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Control of Permanent-Magnet Synchronous Machines in Automotive Applications
OSKAR WALLMARK

Division of Electric Power Engineering

Department of Energy and Environment

Chalmers University of Technology

Abstract

This thesis deals with the design and analysis of control system structures for electric
drives equipped with permanent-magnet synchronous machines (PMSMs) in automotive
applications.

Sensorless control, meaning vector control without a mechanical rotor position sen-
sor, 1s considered and a speed and position estimator of phase-locked loop type is analyzed
thoroughly. Modifications are proposed to allow for operation in the whole speed range
and to improve the estimator’s capacity to handle large speed estimation errors. It is shown
that rotor saliency affects the estimator dynamics which may become unstable for certain
parameter selections and operating conditions. Simple parameter selection rules are there-
fore derived in order to guarantee stability and to simplify an implementation.

Of particular interest for PMSMs with small or negligible rotor saliency, an esti-
mator, extracting position information solely from the back-electromotive force is also
considered. The estimator is based on the well known “voltage model” and modifications
are proposed in order to improve the estimator’s performance in the low-speed range by
guaranteeing synchronization at startup and allowing stable rotation reversals.

The theory of loss minimization by means of control is applied to a PMSM drive
intended for propulsion in a hybrid electric vehicle. Through stronger field weakening,
the fundamental core losses can be reduced at the expense of increased resistive losses.
The study shows, however, that the additional inverter losses, due to the addition of extra
field weakening, reduce the potential to minimize the total losses considerably.

A review of fault-tolerant PMSM drives is presented and control algorithms are
proposed for achieving sensorless control, closed-loop field-weakening control, and max-
imum utilization of the available inverter voltage for a drive that, for redundancy, adopts
an additional inverter leg connected to the neutral point of the machine.

The impact of various electrical faults in a vehicle equipped with in-wheel motors
and individual steering actuators is also investigated. Here, it is shown that vehicle stabil-
ity can be maintained with only minor displacements using a closed-loop path controller
and an optimal approach, recently reported in the literature, to allocate tire forces.

Index Terms: Electric drive, electric vehicle, fault tolerance, hybrid electric vehicle,
inverter, in-wheel motor, loss minimization, permanent-magnet synchronous machine,
phase-locked loop, position estimation, sensorless control, vector control.
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Chapter 1

Introduction

Aspects of electric power in automotive applications are briefly reviewed in this chapter.
The focus is put on electric drives, consisting of electric machines and their corresponding
power electronics. The objectives of the work resulting in the present thesis as well the
fundamental scientific contributions are presented. Finally, the publications originating
from this Ph.D. project are listed.

1.1 Electric Power in Automotive Applications

The first electric vehicle (EV) was built around 1834 and the EV concept has thus been
around for almost 200 years. However, the EV had almost vanished from the market by
1930. This was mainly because of insufficient range, due to limited battery capacity, as
compared to vehicles equipped with internal combustion engines (ICEs); a technology
that was evolving rapidly at that time [65], [72]. A more mature generation of EVs was
born in 1996 when General Motors Corporation leased their EV, named EV-1, to cus-
tomers in selected states of the U.S.A. Unfortunately, once again, the attempt to introduce
EVs to the customer market failed and, essentially, the worst deficiency of EVs is still
their limited range [45].

As the demand for more environmental-friendly cars has continued to grow, orig-
inating from both individual customers and organizations as well as support by govern-
mental means, i.e., tax incentives and other regulations, the failure of EVs has set the
stage for the hybrid electric vehicle (HEV). In HEVs, the internal combustion engine
(ICE) 1s combined with electric propulsion which offers several possible advantages, at
the cost of increased complexity. The main advantages are an increase in range (as com-
pared to EVs), the potential to operate the ICE at optimal (maximization of fuel economy,
minimized emissions or a compromise between both) operating points, and the use of
regenerative braking. During regenerative braking, the energy used to slow or halt the ve-
hicle is converted into electricity which can charge the built-in battery rather than being
wasted as heat. By the combined effect of operation of the ICE at optimal operating points
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and regenerative braking, the fuel consumption of an HEV can be significantly reduced
as compared to conventional vehicles. The first HEV from a major car manufacturer was
the Toyota Prius, released by the Toyota Motor Corporation to the Japanese market in
1997 [45].

1.1.1 Drivetrain Configurations

Today, HEVs are commercially available from several car manufacturers. Depending
on how the drivetrain is constituted, HEVs can be classified into different subgroups.
Figs. 1.1a) and 1.1b) illustrate the series- and parallel-HEV configurations.

a)
ICE — Gen.
i Wheel
Batt. < PE <> EL <> Trans. 4—[
mach.
Wheel
b) ICE
v Wheel
Batt. < PE <> EL <->Trans.<—[
mach.
Wheel
Fuel
©) cell
A 4 Wheel
Super El
cap. <+ PE <> mach. <> Trans. 4—[
Wheel

Fig. 1.1 Examples of different vehicle drivetrains (see Appendix A for a glossary of the used
abbreviations). The arrows indicate possible directions of energy flow: a) Series-HEV
configuration; b) Parallel-HEV configuration; ¢) Supercapacitor-assisted FCV configura-
tion.

In a series-HEYV, there is no mechanical connection between the ICE and the trans-
mission. The power delivered by the ICE is converted into electrical power by the gener-
ator. This power can then be used for propulsion or for charging the battery. Advantages
of this type of configuration include the potential to choose the operating point of the ICE
freely (even turning it off in zero-emission zones) and the flexibility of locating the ICE
and generator set. The main disadvantages are the increased number of energy conversions
(as compared to the parallel-HEV described below) and that the electric machine and the
power electronics need to be sized for the maximum sustained power of the vehicle.
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The propulsion power in a parallel-HEV can be supplied by the ICE alone, by the
electric machine alone, or by a combination of both. In comparison to the series-HEV, the
electric machine and the ICE can be of a smaller size (provided that the battery is never
depleted). Even for long-range operation, only the ICE needs to be rated for peak power
while the rating of the electric machine can be significantly lower. Another advantage is
the absence of the generator which simplifies the configuration.

A wide range of other drivetrains are also currently being developed. As an exam-
ple, Fig. 1.1c) illustrates the drivetrain of a fuel-cell vehicle (FCV) where the propulsion
power is generated from a fuel cell assisted by a supercapacitor. For a current discussion
on different types of EV and HEV drivetrains, see, e.g. [17] and [23].

1.1.2 Electrical Features in Future Vehicles

Today, there is a strong trend in the automotive industry to replace mechanical and hy-
draulic loads in vehicles with their electric counterparts. This is due to advantages which
include an increase in efficiency as well as comfort and safety related benefits. Table 1.1
(adapted from [23]) lists a selection of electrically assisted functions that are all likely
to appear in future vehicles. All of the listed functions have already appeared in concept
vehicles and some of them are available in commercial vehicles. Several of the functions
listed in the table require electric machines and corresponding power electronics with a
functionality similar to what used for propulsion, though at much lower power levels.

Table 1.1: Typical electrically assisted functions in future vehicles.

Active suspension Drive-by-wire

Electric power steering Electric valve control
Fans and pumps Ride-height adjustment
Steer-by-wire Throttle actuation

Table 1.1 is far from complete but it is apparent that the power demand from elec-
trically assisted functions will increase in future vehicles. In [23], it is predicted that the
power demand from the electrically assisted functions (excluding propulsion) in future
advanced vehicles will reach a value as high as 10 kW.

1.1.3 Permanent-Magnet Machines

Permanent-magnet machines are, due to their high efficiency, power density, and torque-
to-inertia ratio a common choice in EV and HEV concepts although other machine types,
such as induction and switched-reluctance machines, also have been adopted [14], [17].
Permanent-magnet machines are, depending on the supply voltage waveform, di-
vided into brushless dc machines (BLDCs) which are fed with trapezoidal voltage wave-
forms and permanent-magnet synchronous machines (PMSMs) which are fed with sinu-
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soidal waveforms [35]. Both types are found in EVs and HEVs. However, in the present
thesis the scope is limited and only PMSMs are considered.

As already pointed out, several of the functions listed in Table 1.1 require electric
machines and power electronics similar to those used in propulsion applications, although
at lower power levels. Additional requirements for these electrically assisted functions
could include, e.g., a high mechanical bandwidth or a certain required level of fault toler-
ance. Also in several of these applications can PMSMs be an attractive choice as well.

1.2 Objectives and Scope of Thesis

As pointed out in Section 1.1.3, adopting PMSM drives in EVs and HEVs can contribute
significantly to improve the overall efficiency of the vehicle. Thereby, the operating range
can be increased and (for HEVs) the fuel consumption is reduced. In this thesis, control
algorithms for PMSM drives that can be applied to a wide range of automotive applica-
tions are proposed and analyzed. The main objective is to provide methods and knowledge
that simplify the introduction of PMSM drives in EVs and HEVs.

Control of a PMSM without using a rotor-position sensor has obvious advantages
in terms of cost, size, and reliability. Thus, several of the contributions presented in this
thesis are related to how rotor speed and position can be accurately estimated and how
such an estimator could be implemented. This research topic is hardly new and a plethora
of different methods have already been presented in the literature. Therefore, the contri-
butions in this thesis that relate to this topic involve a detailed analysis of methods already
presented in the literature rather than trying to present entirely novel methods. The results
of the analysis provide valuable insights into the properties of the estimators at different
operating conditions. Modifications and design guidelines are then proposed in order to
simplify an implementation. It is the author’s desire that this thesis, along with the Li-
centiate thesis [74], also should function as a sort of “cookbook” that can be used when
implementing a vector-controlled PMSM (with or without the use of a rotor-position sen-
sor) in an automotive application.

With the introduction of modern digital-signal processors (DSPs), it is possible to
implement advanced control algorithms that can affect the losses of a drive only by control
action. This is obviously attractive for drives in EV and HEV applications and is therefore
investigated in the form of a case study.

The response of PMSM drives to various electrical faults is also considered in this
thesis. The proper operation of certain functions listed in Table 1.1 is critical and failure
cannot be tolerated since it would affect passenger safety dramatically. Therefore, means
for providing fault tolerance that can be attractive for the functions listed in Table 1.1 are
investigated. The impact of electrical faults striking PMSM drives used for propulsion is
strongly dependent on how the specific electric drivetrain is constituted. The study of this
topic is therefore restricted to two case studies that consider a vehicle equipped with four

4
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in-wheel motors that can be individually controlled.

1.3 Outline of Thesis

This thesis is in the form of a so called “compilation thesis.” The main chapters in the
thesis are therefore kept brief and serve to introduce key concepts and provide a back-
ground for the scientific contributions which are further presented in the included papers.
The chapters are outlined bellow.

Chapter 2 discusses different aspects of modeling PMSMs for control purposes.
A PMSM model including the effect of spatial harmonics is derived and the speed and
current controllers used in the various experiments are briefly reviewed.

Chapter 3 reviews some general problems related to speed and position estima-
tion when applied to PMSM drives. The estimator presented in [32] is analyzed and im-
provements, presented further in the included papers, are outlined. Finally, a review of
approaches that have recently been proposed and suggestions for further research related
to this field are presented.

Chapter 4 focuses on the impact of electrical faults striking PMSM drives used in
automotive applications. Means for providing fault tolerance to inverter faults are dis-
cussed in particular. Finally, the impact of electrical faults on a propulsion application is
considered and also serves as an introduction to the case studies presented in [Paper VII]
and [Paper VIII].

Chapter 5 summarizes the conclusions of the work and provides some proposals for
further research.

1.4 Scientific Contributions

In order how they appear in the included papers, the list below summarizes the main
contributions presented in this thesis.

e A method for improving the global stability properties of the speed and position es-
timator in [32] is presented in [Paper I]. The proposed method improves the estima-
tor’s capability to handle large speed estimation errors and is particulary attractive
in applications with fast mechanical bandwidth or if a rapid convergence from an
initiation at unknown speed is vital.

e The properties of the estimator in [32] when used in the transition region is analyzed
in [Paper II] and [Paper III]. It is shown that the estimator may become unstable for
certain setups of machine parameters and operating conditions if the estimator pa-
rameters are not chosen correctly. To avoid this instability and to maintain proper
damping in the whole operation range, design rules for how the transition region
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should be determined, as well as recommended selections for all parameters intro-
duced are proposed.

e The global stability properties of an estimator based on the well known “voltage
model” are analyzed in [Paper IV] and modifications are proposed in order to im-
prove the estimator’s performance in the low-speed range.

e In [Paper V], the theory of loss minimization, by means of control, is applied to a
PMSM drive intended for propulsion in a HEV. The case study, based on simula-
tions, shows that there is little potential to minimize losses by choosing the correct
compromise between resistive and core losses due to the additional inverter losses
that arise.

e Novel control algorithms for the fault-tolerant PMSM drive proposed in [10] are
presented in [Paper VI] in order to allow for closed-loop field weakening control
and speed and position estimation also in fault mode. A method for controlling the
neutral-point voltage is also presented so that the available voltage capacity of the
inverter is maximized in both normal and fault mode.

e The stability of an electric vehicle equipped with in-wheel motors of permanent-
magnet type is analyzed in [Paper VII] and [Paper VIII]. It is demonstrated that
vehicle stability following an electrical fault can often be maintained with only
minor lateral displacements when using a closed-loop path controller. This inherent
capacity to handle an important class of electrical faults is attractive; especially
since no additional fault-handling strategy is added to the path controller.

1.5 List of Publications

The publications originating from this Ph.D. project are:

I O. Wallmark, L. Harnefors, and O. Carlson, “An improved speed and position es-
timator for salient permanent-magnet synchronous motors,” /EEE Transactions on
Industrial Electronics, vol. 52, no. 1, pp. 255-262, Feb. 2005.

