied in every switching
period. As the switching losses in the power electronics typically are 50% of the total
losses the overall power electronic losses are increased by 25% compared to the 10 kHz
implementation. The continuous based injection schemes do not add any additional
losses in the power electronics. When the transient excitation based scheme is applied in
every second switching period (fsw=5 kHz) the switching losses are equal to the
continuous injection based schemes (fsw=10 kHz). It is interesting to evaluate the
current regulator bandwidth obtained for the different schemes: in the continuous
injection based schemes the current regulator bandwidth was limited to 700 Hz in order
to avoid interaction between the carrier signal and the current regulators. In the tests a
pre-filter was used and the resulting bandwidth was 350 Hz. In the transient exaction
based scheme the current regulators where tuned according to optimal design: the
maximum bandwidth for this scheme where 833 Hz. Thus even tough the switching
frequency was higher for the continuous based injection schemes the maximum current
regulator bandwidth was lower.
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Table 9.3 Comparison of methods

HFCI-R HFCI-P TE TE 10™
fow 10 kHz 10 kHz 5 kHz 5kHz
Current regulator 350 Hz" 350 Hz" 833 Hz 833 Hz
bandwidth
Test performance 3 2 1(best) 4
Observer bandwidth 600 Hz” 110 HZ” 600 Hz” 30 HZ”
Disturbance rejection ¥ 2 IR 3%

Zero crossing 3 2 1 1

Robustness

Total loss in power 100%" 100%" 125%" 80%"

electronics

Parameter sensitivity No No” Yes Yes

Easy integration with 1 1 2 2

standard systems

Signal to noise ratio on 11.6 5.7 8.9 8.9

position dependent

current -LEM sensor

DC voltage reservation 30% 15-30% 37.5% 2.75%

Acoustic noise 75dBA® 57dBA® 64dBA® 54dBA®
75dBA” 71dBA” 65.5dBA” | 56.5dBA”

DPre filter used on reference value, maximum bandwidth without the pre filter was

700Hz. Bandwidth was determined by the 10-90% rise time

ITheoretical bandwidth with gains from test run

ITheoretical disturbance rejection with gains from test run: 1-describes the best

disturbance rejection properties

YTotal losses: switching losses + conduction losses compared to symmetrical space
vector implementation with 10 kHz switching frequency

>Machine parameters used in normalizing term

% Acoustic noise at stand still and signal injection (HFCI-P, Vc=30V)

) Acoustic noise at 0.1 pu speed with signal injection (HFCI-P, Vc =30V)




143

In Table 9.3 the performance is rated from 1 to 4 where 1 represents the best
performance. In this rating the speed and position quality during the speed reversal and
transient test are used as a base for the ratings. The torque feed forward term is not
applied during these tests. The transient excitation based scheme gives considerable
better performance when both the speed and position estimate are evaluated. The HFCI-
R scheme is rated as second best and the HFCI-P scheme is rated as third best. The
transient based scheme applied every 10" witching period shows the poorest
performance due to the poor performance during the speed reversal test. It should be
noted that the interval based scheme will have better speed reversal performance with a
more experimental pole placement [71].

The bandwidth of the schemes was not tested experimentally (sinusoidal load variations
based test). Due to inverter non linearity and transient noise the theoretical bandwidth is
not representative for the system. The actual bandwidths for the estimates are
considerable lower than the theoretical bandwidth due to the inverter non linearity and
the transient disturbance from the fundamental current. The theoretical bandwidth can
be used to compare the schemes in order to determine lags and capability with ideal
operating conditions. The transient tests done with no torque feed forward can be
regarded as a disturbance rejection test. In Table 9.3 the disturbance rejection functions
are used in order to rate the disturbance rejection functions.

The major difference between the continuous injection based schemes and the transient
excitation based schemes are the influence from dead time. The continuous injection
based schemes separates the position dependent by frequency separation. In general any
frequency component close to the negative carrier frequency in the stator current can
show up as a disturbance in the position estimate. In this chapter the effect from
fundamental zero crossings where discussed for the three schemes. The analyses show
how the carrier signal introduces a dead time effect modulated by the carrier frequency.
This modulation has 6 times periodicity to the position (electrical). The HFCI-R scheme
1s most sensitive to this error as it uses the negative carrier vector as an input to the
heterodyning term. In the HFCI-P scheme the g-axis current is used as bases for the
input to the observer. The analyses and test shows that the dead time effect is minimal
in the g-axis current under the control strategy used in this work (is*=lq). Also in the
transient based scheme there are effects from inverter dead time. These effects are
minimal in the test performed in this work. The dead time effect is assumed the main
difference between the schemes evaluated in this work.
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10 REDESIGN FOR SENSORLESS
CONTROL

Redesign of electrical machines in order to increase the saliency ratio has successfully
been done for several types of machines. The first redesign approaches was focused on
introducing saliency in the leakage inductance in induction machines: [2, 13] used
modified rotor slots, [34, 35] used modified rotor bars. For IPMSM there has typically
been a saliency present due to the rotor design and teeth saturation. These machines are
usually very well suited for true sensorless control and they will not be discussed in this
chapter. For surface mount PMSM the saliency is usually due to stator teeth saturation.
For some “off the shelf” machines sensorless control is possible due to a 10-15%
saliency. This saliency is typically based on saturation in stator teeth and yoke. For
other machines the saliency is smaller and true sensorless control is harder to archive. In
this Chapter different redesign approaches for PMSM are discussed. In the first section
various redesign approaches found in publications are discussed. At the end of the
Chapter a redesign approach on an axial flux PMSM (Test Machine 2) is presented.
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10.1 State of the Art Redesign for Sensorless Control

