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Preface

This thesis represents an approach to single phase PM brushless DC motor
drives. In-depth characterization through finite element method, advanced
dynamical modeling and sensorless control strategies of this type of motor are
treated in this thesis.

Study motivation

The development of power electronics, digital control through digital signal
processors (DSP) and permanent magnet technology has led to a widespread use of
PM-BLDC motors in various fields of applications. This type of electrical motors is
used in a wide variety of equipment including residential applications, automobiles,
medical and healthcare equipment, drives on Personal Computers etc. An important
part of the used energy by these types of applications is represented by fractional
horsepower motors, ranging in size from a few watts up to about one horsepower.

Mass production and market competition of small electric drives demand
decrease of production costs. Meanwhile, the output characteristics have to remain
the same or even increase. It seems that in the field of small power, small starting
torque applications, the single phase PM brushless DC motor presents a growing
interest, especially in the residential and automotive industry, where it is more
efficient than rival motors. It is used in order to cut the costs of the power
electronics converter for variable speed, by reducing the number of power switches
and the number of Hall sensors.

Also, sensorless control is essential for low-cost variable speed applications
such as fans and pumps, and so, there is a growing interest in “sensorless” schemes
for single phase PM-BLDC motors, in which position information is derived by on-line
analysis of the voltages and currents in the machine windings.

Considering the above, the scope of this thesis is to give a detailed approach
on single phase PM-BLDC motor drives, through FEM based analysis and dynamical
modeling, and to bring new contributions in the sensorless control methods research
area for this type of motor.

Timisoara, octombrie 2010 Eng. Liviu Ioan Iepure

BUPT



ACKNOWLEDGEMENTS

I wish to express my gratitude to my supervisor Prof. Ion Boldea, from
University Politehnica of Timisoara, Faculty of Electrical Engineeering, whose support
and guidance made this work possible. Dr. Eng. Dorin Iles, former head of R&D
department at EBM-Papst GmbH&CO, St. Georgen, Germany, deserves my special
gratitude.

I want to thank also to Prof. Frede Blaabjerg and Prof. Remus Teodorescu, from
the Institute of Energy Technology, Aalborg University, Denmark for their support
during my reasearch period in Aalborg.

Many thanks to Prof. Gheorghe Daniel Andreescu from the Faculty of
Automation and Computers, University Politehnica of Timisoara.

I would like to express my special gratitude also to Assoc. Prof. Lucian Tutelea
for our cooperation so far. Also, I want to thank to all who contributed to my
engineering education and also to my colleagues from Intelligent Motion Control
Laboratory at Faculty of Electrical Engineering , Timisoara. Eng. Alin Stirban and
Eng. Robert Antal deserves my special gratitude.

Finally, I want to thank and express my love to my family for their priceless and
endless support offered when it was most needed.

Iepure, Ioan Liviu
Sensorless control of single phase PM brushless dc motor drives

Teze de doctorat ale UPT, Seria 6, Nr. 20, Editura Politehnica, 2010, 192
pagini, 162 figuri, 4 tabele.

ISSN:1842-7022
ISBN: 978-606-554-183-2

Keywords: brushless dc motor, permanent magnet, finite element analysis,
tapered airgap, flux estimator, sensorless control

Abstract,

A comprehensive approach by FEM analysis and experimental
measurements is done in order outline the peculiarity of single phase PM-BLDC
motor and to deliver machine parameters necessary for further simulations and
control tasks. A detailed approach of modeling a single phase PM-BLDC motor
for control purpose is presented and an advanced digital simulation model of
the motor control system is developed.

Two motion sensorless control methods for single phase permanent
magnet brushless d.c. (PM-BLDC) motor drives, based on flux estimation are
introduced. The first one is based on a prior knowledge of the PM flux/position
characteristic while the second one is based on a fictitious orthogonal flux
system. Both method are detailed, illustrated by simulation results and
validated by experiments. In order to obtain an enhanced sensorless control
system the regenerative braking is also implemented under sensorless control.
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8 Objectives and Outline of the thesis

Objectives of the thesis

The main objectives of the thesis are:

e Offer an overview of the single phase permanent magnet brushless dc
electric machines applications, topologies and control methods.

e Realize a comprehensive analysis using finite element method and outline
the peculiarities of a single phase PM brushless dc motor.

e Develop a complete simulation model for dynamical modeling of a single
phase PM brushless dc motor together with its control as close as possible to
reality.

e Find a sensorless control strategy for a single phase PM brushless dc motor
drive.

e Simulation and experimental implementation of the proposed sensorless
control methods.