II O. Wallmark, L. Harnefors, and O. Carlson, “Sensorless control of PMSM drives
for hybrid electric vehicles,” in Proc. 35th Annual IEEE Power Electronics Special-
ists Conference (IEEE PESC’04), vol. 5, 2004, pp. 4017-4023.

III O. Wallmark and L. Harnefors, “Sensorless control of salient PMSM drives in the
transition region,” I[EEE Transactions on Industrial Electronics, vol. 53, no. 4, pp.
1179-1187, Aug. 2006.
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VI

VII

VIII

1.5. List of Publications

M. Jansson, L. Harnefors, O. Wallmark, and M. Leksell, “Synchronization at startup
and stable rotation reversal of sensorless nonsalient PMSM drives,” I[EEE Transac-
tions on Industrial Electronics, vol. 53, no. 2, pp. 379-387, Apr. 2006.

O. Wallmark, O. Carlson, and L. Harnefors, “Loss minimization of a PMSM drive

for a hybrid electric vehicle,” in Proc. 11th International Conference on Power Elec-
tronics and Motion Control (EPE PEMC’04), vol. 6, 2004, pp. 160-164.

0. Wallmark, L. Harnefors, and O. Carlson, “Control algorithms for a fault-tolerant
PMSM drive,” in Proc. 31st Annual Conference of the IEEE Industrial Electronics
Society (IEEE IECON’05), 2005, pp. 1467-1473. The slightly revised version in-
cluded in this thesis is accepted for publication in IEEE Transactions on Industrial
Electronics.

M. Jonasson and O. Wallmark, “Stability of an electric vehicle with permanent-
magnet in-wheel motors during electrical faults,” to be presented at the 22nd Inter-
national Battery, Hybrid and Fuel Cell Electric Vehicle Symposium & Exposition
(EVS’22).

M. Jonasson and O. Wallmark, “Control of electric vehicles with autonomous cor-
ner modules: implementation aspects and fault handling,” submitted to the Interna-
tional Journal of Vehicle Systems Modelling and Testing.

[Paper I]-[Paper VIII] are included in this thesis. Prior to this Doctoral thesis, a

Licentiate thesis was published [74] including the contributions presented in [Paper 1],
[Paper II], [Paper V], and [Paper X]. The publications below are related in interest, but
not included in this thesis:

IX O. Wallmark, L. Harnefors, and O. Carlson, “Post-fault operation of fault-tolerant

inverters for PMSM drives,” in Proc. 11th European Conference on Power Electron-
ics and Applications (EPE’05), 2005.

X 0. Wallmark, “Modelling of permanent magnet synchronous machines with non-

sinusoidal flux linkage,” in Proc. Nordic Workshop on Power and Industrial Elec-
tronics (NorPIE’02), 2002.

1.5.1 Contributions of Individual Authors

As first author, the author of the present thesis has contributed with the major parts in
[Paper I]!—[Paper I1I], [Paper V], [Paper VI], [Paper IX], and [Paper X]. This includes
proposals of fundamental concepts, simulations and experimental evaluations, as well as

The fundamental idea of how the estimator considered in this paper could be improved was first coined
by Harnefors and was then explored, resulting in [Paper I], by the author of the present thesis.
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preparation of the manuscripts. The co-authors have contributed with valuable input in
the form of useful ideas and comments, as well as proofreading the manuscripts.

In [Paper IV], the author contributed to the analysis presented in the paper’s Sec-
tion III and Appendix A, as well as commenting and proofreading the manuscript.

In [Paper VII], the contributions from both authors are essentially equal. The au-
thor has contributed to all parts of [Paper VII], with the exception of the tire model (Sec-
tion 3.1) which was made solely by Jonasson. The extension of the vehicle model and
force-allocation algorithm adopted in [Paper VIII] were developed by Jonasson and the
power electronics simulation was provided by the present author. The remaining parts of
the paper were developed jointly.



Chapter 2

Modeling of Permanent-Magnet
Synchronous Machines

In this chapter, different aspects of modeling of PMSMs for control purposes are de-
scribed; see Appendix A for a list of glossary terms. The current and speed controllers
used in the various experiments presented in the included papers are also reviewed.

2.1 A PMSM Model Including Spatial Harmonics

Radially magnetized PMSMs are separated into different classes depending on how the
rotor magnets are mounted onto (or inside) the rotor. The rotor configuration shown in
Fig. 2.1a) adopts surface-mounted magnets which are often glued onto the rotor surface.
Since the relative permeability of the magnets is almost the same as for air, such a design
possesses very small rotor saliency and these are sometimes referred to as “nonsalient”
designs. By filling the gaps between the magnets partially with iron, a significant rotor
saliency can be achieved which offers the possibility to utilize the reluctance torque. Such
an inset-magnet design is shown in Fig. 2.1b). The rotor configuration shown in Fig. 2.1¢)
is an example of an interior-magnet design where the rotor magnets are mounted inside
the rotor. The placement of the magnets inside the rotor can be made in numerous ways,
which offers good opportunities to tailor the level of rotor saliency and magnet flux de-
pending on the application [22].

The fact that three-phase symmetrical sinusoidal quantities are transformed into
two dc components through the well known Park transformation has made modeling of
PMSMs in the rotor-fixed dg-reference frame used almost exclusively for control pur-
poses. For PMSMs, it is common to align the d axis with the magnetic north pole of the
rotor magnet (or an estimation thereof). In the case of multipole machines (n,, is used to
denote the number of pole pairs), the electrical rotor angle 6 is used. The ¢ axis is, as
exemplified in Fig. 2.1, displaced 90 electrical degrees from the d axis.

The radial flux-density distribution can be expressed using the electrical angle 1,
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which is fixed to the d axis. It is evident in Fig. 2.1 that the radial flux-density distribution
B,.(9) must be even around the rotor periphery for all three rotor designs. It is also evident
that the “half-wave” condition is met, i.e., B.(V + ) = —B,.(9). Hence, B,(¢) can be
expanded into an even Fourier series as

= i By 1 cos[(2i — 1)V, (2.1)

where the amplitudes of the flux-density harmonics, By; 1, are strongly dependent on the
particular rotor design.

a) b)
d, 0/n, d, 0/n,
v/n, v/n,
q q

Fig. 2.1 Examples of different rotor magnet designs utilizing three pole pairs: a) Surface-mounted
magnets; b) Inset-mounted magnets; c) Interior-mounted magnets.

An example of an ideal, sinusoidally distributed, winding for phase a of a two-
pole PMSM is shown in Fig. 2.2 (where the angle o is also defined). Such a winding is
hardly realistic in practice and in order to make this derivation more general, it is therefore
assumed that the winding distribution N (¢) can be expanded into an odd Fourier series as

N(g) =)  Nyj_a1sin[(2j —1)g]. (2.2)

j=1
Assuming that the flux-density distribution is radial only, the contribution of magnet-flux
linkage of the winding at the angle o can now be obtained as [35]
0—0
Bona=N@de [ B(0)riLdo 23)
—(o+9)

where [, and 7, represent the active length and inner radius of the stator respectively. The
total magnet-flux linkage of phase a is now found by integrating along the whole stator

periphery,

™

Um.a(6) = / Apa = 7Tl 232;Z1_1 cos [(2i — 1)6] . (2.4)
0

10



2.1. A PMSM Model Including Spatial Harmonics

Fig. 2.2 The figure depicts an ideal, sinusoidally distributed winding for a two-pole PMSM. Only
the winding for phase a is shown and the phase current is assumed positive.

Eq. (2.4) shows that the magnet-flux linkage can be expressed as a sum of odd cosines,
where the amplitude of each harmonic decreases rapidly. Depending on the rotor design,
(which affects the flux-density harmonics Bs; 1) and the winding distribution (affecting
the winding harmonics Ny; 1), this filtering property can be altered by the machine de-
signer to suit the specific application. To simplify the notation, (2.4) is now reexpressed
as

Vm.a(0) = Z ;1 cos [(20 — 1)0] = 1h1 cos O + 1h3 cos 30 + 1h5 cos 50 + - -+ . (2.5)
i=1

The windings for phases b and c are assumed displaced £120 electrical degrees relative
to phase a. Hence, the magnet-flux linkage for all three phases can be expressed in vector
form as

wm,a(e) wmﬂ(e)
Vmp(0) | = [ Vma(0 —27/3)| £ Yoph- (2.6)
Ve (0) Va0 +2m/3)

Since the magnetic permeability of the rotor-magnet material is approximately the
same as air, the parts of the stator that are aligned to a rotor magnet “sense” a wider air
gap, which yields a rotor-angle dependence of the stator-phase inductances. It is evident
in Fig. 2.2 that the stator self inductance is the same for both positive and negative rotor
angles 6. Hence, the angular dependency of the self inductance for phase a can, at least
under nonsaturated conditions, be expressed as

L.(0) = Z Ly icos(2i0) = Lyg+ Lsocos20 + - - - . (2.7)
i=0

Due to the displacement of the windings for phases b and c, it is evident that L, ,(0) =
Lso(0 —2m/3) and L .(0) = Ls o(0 + 27/3). Similarly, the mutual inductance between
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Chapter 2. Modeling of Permanent-Magnet Synchronous Machines

phases b and c are found as

L pe(0) = Lyop(0) = Z L9 €08 (2i0) = Ly o+ Lo cos20 + - - - . (2.8)
=0

Also here, using symmetry arguments, the mutual inductances between the other phases
can be expressed as L, 44(0) = Lipa(6) = Linpe(0 + 27/3) and Ly, 0(0) = Ly ca(0) =
L 5e(0 — 27/3). The inductance expressions can now be collected into a symmetric in-
ductance matrix Ly, as

s,a(f)
Lon = | Lin ba(e)
m ca(e)

Lm,ab( ) ,ac(e)
Lsp(0)  Linpe(0) | - (2.9)
Lm,cb(e) s,c(e)

2.1.1 Current Dynamics

Using (2.6) and (2.9), the current dynamics can be expressed in matrix form as

d . .
a (Lphlph + lpm,ph) + Rslph7 (210)

Vph,n =

where R; is the resistance of each phase while vy , = [Va.n Vb Ven]” and ipn = [iq ip ic]"
represent the phase-to-neutral voltages and phase currents respectively. Eq. (2.10) can
now be expressed in the rotor-fixed reference frame using the amplitude-invariant Park
transformation:

cos  cos(0—2m/3)  cos(0+2mw/3)
Tagph = 3 —sinf —sin (0 —27/3) —sin (0 +27/3)| . (2.11)
1/2 1/2 1/2

Hence, the three-phase components f,, f,, and f., which can represent either currents or
voltages, are transformed into dq0-quantities as [fy f; fo]© = Tagpnlfa fo fe]*, where fo
represents the zero-sequence component. This results in

d

dt (Lpth;ql,phiqu + wm,ph) + Rsidqo, (212)

Vdgo = qu ph 5,

where vg,0 = [vg v, vo]” and igg = [iq i, i0)”. For balanced operation, the zero-sequence
components can be neglected! (the zero-sequence current is identically zero and a zero-
sequence voltage component does not affect the phase currents). Using this simplification,
(2.12) can be reexpressed as

di )
Vdqg = qud;;q + quldq + wrlpm,dqa (213)

'This assumption is not valid for the fault-tolerant PMSM drive for which control algorithms are pre-
sented in [Paper VI] and [Paper IX], i.e., the zero-sequence components must be taken into account.
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2.1. A PMSM Model Including Spatial Harmonics
where v, = [v4v,)7, 14,=ia i,)", and Y, 4, is found as

Z wd,& SIH(629)

Yo dg = = ) (2.14)
U + Y by cos(6if)
i=0
In (2.14), ¥, =1 and Y46, and 1, ¢; are related to (2.5) as
@Z)d’ﬁi = —(6@ — 1)@[)&'_1 — (6@ + 1)77Z)6i+1> 7= 1, 2, e (2153)
Vgoi = — (60 — 1)thgi1 + (60 + D)abgig, i = 1,2, ... (2.15b)

Finally, Ly, and Z4, can be expressed as

Z L6i,1 COS(6Z€) Z L6i,2 Sln(620)
Ly = | 'R =t : (2.16)
> Leissin(6i6) Y Leiu cos(6i6)
L i=1 i=0
Ry —w, Z Lg; 58in(6i0)  —w, Z Lg; 6 cos(6i6)
Zyg = o =1 =0 (2.17)
Wy Z Lg; 7 cos(6i6) R, + w, Z Lg; 5 sin(6i0)
L i=0 i=1
The general expressions governing how Lg; 1, Lei2,, - - ., L g are related to the compo-

nents in (2.9) are, due to their complexity, omitted here. However, if only inductance
harmonics up to the fourth order are taken into account, L, and Z,, reduce to

Ly + L8 cos 66 —Ls gin 60
L, = 5 5 2.18
da l —L8sin60 L, — L& cos 66’} ’ @.18)
 — wyLg S —wyp Ly — w, L 60

Zay Ry — wyLg sin 66 wrLig = wr Lg cos ’ (2.19)

wyLg — w, Lg cos 66 R, + w, Lg sin 66

where the notation
Lqg=Lso+ Ls2/2 = Lo + Lo, (2.20a)
Lq = LS70 — Ls,2/2 - Lm,O - Lm,27 (220b)
L,

Le=5 ( 274 + Lm,4> , (2.20¢)

is introduced. If a// harmonics (in terms of magnet-flux linkage and inductance variation)
are neglected, the current dynamics simplify to

»

va = Ryig + Ldﬁ — w, Lyiy, (2.21)
ke

vy = Ryig + Lqﬁ + w, Lyia + wythm, (2.22)

13



Chapter 2. Modeling of Permanent-Magnet Synchronous Machines

which is the standard model (for control purposes) of the current dynamics for a salient
PMSM. For PMSMs with negligible rotor saliency, the d- and g-axis inductances are
equal,i.e, Lgy=Ly=Lso— Lo £ .. The model consisting of (2.13), (2.18), and (2.19)
was adopted in [Paper II] and [Paper III] in order to obtain better agreement with the
experimental results than what was predicted using (2.21) and (2.22) (see, e.g., Fig. 9 and
Fig. 10 in [Paper II1]).