There are several publications on enhancing the saliency ratio by redesign of electrical
machines. For different types AC machines the strategy for designing saliency into the
machine are quite different. PMSM are the main focus for this thesis and only this type
of machines will be evaluated in this Chapter. The saliency ration can be influenced by
several machine properties:

Rotor magnetic design
Tooth saturation

Yoke saturation

Stator slot modification

0O 0 0 O

Lamination (direction)
o Slot filling/wedges

The proposed changes have different features as some influence leakage inductance and
some influence main inductance. The load dependency also differs for the different
modifications. The radial flux machines are the most common PM machines. For
IPMSM there usually is a large difference in the dg-inductance due to the rotor design
and due to stator teeth saturation. In case of stator yoke saturation this will add more
saliency to the machine as all these three saliencies are spatially working on the same
flux path (in the main flux path). The radial flux machines are often designed with
laminated stator and rotor, thus portions of the high frequency flux can penetrate in the
main flux path. In the surface mounted PMSM the saliency is often smaller compared to
the IPMSM and sensorless control can be hard to realize. The surface mounted PMSM
are therefore the focus for this Chapter.

10.1.1 Surface mounted PMSM

In a surface mounted radial PMSM there are several ways of introducing saliency; rotor
design, tooth/core saturation, semi magnetic slot wedges and iron filling between
magnets. In the next sub chapters examples of these redesign approaches will be
referred from publications.

10.1.1.1 Rotor design

The rotor design may be used in order to produce saliency in the machine. In [72] the
rotor was altered in order to give the machine saliency, the redesign changes the
machine from a pure surface mount into a machine where the magnets have some iron
between the magnets. A conceptual description of the redesign is presented in Figure
10.1. The machine has an outer rotor structure with an internal stator. In Figure 10.1
only the details from the rotor are given as they illustrate the modification to the
machine. The redesign introduced varying saliency ratios into the machines depending
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Permanent Magnets

Inserted iron

Stator (vindings)

Figure 10.1 Redesign approach on PMSM [72]

on the shape of the insert iron. The maximum saliency ratio obtained was 0.287.The
INFORM method [1] was used to measure the saliency.

10.1.1.2 Tooth/core saturation

In [1] and [30] “of the self”, surface mounted PMSM, was used with sensorless control.
In these machines the saturation in the stator teeth and rotor yoke was assumed to be the
basis for the saliency in the machines. The saturation level in the stator teeth and rotor
yoke are design parameters. The stator teeth and yoke flux density are typically checked
after initial design, loss calculations and optimization criteria are checked and gives
inputs to an iterative design procedure. The saturation based saliency will depend upon
the lamination selected for the machine. For example the laminations M235-35A from
Surehamar (Congent) have approximately a linear relationship between relative
permeability and flux density from 0.4 T up to 1.3. If one aim for saturation based
saliency the maximum flux density in the machine design procedure should be no more
than 1.3 T for this type lamination (above this level the relative permeability becomes
non linear to the flux density). Optimal design will wary in accordance to the criteria
function used for the design. If low prise is important (optimal) the machine design-
procedure will result in a machine with high flux/current density and minimum amount
of iron, copper and magnets. If efficiency is important the losses are minimized, this is
primary done by reducing the copper loss (i’ -r) by increasing parallel branches in the
stator winding (or increasing the wire dimension). In addition the iron losses can be
reduced by reducing the flux density in the machine. In (10.1) an example of optimal
design criteria function is given.

A =K P + K, (CeeMg, 4+ Co Mgy, + CppyMpy, )+ KD (10.1)

0ss

In (10.1) the different terms are weighted according to the significance of the different
factors. The first term in (10.1) represents the losses in the machine, k1 represent the
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significance of the losses to the overall cost. The next them represent the cost of the
materials used in the machine and the third term includes a penalty (cost) on the
diameter on the machine (D). In order to illustrate the losses in the machine a typical
loss calculation is presented (friction losses not considered):

Ross = Feu + Pee (10.2)
P, =3R,I] (10.3)
P, ~28f"(B}, m+B;_ .m)107 (10.4)

Where B, and B, represents the maximum flux density in the stator teeth and

yoke, m and m, represents the mass of the laminations associated with teeth’s and

yoke. In general introducing/increasing saturation based saliency in a machine will
result in increased iron losses.

10.1.1.3 Stator slot modification

The design of the stator slot geometry affects the leakage flux. For surface mounted
machines the effective air-gap is large. Due to the high frequency on the carrier signal,
and the large air gap, only a small portion of the high frequency flux will penetrate into
the rotor structure. If a modification in the leakage flux path is introduced the high
frequency leakage flux are likely to be modulated. In [37] the stator slot was closed in
order to produce a position dependent variation in the leakage flux path. The variation
in the leakage inductance was based on saturation of the bridge over the stator slot. The
design on a surface mounted PMSM resulted in a saliency ratio equal 0.14 (AL/XL)
compared to no saliency initially. The saliency ratio was dependent on the loading of
the machine and at full load the saliency ratio was approximately 0.067.