¢ Implementation of an enhanced sensorless control method which to contain
the regenerative braking also.

Outline of the thesis

The thesis is organized in 8 chapters as follows:

The first chapter presents a comprehensive overview of actual and proposed
applications of single phase permanent magnet brushless dc electric machines.
Different topologies are presented and Hall based control and the sensorless control
is discussed.

In the second chapter the characterization of a single phase PM brushless dc motor
by finite element method and by laboratory measurements is presented.

The third chapter presents an accurate dynamical motor model obtained by using
the obtained parameters from FEM. A complete simulation model containing the
motor and the control is detailed.

The forth chapter introduces a sensorless control method for a single phase PM
brushless dc motor based on a real time flux estimator and a prior knowledge of PM
flux vs. position characteristic of the motor.

The fifth chapter presents a sensorless control method for a single phase PM
brushless dc motor based on a real time flux estimator and a generated orthogonal
PM flux system.

The sixth chapter describes the possibility to obtain the regenerative braking for a
single phase PM brushless dc motor and an enhanced sensorless control method
which includes the regenerative braking is presented.

In the seventh chapter the test setup used for the experimental work is presented
and in the eighth chapter contains the thesis conclusions and contributions.
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1. FRACTIONAL HORSEPOWER APPLICATIONS

1.1. Introduction

Electrical motors are used in a wide variety of equipment including
residential applications and commercial refrigerating and air conditioning (HVAC)
systems, as well as industrial processes of all sorts. Motors account for more than
50% of total electricity use in the United States [1] and it is not expected to be less
at international level. The majority of motor energy use is due to integral-
horsepower (i.e.,1 hp or greater), three-phase alternating current (AC), induction
motors which are regulated by efficiency standards. However, integral-horsepower
motors are substantially outnumbered by fractional-horsepower (less than 1 hp)
motors. These motors are produced in both single and polyphase configurations,
and are ubiquitous in commercial and residential applications from small pumps and
fans, to compressors and conveyors. In the industrial sector, estimates of the
proportion of drive energy represented by fractional-horsepower motors range from
0.5 to 1.5% [2].

According to [3], the US residential sector account for 37% of the electricity
used nationally (Fig. 1a).

Transportation
0.2% Other 10%
/ Laundry

Appliances 7%

Industrial 27%
i HWVAC 31%
ome

Residential 37%  Electronics 7%

Lighting 9% '

Water Heating Kitchen
Commercial 9% Appliances 27%

36%

Figure 1. Graphic of electricity consumption by a) sectors, b) by type of appliance

In the residential sector, heating, ventilation, air conditioning and kitchen
appliances (e.g., refrigerators and dishwashers) together account for more than half
of household electricity use (see Figure 1b) [3]. On the other hand almost three-
fifths of the motor energy use in the residential and commercial sector is by
fractional horsepower motors, ranging in size from a few watts up to about one
horsepower [4].

Other notorious applications for low power electric drives are those on
automobiles (Fig. 1.1), medical and healthcare equipment, drives on Personal
Computers etc.
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10 1. Fractional horsepower applications
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Fig. 2. Small motor drives on automobiles

Electrical appliances such as computers, printers, fax machines, copy
machines, have relatively small power, and therefore, also small electricity demand
per unit of equipment. But as their number is significantly growing, their electricity
consumption it is considerable in the total consumption of a typical office building.

The dominant motors type used in the residential sector are:

e Universal AC motors are commonly used for sporadic applications where
high speed is needed (vacuum cleaners, washing machines, drills, etc.).
Such Universal motor drives-with triac variacs — have resulted in low cost
low power drives but the presence of the mechanical commutator with all its
reliability and safety problems limits their applications and thus the trend is
to gradually reduce their market share, application by application.

e DC brush PM motor drives - with diode rectifier and single IGBT (MOSFET)
dc-dc converter - is yet another low cost low power drive still dominant in
automobile auxiliaries or in some home appliances. Again the cost is
moderately low but the reliability (maintenance) and safety of brush -
commutators seems the reason for their gradual replacement by brushless
motion drives.

e Single-phase induction motors are used for operating household appliances
like refrigerator compressors and washing machines and have been
traditionally used to drive fans and pumps of small power. Recently the
inverter control of a split phase capacitor IM for such purposes has been
thoroughly investigated while the motor efficiency was slightly improved by
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1.2. Permanent magnet synchronous motor at a glance11

using a copper cage in the rotor. The 6,4,2 leg PWM IGBT (MOSFET) voltage

source inverter have all been investigated thoroughly [6,7] with the aim of

reducing the drive costs with a split-phase capacitor IM.