2.1.2 Electromagnetic Torque

Assuming linear magnetic conditions, the magnetic coenergy W, can, in three-phase
quantities, be expressed as [48]

Lo ..
Weo = §lg;Lph1ph + 10 Wi ph- (2.23)

Hence, the electromagnetic torque expression, found by differentiating the magnetic co-
energy with respect to the mechanical rotor position 6., is found as

L) = e~ "0 2 g v T 5 (229)

aI/Vco aI/Vco o < 1 T 8Lph . T 81pm,ph)
=n, .
Using (2.11), the electromagnetic torque can be expressed in dqg0-quantities which yields

1 — . T JL h ~— . — . T 8lpm, h
Te(‘g) =Tp [i <qu17ph1dqo) a—ngdql,phlqu + (qul,phlqu) aep } . (2.25)

Introducing AL = L,—L,, neglecting the zero-sequence components, and truncating (2.25)
to contain inductance harmonics up to the sixth order and magnet-flux linkage harmonics
up to order 12, (2.25) simplifies to

_ 3

2
T.(0) = 5 {wmz’q — ALigi, — gL6 ((i2 — 43) sin 66 + 2igi, cos 66)

+ iq (Y6510 60 + g 12 8in 1260) + iy (g6 cOS 60 + 10412 cos 126) | . (2.26)

As seen in (2.26), apart from the magnet- and reluctance-torque components, 1.€., 1,1,
and ALigi,, both magnet-flux linkage and inductance harmonics are sources of torque
ripple.

An additional source of torque ripple is known as cogging torque, which is gen-
erated by the interaction of magnet flux from the rotor and the angular variation in the
magnetic reluctance of the stator. Since this torque component produces no stator excita-
tion, it is not found in the torque expression given by (2.26).
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2.2. Core Losses
2.2 Core Losses

Core losses, caused by eddy currents and the hysteresis effect, arise in both the stator and
rotor cores as well as in the rotor magnets [26]. An accurate prediction of these losses is
important for the machine designer in order to enable high-efficient machine designs.

The introduction of modern DSPs has made the implementation of advanced con-
trol algorithms for electric drives possible. Hence, the possibility to reduce the fotal losses,
including parts of the core losses, through control action has been investigated by several
researchers; recent references include [16], [68], [51], [46]. The fundamental idea is to re-
duce the core losses in the stator by adding additional field weakening (which is achieved
by selecting 74 < 0). The additional field weakening increases the resistive losses and it is
assumed that an optimal set of currents (in terms of 74 and ¢,) exists that minimizes the
total losses at each operating point (in terms of torque and speed). The core losses that
can be affected through control action are typically modeled using equivalent core-loss
resistances, R, as shown in Fig. 2.3.

a) R, ; LdWTLqiq,o b) ;R

Fig. 2.3 A PMSM model taking core losses into account: a) d axis; b) g axis.

Naturally, the parameters in the circuits shown in Fig. 2.3 must be known accu-
rately. However, they are all prone to variation depending on the current operating point.
Nevertheless, the approach has been experimentally demonstrated to successfully reduce
losses compared to the well known maximum torque-per-ampere (MTPA) control strat-
egy [51].

In [Paper V], a case study is presented that investigates the extent to which this
approach is beneficial for an experimental PMSM? developed for propulsion in a series
HEV. The approach is attractive since the losses are reduced while no additional hard-
ware is added to the system. However, the case study shows that the additional inverter
losses, due to the extra field weakening added, reduce the potential to minimize losses
considerably, i.e., the MTPA control strategy is near optimal for the specific PMSM drive.
This further enlightens that the impact of losses in both power electronics and electric
machines should be considered jointly when designing electric drive systems for EVs and
HEVs.

2More details concerning the PMSM can be found in Appendix B where it is referred to as PMSM1.
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Chapter 2. Modeling of Permanent-Magnet Synchronous Machines
2.3 Field-Weakening Operation

For operation above base speed, the induced electromotive force (EMF) exceeds the avail-
able inverter voltage, and field-weakening must be adopted by selecting 7y < 0. In the
current dg-plane, the current limit manifests itself as a circle with a radius of 1 per unit?
(pu). For nonsalient PMSMs, the voltage limit, when neglecting the resistive voltage drop,
also manifests itself as a circle, centered around i; = —),, /L, and ¢, = 0. Whereas for
salient PMSMs, an ellipse is formed. Including the resistive voltage drop results in an
anti-clockwise rotation of the voltage-limit area. Furthermore, taking into account the sat-
uration of L, causes the voltage-limit area to increase in the vertical direction [73]. Fig 2.4
shows the available operation regions for PMSM1 and PMSM?2* at three different rotor
speeds.

a) b)
~ ~
= =
o o
N\ N\
ey S

-1 -0.5 A 0 0.5 1 . ‘
1q (pu) 1q (pu)

Fig. 2.4 Available operation regions, expressed in the current dg-plane for three rotor speeds
wr =90.8, 1, 1.2} pu for: a) PMSM1 and b) PMSM2. Solid lines represent the current-
limit circle (constant) and voltage limits (varying with speed) where the resistive voltage
drop has been neglected. Dashed lines represent the voltage limits when the resistive volt-
age drop is included. Dashed-dotted lines (only for PMSM1) represent the voltage limit
including the resistive voltage drop and the effect of saturation on L.

In [Paper VI] (see also Fig. 2.5), operation in the field-weakening region is achieved
by controlling i"" using a variant of the closed-loop field-weakening controller presented
in [47], with the modifications found in [33]. The algorithm is further analyzed in the

Licentiate thesis [74].

3See Appendix B for a definition of the per-unit system adopted in the present thesis.
“More details concerning the PMSM referred to as PMSM2 can be found in Appendix B.
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2.4. Current and Speed Control

2.4 Current and Speed Control

A significant part of the contributions presented in this thesis focus on how to obtain
accurate speed and position estimates using information found in the phase currents and
inverter voltages. These estimates replace their corresponding measured states and are
used in conjunction with closed-loop speed and current controllers. The speed and current
controllers used in the various experiments are therefore briefly reviewed here.

2.4.1 Current Control

The current controller reviewed here was, in this form, presented in [33], using the concept
of internal model control (IMC). For a nonsalient PMSM, the controller can be expressed

as
ref -ref . o .
vy = kp (zd — zd) + kily — wyLgiqg — Ryia, (2.27)
Vi = ke (% —d,) + kil + w, Lyig — Raig. (2.28)

The first two terms on the right-hand sides of (2.27) and (2.28) represent standard PI
controllers (I; and I, represent the integrator states). Since (2.21) and (2.22) are coupled,
the third terms on the right-hand sides of (2.27) and (2.28) are added for decoupling
purposes. The last terms are called active damping (named active resistance in [13]) and
are added in order to reduce the impact of w,1,, which acts as a disturbance in (2.22).
The parameters of the controller are selected as in [33]

ky =Ly, ki = acky, Re=a.l,— R, (2.29)
where o, is the desired bandwidth of the closed-loop system and ‘“hats” indicate model
parameters. By substituting (2.27) and (2.28) in (2.21) and (2.22), and noting that Iy =
i —igand [,= it —i,, a fourth-order, linear system is formed. Selecting the state vector
as x=iq ig I4 1,]", the disturbance as v = [w,], and the input as u= [¢§" i"|", the system
can be expressed in state-space form as x=Ax + Bu+ Ev. Neglecting parameter errors,
the expressions for A, B, and E are found as

—2a. 0 o 0 a. 0 0
-9 2 — L
Am| ac Uoacl g el g | TYm/Ls (2.30)
-1 0 0 0 1 0 0
0 -1 0 0 1 0

Introducing p as the derivative operator, i.e., p = d/dt, the system can be expressed in
operator form as

x(p) = ()l = A)"'Bu(p) + (pL = A) "Ev(p), (2.31)
— —
G(p) S(p)
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Chapter 2. Modeling of Permanent-Magnet Synchronous Machines

where G(p) and S(p) represent the closed-loop dynamics and the sensitivity function,
respectively (their full forms are omitted here). From (2.31), the following relations are
obtained

ia(p) = T ig'(p), (2.32)
Ga(p)

. o % -ref _pwm

iq(p) = P+ a, ty (p) + Ly(p + )2 wy(p).- (2.33)

The closed-loop current dynamics G (p) consist of two, decoupled, first-order systems.
As is well known, the rise time ¢, of a first-order system is related to the bandwidth «
as t, = In9/a. Hence, the controller is parameterized into machine parameters and the
desired bandwidth. This is attractive since it simplifies the implementation considerably
as the tuning procedure of the controller is simplified (removed). In (2.33), S(p) represents
the controller’s sensitivity to the disturbance w,(p). As can be seen, S(p) has two poles
at p = —a,, 1.€., it is as fast as the closed-loop dynamics whose pole also is located at
p = —a,. The dynamics of the current control loop can be made very fast in relation to
its mechanical counterpart. Even when using a moderate inverter switching frequency of,
for instance, a few kHz, the closed-loop current dynamics, governed by «., can easily be
selected to obtain rise times in the range of a few milliseconds or even faster.

2.4.2 Speed Control

The speed controller presented in [33] computes its output in the form of a torque refer-
ence as

Teref — kp (wref _ Wr) + k:ljs _ bawm (234)

r

where k,, and k; are the PI controller parameters (I, represents the integrator state) and b,
is an active damping gain. Assuming a nonsalient PMSM, the d- and g-current references
are, from (2.34), computed as

2Tref
ref __ O, Zref _ e

iy = = —, 2.35
d q 37”prm ( )

in order to obtain the desired torque with minimum resistive losses. The closed-loop speed
control can now, in state-space form, be expressed as

Jio, =ny, (T = 1)) — bgiewr, (2.36)
I, =w —w,, (2.37)
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2.4. Current and Speed Control

where J is the inertia, 7; is the load torque, and bg;. represents the viscous friction torque.
The parameters of the speed controller are chosen as [33]

ky=by = —=, ki = ask,, (2.38)

where a; is the desired bandwidth of the speed control loop. Substituting (2.38) in (2.36)
and (2.37), and using the reasonable assumption asJ > bgic, the following state-space
system is formed

A -2 2 1

|:Wr} _ |: g OZS:| |:Wr:| + n, [w;ef} + |: :| [Tl} , (239)
IS —1 0 IS _7 N—— Qg SN~~~

—  —— u v
X A X B E

where parameter errors have been neglected. As in (2.31), the system can be expressed in
operator form as

x(p) = (pI — A)"'Bu(p) + (pI — A) ' Ev(p). (2.40)
—— ———
G(p) S(p)

From (2.40), the following relation is obtained

_ Qs et _ TP
wr(p) - p+043 wr (p) + J(p+063)2 E(p) (241)
——

Similar to (2.33), the closed-loop dynamics consist of a first-order system governed by
the bandwidth a,, and, because of the active damping, the sensitivity to the load-torque
disturbance 7; can be made as fast as the closed-loop system. The speed controller relies
on the assumption that the current dynamics are fast and can be neglected. Hence, the
condition o, < a. must be fulfilled for proper operation.

2.4.3 Experimental Evaluation

Adopting closed-loop current controllers of the PI-type (implemented in the rotor-fixed
reference frame) and closing an outer loop for speed control has been proven very suc-
cessful and is often the meaning of the term vector control when it is applied to PMSM
drives. In order to complete the review of the current and speed controllers discussed
above, an experimental step response in speed is presented in Fig. 2.5 using a PMSM of
outer-rotor type (referred to in Appendix B as PMSM2). The current and speed control
loops are selected to obtain 10%—-90% rise times of approximately 2 ms and 0.4 s, respec-
tively, i.e., a.=1n9/2 - 1073~ 1100 rad/s and o, =1n 9/0.4~5.5 rad/s. A dc-link voltage
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Chapter 2. Modeling of Permanent-Magnet Synchronous Machines

of 150 V is used in the experiment, and therefore, the implemented closed-loop field-
weakening controller automatically reduces 4 as the speed increases in order to avoid
voltage saturation.

The experimentally obtained rise times in current and speed are 2 ms and 0.3 s,
respectively, which correlate quite well with the desired rise times. The fact that the ex-
perimentally obtained rise time in speed is somewhat shorter than desired is likely due to
a mismatch of the inertia J, which introduces slight errors into the PI gains of the speed
controller.

0.4 0.6 0.8
t(s)

Fig. 2.5 Experimental speed step response using PMSM2.

2.5 Summary of Chapter

This chapter has discussed different aspects of modeling of PMSMs for control purposes.
The intention was mainly to provide a background and introduce the notation used in the
following chapters and included papers. The dynamic PMSM model, including the effect
of spatial harmonics, constitutes the current dynamics governed by (2.12), and the electro-
magnetic torque expression, (2.25). The orders of the spatial harmonics were determined
solely by arguments of symmetry; a more detailed derivation can be found in [11].