1 \ \
t"-. ".I Stator \ Stator

Windings
Windings

Windings
Windings

Open

Rotor

Figure 10.2 Stator slot modification [37]
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10.1.1.4 Lamination direction

In non oriented lamination material the magnetic properties should be the same in all
directions. In [38] the magnetic properties of laminated was evaluated. The relative
permeability does not depend on the rolling direction (production line) for fundamental
excitation at rated frequency [38]. When the frequency is increased there is a difference
in the permeability depending on the rolling direction and the transverse direction. Test
machines where made with all lamination aligned in rolling direction and with shifted
lamination orientation (minimum common orientation). The machine with oriented
lamination direction showed a saliency due to lamination direction at approximately
20% (AL/ZL) the machine with shifted lamination orientation showed almost zero
saliency. It should be noted that this type of saliency will be dependent on twice the
mechanical period compared to twice electrical for the saturation induced saliencies.

10.1.1.5 Combined effects

When considering design of machines for sensorless control the sources of saliency in
the machine should be encountered for. One should also consider where the resulting
flux from the excitation distributes in the machine. If the excitation results in a flux that
is distributed in the leakage flux paths the modifications should be done in these
regions. In chapter 3 the saliency modelling shows that the saliency is the difference of
main flux and leakage flux variations. Table 5.1 gives an overview of the design options
and the region of the machine that varies:

Table 10.1 Modification and region in change due to the modification

Main flux path Leakage flux path

Rotor design X

Stator Tooth X X
Saturation

Stator Yoke X

saturation

Stator slot design X
Lamination X X
directions

The saliency from lamination direction will be periodic with twice mechanical
revolution, thus it appears as multiple saliency with for instance saturation induced
saliency on a machines with more than one pole pair. The laminations should be shifted
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if one tries to design saturation based saliency into the machine and the machine has
more than one pole pair. If the carrier flux is assumed to distribute in the main flux path
(laminations and few barriers) combined effort can be made; rotor design, tooth
saturation and core saturation can be introduced as a singe saliency in the machine. If
the carrier flux is assumed to distribute in the leakage flux path stator slot design can be
used to introduce a saliency.

10.2 Redesign of a axial flux PMSM

When a machine is considered for redesign for sensorless control there is a lot of factors
that has to be considered: optimal design criteria, usage of the machine (load profile),
materials used in the machine, noise, cost, complexity of change, reliability of design
(mechanical). In this work the saliency ratio is evaluated for different redesign
approaches. Based on this work the approach with most synergy effects and minimum
penalties was selected for prototyping.

10.2.1 Machine Characteristic

Test machine 2 was designed for usage in a wheelchair application. The machine was
optimised for low cost, high torque and efficiency. A saturation based saliency was
present in the initial design. This saliency was frequency dependent and low portion of
position dependent inductance (approximately 5% saliency) [36]. In order to extract
saliency information from the machine the excitation signal frequency had to be as low
as 125 Hz. This saliency was problematic in two ways: the saliency was very small and
the carrier frequency had to be very low. The small saliency leads to problems with the
accuracy of the current sensors. The low frequency leads to problems with the
frequency separation needed for the HFCI schemes (synchronous reference frame filter
or demodulation). Transient excitation based schemes could not be used as this
excitation could not extract the saliency information from the machine. Test machine 2
is a commercial prototype machine. Figure 10.3 shows a principal view of the machine.
In Figure 10.3.1 side view of the stator is shown. The yellow areas represent the coils,
the grey areas represents the iron powder cores. In Figure 10.3.2 one

3)
assembled

1)
stator

Figure 10.3 Axial flux PMSM principal view
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Figure 10.4 Axial flux PMSM principal view — two dimensional view

of the rotor sides are shown; the magnets (blue colour) fronts the drawing, a solid iron
disc cowers the backside of the magnets. In Figure 10.3.3 the assembled machine is
shown. The same colour code is used for the permanent magnets, coils and core
materials. The shaft is stationary in this machine (mounted on the wheelchair) and the
rotor rotates. In the actual application the machine is integrated into the wheel. In the
analyses of the magnetic design a two dimensional representation of the machine is
useful. Figure 10.4 illustrates the surface of an axial cut in the centre of the iron powder
core in Figure 10.3.3.

The black areas between the magnets represent the areas of local saturation in the rotor
yoke. Some special features of this design may be of particular interest for the redesign
evaluation of the machine: the effective air-gap is large, the magnets cover most of the
surface of the rotor, the windings are concentrated, iron powder stator cores and the
yoke behind the magnets are solid iron (no lamination).

10.2.2 FEM simulations

The Finite Element Method was used to verify the different redesign approaches. As
FemLab was used by the machine design group and for teaching purposes at the
University this FEM program was used for the simulations. The simulations in FemLab
was by no means straight forward: in order to incorporate the saturation effects and
combination of stationary and time dependent sources a group of people worked with
FemLab over a period of one year. A master thesis [43] and two student projects was
written on the subject and one paper war published [44]. FemLab in Sweden (supplier
of software) was consulted in the development of the models. The material
characteristics for the iron powder cores were supplied by Heganes in Sweden. In this
chapter a brief description of the FEM simulation are presented. The field from the
permanent magnets where modelled as a static field. This simplification was applicable
due to the high frequency of the carrier signal compared with the main field frequency.
The signal injection was modelled by sinusoidal high frequency (500 to 10000Hz)
current. Two sub domains (“transient” and “time harmonic™) was used in FemLab in
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order to incorporate the field from the current in the windings and the field from the
permanent magnets. The resulting flux density was used in an iterative solver together
with the curves for the relative permeability in order to incorporate the saturation in the
machine. The inductance calculation where made by evaluating the magnetic energy:

Wi :%I(J -A)-dSi (10.5)

Si

Where J is the specified current density in the core, A is the magnetic vector potential
and Si is the winding area. In order to get a simulation that could be performed within a
reasonable time some simplifications where made: only one coil was evaluated and
symmetry simplifications where made. The most important simplifications are listed
here in order to get an overview:

o end effects not included
o relative permeability assumed constant between 0 and 0.5 T for core and yoke

o relative permeability correction for minor loops (field from high frequency
carrier superimposed on field from permanent magnet) not included

rotor rotation not included

relative permeability curve for wedge and disc material assumed to be of equal
shape of the iron powder core (supplier could not give sufficient material data)

o the individual leaders in the coil was represented by a current density in the
area occupied by the leaders (proximity effect not included)

There are several of these simplifications that may have large impact on the field
calculation: the evaluated machine is a “disc” type machine, thus the end effects could
be large. The assumption of constant permeability at low flux densities was crucial in
order to get convergence in the results. The minor loops may reduce the relative
permeability in all the materials and as a result the penetration dept may be altered. Due
to the many simplifications the results from the FEM simulations cannot be regarded as
absolute. The FEM results where rather used to show trends in the inductance (and
saliency ratio) as a result of the different redesigns.

10.2.3 Evaluation of redesign approaches

Several redesign approaches where discussed for the machine; more saturation in the
stator cores (main flux path), local saturation in stator cores (end effects), increased
saturation in the rotor yoke, altered rotor redesign and leakage flux path modifications.
The main design goal was to introduce a saliency in the machine that could be detected
with signal injection based methods using a carrier frequency from 500 to 2000 Hz or
transient excitation with equivalent frequency at 20 kHz. Preferably the redesign should
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Figure 10.5 Core saturation increased due to reduction of core area

also lead to increased machine performance as reduced cogging torque, reduced iron
losses or better utilization of materials used in the design. As the machine is a low cost
product the redesign should not increase the manufacturing cost or material cost more
than the cost reduction from removal of the position sensor.

10.2.3.1 Core saturation

Saliency due to core saturation can be directly compared with teeth saturation for radial
flux PMSM. In order to increase the saturation effect in the core the core area can be
reduced. If some of the iron is removed there are room for more copper, this may lead to
better utilization of the permanent magnets (less magnets needed to produce same
torque). The concept is illustrated in Figure 10.5; the total width w3 is held constant,
core width (wl) is reduced and winding width (w2) is increased accordingly. The
saturated area is included in the leakage flux path thus the carrier injection (500-2000
Hz) and transient excitation could detect the saliency. This concept was discussed and
synergy was found on overall cost; if the core could be smaller there would be more
room for copper. If more copper could be inserted the permanent magnets could be
smaller (or better utilized). There was a severe drawback: the maximum torque
specification could not be met with the reduced core area.

P
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winding
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Figure 10.6 Increased local saturation in core
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10.2.3.2 Local core saturation

When the core is located between the magnets there are some local saturation in the
section of the core closest to the magnets. From the initial design and the initial
experiments performed on the machine these effects where not measurable. Different
core design (Figure 10.6) was evaluated in order to create a bigger local saturation. Also
for this redesign there was some synergy on machine performance; the cogging torque
could potentially be reduced. The inductance variation would be in the region of the
leakage flux and usage of carrier injection (500-200Hz) and transient excitation could
be possible. The concept was discussed but the production cost was increased due to the
complex shape of the core and the increased complexity in assembly of the machine.

10.2.3.3 Yoke saturation

Yoke saturation was originally the only measurable saliency present from the initial
design. Due to the large air-gap the synchronous reactance was very low and the flux
from the permanent magnets dominates the resulting flux. The yoke saliency would
therefore be very little influenced by the load condition of the machine. If the saturation
level in the yoke where increased (by reducing w10 in Figure 10.7) there would be
some penalties; more iron loss and less utilization of the permanent magnets. Due to the
problematic frequency dependency on the rotor yoke saliency and the lack of synergy
effect this approach was not implemented.

10.2.3.4 Rotor redesign

Iron insert between the magnets (Figure 10.8) was considered in order to produce an
inherent saliency due to rotor design. No synergy effects could be found for this
modification. The modification may lead to increased leakage flux from the permanent
magnets and increased losses in the rotor. The region of inductance variations are in the
main flux path but still close to the core (Imm air-gap). The modification may work
with carrier injection (500-2000 Hz) and transient excitation.

increased yoke [ 2
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Figure 10.7 Increased yoke saturation
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The penalties from this modifications where not severe and the redesign was evaluated
in FemLab. The simulations show approximately a saliency ratio 0.18 (AL/ z L) due

to the modification. The redesign is not easily implemented in the machine as the
distance between the magnets are small and the original rotor yoke is made of a solid
iron disc. The redesign was not tested with a prototype due to the increased complexity
in the rotor structure.