The above presented motors represent low cost solutions for these low
power applications and they aren’t very efficient. Since the residential motor load is
a very large portion of the energy used in the world, it could greatly benefit from
more efficient motor drives.

1.2. Permanent magnet synchronous motor at a glance

The development of power electronics, digital control through digital signal
processors (DSP) and permanent magnet technology has led to a widespread use of
PM synchronous motors in various fields of applications.

The PMSM is a doubly excited motor where the dc supplied excitation
winding from the rotor is replaced by PMs. The usage of PM instead of cooper
winding for excitation has the following advantages comparing with the conventional
electrically excited synchronous machine:

e -higher efficiency due to eliminate copper losses in the rotor
e -elimination of slip-rings and extra DC supply voltage
e -low-volume and low-weight due to permanent magnet excitation
e -more compact construction
As main drawbacks of the PM excitation we can mention:
e -high cost of the PM
¢ -the PM may be demagnetized by excessive armature reaction, by excessive
temperatures or by excessive mechanical shock
e -additional control effort for field weakening operation [8]

Based on the wave shape of their induced emf, the PMSM are classified in
brushless ac motors (sinusoidal bemf and distributed stator winding) and brushless
dc motors (trapezoidal bemf and concentrated stator winding).

The differences between those two types of motors can be summarized in
the following:

The BLAC motor:
e -is supplied with sinusoidal currents
e -all three phases are conducting at a time
e -a smooth torque is obtained
e -it needs a higher computational effort to obtain the same control
capabilities as a high performance DC motor drive, by using the field
oriented control.
e -needs an high resolution position information
The BLDC motor:
e -is supplied with rectangular current
e -only two phases are conducting in the same time
e -torque pulsations are unavoidable due to the phase commutation
e -it approximates the operation of PM dc motor with power electronics taking
place of the brushes using a simpler control system compared with PMSM
e -low resolution position information suffices

The PMSM are a class of electrical machines with probably a greater
diversity in size, shape, geometry and configuration than any other type of
machines. [9] So, one of the best advantage of the PM machine compared to
conventional ones it that it can be constructed in many non-standard sizes and
shapes, which often compensates the higher cost.
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12 1. Fractional horsepower applications

1.3. Efficiency increasing by PM-BLDC motors

While the demand for electricity is expected to grow in the future, the
requirement for higher efficiency devices pushes industry to increasingly adopt the
PMSM both in the constant speed applications (to improve efficiency and power
factor in comparison to induction and wound-rotor synchronous motors) and in
variable speed drives. [10]

In the field of constant speed application, for line start capability, the PMSM
is designed with a squirrel-cage winding on the rotor to provide the torque from
standstill to near-synchronous speed.

The increasing interest for adjustable speed drives in recent years made the
PMSM a top competitor for a full range of motion control applications. In this type of
applications a power electronic converter and a position feedback is needed in order
to achieve stable and self starting motor operation. In literature this type of drive is
often called self synchronous PMSM.

The main advantages which have to be considered when choosing between
adjustable-speed and fixed-speed motors drives are:

-energy savings

-velocity or position control

-transients amelioration [9] [11]

The use of PM-BLDC motor in adjustable speed drives can prove its merits in
various applications. For example, in the field of air moving applications it is often
possible to reduce average energy costs by 50% or more by using adjustable-speed
drives, which eliminate the throttling or recirculation loss. The adjustable-speed
drive may be more expensive, but its capital cost can be offset against energy
savings and the reduction of maintenance requirements on mechanical components

[5].

Recirculation

Pump or

Pump or
blower

blower

Flow
control
valve

Fixed-speed Electric motor

motor Controlled flow

Main flow

Figure 3. Flow process control under: a)fixed speed, b) variable speed

Since the efficiency and power factor of induction motors falls off in small
sizes. In the fractional and low integral-horsepower range the complexity of the AC
drive is a drawback, especially when dynamic performance, high efficiency, and a
wide speed range are among the design requirements. [5]

Due to the increasing requirements for lower energy consumption, the
different types of 1 (2) speeds ac mains-supplied induction motors or DC motors are
gradually replaced by variable speed inverter fed motors, mostly of the PM-BLDC
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1.3. Efficiency increasing by PM-BLDC motors 13

type [12]. Such examples are the washing machine and the refrigerators
applications.