The algorithms for speed and position estimation, discussed in Chapter 3 and the
included papers, are used in conjunction with closed-loop speed and current controllers.
Therefore, the speed and current controllers used in the various experiments were also
briefly reviewed; a more detailed review, which also considers closed-loop field-weakening
control, is presented in the Licentiate thesis [74].
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Chapter 3

Speed and Position Estimation

This chapter considers rotor position and speed estimation, i.e., sensorless control, of
PMSMs. A phase-locked loop (PLL) type estimator previously reported in the literature
is analyzed and improvements, presented further in the included papers, are proposed.
Finally, a review of developments and approaches that have been recently proposed is

presented.

3.1 Introduction

As is well known, there are, in principle, two different methods of obtaining estimates of
speed and rotor position in a vector controlled PMSM.

In the first category, information is obtained from the back EMF. Such type of
estimators show good performance in the medium and high speed regions. However, since
the back EMF vanishes at low speeds, low and zero speed operation is challenging. The
number of contributions concerning operation at speeds above the low-speed range is vast;
references [1] and [67] present recent overviews of different methods (belonging to both
the first and second categories) presented in the literature.

In the second category, a high-frequency carrier signal is added and information
is obtained provided that the machine possesses rotor anisotropy, i.e., saliency. The al-
gorithms proposed are typically variants of the high-frequency signal-injection method
presented in [19] or what is referred to as the “INFORM” method! [66]. Although these
techniques allow for zero- and low-speed operation, obvious drawbacks are that they, at
least to some extent, lead to acoustic noise, torque ripple, and increased losses. If the
PMSM possesses saliency, a combination of the two categories is typically used, where
high-frequency signal injection methods are relied on at low speeds and a transition to
back-EMF estimation methods is performed at higher speeds.

IThe term INFORM is an abbreviation for INdirect Flux detection by On-line Reactance Measurement.
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Chapter 3. Speed and Position Estimation

3.1.1 Automotive Applications

It is obvious that cost-, size-, and reliability-related benefits, gained by removing the rotor
position sensor, are of interest for the automotive industry. Several different applications
exist in a vehicle where sensorless drives can be attractive. These applications include
propulsion [69], [52], [24], [20], automotive steering [5], and automotive air compressors
[60].

In several of these applications, the PMSM operates at all speeds (including zero
speed). Only very small steady-state position estimation errors are allowed, operation
deep into the field-weakening region can be expected, and stable operation at all possible
operating points must be guaranteed. Naturally, these demands can be fulfilled by accu-
rately tuning a specific estimator, used in conjunction with a specific drive. However, to
support results obtained from measurements, analysis of the algorithms should be carried
out to better understand their properties in different modes of operation. Preferably, to
simplify an implementation, design guidelines for all parameters introduced should also
be presented. Several of the scientific contributions presented in this thesis concerning
sensorless PMSM drives are essentially deign guidelines that are obtained from a thor-
ough analysis of the algorithms in consideration.

3.1.2 OQOutline of Chapter

As mentioned in Chapter 1, the main focus concerning speed and position estimation in
this thesis is not to present an entirely novel type of estimator but rather point out and
present solutions for different problems associated with promising estimation methods
previously reported in the literature. Since the methods of analysis are often general, the
results should also be applicable to and provide insight into other candidate estimators.

This chapter serves as an introduction to the included papers concerning speed and
position estimation and is outlined as follows. Section 3.2 provides a brief introduction to
an estimator of PLL type that has been previously reported in the literature. The analysis
presented also demonstrates two general problems associated with speed and position
estimation for PMSM drives, as well as highlighting some issues concerning the specific
estimator. Finally, Section 3.3 presents a review of developments and approaches that
have been recently presented in the literature.

3.2 Some Properties of a PLL-Type Estimator

In [Paper I]-[Paper III], [Paper VI], and [Paper IX], improvements for a speed and posi-
tion estimator whose dynamics correspond to a PLL are proposed. The original version of
the estimator was proposed in [32]. To simplify for the reader, as well as to demonstrate
some properties not extensively covered in [32] or the included papers, an introductory
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3.2. Some Properties of a PLL-Type Estimator

analysis of this PLL-type estimator is presented here.
As shown in Chapter 2, the current dynamics are governed by (2.13), which is here
restated as
dig

Vdg = qu—tq -+ quidq + wrlpm,dq. (31)

To simplify the mathematical details in the present discussion, a nonsalient PMSM is
considered and all spatial harmonics are neglected, i.e., Ly, = diag(Ls, Ly), Ymag =
[0 w, )T, and

B —ers] . (3.2)

7, =
da [ers R,

Now, an estimated reference frame is introduced, displaced by the angle 6=60—0. The
rotor-fixed and estimated reference frames are shown in Fig. 3.1. The transformation of a
general current or voltage vector, £ =[f, f,]7, is governed by f = e”?f, where f = f 5 falt
Here, the matrices J and Y9 are introduced as

o cos —sinf 10 —1
‘ —[siné cosé}’ J_{l 0] (3-3)

Using (3.3), (3.1) can now be expressed in the estimated reference frame as

_35 14

el eV LagJare gy + € Zgge 10y + w0y (34)

\A/dq = GJHquG
An error vector, € = [e; e5]”, containing information about the true rotor position is now
obtained by subtracting the resistive and rotational voltage drops from v ,:

s _ers
wrLy R

A A A

&=y — Zig, Z= , (3.5)

where R, and L, denote model (estimated) machine parameters, and the (unknown) rotor
speed is replaced with its estimate. Assuming no parameter errors, ¢; and e; are found to
be

_ di _
pr Wy sint,  e; = Lsﬁ + Wy, cos B, (3.6)

dt

If the bandwidth of the estimator is considerably lower than the bandwidth of the closed-
loop current dynamics (governed by «., see Section 2.4.1), the current dynamics can
safely be neglected, i.e., di;/dt =diz/dt =0 can be assumed, and e; and e; simplify to

ecZ:LS

ej = —Wypp, sin 0, €5 = Wyly, COS 0. (3.7
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SN
Q

\

2

q

Fig. 3.1 Definition of the rotor-fixed dg-reference frame and its estimate.

The position information found in (3.7) can be used to design back-EMF based
speed and position estimators with different properties in terms of dynamics and estima-
tion accuracy. The PLL-type estimator in [32] uses only e; for estimation purposes and
the speed and position estimates are updated as

b = — e, (3.8)
é =W, — V2€4, (39)

where v, and v, are gain parameters which are chosen as

~
~

2/(@bm), o] > w
M= '/f/(z Um)y  lrl 2 wa (3.10)
Wy P /(wAwm>7 |wr| < wa

~

_ 2p/(djrqﬁm)7 X |d)7"| > WA .
V2 { 2Slgn(d)r)p/(u.)A’l/}m>’ |wr| < WA. ( . )

In (3.10) and (3.11), p represents the bandwidth of the estimator. As seen, the gains 7,
and y, are inversely proportional to the (estimated) rotor speed at nominal speeds, i.e., for
|| > wa. In order to avoid excessive gains at low speeds, 1 and -y, are chosen differently
for |&,| < wa, which, as will be shown below, also results in worsened dynamics. A
flowchart of the algorithm is shown in Fig. 3.2.

3.2.1 Experimental Evaluation

For purposes of demonstration, Fig. 3.3 shows an experimental step response in speed
with experimental conditions identical to Section 2.4.3 with the exception of speed and
rotor position, which are estimated using the PLL-type estimator, whose bandwidth is
chosen as p=a./20. As seen, the rotor position is accurately estimated; 0 is smaller than
10 (electrical) degrees during the transient and only a couple of degrees in the steady state.
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Fig. 3.2 Flowchart of the PLL-type estimator presented in [32]. The PD block, corresponding to
the phase detector of a standard PLL, contains coordinate transformations using 6 and

computation of the error signal e ;.
3.2.2 Linearized Error Dynamics

The speed and position estimation errors are now introduced as @, =w, —w, and 6=0—0.
The error dynamics can, using (3.7)—(3.11), now be expressed as

owpsing o Wy Sin 6

Gy =y —Wp =G, — PP ——— = — ~ W — p70, (3.12)
Wy Wy — Wy

L. . wpsinf wysind ~

0=0—-0=w,—w, —2p — =0, —2p — W, — 2p0, (3.13)
Wy — Wy Wy — Wy

where the approximations in (3.12) and (3.13) are valid if only small estimation errors are
considered, 1.e., W, ~w, and sin 0~~0.

The error dynamics are dependent on the mechanical dynamics through w,., which,
in turn, is governed by the speed controller, or if the PMSM is torque (current) con-
trolled, governed by the open-loop mechanical time constant and load-torque characteris-
tics. Adopting the speed controller reviewed in Section 2.4.2 but replacing the true rotor
speed with its estimate, the torque reference can, from (2.34), be expressed as

T = ky (W' — &) + kil — by

r

= kp [W = (w, — @) + ks — ba(w, — @y). (3.14)

r

Since a nonsalient PMSM is considered in this analysis, the current references are selected
as i"*'=0 and ' =277°/ (3n,¥y,). The true electrical torque T is, from (2.26), found as

d

_ 3wty 31U
2

where the current dynamics have been neglected, i.e., i ;= i;f’f: 0 and i;= if;f, and a small

position-estimation error is assumed. The closed-loop speed control can now, similar to

(2.36) and (2.37), be expressed as

T 3y, (z
2

Qcosé—idsin0~> ~ iG ~ T (3.15)

Jwr =Ny (Te - T}) - bfricwr

=n, (ky W = (W — @) + kiLs — bo(w, — &) — Ty) — bpicwy, (3.16)
I, =W — O =™ — (0, — @,). (3.17)
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Fig. 3.3 Experimental speed step response using PMSM?2 and the PLL-type speed and position

estimator [Paper VI].

Egs. (3.12)—(3.13) and (3.16)—(3.17) now form a fourth-order, linear? system. By defining

the state-space vector as X = [w, @, 0 I,]7, the input as u = [w™f], and disturbance as

v =|T)], respectively, the system can be expressed as
x=Ax+Bu+ Ev,

where the matrices A and B are found as

—2as 20, 0 a? Qs —nyp/J
— 92 —p? 2 —
A _ 204,3 g p Oé,s , B — Qg ; E — np/‘] ,
0 1 -2 0 0 0
—1 1 0 0 1 0

and bg;. =0 has been assumed. In operator form, (3.18) can be expressed as

x(p) = (pI — A)"'Bu(p) + (pI — A) ' Ev(p).
—— —

G(p) S(p)

(3.18)

(3.19)

(3.20)

2The system is linear due to the approximations made during the derivation process. A more rigorous
linearization around the equilibrium point [w} @} 6* I*]7 = [w™ 00 I7]7 (the expression for I} is omitted

here to save space) yields the same result.
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From (3.20), the following relation is obtained

wr(s) = G1.1(p) w'(p) + G 2(p) Ti(p). (3.21)
— ——
Ga(p) S(p)

The expressions for the closed-loop dynamics G (p) and the sensitivity to the load-torque
disturbance S(p) are now found as

as(p +as)(p + p)°
Ga(p) = : 3.22
o) PA(p + p?)? + 20,0%p + a2p? (322

2
S(p) = — mup (Pt 7) (3.23)

J(P*(p + p?)? + 20,50°p + a2p?)

The closed-loop dynamics and sensitivity for the speed controller when assuming
that the true rotor position is known were derived in (2.41). Comparing (3.22) and (3.23)
with (2.41), it is apparent that the closed-loop dynamics, as well as the sensitivity to
the load-torque disturbance, have changed. The poles of the closed-loop dynamics are
governed by the roots of the denominator in G (p). Using the Routh-Hurwitz stability
criterion, it is found that oy < p/2 is a necessary condition for stability.

To avoid dependence on the number of pole pairs and inertia, S’(p) is introduced
as S'(p) = JS(p)/n,. Fig 3.4 shows how |S’(jw)| varies as ay is increased. In order to
avoid confusion due to the different units, the per-unit system is not adopted in Fig 3.4
and p=110 rad/s is assumed. As seen in the figure, if the desired bandwidth of the speed
controller is considerably lower than the estimator dynamics, i.e., as < p, the sensitivity to
the load-torque disturbance |.S’(jw)| is similar both in the case when the rotor position is
estimated (solid lines) and when it is known (dashed lines). However, as o increases, the
sensitivity increases dramatically for higher frequencies if the rotor position is estimated.
Hence, reduced performance can be expected.

At low speeds, the estimator gains are chosen differently to avoid excessive gains,
1.e., from (3.10) and (3.11),

oy p? ~ 2psign(w,)

N=—">" Yo=——>"" (3.24)
WM/Jm WM/Jm

where wa 1s the speed limit below which this gain setting should be used (i.e., 0.1-0.2 pu).
Performing the same analysis as above (assuming w, > 0; a similar analysis, resulting in
identical expressions, can be made also for w, <0) results in the following expression for
the sensitivity function

npp(wap + wip)?
J(WAP* + 2pwawip® + (W2 p?p? + 200, 0% (WF)2p + a2 p? (wiF)?)

S(p) = — . (3.25)

As seen, the sensitivity is now also dependent on the reference speed w'™'. By applying
the Routh-Hurwitz stability criterion to the closed-loop system, it is found that w™ >
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Fig. 3.4 The sensitivity to load-torque disturbances when o is varied. Solid lines correspond to
when the rotor position is estimated, represented by (3.23). Dashed lines correspond to
when the rotor position is known, represented by (2.41).

(2aiswa )/ p is a necessary condition for stability. Also here, S’(p) is introduced as S’(p) =
JS(p)/n,. Fig. 3.5 shows how |S’(p)| varies as w'™ is reduced from w™ = wx, down
to W = (2a,wa)/p, i.€., down to the limit of stability. Also in Fig. 3.5, the per-unit
system is not adopted and p =110 rad/s is assumed. It is clearly seen that the sensitivity
to load-torque disturbances drastically increases as the rotor speed approaches the limit
of stability.