10.2.3.5 Leakage inductance modifications

The stator winding fills the volume between the stator cores. The leakage flux is
concentrated to the stator winding volume. If a thin magnetic material is inserted
between the cores this could have impact on the leakage flux. If the inserted material
has variations in the flux density according to the rotor position there may be a position
dependent portion of the leakage inductance. This concept was evaluated with two
approaches: a semi magnetic disk could be used on top of the core (Figure 10.9.1) or
mount a thin layer of semi magnetic material between the cores (Figure 10.9.2). The
disc approach lead to increased effective air gap as the disc material was supposed to
have less permeability compared to the iron powder core.

o o | 2| 2
: g8
. slot 2 c
disc é wedges = é =
\ -
1) 2)

Figure 10.9 Leakage inductance modification. 1: semi-magnetic disc covering the surface of the core
and winding, 2:semi magnetic slot wedges between the iron cores
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This approach required changes in the original dimensions for the machine and was
therefore not considered for prototyping. The slot wedge solution was easily realizable
in a new prototype, and it had several synergy effects to the machine performance. A
detailed description of the slot wedge redesign is covered in the next chapter.

10.2.4 Redesign based leakage flux variation

Of all the redesign candidates evaluated the redesign based on insertion of semi
magnetic slot wedges was selected as the most promising. Semi magnetic slot wedges
has been used for induction machines in order to reduce torque harmonics [41] and iron
losses [40]. The same concept has been used in axial flux PM machines; in [42] slot
wedges was used successfully to reduce iron losses and cogging torque. The cogging
torque in the axial flux PM machine stems from the forces acting between an individual
iron core and a nearby permanent magnet. The semi magnetic slot wedges are placed in-
between the iron cores and thereby smoothen the magnetic properties along the air gap.
As a result of insertion of semi magnetic slot wedges the cogging torque was reduced by
60% in [41]. As the machine rotates the flux from the permanent magnets leads to flux
pulsations in the iron powder cores. The discrete nature of the stator (copper/iron
powder) leads to high local flux density in the iron powder cores. This effect was (core
power loss) reduced by 48% in [42] by insertion of semi magnetic slot wedges. Thus a
synergy effect can potentially be found: introducing semi magnetic slot wedges may
enable sensorless control and reduce loss and cogging torque. In order to evaluate the
potential saliency increase the insertion of semi magnetic slot wedges was simulated in
FemLab. The simulations were done as a combined effort from [43] and the author. In
order to simulate the slot wedge approach the permeability as a function of the flux
density was needed. As the slot wedge material was not selected at the time of the
simulations the properties from the core material was downscaled in order to simulate a
semi magnetic slot wedge. The downscaled curves for the relative permeability are
shown in Figure 10.10.
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Figure 10.10 Relative permeability curves for slot wedge material used in FEM simulations
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Figure 10.11 FEM simulation of relative permeability for two different rotor positions based on flux from
permanent magnets; 1) g-axis, 2) d-axis (maximum relative permeability limited to 10)

Figure 10.11 shows a simulation of relative permeability in a small section of the
machine. In Figure 10.11.1 the winding is oriented in the g-axis. The flux lines and
relative permeability is a result of the flux from the permanent magnets alone. In Figure
10.11.2 the same structure is simulated with the winding in the d-axis. If the relative
permeability is compared for the two positions the slot wedge is more saturated when
the winding is oriented in the g-axis.

In order to evaluate the inductance variation the flux from the winding must be
evaluated. The simulations where run with combined field from magnets and carrier
signal as the basis for the iterative solver. Figure 10.12 shows the flux lines and the flux
density from a 500 Hz carrier signal in the winding. The difference in the saturation
level in the slot wedge results in a large difference in the leakage flux distribution in the
structure.
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Figure 10.12 Flux density as a result of a 500 Hz carrier in the winding; 1) g-axis, 2) d-axis
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The slot wedge approach was evaluated with three different relative permeability curves
(Figure 10.10). The saliency ratio varied from 0.07 to 0.14 depending on the relative
permeability curve used in the simulation. The trend was increasing saliency ratio for
increasing maximum relative permeability (10, 50, 200 - Figure 10.10). Different carrier
frequencies were also tried: the saliency ratio was approximately constant for
frequencies from 0.5 to 10 kHz. The load dependency of the saliency was also
simulated; the simulations all had converges problems and no results from these
simulations are given here. From the saliency modelling in Chapter 3 a general
assumption can be made: when the machine is loaded the g-axis current increase

(control strategyi, = i.,i; =0). The load current will drive the slot wedge more into

saturation, as this approach is based on saturated slot wedge when the rotor is in the g-
axis the load dependent effect will add to the effect from the permanent magnets. Thus
the saliency ratio is supposed to increase with increasing load. In order to build a
prototype, suppliers of semi magnetic slot wedges was contacted in order to get a slot
wedge with the comparable relative permeability as used for the FEM simulations. The
only supplier that delivered slot wedges at short notice was Camawi Electricals &
Electronics. The permeability description on the MAGNATUFF slot wedges from
Camawi only described two points on the BH curve: at H=100A/cm g, =7.5 and at

H=200A/cm g, =6.1. Thus the permeability of these slot wedges was considerably

lower than permeability used in the simulations. The prototype based on slot wedge
insertion cold be archived with small costs and a prototype was build with the
MAGNATUFF wedges in order to evaluate changes in the inductance (trends rather
than a full sensorless capability). The actual prototype (test Machine 4) is showed in
Figure 10.13. The slot wedges are the grey parts to the right of the machine in Figure
10.13.1, the iron powder cores are the black ovals distributed around the periphery of
the stator. In Figure 10.13.2 the slot wedges are mounted between the iron powder
cores.