In a conventional washing machine, a DC or an induction motor drives the
drum via a belt and pulleys (Figure 2.a). Substituting these machines with a BLDC
motor gives also another advantage over the previous mentioned ones: by using
such a motor a direct-drive washing machine (Figure 2.b) is obtained by
suppressing of the belt, pulley and eventual brushes of the DC motor. Indeed, these
elements are the weak parts of the washing machine and are often the cause of
failures [13].

drum

transmission

pulley
DC or induction
'&\‘/ motor
belt HiGteE BLDC
a} pu“ey b) motor

Figure 4. a) Conventional washing machine; b) LG’s direct-drive washing machine

A washing-machine motor for home appliance rates usually less than one
kilowatt. The drum of the machine rotates approximately at 50 rpm during the
washing process, up to approximately 1500 rpm or higher during the drain [14].
Therefore, the direct-drive motor of the washing machine should run over a large
speed range. Figure 2 shows a direct-drive washing machine for home appliances
produced by LG [15]. The motor, directly-connected to the drum, is a 3 phase
brushless DC (BLDC) PM motor with trapezoidal back-EMF waveforms and it is
supplied with rectangular current.

Also, if we consider the residential refrigerators and freezers which can have
up to 5 motors, we would obtain great reduction in energy consumption by
introducing the PM-BLDC motor. The compressor is normally an AC single-phase
induction motor. The use of an adjustable speed PM-BLDC motor drive, would be a
great improvement over current practices in which the compressor motor runs at
full speed until the desired temperature is meet then cycles on and off between full
speed and off.

In the automotive industry due to the drawback of the used DC motor and
in the given electrical trends to develop the 42V automotive power supply systems,
will help to make brushless motors more acceptable by reducing the current levels
and therefore the size and cost of MOSFETSs required in the drive[5]. Here, PM-BLDC
motors are already used in fuel pumps, steering systems and fan controllers for air
conditioning systems and engine cooling.
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14 1. Fractional horsepower applications
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Figure 5. Engine cooling fan module [16]

Because it has the same control capabilities like a DC motor but it has the
advantage of brush removal resulting in higher reliability, lower noise and the
possibility to be used in other mediums where the dc motor wasn’t proper due to
the produced commutation sparks, PM brushless DC motors are one of the motor
types rapidly gaining popularity and are used in other fields such as Aerospace,
Medical, Industrial automation equipment and instrumentation etc.

1.4. Low-cost solutions for fractional horsepower
applications

When referring to low power electrical application, compared with the
industrial sector, it is more feasible to introduce more efficient motor drives,
because the life spans of household appliances and gadgets are generally shorter
than the life spans of large industrial machines and so there are more opportunities
to replace inefficient motors. Also, the price difference between higher efficiency
motor drives and typical motor drives is smaller at the residential level than it is at
the industrial level, but here the cost is also an important factor.

So, considering the above, a compromise between the desired performance
and the cost must be done.

As previously seen the 3 phase PM-BLDC is increasingly adopted in various
drives in the field of low power applications. Since at this level of applications the
cost if often a decisive criterion, cost minimization of the PM-BLDC motor drive is
very important. Due to the high volume nature of these applications, cost
minimization is of a great importance, not only to save materials and labor, but also
for the fact that, without such a cost minimization, many of these applications with
variable speed dives may not be realized. One place for cost reduction is the
converter and its associated controller requirement. So in order to cut the cost, the
half bridge converter, the four switch converter or the C-dump converter with n+1
switches for an n-phase machine are sometimes used [17][40].

In order to further reduce the cost, in applications which require
performances not as high as those given by the 3 phase BLDC motors, but higher
then those given by the existing ones, synchronous motors with two or one phase
are used.
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1.4. Low-cost solutions for fractional horsepower applications 15

1.4.1 Single-phase PMSM/PM-BLDC motor

Mass production and market competition of small electric drives demand
decrease of production costs. Meanwhile, the output characteristics have to remain
the same or even increase. It seems that in the field of small power, small starting
torque applications, the single phase brushless DC motor presents a growing
interest, especially in the residential and automotive industry, where it is more
efficient than rival motors [18][19]. It is used in order to cut the costs of the power
electronics converter for variable speed, by reducing the number of power switches
and the number of Hall sensors.[12]

If we restrict out the domain of interest at low power fans, blowers and
pumps, which stand out as a good part of this market of electric drives, we can use
the fact that the torque depends essentially only on speed and that in general enjoy
low torque starting conditions, to use the single phase PMSM. Consequently, their
control may be simplified to a great extent. The consequence of this action is
notably lower system costs.

1.4.1.1 Fundamentals and Theory of Operation

A single-phase brushless DC motor consists of a rotor with permanent
magnets and a stator with windings as shown in fig.6.