The analysis presented above illustrates two general problems regarding speed and

position estimation.

Reduced Obtainable Mechanical Bandwidth: Fig. 3.4 shows that the dynamics of the
speed controller and estimator become coupled when the desired bandwidth of the
speed controller () is increased. Recall also that the PLL-type estimator was de-
rived with the assumption that the closed-loop current dynamics could be neglected,
i.e., p < a, should be fulfilled. Hence, adopting the speed and position estimator
puts an upper limit on the bandwidth of the mechanical dynamics, i.e., o, < p <K @,
must be fulfilled for a proper, decoupled operation of the speed-, estimator-, and
current-control loops. If the rotor position is known, only ay < o, must be ful-
filled which allows for a faster speed-control loop. When signal-injection based
methods are used for the estimation of speed and position, an error signal of the
form e = K, sin 20 is used to update the speed and position estimates. The fac-
tor K. is a known constant which depends both on the amplitude and frequency
of the injected carrier signal as well as the amount of rotor saliency. Performing
an analysis similar to the one above results in expressions for the closed-loop dy-
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Fig. 3.5 The sensitivity to load-torque disturbances as W™ is reduced from W™ = wA down to

W = (2a5wn )/ p. The arrow represents the direction of decreasing w''. The dashed line
corresponds to when the rotor position is known.

namics and sensitivity identical to (3.22) and (3.23), i.e., this method of estimation
also puts an upper limit on the obtainable bandwidth of the mechanical dynamics.
However, it should be emphasized that this upper limit is not critical for a wide
range of applications which the following numerical example demonstrates. As-
sume that the bandwidth of the closed-loop current control is selected to obtain
a 10%-90% rise time of 1 ms. Hence, o, =In9/1 - 1072 ~ 2200 rad/s. In order
to obtain a; < p < «,, p and «y are separated by a decade, i.e., p = a./10 and
as = p/10 = 2200/100 = 22 rad/s = 3.5 Hz. Although a mechanical bandwidth
of 3.5 Hz is enough for several applications, it can be further increased by reduc-
ing the separation between the three control loops, e.g., by choosing p = .. /5 and
as = p/5 = 88 rad/s which corresponds to 14 Hz, essentially excluding only cer-
tain servo applications. A systematic tuning of the specific drive may improve the
obtainable mechanical dynamics even further.

Worsened Stability Properties at Low Speeds: The nature of the second problem is il-
lustrated in Fig. 3.5; the sensitivity to load-torque disturbances increases rapidly as
speed decreases. This is due to the fact that the gains 7; and ~, cannot continue
to increase as the speed decreases since this would lead to a high sensitivity to
noise and parameter errors which, in practice, are always present (an analysis of
this phenomenon is presented in [62]). Of course, if signal-injection based estima-
tion is used, the amplitude of the error signal (K,) is independent of w,. Hence, in
this case the gains (y; and 7,) do not have to change as the rotor speed varies and
stability can be maintained for all speeds.
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3.2.3 Global Stability

The analysis presented above was carried out by linearizing the error dynamics and adopt-
ing methods from classical control theory. The approximations made during the lineariza-
tion process can very often be justified; only small estimation errors in speed and posi-
tion can be allowed during operation. However, there exist situations when initial, large
estimation errors are very difficult to avoid. Such situations include an initiation of the
estimator when the rotor is rotating at an unknown speed and also low-speed operation
of nonsalient PMSMs when back-EMF based methods are relied on (see further Sec-
tion 3.3.2). For such situations, the local stability properties, obtained by linearizing the
system around a specific equilibrium point, are not sufficient and global stability proper-
ties must be examined.

The error dynamics of the PLL-type estimator are governed by (3.12) and (3.13).
For a constant w, , w, =0 can be assumed®. Since the system is of second order, drawing
phase portraits is a useful technique for analyzing the system’s behavior far away from
the equilibrium points and by doing this, an interesting property is revealed.

Fig. 3.6 shows a phase portrait of (3.12) and (3.13) where w, =~ w, has been as-
sumed. Of particular importance are the separatrices, i.e., the solutions that converge to
the saddle points at &, =0, 0 =n, n odd. These divide the phase plane into convergence
regions. If the estimator is initialized in the region enclosed by separatrices A and B, 9
will converge to 0. However, if initialized in the region enclosed by separatrices B and
C, 0 will converge to 27, and so forth. This means that the estimator falls one or more
revolutions behind the machine (cycle slips in PLL terminology [71] and pole slipping in
synchronous machine terminology [61]); synchronism is temporarily lost. Note that the
separatrices are stacked densely for |©,| > 3p; initialization at 00, || > 3p may, thus,
lead to numerous cycle slips, giving a long re-synchronization process. This is unaccept-
able, and should, if possible, be avoided.

While selecting a larger p would improve the situation, this also increases the es-
timator’s sensitivity to disturbances, as discussed above. Therefore, p should only be se-
lected large enough to cope with accelerations that occur normally, while a function by
which abnormally rapid accelerations can be handled safely should be incorporated. A
method to achieve this, as well as a more detailed analysis of the global stability proper-
ties of the improved estimator, is presented in [Paper I].

3.2.4 Impact of Rotor Saliency

A salient PMSM offers the possibility to adopt signal-injection based estimation methods
in order to obtain proper speed and position estimates at very low, including zero, speeds.
Although this is an obvious advantage, the high-frequency carrier signal added causes,

3This can in practice be relaxed to a so-called quasi-constant w,; the estimator is assumed to converge
much faster than the speed varies.
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Fig. 3.6 Phase portrait of the error dynamics of the PLL-type estimator. Solid lines indicate solu-

tion curves. The dashed lines are separatrices of the saddle points at {@,, 6} ={0nn},
n odd, indicated by squares. The circles mark the stable equilibrium points at § =nm, n
even.

at least to some extent, additional noise, torque ripple, and losses. Hence, it is desirable
to rely on signal-injection based estimation only in the very low speed range and make a
transition to a back-EMF based estimation method for higher speeds.

Rotor saliency also affects back-EMF based estimation methods and this should
be taken into consideration when designing an algorithm for speed and position estima-
tion. Fig. 3.7 shows simulation results obtained using MATLAB*, where the parameters
for PMSM1° are adopted with the exception of L, and L, which are varied in order to
demonstrate the impact of different rotor saliencies. The PMSM is operated at the con-
stant speed w =0.1 pu and the current references are set to ¢";' =0, and 45" = —0.75 pu. The
desired rise time of the closed-loop current controller ¢, is selected to ¢, =1 ms, hence, the
bandwidth of the current controller . is found as o, =1n 9/¢,.. The estimator bandwidth p
is selected as p=a../5. With the intention of demonstrating how the estimator converges
from an estimation error, a speed estimation error is introduced at £ =0.1 s by subtracting
0.03 pu from w,. Fig. 3.7 shows that there is a significant difference in how the estimator
converges depending on the amount of rotor saliency. For the case when Ly =0.4L, and
L,=0.9 mH, damping is worsened, causing a significant oscillation in both the estimated
speed and position (choosing L;= L, =0.4 - 0.9 mH = 0.36 mH produces results similar
to Ly=L,=0.9 mH).

Although the simulation results presented in Fig. 3.7 might appear as a somewhat
academic exercise (the operating point and choice of parameters were carefully selected),

‘MATLAB is a registered trademark of The Mathworks, Inc., Natick, Massachusetts, U.S.A.
SMore details concerning the PMSM can be found in Appendix B.
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they demonstrate that certain operating points can exist where the damping of the estima-
tor is reduced, thus leading to a worsened quality of the speed and position estimates, and
that this reduced damping is “caused” by rotor saliency. An analysis of this phenomenon
is presented in [Paper II] and further developed in [Paper I1I] where design guidelines for
the PLL-type estimator are derived in order to maintain proper damping (and a sufficiently
small position estimation error) for all rotor speeds.

0.3 0.4

0 0.1

0.2
t(s)
Fig. 3.7 Convergence procedure of the PLL-type estimator when rotor saliency is varied. Param-

eters corresponding to PMSM1 with the exceptions Ly = L, = 0.9 mH (solid lines) and
Ly=0.4L,, L,;=0.9 mH (dashed lines).

3.3 Recent Developments

3.3.1 Signal-Injection Based Estimation

Sensorless control above the low-speed range is today not a major research challenge and
several algorithms have been proposed and implemented in commercial drives. Also low-
speed operation, including zero speed, using signal-injection based estimation techniques
has been implemented in commercial drives adopting salient PMSMs.

However, sensorless control in the low-speed region for nonsalient PMSMs is still
an active area of research. As mentioned previously, the term nonsalient is somewhat
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misleading since even PMSMs using surface-mounted magnets possess a small saliency
which is induced by saturation effects. Several different approaches have been proposed in
order to utilize this induced saturation together with some kind of signal-injection based
estimation technique.

Due to the low level of effective saliency, the signal-to-noise ratio can be very small
and additional non-ideal effects, such as the inverter dead time [49] and inductance cross
saturation [25], [30], [8], must often be compensated for to obtain proper estimates of
speed and position. For matrix converters, the non-ideal effects due to the converter itself
can be much smaller when compared to standard voltage source inverters. Therefore, a
better quality of the speed and position estimates can be obtained when signal-injection
based estimation is applied to surface-mounted PMSMs [3]. In [70], signal-injection
based estimation is implemented using a surface-mounted PMSM and the relative shift in
stator flux during load is compensated for using a commissioning process during which
the rotor position is measured. In [42], the low signal-to-noise ratio when implementing
signal-injection based estimation is tackled by injecting a very large amplitude of the car-
rier signal; corresponding to an amplitude of 100 V, which can be considered very high
since the rated voltage of the particular PMSM is 180 V.

It is a well known fact that signal-injection based estimation methods cannot deter-
mine the correct polarity of the rotor. An additional startup procedure is therefore needed
in order to determine the correct polarity. In [31], the correct polarity is determined on
a surface-mounted PMSM by injecting a very large current amplitude (approx. 150% of
rated current) during a short initiation process.

3.3.2 Back-EMF Based Estimation at Low Speeds

From the discussion and references presented above, it is evident that accurate speed and
position estimates in the low-speed range when using nonsalient PMSMs is not straight-
forward. The problems associated with the low signal-to-noise ratio is circumvented by
using very large amplitudes of the injected carrier signal, different converter topologies
(i.e., the matrix converter), and often a careful tuning procedure is needed in order for the
drive to operate properly.

Obviously, signal-injection based estimation techniques are attractive for a wide
range of applications. However, several applications exist where nonsalient PMSMs are
adopted and high performance in the low-speed region is not critical as long as startup,
and possibly also rotation reversals, can be guaranteed, preferably also under load®. Nat-
urally, it is important that the estimator has a low sensitivity to parameter variations and a
simple implementation procedure is vital in order to allow an easy implementation of the

®From the analysis presented in Section 3.2, it is apparent that the PLL-type estimator, when relying on
back-EMF based estimation, cannot fulfill such a goal since the estimator was proved to be unstable below
a certain speed.
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estimator in different PMSM drives.

Back-EMF-based estimators that give reliable start and rotation reversal under load
are relatively rare. In [57], it is shown that, for the algorithm in [53], stable startup from
any initial rotor position is not guaranteed, but can be, if the algorithm is modified. In
[9], a countermeasure against rotation in the wrong direction is added to an extended-
Kalman-filter-type algorithm in order to achieve a reliable start. The algorithm in [78] is
experimentally shown to give guaranteed synchronization, although no strict proof thereof
is presented.

An alternative back-EMF based estimator is presented in [Paper IV] that is based
on the well known “voltage model.” A flowchart of the proposed estimator is shown in
Fig. 3.8. Since the back EMF vanishes as the rotor speed becomes zero, stable operation
at zero speed cannot be guaranteed for any back-EMF based method. Therefore, it is vi-
tal that the estimator has good global stability properties in order to converge to correct
speed and position estimates from any initial condition. In [Paper V], it is shown that the
proposed estimator has suitable global stability properties, and that the estimator’s sensi-
tivity to stator resistance mismatch can be avoided by manipulating the current in the d
direction. Fig. 3.9 shows simulated startups using the estimator presented in [Paper IV].
The initial values of the (unknown) rotor position are varied and the PMSM is connected
to a load with fan characteristics, i.e., the load torque 7; is proportional to the square of
the true rotor speed (7; = 0.5 pu when w, = 0.1 pu). The parameters of the PMSM cor-
respond to PMSM27 and reasonable parameter errors are introduced into the simulation.
As seen, a proper startup is achieved for all initial rotor positions. Experimental results
are presented in the paper® and the appended piece of C-code clearly demonstrates how
easily the estimator can be implemented.

V3,V4
d>“q

1, Ug
d> q

Fig. 3.8 Flowchart of the estimator presented in [Paper IV]. Design guidelines for the parameters
a(w,) and \s(w,) are presented in the paper.

"More details concerning the PMSM can be found in Appendix B.
8The experimental results were obtained by Jansson and Leksell, the first and fourth authors of [Pa-
per IV].
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Fig. 3.9 Simulated startups from different (unknown) rotor positions for a PMSM connected to
a quadratic load using the estimator presented in [Paper IV]. The inertia J is set to J =
1 kgm? and the machine parameters correspond to PMSM2. Current control: 2 ms of
desired current rise time. Estimator parameter (see [Paper IV]): A = 2. Parameter errors:
Ly=0.8Lg, L,=0.8L,, R,=0.5R,.