Figure 10.13 Test Machine 4. Insertion of slot wedges, 1) before slot wedge insertion, 2) after slot
wedge insertion
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10.2.5 Redesign results

In order to evaluate the effects of the slot wedges both Test Machine 3 (no slot wedges)
and Test Machine 4 (with slot wedges) was tested. The goal in the redesign approach
was to introduce a saliency detectable with a carrier frequency in the range 500 Hz to 20
kHz. The slot wedge material in the actual prototype was not the same as the material
used in the simulations. The expected saliency ratio is therefore well below 0.07
(estimated saliency ratio from the FEM simulations). The effect of the slot wedge
material is evaluated by comparing the saliency ratio from Test Machine 3 and Test
Machine 4. The tests where performed on a commercial prototype drive system
designed by SmartMotor AS. The details of this system are not presented in this thesis.
Two factors must be mentioned: the DC link voltage was 24 V and the LEM sensors
had an overall accuracy equal 2% (of 50 A). Two test signals where used during the
testing of the machines: sinusoidal signal and transient signal. The transient excitation
was equal the transient excitation used in Chapter 8. During the testing with transient
excitation the changes in the current during a voltage step where only about 1 A. Due to
the low accuracy in the LEM sensors a small saliency could hardly be measured from
such small change in the current. The transient excitation did not give any useful
estimates of the saliency ratio. The second test signal was a high frequency balanced
sinusoidal voltage. The challenge with the LEM accuracy was met by increasing the
voltage amplitude. Figure 10.14 shows the test results from the test with sinusoidal
excitation: the alphas vs. beta components of the stator current are plotted. If there is a
saliency present in the machine these plots will be elliptical. The saliency ratio can be
estimated by evaluating the length of the major axis and the length of the minor axis.
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The test results from TestMachine 3 did not show any measurable saliency at either 500
or 1000 Hz. In the test results from TestMachine 4 (Figure 10.14- 2 and 4) a small
saliency could be estimated:

Table 10.2 Saliency estimates for Test Machine 4 (slot wedge insertion)

Test frequency [Hz] Saliency Ratio

500 0.030

1000 0.048
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Figure 10.14 Alpha vs. beta component of carrier signal, rotor locked in one position, 1)Test Machine 3
— 500 Hz, 2)Test machine 4 — 500 Hz, 3)Test Machine 3 — 1kHz, 4)Test Machine 4 -1kHz

The estimated saliency ratios from the measurements are in good agreement with the
simulated saliency ratio if the low permeability in the real slot wedges is taken into
account. The redesign shows that the saliency ratio can be increased by insertion of
semi magnetic slot wedges. The saliency ratio is still too small for on-line rotor position
estimation. The limiting factors for on line estimation are: low accuracy in the LEM
sensors, influence from dead time and other sources of noise in the system. In order to
further increase the saliency ratio a slot wedge material with higher relative
permeability should be used (for example Somaloy550).

10.3 Chapter conclusions

Several redesign approaches where discussed in this Chapter. The approach based on
introduction of position dependent saturation in the leakage flux paths where selected as
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this redesign had several potential synergy effects. From theory studies and FEM
simulations the potential synergy effects where identified as:

o Introduction of saliency in leakage flux path
o Reduction of iron losses

o Reduction of cogging torque

The drawback from the redesign was assumed to be increased leakage flux. A prototype
of the Axial Flux PMSM was redesigned with semi-magnetic slot wedges. In this thesis
only the saliency of the machine was measured. The cogging torque and iron losses was
not evaluated.

The saliency ratio was evaluated for Test Machine 3. No saliency could be detected
with the current sensors in the commercial prototype for sinusoidal (0.5 and 1 kHz) and
transient excitation (20 kHz equivalent).

Test Machine 4 was redesigned with semi magnetic slot wedges to increase the saliency
ratio at higher excitation frequencies. The machine was tested with sinusoidal
excitation (0.5 and 1kHz) and with transient excitation (equivalent 20 kHz). The
transient excitation could not be used to detect the saliency as the change in the current
was too small compared to the accuracy in the LEM sensors. With the sinusoidal
excitation the amplitude of the signal was increased in order to improve the current
measurement accuracy. The saliency ratio was estimated to be approximately 0.03 at
500 Hz test frequency and 0.048 at 1000 Hz test frequency. The saliency ratio was
lower than the Saliency ratio found from the FEM simulations (SR=0.07). The lower
saliency ratio is assumed to be caused by two factors: only one coil is evaluated in the
FEM simulations. In the prototype one phase are made from a series connection of three
coils. The decrease in the saliency ratio due to the series coupling is described in(1.58).
In addition the relative permeability in the slot wedges in the prototype was lower than
the value used in the FEM simulation.

The redesign effect on load dependency, iron loss and cogging torque was not evaluated
in this work but scheduled for future work.
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11 SUMMARY AND FUTURE WORK

11.1 Summary and Conclusions

This thesis covers a range of different topics within the field of sensorless control. Each
chapter ends with a conclusion this section summarises the main conclusions from this
work.

In Chapter 1 the classical machine modelling was presented and a special case for
concentrated coil axial flux machine was developed.

In Chapter 2 the state of the art sensorless control was presented. In the first sections the
basic back EMF based methods where presented. The low and zero speed limitations for
these methods where pointed out. One way of overcoming the problems with the back
EMF based methods are to use signal injections based methods.