Deadpomt

Deadpoint — g

Tosrque

a) b)
Figure 6. Basic single phase PMSM: a) components, b) generated torque [20]

It can be seen that the rotor has two wound salient poles and the rotor is no
salient. Because of the stator construction the rotor always tends to stop in the
position below the stator’s pole because there is the minimum reluctance value
when the winding is unexcited.

In this position the electromagnetic torque is zero and this is a real problem
for starting and not only. If such a dead point, where the developed torque is zero,
exists in single-phase brushless DC motors, there is a possibility that the motor will
stop at the dead-point and be unable to start again when it carries a frictional load.
When the load is small, the rotor may be able to pass through the dead point due to
inertia.

The basic solutions for obtaining a smother torque are the increase of the
phase number or the use of space harmonic magnetic field.
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16 1. Fractional horsepower applications

An ideal theoretical solution with the role of outlining the principle behind
the use of space harmonic magnetic field, is presented in figure 7. It consist in an
additional four pole magnet coupled to the rotor, and an additional four pole magnet
coupled to the stator[20].

{CCW)

Torgue F

(CW)

I
Deadpoint

Dy dﬁul'u
Figure 7. Principle of torque dead-points elimination [20]

Torque curve A is given by the two pole magnets, curve B is represents the
produced torque by the four pole introduced magnets and curve C depicts the
resultant torque. It goes without saying, that in order to obtain the continuous curve
A, a method for phase commutation should be used.

The presented example is an ideal case of a smooth torque. For simplicity
issues, the torque produced by the two pole magnets at zero current, named
cogging torque, is not considered here.

Since this is not a practical solutions, an applied solution which exploits the
above presented principle of introducing a complementary torque component is the
usage of an parking magnet who has the role of creating a spatial shifting between
the stator and rotor magnetic axes. In this way there is a angle between the rotor
and stator fields before starting and so there is a starting torque. [12].

notch

Parking
magnets —-

Bifilar
winding

a) b)
Figure 8. Solution for self-starting capability: a) packing magnets, b) stator notch
In order to eliminate the extra cost of the parking magnet, other solutions
exploits the existence of the torque produced by the PMs at zero current. Those are

based on a modified stator shape which has the role of modifying the previous
existing cogging torque which made the rotor to align at the zero starting torque

BUPT



1.4. Low-cost solutions for fractional horsepower applications 17

position. One of these solutions is to make o notch in the stator poles, this making
the rotor to align with stator at an angle different from zero thanks to the variable
reluctance below stator’s poles.

To realize the airgap asymmetry, a salient pole PM synchronous motor can

also be designed as a self-starting motor implying a nonuniform air gap, (wider at
one end of the pole shoe than at the opposite end) by using the two solutions
presented in figure 9: an uneven (tapered) airgap or a stepped airgap [21].

a) b)
Figure 9. Solution for selfstarting capability: a) tapered-airgap, b) stepped airgap

In figure 9 the rest angle 6,is the angle between the center axis of the

stator poles and the axis of the PM rotor flux when the phase current is zero. This
motors are self-starting when, with a zero value phase current, the angle 6, +0.

Ideally the largest starting torque is achieved when the rest angle g, = £90°.

In figure 10.a it is visible that with a smooth airgap, the single-phase
excitation produces zero starting torque because the detent position is under the
stator salient poles. An exaggerated and ideal case of a modified cogging torque is
shown in figure 10.b. Here the detent position corresponds to 90 electrical degrees
where the starting torque is maximum. In practice it is hard to obtain such a large
misalignment between the stator and the rotor. An intermediate detent position
between those shown in figure 10.a and 10.b is usually achieved.
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Figure 10. Torque components for : a) smooth airgap, b) uneven airgap

If the stator and the rotor of the above presented motors are inverted an
outer rotor motor is obtained (Fig. 11). The BLDC outer motor is often used,
especially for the single phase motor in order to increase the inertia and so to

reduce the speed fluctuations which can be caused by the torque pulsations.

9D &

Figure 11. Outer rotor topologies for selfstarting: a) tapered airgap, b) notch in the stator pole
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1.4. Low-cost solutions for fractional horsepower applications 19

1.4.1.2 Interior vs. Exterior rotor

Single phase brushless DC motors can be classified, according to their

structure, as follows:

7 Outer-rotor motors

71 Inner-rotor motors

1 Special-configuration motors (axial flux motors)

The basic differences, which have to be considered in the design process,

between inner and outer rotor motors, are summarized bellow:

The outer-rotor motor has more magnetic material than the inner-rotor
device, which means it is capable of more flux when the identical materials are
used. It would be necessary to use a higher-energy-product magnet to get the
same performance from an inner-rotor motor.[22]

A SMPM motor with an outer rotor has usually a larger airgap diameter
than a SMPM motor with inner rotor having the same external diameter. The
length and thus the weight of the machine can be decreased for a machine
with an outer rotor. The outer-rotor SMPM motors approximately 15% lighter
than the motors with an inner rotor, if only the active weight is considered.