3.3.3 Outlook

The rapid development of different PMSM designs that has been underway during the
past two to three decades clearly highlights the advantages, in terms of increased torque-
to-inertia ratio, power density, and efficiency, that can be obtained by adopting permanent
magnets in electric machines. The fact that the rotor position must be known for proper op-
eration has, to a large extent, been circumvented by the development of different types of
estimators which have successfully been implemented in a wide range of PMSM drives.
This has also been facilitated by the fact that PMSMs with interior-mounted magnets,
where the level of rotor saliency and magnet flux can be easily tailored depending on the
application, often possess a significant saliency. Therefore, signal-injection based estima-
tion in the zero- and low-speed range can often be implemented with ease, and accurate
estimates of speed and position can be obtained in the whole speed range.

It can be expected that guidelines, used during the design stage of the machine, will
be further developed in order to guarantee that accurate, signal-injection based, speed and
position estimates are guaranteed in conjunction with low losses, noise, and torque rip-
ple due to the additional carrier signal added (recent references concerning this emerging
topic include [8] and [39]). It is likely that the automotive industry will act as an impor-
tant driving factor here since the cost reduction associated with the removal of the rotor
position sensor, together with the above mentioned advantages with PMSMs, make such
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drive solutions very attractive in automotive applications.

For nonsalient PMSMs, an interesting topic of further research is to compare the
low-speed performance of the different types of back-EMF based estimators that have
been proposed in the literature; preferably implemented in several different experimental
setups. Such a comparison should include aspects such as ease of implementation, quality
of speed and position estimates during transients, and sensitivity to parameter variations
as well as non-ideal effects due to the inverter.

Combining speed and position estimation with on-line estimation of machine pa-
rameters can improve performance as demonstrated in [38]. An interesting approach that
may be fruitful is to investigate if the recursive-least-square based method of parameter
estimation presented in [38] can be merged with the estimator presented in [Paper [V] in
order to further improve low-speed performance.

In applications where drive failure cannot be tolerated, adopting a speed and po-
sition estimator in the event the function of the position sensor fails improves reliability
of the system [29], [43]. Hence, it can be expected that techniques for correctly detecting
a faulted position sensor, as well as a commissioning process in order to rapidly obtain
correct speed and position estimates, will be further developed and adopted in various
automotive applications.

3.4 Summary of Chapter

This chapter focused on the problem of speed and position estimation of PMSM drives.
An introduction outlining two different categories of methods to obtain speed and position
estimates was presented. Two general problems demonstrating the limitation put on me-
chanical bandwidth and reduced performance at low speeds were presented as a result of
analyzing a PLL-type speed and position estimator for which several improvements and
additions are presented in the included papers of this thesis. Finally, possible opportunities
for further research were outlined.
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Chapter 4

On Fault Tolerance and Fault
Characteristics of PMSM Drives

This chapter focuses on the impact of electrical faults for PMSM drives in various au-
tomotive applications. Means to provide fault tolerance to inverter faults are discussed
in particular. The impact of electrical faults on a propulsion application is also inves-
tigated which provides a background for the case studies presented in [Paper VII] and
[Paper VIII].

4.1 Introduction

As discussed in Chapter 1, electric drives adopting permanent-magnet machines, both
with sinusoidal (PMSM) and trapezoidal (BLDC) excitation, are suitable for a wide range
of applications in EVs and HEVs. These applications include not only propulsion but
also steer- and brake-by-wire systems, active suspension, and other electrical subsystems.
Naturally, proper operation of functions such as steer- and brake-by-wire are of utmost
importance and their failure cannot be tolerated since this would drastically compromise
passenger safety. Despite that the automotive industry is very cost sensitive, there are
strong incentives to increase system costs in order to improve the level of fault tolerance
when mechanical actuators are being replaced by their electrical counterparts for certain,
fault critical, applications in the vehicle. For PMSM drives used for propulsion, however,
it is evident that increasing the level of reliability, which is often afflicted with a significant
cost increase, typically cannot be motivated if a fault is not likely to significantly increase
the accident risk or if a post-fault capacity (i.e., “limp home”) cannot be economically
motivated for the specific vehicle model.

This chapter focuses on fault responses of PMSM drives as well as methods for
increasing the level of fault tolerance for such drives in automotive applications. The
term drive, as it is used in this thesis, pertains to both the electric machine as well as its
corresponding inverter. Although faults can arise in other parts, e.g. bearings and gears,
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such types of faults are omitted here; only a distinction between faults originating in the
machine and faults originating in the inverter is made. After a brief introduction to the
main types of electrical faults that can afflict a PMSM drive, the behavior of PMSM
drives to a specific class of faults (inverter faults) are treated in more detail along with an
outline of the contributions presented in [Paper VI].

The impact of electrical faults for PMSM drives used for propulsion are investigated
in [Paper VII] and [Paper VIII] and supplementary details concerning these investigations
complete this chapter. The specific vehicle considered in both of these papers is equipped
with four in-wheel motors which can be controlled independently. This type of vehicle
provides an “in-built” fault tolerance since if one, or several, of the in-wheel motors fails,
it is possible to handle the fault by controlling the remaining, still functioning, in-wheel
motors and bring the vehicle safely to rest or continue driving with only minor deviations
in the intended driving trajectory.

4.2 Fault-Tolerant Machines

Different types of short-circuits, such as an inter-turn short circuit or a winding-to-frame
short circuit, are particularly problematic for electric machines equipped with permanent
magnets in the rotor since this excitation cannot easily be removed and continues to excite
the stator winding as long as the rotor rotates. Hence, a rapid detection of such a fault is
needed in order to avoid any further insulation breakdown caused by the large current that
builds up in the shorted turn in order to counteract the machine excitation.

The seriousness of electrical faults arising in permanent-magnet machines has led
to the development of fault-tolerant machines whose designs differ rather significantly
from conventional machines. Fault tolerance is achieved by electrically, thermally, and
magnetically isolating each phase from the other phases. Mutual coupling between phases
is avoided by having only one phase winding on each slot and mechanical and thermal
isolation can be accomplished by placing the windings around every other tooth (see, e.g.,
Figs. 1-3 in [55]). In order to reduce the overrating of each phase, more than three phases
are used (often four to six phases) which, to further increase the level of fault tolerance,
are fed by separate H-bridge inverters. If a shorted turn or an inverter-switch short circuit
is detected, the fault is handled simply by shorting the faulted phase using the H-bridge
inverter. In order to avoid too high currents when the phase is shorted, the machine can be
designed with a per-unit inductance equal to the back EMF which effectively limits the
short-circuit current to its rated value [6], [55].

Several of the design goals that need to be fulfilled in order to achieve fault tolerance
are contradictive when compared to conventional machine designs. The drawbacks asso-
ciated with the achieved fault tolerance include an increase in weight, reduced efficiency,
and increased total cost. If future demands for fault-tolerant machines arise for propul-
sion applications, this may favor other machine types such as induction and switched-
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reluctance machines. However, it appears as though fault-tolerant permanent-magnet ma-
chines can be competitive in certain niche applications such as fuel pumps and actuators
for aircraft applications [4], [54].

To conclude, it is apparent that the difficulty in removing the excitation from the
permanent magnets is a significant drawback associated with permanent-magnet ma-
chines and the author of the present thesis is doubtful whether these types of fault-tolerant
machines will become common in automotive applications.

4.3 Inverter Reliability

In vehicle propulsion applications, the power flow through the inverter is essentially de-
fined by the driving cycle of the vehicle. The power demand throughout a driving cycle
can vary extensively due to starts, stops, accelerations, and braking of the vehicle. Due to
these large variations in power demand, the inverter switches have to endure large tem-
perature variations (thermal cycles). For insulated gate bipolar transistors (IGBTs), the
mismatch between the thermal expansion coefficients of the aluminum wire and the sil-
icon chip is the cause of shear stresses on the bonding interfaces which can lead to wire
bond breaking [58], [64]. In order to predict the lifetime of an IGBT, the number of ther-
mal cycles that the IGBT endures during operation must be correctly determined. This is
not trivial and different methods are presented in [18] and [36]. Apart from the inverter
switches, the dc-link capacitor is an important part of the inverter and should be taken
into account when estimating the reliability of the inverter. The results in [36], however,
indicate that the methods for estimating inverter reliability of drives used in propulsion
applications have, because of the significant variations in power flow due to the driving
cycle, not fully matured and do not (yet) provide results with sufficient accuracy.

In order to improve inverter reliability, the IGBTs (and corresponding diodes) can
be merged together with the gate drives and additional control circuitry into a single power
module. Such power modules are often referred to as intelligent power modules (IPMs).
The additional control circuitry can provide protection functions, by gating off the IGBTs,
such as over-temperature protection, short-circuit protection, and protection from under-
voltage from the supply to the internal gate drives and control circuitry [37], [40], [59].

4.3.1 Response of PMSMs to Inverter Faults

It is apparent that reliability prediction of inverters in propulsion applications is still an
area of active research. Furthermore, the level of fault tolerance is highly dependent on
the specific application in the vehicle. Another important factor that determines whether
or not means for achieving fault tolerance are needed is how the PMSM responds to
different types of inverter faults. Since the excitation due to the permanent magnets cannot
be removed, the behavior of PMSMs during inverter faults, and not only faults arising
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inside the machine, differs significantly when compared to, e.g., induction and switched-
reluctance machines.

a)

+

Fig. 4.1 Different types of inverter faults: a) Inverter shutdown; b) Single-phase short circuit; c)
Balanced short circuit; d) Single-switch open circuit.

The response of PMSMs to different types of inverter faults has been thoroughly
investigated in [41], [56], [75], [76] but key results are illustrated also here for the sake of
clarity. The three-phase PMSM model presented in Chapter 2 was implemented in MAT-
LAB together with the reviewed current controller. Parameters corresponding to PMSM?2
were used and, in order to simulate inverter faults, the voltages were generated by as-
suming a constant dc-link voltage and implementing a pulse-width modulation (PWM)
with a symmetrical, triangular carrier. The switches were assumed ideal, i.e., the forward
and resistive voltage drops of the transistors and corresponding diodes were neglected.
The different types of inverter faults considered are illustrated in Fig. 4.1 and described
below. Apart from the described inverter faults, if both the upper and lower transistor in
an inverter leg are gated on simultaneously, the dc link is short circuited. Although this is
a very critical situation, it is assumed that the inverter legs are equipped with an in-built
short-circuit protection (like in IPMs) that, in the event of over current, rapidly gates off
both transistors.

Inverter Shutdown: The fault illustrated in Fig. 4.1a) is referred to as an inverter shut-
down [41]. Here, the gate signals to the transistor switches, for some reason, vanish.
Reasons for the origin of such a fault include; failure of the gate drive (supplying
the gate pulses to all of the transistors), a signal-cable breakdown, or loss of power
to the control circuitry. Below a certain speed, the induced voltage originating from
the permanent magnets is lower than the dc-link voltage. Consequently, no current
will flow through the diodes of the inverter and the output torque is zero. At higher
speeds, i.e., when field-weakening is applied, the induced voltage can be higher than
the dc-link voltage and power is then fed from the PMSM into the dc link. Assum-
ing a constant dc-link voltage, the current is dictated only by machine impedances
and voltage drops across the diodes (the latter effect is, as mentioned above, not
included in the present simulation).
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Fig. 4.2a) shows a simulation illustrating an inverter shutdown when the PMSM is
operating deep in field-weakening mode (iy = —1.5, i, = 0.5 pu) at constant speed
(w,=1.5 pu). At t =5 ms, the inverter shuts down and power is fed from the PMSM
to the dc link (essentially, the sign of 7, changes). The steady-state waveforms of
iq and 1, after the inverter shutdown has occurred are not constant, but fluctuate
somewhat. This is due to the fact that the induced voltage is not greater than the dc-
link voltage at all time instants and, thereby, no current is fed through the diodes.
This effect, however, is less pronounced as the rotor speed, and thereby induced
voltage, increases.

Single-Phase Short Circuit: A single-phase short circuit is illustrated in Fig. 4.1b) and
corresponding simulation results are shown in Fig. 4.2b). The PMSM is operating
at moderate speed and load (w, = 0.5, iq = 0, and ¢, = 0.5 pu) and the upper-left
transistor is permanently gated on at ¢ = 5 ms. As seen, large current amplitudes
arise rapidly. Continuing the simulation results in very high, oscillating torque and
current waveforms and it is obvious that this must be considered a very severe
fault condition [56], [76]. Due to the large current amplitudes obtained, it is very
likely that demagnetization of the rotor magnets and inductance saturation arise;
phenomena that are not included in the present simulation.

Balanced Short Circuit: A balanced short circuit is illustrated in Fig. 4.1c). A corre-
sponding simulation, shown in Fig. 4.2c), demonstrates the response which is char-
acterized by, after an initial transient, generating action which is limited only by the
machine impedances. This fault condition also results in ¢; < 0 which, if the ma-
chine inductance is not sufficiently large, can risk to demagnetize the rotor magnets.
However, as compared to the single-phase short circuit, the balanced short circuit
can be considered a much less severe fault condition. A controlled balanced short
circuit can be initiated from the inverter by gating on all upper (or lower) transistors
and leaving the lower (or upper) transistors gated off.

Single-Switch Open Circuit: Failure of a single transistor switch, referred to as a single-
switch open circuit is demonstrated in Fig. 4.1d). From the simulation results shown
in Fig. 4.2d), it is apparent that this fault condition is the most benign of the above
in terms of current and torque amplitudes. However, the fault may be problematic
due to the fluctuating torque leading to, e.g., problems during startup.