Chapter 3 presented a saliency model that combined the different contributors of single
saliency for PMSM. The main findings in this Chapter were the 90 degrees spatial
displacement between the saturation based saliency from the main and the leakage flux.
A new dqg-axis machine model was developed that contained the second order effects of
saturation in the main and the leakage flux path. A model was derived for both radial
and axial flux PMSM.

Chapter 4 presents some evaluations of the high frequency flux distribution in a PMSM
with sinusoidal or transient excitation. The saliency ratio as a function of the excitation
frequency was tested for excitation frequency from 100 Hz to 8100 Hz with sinusoidal
excitation and with transient excitation (20 kHz equivalent). From the measurements of
mutual inductance and the inductance model developed in Chapter 3 an estimate of flux
linkages indicated the flux distribution in the machine. In the IPMSM a considerable
amount of flux was penetrating into the rotor even for the 8.1 kHz and the transient
excitation. In the axial flux PMSM the flux distribution concentrated to the leakage
paths at approximately 250 Hz.

Chapter 5 presents the experimental setup. The basics on dead time effect were
discussed. The main conclusion was that the distortion from the dead time in the
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inverter had different size for the d- and g-axis when the drive was controlled with
ig*=is and 1d*=0.

Chapter 6 presents the sensorless scheme based on injection of rotating high frequency
sinusoidal voltage [2, 3, 4 and 13]. A new decoupling scheme was tested but not found
to enhance the performance of the system. The scheme was tested with step commands
in speed and with transient tests in iq reference. The scheme worked satisfactory for
medium bandwidth performance. One of the main limiting factors was the impact from
the dead times in the inverter.

Chapter 7 presents the sensorless scheme based on injection of pulsating high frequency
sinusoidal voltage in the g-axis [22-26]. A new approach with a synchronous frame
filter was developed. The usage of a synchronous frame filter for filtering of the feed
back to the current regulators enabled higher bandwidths for the current regulators
compared to the standard solutions. The scheme was tested with step commands in
speed and with transient tests in g-axis current reference. The scheme worked
satisfactory for medium bandwidth performance. The dead time effects were found to
have less impact in this scheme compared to the HFCI-R scheme. The filtering
technique in the position estimation loop was found to be the limiting factor in this
implementation.

Chapter 8 presents a new scheme based on transient excitation [1-7]. This scheme
performed better on all tests compared to the HFCI-P and HFCI-R scheme. The main
difference was found to the small impact from the dead time and low demands for
filtering in the position estimation loop. The scheme introduces some additional
switching operations and the switching frequency was lowered to 5 kHz. If the transient
excitation was applied every second switching period the average number of switching
actions was the same as the HFCI-P and HCFI-R running at 10 kHz.

Chapter 9 presents a comparison of the three schemes presented in chapter 6, 7 and 8.
The comparison is made from the test results and from other issues concerning
integration into standard drive systems. The scheme based on transient excitation
performed better on the experimental tests compared to the HFCI-R and HFCI-P. When
considering the ease of integration with standard drives the HFCI-P and HFCI-R
schemes are easier to implement as no special switching or sampling is needed.

Chapter 10 presents a redesign of an axial flux PMSM. Several methods for enhancing
the saliency ratio were evaluated and the method based on modification of the leakage
field was selected for analyses and prototyping. The modification was done by inserting
semi magnetic slot wedges between the iron powder cores. The redesign had several
potential synergy effects as reduced iron losses, reduced cogging torque and increased
saliency ratio. A prototype was build with semi magnetic slot wedges with low relative
permeability. Only the saliency ratio was tested in this work; the saliency ratio
increased from un-measurable to 0.03 (500 Hz) and 0.048 (1kHz).
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11.2 Future Work

There are a lot of challenges in the area of sensorless control of PMSM. The IPMSM
traditionally are very well suited for injection based sensorless control. All three
schemes tested in this thesis worked within the test criteria (minimum accuracy +/- 10
electrical degrees) with the IPMSM. The saliency in a surface mounted PMSM is
typically smaller compared to the IPMSM. The surface mounted designs therefore offer
the greatest challenge with injection based sensorless control. In order to evaluate
sensorless control principles, and functionality, a wide range of topics must be cowered:
control theory, power electronics, microprocessors, electromagnetism, FEM
simulations, machine design and sensor technology. One person in the time frame of a
PhD program cannot cover all these aspect. In this work some of the important issues
are treated but by no means fully developed. This last chapter contains some
suggestions to future work:

In the original plan a load machine was included in the test setup. As time elapsed the
plan was changed and the inertia of the machine was used as load. If a load machine
was integrated in the test setup some additional tests could be performed: the system
bandwidth (obtained by sinusoidal load variations) and the load rejection properties. In
future work a load machine should be included in the system.

Only two machine prototypes have been tested in this work. In future work a larger
selection of machines should be evaluated in order to get a wider picture of the
application range of the sensorless schemes.

Integration of the sensorless schemes into standard drive systems are not performed in
this work. A combination of the injection based and the back EMF based schemes will
be the goal of this activity. This task was scheduled for future work. The activity has
already been started at the University with promising results (integration of TE
excitation into an experimental drive with standard software). Integration of the HFCI-R
scheme has already been tested with good results in [73].

Improvement of the accuracy and reduction of the noise content in current
measurements are two of the most important issues when developing sensorless
schemes for machines with small saliencies. Research on the current sensors, AD-
converters and integrated design are key issues when developing sensorless control
systems for electrical machines with limited saliency.