In the case of non-overlapping concentrated windings, PMSMs with outer
rotors are easier to wind.

If the rotor is internal, the centrifugal forces tend to detach the PMs and a
bandage or other protection is often necessary. However in the case of an
external rotor, the PMs are pressed on the rotor iron by the centrifugal forces,
making their detachment more improbable.[13]

TN T

argap
diameter

S~

Figure 12. Inner and outer-rotor PMSMs with same external diameter.

Also the outer motor results in shorter end turns which yields lower
inductance and less copper loss.

The inertia of the inner-rotor motor is lower because of its smaller rotor
diameter. Therefore, it accelerates more rapidly than the outer-rotor motor.

The main source of losses, the windings, is located in the stator, therefore,
in the case of an outer rotor, the cooling would be less efficient [22].
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20 1. Fractional horsepower applications

1.4.2 Single phase PMSM classification

If in the area of large drives, the motor is always chosen from one of the
classical types, the field of relatively small power applications is more spectacular
due to the variety of motor types and topologies that can be used. The interest for
the single phase PMSM is evident if we look at the research work and publications
done in this field. Different topologies of such motors are proposed for various low
cost low power applications.

With regard to the magnetic circuit, the 1 ph. PMSM can be classified as:

e Radial flux machine with : -the U shape stator core
-the round stator core

e Axial flux : disk type motors

e Transverse flux machine : the claw pole stator core

Based on the PM placement the single phase can be with:

-PM on the rotor

-PM on the stator

For low cost low power applications a class of nonclassical motors has known
an increasing development.

The U shape stator core (Fig. 13.a) has been proven inferior to the standard
round stator core in terms of weight for same performance [19]. But it is still used
due to the reduced cost and easy manufacturing of the stator [23]. Figure 13.b
illustrates the simple assembly process for this type of topology.

excitation windings 10\\ )
—— X ‘

Stator ,_|O/ \ J

PM rotor

| _~nonuniform

=
—uM air-gap

—=
excitation windings

c)
Figure 13. The U frame stator: a) the self-starting geometry with tapered airgap,
b) Component parts assembly [23]
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The C frame shape (Fig.14) is used at very low power where it proved to be
more efficient than the used shaded pole induction motor [24].

In [25] a single phase PM BLDC motor is obtained using the stator frame of
a shaded pole induction motor, with the short-circuited coil removed, and a ring PM
ferrite rotor( Fig. 15). In this case the airgap asymmetry, and so the self starting, is
given by the slot where the short-circuited coil was. In this case, the efficiency of
the obtained BLDC motor was measured to be more than four times higher than
that of the commercial shaded pole motor. This proves that using the existing
technology for producing the shaded pole IM, higher efficiency single phase motors
could be obtained with a reduced manufacture cost, compare with the shaded pole
motor, due to the simpler construction of the PM rotor.

Stator

Holas for the
sharfl bearing
support -

LT,

Figure 15 From shaded pole motor to single phase PM brushless dc motor
a) single phase shaded pole motor, b)single phase PM-BLDC motor

With regard to the axial flux motor, in [26] a single phase disc-type PM-
BLDC motor with salient-pole stator is introduced as a direct drive for a water pump
with so-called wet rotor. The stator consists of radial laminated cores and coils
wound on them. The cores are placed axially and distributed uniformly on the stator
circumference. They can be glued together by means o synthetic resin. The rotors
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22 1. Fractional horsepower applications

are placed on both sides of the stator (figure 16.a). They are steel discs with
permanent magnets glued onto their surfaces. The single-phase connection is shown

in figure 16.b.

Rotor discs

Stator

a) Magnets
\M\a{...?m{fﬂ 12
b) \Y

Figure 16. Axial flux motor: a) Structure of a single-phase disc motor, b) Single-phase
connection of coils.

In order to assure the self-starting capability, the authors propose the
solution of rearranging the position of permanent magnets on the surface of one of
the rotor discs as shown in Fig. 17.
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Fig.17 Magnet rearrangement and torque components at constant current

In [27], [28] the transverse flux construction is introduced for a single
phase spindle motor for DVD applications, respectively for a small fan application.
The single phase claw pole PM-BLDC motor is yet another solution for low cost
applications. The construction of this type of motor can be made of lamination or of
soft magnetic composite (SMC). The powder core motor will be most profitable for
the high volume low cost applications, for the motor structures that are unpractical
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1.4. Low-cost solutions for fractional horsepower applications 23

to make of conventional laminated steel. By using a single circular winding has the
advantage of low cost and ease of manufacturing [29]. The stator can be made of
three distinct parts easy to assembly (Figure 18).