4.3.2 Fault-Tolerant Inverters

A comprehensive survey of different fault-tolerant inverter topologies that have been pre-
sented in the literature can be found in [77], and their applications in automotive ap-
plications are described in [6]. These fault-tolerant inverters require no or only modest
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Fig. 4.2 Machine responses during different inverter faults: a) Inverter shutdown; b) Single-phase
short circuit; ¢) Balanced short circuit; d) Single-switch open circuit.

modifications to the corresponding machine, e.g., the requirement that the machine is Y-
connected with the neutral point available. From the survey in [77], it is concluded that
the cost related to the added fault tolerance is significant and that several of the proposed
topologies only provide a reduced amount of output power in fault mode. Consequently,
the inverter and machine need to be overrated in order to achieve nominal output power
in fault mode. The main reasons for the significant cost increase are the addition of ex-
tra inverter legs and the fact that there must be means added to interrupt the current in
the faulted phase. This requires isolation devices connected in series with each phase of
the machine. Such a device can be realized using back-to-back connected thyristors con-
nected in series with each phase that, in pre-fault (normal) mode, are continuously gated
on. The faulted phase can then be isolated by gating off both of the thyristors which ex-
tinguishes the current at the next zero crossing. Naturally, these types of isolation devices
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will, apart from adding cost to the system, also add on-state losses which results in a
reduction in efficiency also in pre-fault mode, i.e., before a fault has occurred. Although
phase isolation can also be achieved using fuses, such a solution is problematic since these
devices are uncontrollable, i.e., cannot deliberately be turned off by the control system.
In [56] and [76], it is shown that a controlled balanced short circuit is a suitable mean
to reduce the severity of several of the faults described above provided that the machine
inductance is sufficiently high to limit the short-circuit current within a tolerated range. If
such a fault-handling strategy is adopted and the rotation of the PMSM can be interrupted,
it may be suitable to use simpler disconnecting switches to reconfigure the fault-tolerant,
inverter while the rotor is at standstill.

4.3.3 Control Algorithms for a Fault-Tolerant Inverter

In [Paper VI], novel control algorithms are presented for a fault-tolerant inverter configu-
ration which was proposed in [10] by Bolognani et a/. The main features of this inverter
configuration are depicted in Fig. 4.3a). As can be seen, fault tolerance is accomplished
by adding an extra inverter leg to the configuration of a standard three-phase inverter. The
additional inverter leg is connected to the neutral point of the PMSM which therefore re-
quires a Y-connected machine with the neutral point available. When an inverter fault is
detected, the faulted phase is isolated by disconnection. Post-fault operation is then com-
menced by activating the additional fourth inverter leg which is connected to the neutral
point of the machine. The additional inverter leg does not require a connection device if it
can be assumed that this leg is not likely to fail, motivated by the fact that it is not active
in normal mode.

a) b)
+ +

UdC —

- |

Fig. 4.3 Fault-tolerant inverters (circles indicate additional connection and isolation devices): a)
The additional inverter leg connects to the neutral point on the PMSM [10]; b) The ad-
ditional inverter leg replaces faulted inverter leg directly [63]; ¢) The neutral point is
connected to the midpoint of the dc link [50].

The original configuration proposed in [10] also provides fault tolerance to the sit-
uation when both of the transistors in the same inverter leg are gated on. This is ac-
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complished by adding fuses in series with each inverter leg. Apart from the reliability
problems associated with fuses, this also gives rise to an increased inductance between
the transistors and dc-link capacitor and is, consequently, not considered here.

In [63], a fault-tolerant inverter configuration is proposed where the faulted phase
is isolated and directly replaced with the additional inverter leg. Such a configuration
is shown in Fig. 4.3b). Compared to such a solution, the fault-tolerant inverter shown
in Fig. 4.3a) demonstrates, according to the author of the present thesis, the following
important differences.

Simpler Connection Device: Since the additional leg, regardless of which phase leg that
is faulted, should always be connected to the neutral point instead of to the faulted
phase, the connection device can be made simpler. This is particularly beneficial
if the inverter is equipped to control several PMSMs using a common dc link and
having only one additional inverter leg for redundancy. This inverter leg can then
provide fault tolerance to any of the other inverter legs as exemplified in [Paper VI,
Fig. 2].

Winding Open-Circuit Faults: In fault mode, the faulted phase is isolated and con-
nected to the other phases only through the neutral point. Consequently, open-

circuit faults striking also a phase winding, or its connection to the inverter, can
be handled.

Reduced Output Power: The available output power in fault mode is reduced since the
current in the remaining phases must increase with a factor of /3 and with a factor
of 3 in the neutral connection, in order to obtain the same output torque as dur-
ing normal operation. Typical current waveforms for the inverter in fault mode are
shown in Fig. 4.4. As pointed out in [7], if the additional inverter leg is oversized,
in terms of current rating, with a factor of v/3 the available output torque can be
increased to a factor 1/ V320.58 compared to normal mode.

Saturation Caused by Asymmetrical Supply: Since the machine in fault mode is only
fed from two phases, this deliberately introduced asymmetry may cause saturation
at different locations inside the machine due to a flux-density distribution with high
harmonic content caused by the fact that the stator winding is not perfectly sinu-
soidally distributed [12].

Modified Control Algorithms in Fault Mode: Since the machine is fed from an asym-
metrical supply, the control algorithms need to be modified accordingly. In [Pa-
per VI], novel control algorithms, extending the results in [7], are proposed. These
algorithms provide simple modifications to the control algorithms reviewed in Chap-
ter 2 and Chapter 3 in order to obtain closed-loop field-weakening control and speed
and position estimation also in fault mode. A method for controlling the neutral-
point voltage is also presented so that the available voltage capacity of the inverter
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Fig. 4.4 Typical measured current waveforms for the fault-tolerant inverter in fault mode where
phase a has been isolated: i; (solid line), . (dashed line), and current in neutral connec-
tion (dashed-dotted line).

is the same in both normal and fault modes. Fig. 4.5 shows a MATLAB simulation
of a speed step response using the algorithms presented in [Paper VI] and results
from a corresponding experiment are shown in Fig. 4.6. The conditions are identical
to those presented in Section 3.2.1 with the exception that the inverter is operating
in fault mode. Comparing Fig. 4.6 and Fig. 3.3, it is evident that, apart from the
small second harmonic arising in é, 14, and ig4, the results are virtually identical for
the two modes of inverter operation.

Remark: The algorithms presented in [Paper VI] can also be applied to the inverter
configuration shown in Fig. 4.3c) where the neutral point of the machine is connected to
the midpoint of the dc link (this is elaborated on in [Paper IX]). Such a midpoint can be
created by connecting capacitors in series. However, the amplitude of the current in the
neutral connection is large which must be taken into consideration when choosing the size
and type of capacitors. Furthermore, active or passive balancing may also be needed in
order for the dc-link voltage to divide evenly between the capacitors.

4.4 Sensor Faults

Apart from faults arising in the machine or inverter, the drive is equipped with different
sensors that provide information used by the control system. For a PMSM drive, these
sensors typically measure phase currents (at least two of the three phase currents are mea-
sured), dc-link voltage (since it is prone to variation if the inverter is fed from a battery
source), and rotor position (if it is not estimated). Naturally, if the loss of a sensor means
that further operation of the drive is not possible, this class of faults is of equal importance
as machine or inverter faults. Fortunately, methods to detect and handle these types of
faults have been developed, with automotive applications in mind, both for PMSMs [43]
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Fig. 4.5 Simulation of a speed step response for the fault-tolerant inverter in fault mode using
PMSM2 and the modified PLL-type speed and position estimator.

and induction machines [20]. For each of these sensor faults, methods for detecting the
fault are proposed together with modifications of the control schemes in order to con-
tinue operation. Similar to fault-tolerant inverters whose control schemes are modified
in post-fault mode, the implementation of these schemes can be realized using the high
computational capacity of modern DSPs.

4.5 Electrical Faults in a Propulsion Application

As discussed in Section 4.1, the required level of fault tolerance for PMSM drives in au-
tomotive applications is dependent on the specific function of the drive. For propulsion
applications, the required level of fault tolerance is, apart from the dependency on cost
sensitivity, strongly dependent on how the electric drivetrain is constituted. As an exam-
ple, a fault that causes the electric propulsion to shut down in the parallel-HEV drivetrain
shown in Fig. 1.1b) can be less severe than if the same situation arises in the series-HEV
shown in Fig. 1.1a). The reason for this is that all propulsion power is not lost in the
parallel-HEV since the ICE, due to its mechanical connection to the transmission, may
still provide enough power to propel the vehicle.

As the study of the severity of electrical faults in propulsion applications is so
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Fig. 4.6 Experimental speed step response for the fault-tolerant inverter in fault mode using
PMSM2 and the modified PLL-type speed and position estimator [Paper VI].

strongly dependent on how the electric drivetrain is constituted, the study of this topic
is in the present thesis restricted to a case study presented in detail in [Paper VII] and
[Paper VIII]. This case study considers an electric vehicle equipped with four in-wheel
motors!. Following the convention used in Fig. 1.1, a flowchart of such a drivetrain is
shown in Fig. 4.7. It is assumed that the vehicle is powered from a battery in combination
with a supercapacitor’ where the latter functions as a buffer that can provide, or absorb,
power much more rapidly than the battery whose dynamical response is much slower.

4.5.1 A Vehicle With Individual Control of All Four Wheels

The vehicles in consideration in [Paper VII] and [Paper VIII] are equipped with in-wheel
motors that are mounted on all four corners of the vehicle. It is also assumed that each
wheel is equipped with two linear actuators that can move symmetrically around the ver-
tical axis of the wheel, thereby providing arbitrary steering angles (within a specified
interval). Furthermore, each wheel hub is also equipped with mechanical friction brakes
to provide braking power at levels that cannot regenerate through the in-wheel motors.

'The term machine is perhaps more appropriate since power can be generated during braking. However,
the term is less common in this context and, therefore, not used here.
2The synonym ultracapacitor is also commonly used.
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Fig. 4.7 Flowchart of the drivetrain considered in the case studies in [Paper VII] and [Paper VIII].
The arrows indicate possible directions of energy flow.

Consequently, each wheel corner is capable of providing individual propulsion or braking
power and control of the steering angle. The described configuration originates from the
autonomous corner module (ACM), a device that, apart from providing individual propul-
sion/braking power and control of the steering angle, can also control the vertical load and
damping coefficients on each wheel (the ACM is further described in [44] and [79]). Ac-
tive control of the vertical dynamics are not taken into consideration here. However, it
may very well be needed due to the fact that the use of in-wheel motors increases the
unsprung mass which, if not compensated for, worsens the response of the car body to
road irregularities up to levels which may seriously affect passenger comfort.

An illustration of the main parts of the electric drivetrain considered is shown in
Fig. 4.8 where the linear actuators controlling the individual steering angles have been
omitted. Four inverters provide individual control of each in-wheel motor. The superca-
pacitor is, in series with a filter inductor, connected in parallel to the battery through a
dc/dc-converter of buck/boost type (the voltage across the supercapacitor is always lower
than the dc-link voltage). By controlled switching of the upper or lower transistor of the
dc/dc-converter, power can be fed to or from the supercapacitor. In a practical application,
the power consumption of the battery and supercapacitor are governed by some kind of
energy-management strategy whose overall goal typically is to minimize the total energy
consumption of the vehicle, evaluated using a number of relevant driving cycles. Exam-
ples of such energy-management strategies can be found in, e.g., [2] and [28].

4.5.2 Simulation Study

A simulation model of the electric drivetrain shown in Fig. 4.8 was implemented us-
ing Matlab/Simulink® in combination with the PLECS* toolbox to simulate the switch-
ing states of the power electronics. The switching frequency of the inverters was set to
10 kHz. A flow chart of the simulation structure is shown in Fig. 4.9. Since the vehicle
was equipped with four individual drives, the additional cost to provide fault tolerance

3Simulink is a registered trademark of The Mathworks, Inc., Natick, Massachusetts, U.S.A.
4PLECS is a registered trademark of Plexim GmbH, Ziirich, Switzerland.
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Fig. 4.8 Illustration of the electric drivetrain for the vehicle in consideration. The linear actuators
controlling the individual steering angles on each wheel are not shown.

for each of the drives will likely be very expensive, subsequently such a solution is not
considered here.

In the present simulation study, it is assumed that all four inverters are individually
controlled and that they are equipped with IPM modules that, in the event of an electrical
fault, gate off the transistors, thereby causing an inverter shutdown. Reasons for the origin
of such an inverter shutdown include failure of the control-supply voltage that powers the
IPM module, a local failure in the gate drive, and a signal-cable breakdown.

x4
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control
Power electronics
Supercap. | & |
control Electric machines
Battery R
r mgel | PLECS ‘I
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MATLAB

Fig. 4.9 Schematic flow chart of the simulation structure used. Arrows indicate feedback signals
used in the closed-loop controllers and battery model.

The simulation of inverter switches is realized in PLECS using PWM with sym-

49



Chapter 4. On Fault Tolerance and Fault Characteristics of PMSM Drives

metrical, triangular carriers. Naturally, this requires a much smaller time step than used
in the outer controllers, which are updated once every switching period. The parame-
ters of the four electric machines correspond to PMSM2 and their current controllers
are implemented in discrete form in Simulink, using S-functions. The parameters of the
supercapacitor and corresponding filter inductor are chosen from [21] which presents a
supercapacitor and battery combination implemented in an EV. The total capacitance and
series resistance of the supercapacitor are 20 F and 125 m(2, respectively. The inductance
of the filter inductor is 1.6 mH and it has a total series resistance of 30 m{2. The power
flow in the supercapacitor is controlled by closed-loop control of the supercapacitor cur-
rent using a PI controller whose parameters are determined in a fashion similar to the
description in Section 2.4.1.

The battery model, implemented in Simulink, represents a Lithium-ion battery® and
is similar to the capacitor-network models presented in [15] and [27]. The minimum and
maximum battery voltages allowed are 240 and 400 V, respectively. To filter the inverter
ripple currents, a dc-link capacitor with a capacitance of 6.6 mF was adopted.