The implementation done in this thesis has been basic implementations with a low
degree of optimalization for each scheme. For the HFCI-R based scheme the limiting
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factor (at increasing bandwidth) was found to be the dead time effect from the inverter.
One interesting approach could be to implement active compensation for the dead time
together with the signal injection scheme (the same could also be tested for the two
other schemes). In general the robustness to dead time effects is an interesting topic for
future work.

The concept of including drive issues into the machine design are one of the most
interesting aspects of sensorless control for machines with limited saliency. In this work
a redesign approach was tested for an axial flux machine with limited saliency. Several
redesign approaches was evaluated and the usage of semi magnetic slot wedges was
found to be one of the most promising approaches for this prototype. The focus of this
work was aimed at finding a redesign approach with low cost and preferably with
synergy effects to other machine parameters. The work done in Chapter 10 showed that
insertion of semi magnetic slot wedges did introduce a position dependent term in the
leakage inductance. The size of the variation was not sufficient to enable sensorless
control; in future work a slot wedge with higher relative permeability should be used in
the machine. This may increase the saliency ratio and enable sensorless control. In
addition the synergy effects on cogging toque and iron losses should be evaluated for
this type of redesign.
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APPENDIX

A MACHINE MODELLING

A.1 Machine modelling

This appendix summarises the derivation of the machine equation in detail. It contains
all transformations needed to transform a machine model from a per phase description
to two axis representation in rotor reference frame or any other general reference frame.
The machines used in this work have Y-connected stator windings. The neutral point is
isolated thus no zero sequence current flows in the machine. The zero sequence
quantities are therefore not included in the machine equations.

Figure 11.1 Three phase left, stator 2 axis representation right



Figure 11.2 Relationship between Otﬂ and dq reference system

In literature several different notations are used to describe PMSM. For the rotating
reference system fixed to the rotor the index d or q will be used. For the two axes
reference system fixed to the stator the index «® or B° will be used. Figure 11.2 shows
the relationship between the two reference systems. The currents in the tree phases are
120 degrees displaced from each other. The tree phase currents form a space vector in
the machine. In this thesis a scaling factor (2/3) will be used so the space vector will
have the same value as the phase current.

13 =50158° +150° +15¢°) (A1)
During transformations it is useful to represent the equations on matrix form, defining;
=105 s (A2)

s s s

=1 1 (A.3)
r T

=1 1] (A.4)

ui=[us ug vl (A5)
s s s

u:=[u;, U, (A.6)

u=[u, u,] (A7)
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R, 0 0
RP=|0 R 0 (A.8)
0 0 R
On matrix form the stator equations become;
S
Ut =R? 1+ O (A9)
dt
The flux linkages
cos(0)
W2 =L 12 +| cos(0—120) |'¥, (A.10)
cos(0+120)
Defining the transform matrix between abc system and aff system;
2 b1
Te= 3 3 3 (A.11)
0

R
3B

The inverse of this matrix define the transformation between of system and abc

system;
1 0
] (A.12)
2 2
IR}
2 2 ]

From aff system to dq system the transform matrix becomes;

0 _[ cos(0) sin(@)}

—ss . (A13)
—sin(d) cos(6)

The inverse matrix describes the transformation between the dqsystem and the
af} system;

T [cos(ﬁ) —sin(&)}

= . (A.14)
sin(d) cos(H)

—SS



The direct transformation between the abc system and the dq system becomes;

%cos(é’r) %cos(é’,—l20°) gcos(l9r+120°)
3 3 3 (A.15)

dss " lss —
2

—gsin(ﬁr) —%sin(@r—l20°) —%sin(9,+120°)

The inverse of this matrix gives the transformation between the dq and abc system;
cos(6,) —sin(6.)
T*= cos(6, —120°) —sin(6, —120°) (A.16)
cos(6, +120°) —sin(6, +120°)

U =T"U; (A17)
=171 (A.18)
Y =T ¥ (A.19)

TUI =R T Il +—(T7"¥) (A.20)

Multiplying with T* leaves the expression for the voltage equation in dq reference
system,;

U’ =Ik331‘k+1k%ﬂ__—kig) (A-2D)
K
U =T RT T e Ly (8.22)
dt dt
U =RIL + do] + S ! (A2

r _—kpS+-k _ Rs 0
R=T'RT = (A.24)
0 R,
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(A.25)

=Ll (A.26)

The voltage equations are given for convenience in the PU system for rotor and
stationary reference frame. For a symmetrical PMSM:

I,+S—X,

—nX, _
Iy 0
e (A27)
r+s—x, |bod LNYm
oy
0 .
i, \ —sind (A28)
+ .
1 i Yml cosO
I +S—X,
Wy

s represents the derivative operator. For a IPMSM the equation becomes:

Where:

1
I’S +S— Xd
r ud a)N
u=| =
Uq
nXd

1
[ +S—X,
Oy

NX,,;

X5 =Y X—AXcos(26)
X, = Z X + AXcos(26)
X,p = AXsIn(20)

3
(Lsa + E(Lso + Lg ))a)N Ibase

_ oyl
“z

U

base

nx, .
Iy 0
. i + " (A.29)
L+s—X, |-* ¥m
wy
—nx
b i —sin@
+Ny,, (A.30)
P cosd
I +S—X,
Oy
(A.31)
(A.32)
(A.33)
(A.34)

base
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3
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X = =
! Z Ubase

base
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