The solutions for self-starting are the same presented for the radial flux
motors.
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Figure 18. a) Pancake-type spindle motor, b)Single phase claw pole PMSM [29]

In [30], a brushless doubly-salient PM machine (Fig. 19) was proposed with
the aim of combining the advantages of the SRM and the PM-BLDC motor into one
machine as an attractive solution for a low cost high speed generator. Due to its
numerous advantages such as simple construction, low inertia, high power density,
robustness, and due to the fact that is suitable for high speed application (the
permanent magnets are on the stator pole) it was proposed as a viable solution to
replace the claw pole pole alternator.
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Figure 19. Single phase flux reversal machine

Since in [30] the FRM was explored like a generator, in [31] the FRM is
proposed as a motor for a vacuum cleaner. The geometry from figure 18 had to be
modified in order for the motor to start when the winding is energized. Figure 20
illustrates the alternative topologies of FRM for self-starting [32].
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24 1. Fractional horsepower applications

Figure 20. Self-starting solutions for a flux reversal motor: a) tapered airgap, b) stepped
airgap, c) slotted teeth, d) asymmetric PM width

Another unconventional single phase PM-BLDC motor is the flux-switching
permanent magnet motor [33] [34]. Here the permanent magnets are placed in the
stator, and both the stator and the rotor have salient poles. The rotor poles have to
be asymmetric designed in order assure the starting (figure 21).

Stator coil

Asgymmetric rotor
pole surface

Figure 21. Single phase PM Flux switching motor topology
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1.4.3 Single phase PM-BLDC drive

As compared to a conventional DC brush motor, brushless DC (BLDC)
motors are DC brush motors turned inside out, so that the field is on the rotor and
the armature is on the stator. As explained before, field excitation of BLDC motor is
provided by a permanent magnet and commutation is achieved electronically
instead of using mechanical commutators and brushes. In the case of single phase
PM BLDC motor, in order to rotate, a pulsating magnetic field which interacts with
PM field need to be produced by a power electronic converter which supplies the
phase winding.

By far, the most used single phase PM-BLDC motor is the one with
nonsalient surface magnet rotor, due to its simplicity and to the strong research
background work done until now.

This motor will be considered further for a brief description of the existing
solutions for hall based control, respectively for sensorless control.

With regard to the winding configuration the single phase PM-BLDC motor
can have a unifilar winding or a bifilar winding (sometimes called two phase motor).

The bifilar winding motor consist of two semi-coils opposite wounded on
each stator pole. The obtained two phase windings are alternatively energized by
two unipolar current pulses.

Despite of their disadvantages like low winding utilization and additional
copper cost, it is still used for reducing the number of electronic components and so
the cost and the commutation losses. Also another advantage of the bifilar winding
is the easy possibility of sensorless control by sensing the emf in the nonconducting
phase.

A typical single phase PM-BLDC motor with bifilar winding is shown in figure
22. For obtaining a high magnetic coupling between the two coils, these must be
wound as figure 21.a) shows.

2-winding

b)

Figure 22. Typical single hase PM-BLDC motor with bifilar windings: a) tooth wounding, b)
electrical connections
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Figure 23. Simple commutation circuit for single phase PM-BLDC motor: a) unifilar
winding, b) bifilar winding

Figure 23.a shows a simplified electronic commutation circuit for the bifilar
winding. Each phase of a BLDC motor is energized by commutating the two
transistors in order to maintain the synchronism. Complementary switching is used
with the transistors controlling the two windings: normally each conducts for half a
cycle in any full cycle. When one switches off, the current ideally transfers
immediately to the other, but in practice the mutual coupling between the two paths
is imperfect and the resulting leakage inductance retains a fraction of the inductive
energy, which must be dissipated. There is also an overvoltage on the outgoing
transistor, which may cause avalanching if a snubber is not used [5].

To decrease the energy consumption of a single phase PM-BLDC motor, it is
greatly recommended that the motor stator be wound with a unifilar winding. Since
the unifilar-wound stator has a single-wire winding which is simpler to manufacture,
the increased reliability and reduced manufacturing cost and time are important
gained advantages.

Figure 24. Unifilar and bifilar winding single phase PM-BLDC motor waveforms
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In order to commutate this type of motor a bipolar current is now needed in
order to alternate the produced magnetic field. For this purpose a full bridge
converter as figure 23.b shows is used.