In the hypothetical driving situation considered here, all four PMSMs operate at a
constant (mechanical) speed of 90 rad/s which corresponds to approximately 104 km/h if
a tire radius of 0.32 m is assumed and the longitudinal tire slip is neglected (recall that
PMSM2 is an outer-rotor machine where the rotor magnets are mounted directly onto
the wheel rim). All four PMSMs deliver a total of 26 kW which is evenly distributed on
each wheel. The power is taken purely from the battery, i.e., no current flows initially in
the supercapacitor. Due to the relatively high rotor speed, all four PMSMs operate in the
field-weakening region at the operating point ¢y = —40, ¢, =20 A. At t=5 ms, one of the
inverters controlling an in-wheel motor shuts down, and starts to generate power into the
dc link.

Fig. 4.10 shows results from the corresponding simulation where the supercapacitor
is controlled so that the battery current is essentially unaffected by the fault. Subsequently,
the supercapacitor absorbs not only the power that is generated from the faulted PMSM
drive, but also the amount of power that it consumed before the inverter shutdown. The
remaining PMSM drives are, therefore, virtually unaffected by the fault and fully control-
lable. The control strategy of the supercapacitor used in this simulation is very simple and
is only adopted for the purpose of illustration.

As described in Section 4.3, an inverter shutdown striking one of the inverters re-
sults in a sudden, speed dependent, braking torque. The question of whether or not the
arising braking torque affects passenger safety is strongly dependent on vehicle dynam-
ics, 1.e., how the vehicle responds to the fault. The fact that the remaining in-wheel motors
are still operable provides the possibility for an “in-built” fault tolerance to this type of
electrical fault for the vehicle in consideration. Moreover, if the battery is not able to

SThe author is grateful to Mr. Jens Groot at Volvo Technology Corporation, Goteborg, Sweden for
supplying the battery model.
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quickly generate, or absorb, the power that may be needed for rapid counteractions by the
remaining, fully functioning, in-wheel motors, this power can be generated, or absorbed,
by the supercapacitor.

It is apparent that the fault scenario described above, along with a wide range of
other fault scenarios comprising electrical faults, is of importance and should be taken into
consideration before a vehicle using the described electric drivetrain leaves the prototype
stage. In [Paper VII] and [Paper VIII], the stability of a vehicle equipped with the electric
drivetrain shown in Fig. 4.10 is investigated under different types of fault conditions and
driving scenarios. Since the drivetrain provides individual control of both torque and the
steering angle on each wheel, the tire forces can be distributed freely on each wheel,
which offers the possibility to counteract a faulted in-wheel motor by modifying the tire
forces on the remaining, still functioning, wheels.

4.6 Summary of Chapter

This chapter focused on various implications of electrical faults striking PMSM drives
in automotive applications. Electric machines and inverters that provide means for fault
tolerance were described and the response of PMSMs to inverter faults was illustrated
through simulations. Finally, the impact of an electrical fault in a propulsion application
was considered in the form of a simulation study which also serves as a background for
the case studies presented in [Paper VII] and [Paper VIII].

51



Chapter 4. On Fault Tolerance and Fault Characteristics of PMSM Drives

0 5 10 15
t (ms)
Fig. 4.10 Simulation of an inverter shutdown at one wheel for the electric drivetrain illustrated
in Fig. 4.8: a) Battery voltage; b) Battery (solid line) and supercapacitor (dashed line)

currents; ¢) Phase currents of the faulted PMSM: ¢, (solid line), 4; (dashed line), and .
(dashed-dotted line); d) Torque of the faulted PMSM.
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Chapter 5

Concluding Remarks

This chapter summarizes conclusions and provides some suggestions for further research
related to the different topics considered in this thesis.

5.1 Summary

This thesis presented control algorithms for PMSM drives that can be applied to a wide
range of automotive applications. Adopting highly efficient PMSMs for propulsion and
also using them in other electrically assisted functions can help to maximize the operating
range and (for HEVs) minimize the fuel consumption.

Sensorless control of PMSM drives offers obvious advantages in terms of cost,
size, and reliability and was explored extensively in this thesis. Since this field of research
i1s mature, focus was not on presenting entirely novel methods but rather on analyzing
and proposing improvements to already existing solutions. Several modifications to the
PLL-type estimator reported in [32] were proposed. Based on an analysis of the global
stability of the original estimator, a method was presented that improves the estimator’s
capability to handle large speed estimation errors, arising, e.g., during rapid accelerations
of short duration or during an initiation of the estimator at an unknown speed. To achieve
stable operation in the whole speed range, it was demonstrated how the estimator could
incorporate signal-injection based estimation in the low-speed range with a transition to
back-EMF based estimation at higher speeds. Particular focus was also on the transition
region and it was demonstrated that the estimator may become unstable for certain setups
of machine parameters and operating conditions if the transition region is determined
incorrectly. To avoid this instability, design rules for how the transition region should
be determined, as well as recommended selections for all parameters introduced were
presented.

Signal-injection based estimation for PMSMs with small rotor saliency is difficult
since the signal-to-noise ratio can be very small and additional non-ideal effects, such as
inverter dead time and inductance cross saturation, become significant. The back-EMF
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based estimator based on the well known “voltage model” is suitable for a wide range of
applications where high performance in the low-speed region is not critical as long as a
startup and possibly also rotation reversals can be guaranteed. The estimator is, due to its
simplicity, robustness to parameter variations, and global stability properties, of particular
interest for applications where accurate knowledge of machine parameters is lacking and
careful tuning of the estimator is not possible, e.g., in commercial inverter drives.

In summary, the analysis of the estimators in consideration has highlighted several
important phenomena and the improvements presented simplify a possible implementa-
tion considerably; particularly since parameter selection rules for all estimator parameters
are proposed as a result of the analysis.

The severity of faults striking electric drives in automotive applications is strongly
dependent on how they affect the passenger safety. Several subsystems, including steer-
and brake-by-wire systems, have not yet been introduced on a large scale in commercial
vehicles. Hence, although it is evident that the failure of any of these functions is very
critical in terms of passenger safety, it is not clear, at this stage, exactly what levels of
fault tolerance will be required. The control algorithms presented for the fault-tolerant
PMSM drive provide simple modifications that extend its capability. If fault tolerance
is required for inverter and winding open-circuit faults, the fault-tolerant PMSM drive
in consideration, in combination with the proposed control algorithms can be a viable
solution.

The investigations concerning the impact of various electrical faults in vehicles
equipped with four in-wheel motors provide several important insights related to how
electrical faults in novel drivetrains can affect vehicle stability. It is evident that a com-
prehensive knowledge concerning these issues is of importance and should be taken into
consideration during the design stage of modern electric drivetrains. The investigations
also demonstrate that individual control of the tire forces provides powerful means for an
“in-built” fault tolerance capable of handling a wide range of electrical faults with only
minor displacements from the intended driving trajectory.

5.2 Proposals for Future Work

In this thesis, control algorithms for PMSM drives were presented with automotive ap-
plications in mind. Some ideas for further research in this and related fields are outlined
below.

Regarding sensorless control of PMSM drives, design guidelines should be devel-
oped and, to a greater extent than today, be incorporated into the design stage of PMSMs,
intended for automotive applications, in order to guarantee that signal-injection based es-
timation methods can be easily applied. Another interesting topic related to this field is
to investigate whether or not the back-EMF based estimator presented in [Paper IV] can
be further improved so that the noise content of the estimates at low speeds, and tran-
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sient error at rotation reversal can be reduced. However, it is important that the attractive
properties of the estimator, including low parameter sensitivity and ease of implemen-
tation, are maintained so that the algorithm can remain suitable for applications such as
commercial inverter drives.

The investigation into electrical faults in a vehicle equipped with four in-wheel mo-
tors should only be considered as a first step and more research and development are
required for issues related to this field. An implementation of the electric drivetrain in a
laboratory environment can provide answers to how the power should be redistributed in
the drivetrain in the event of an electrical fault. Implementing the drivetrain into a vehicle,
a scale or full-scale prototype, would also provide useful experimental data on how the
path controller and various force-allocation methods respond to different driving condi-
tions and electrical faults. Another interesting issue would be to investigate whether or
not a transient rise in dc-link voltage during a high-speed inverter shutdown can always
be avoided by rapidly diverting the generated power into the supercapacitor. This is at-
tractive since it would enable the use of IGBTs with a lower margin in terms of voltage
rating.

Since electric machines and power electronics are key components in electric and
hybrid electric drivetrains, this offers good opportunities for further research in the field
of electric drives. However, the quest for tomorrow’s alternative drivetrains is, by nature,
multi-disciplinary and research activities belonging to several other scientific fields, in-
cluding chemistry, mechanical engineering, and vehicle dynamics, are currently ongoing
or being planned. On the national level, it is the opinion of the author that more extended
coordination and cooperation between different departments within the universities are
needed in order to further strengthen university-based research related to alternative driv-
etrains. Today, this is, to some extent, hindered due to the organizational structures within
the universities. Sweden has several vehicle manufacturers and better coordination within
the universities themselves would enable researchers from academia to carry out multi-
disciplinary research in a more systematic and efficient manner which hopefully would
lead to more breakthroughs and results of interest for the automotive industry.
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Appendix A

Glossary of Symbols, Subscripts,
Superscripts, and Abbreviations

w
>‘<
=
=n
S
@

<

T~ OE S oW
0

~
-
[y

S SRl T

system matrix
input matrix
radial flux density
damping constant
disturbance matrix
transfer function and transfer function matrix
identity matrix
integration state
current and current vector
. . 0 —1
rotational matrix, J = [1 0 }
inertia
imaginary unit, v/—1
integration gain
proportional gain
inductance and inductance matrix
active length of stator
turn distribution
number of pole pairs
d/dt
resistance
inner radius of stator
sensitivity function and sensitivity-function matrix
Park transformation matrix
electro-mechanical torque
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load torque
time
rise time
voltage
voltage and voltage vector
decoupling transfer function matrix
coenergy
state vector
impedance matrix
bandwidth
gain constant
L AL=L,— Lq
electrical rotor angle (position)
rotor magnet angle
gain constant
disturbance vector

S

[}

=2 © N ¥

gain constant

conductor-density distribution angle
flux linkage and flux linkage vector
electrical rotor speed

equals by definition

d/dt

estimated

error

e

<

e €0 ™ ¥ > < D

Subscripts

a active damping or phase a component
b phase b component

c core, current or phase ¢ component
cl closed loop

d direct-axis component

fric friction

l load

m magnet or mutual

mech mechanical

ph phase quantity

q quadrature-axis component

r rotor

S self (inductance), speed or stator

0 zero component
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Superscripts

ref reference

T transpose of matrix/vector
* equilibrium point
Abbreviations

ACM autonomous corner module
Batt. battery

BLDC brushless dc (machine)
DSP digital signal processor

det determinant

diag diagonal (matrix)

El. mach. electric machine

EMF electromotive force

EV electric vehicle

FCV fuel-cell vehicle

Gen. generator

HEV hybrid electric vehicle

ICE internal combustion engine
IGBT insulated gate bipolar transistor
IMC internal model control

IPM intelligent power module
MTPA maximum torque-per-ampere
PD phase detector

PE power electronics

PI proportional plus integral
PLL phase-locked loop

PMSM permanent-magnet synchronous machine
PWM pulse width modulation

pu per unit

ref reference

rms root mean square
Super cap. supercapacitor
Trans. transmission
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Appendix B

Adopted Per-Unit System and PMSM
Parameters

B.1 Per-Unit System

The base values of the per-unit system used in the present thesis are given in Table B.1.
The system is intended for an inverter-fed PMSM with a permanent-magnet flux linkage
¥, and a rated (rms) phase current 7,,. The dc-link voltage v, is used as base voltage.

Table B.1: Base values of the per-unit system.

Base value Definition
v
Base voltage Ubase = %
Base current Tpase =V 21,
Ubase
Base angular frequency  wyase = w—
m

B.2 PMSM Parameters

B.2.1 PMSM1

PMSMI refers to a PMSM adopting an inner-rotor design with inset-mounted magnets
and is developed for propulsion in a series-HEV. The machine is Y-connected, the maxi-
mum continuous output power is 50 kW, and the intended dc-link voltage is 320 V which
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corresponds to an electrical base speed (calculated according to Table B.1) of approxi-
mately 1780 rad/s. For further details concerning PMSM1, see [34].

Table B.2: Data for PMSMI (cold condition).

Connection

No. of pole pairs

Rated current

Stator res. (f =0 Hz)

d-axis inductance

g-axis inductance (i, =0 pu)
g-axis inductance (7, =1 pu)

Permanent-magnet flux linkage

Ym

2

160 A
7.9 m{2
0.23 mH
0.56 mH
0.42 mH
104 mWb

B.2.2 PMSM2

PMSM2 refers to an experimental in-wheel motor adopting an outer-rotor design with
surface-mounted magnets mounted directly onto the wheel rim. The PMSM has been
designed by Dr. A. Grauers, currently at Volvo Cars Corporation. If the dc-link voltage
is 400 V, the wheel radius is 0.32 m, and the longitudinal tire slip is neglected, the base
speed corresponds to a vehicle speed of approximately 105 km/h.
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Table B.3: Data for PMSM?2 (cold condition).

Connection

No. of pole pairs
Rated current

Stator res. (f =0 Hz)
d-axis inductance
g-axis inductance

Y

np
[n
RS

Ly
L

q

Permanent-magnet flux linkage ,,

8

52 A

160 mf2
2.5mH
2.9 mH
318 mWb
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