A graphical comparison for the unipolar and bipolar current electronic
converters is presented next (Figure 24). The halfwave or “unipolar” current ila
flows in one path for half a cycle; then it is switched off and the current ilb flows in
the other path. For the bipolar drive the current il is switching sign every half cycle.
Therefore, the torque generated is basically the same as with a one-phase or two-
phase motor. The torque produced by the interaction of el and il (or ila, ilb) is
shown as T1. The EMF and the current both require a finite time to change from
positive to negative, and this results in a dip in the torque waveform every half-
cycle, i.e., at twice the fundamental frequency.

If a variable speed drive is needed, the speed of the BLDC fan is efficiently
controlled by using the PWM technique. In this method, the speed is controlled by
the duty cycle of the PWM that drives the one or two winding coils in the BLDC fan
independently. In PWM controlled converter, another advantage of the full bridge
converter reveals: the efficiency can be further improved with the use of the higher
cost H-bridge switching driver maintaining the energy in the stator winding. The H-
bridge drive method also eliminates the need for snubbing inductive energy at
commutation transitions and allows for recirculation of inductive winding current to
maintain energy in the motor while PWM switching occurs. [35].

Another power electronics converter with 2 low cost thyristor power switches
was proposed in [36] for the bifilar winding motor(Fig. 25). It uses a single IGBT
buck dc.-dc. converter to shape (control) the stator phase current and two low cost
thyristors just to turn on and off at fundamental frequency the two bifilar windings
of the stator phase. The bifilar winding provides for elimination of the level shifting
in the thyristors control circuit and because the winding is off for half a period it
may be used for e.m.f. estimation and this for motion-sensorless control. The side
effect is the reduction of motor efficiency.
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Figure 25. The chopper current inverter drive for single phase (bifilar winding) PMSM
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1.4.4 Single phase PM-BLDC motor sensorless control

The current in the windings of a brushless permanent-magnet (PM) machine
must be synchronized to the instantaneous position of the rotor in order to produce
constant torque as the one shown in figure 24. Therefore, it is important to know
the rotor position in order to understand which transistor has to be commutated.
The most common method of sensing in a BLDC motor is using hall-effect position
sensors.

The Hall sensor is, as all components, a cost added, but especially because
there is a need to be mounted rather accurately to provide good feedback to
commutate at the right moment. Also other advantages like less wire, more
compact drive and the possibility to be used in hostile environments, including
temperature, must be mentioned.

The three phase BLDC motors have for a long time been controlled in
sensorless mode, eliminating the need for Hall sensors. Because sensorless control
is essential for low-cost variable speed applications such as fans and pumps, there is
a growing interest in “sensorless” schemes for single phase PM-BLDC motors also, in
which position information is derived by on-line analysis of the voltages and currents
in the machine windings.

Figure 26 illustrates simplified sensorless control diagram where the outlined
position estimation block is used instead of the Hall sensor.

torque
demand| current power A :
control electronic o) machine
+ commutation converter
* current feedback
position
feedback position

estimation

Figure 26. Simplified sensorless control diagram

Two main sensorless control methods for single phase PM-BLDC motor were
proposed until now.

In [36], [37], [38] a sensorless control solution for the motor with bifilar
winding is proposed. The method is based on the bemf sensing in the nonconducting
winding. The difference is that in [36] the current control is done by the dc-dc
converter, while in the other the current control is done by the two transistors that
are also used for phase commutation. A resistance divider may be used to measure
the voltage of the nonconducting coil, Voff .

The PM flux ‘PPM is thus given by equation 1:

¥, = J-Voff' ~dt =¥, -cos6, (1)
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To control the machine with e.m.f. in phase with current it means to turn on
(off) the phase when ‘{’PM is maximum or when e.m.f. is zero. So, when the e.m.f.

(Vofr) is zero the phase coils are turned on and off. For trapezoidal current control,
only zero crossing of the e.m.f. in the off stator coils with amplitude control by the
current regulator suffice.

At very low speeds the e.m.f. signal is not available and thus a selfstarting
sequence is required.

In [39] a sensorless control based on the winding time-sharing method for a
unifilar winding single phase PM-BLDC motor is applied for a small fan. It consist in
a method of bemf sensing combined with the current commutation pulse control
(figure 27). During the time interval of half electrical period, first the winding is
energized for torque production and then the supply voltage is made zero and after
a time interval needed for current decay the back emf is measured. Off course,
there is the possibility to measure the bemf before or after the zero crossing.
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Figure 27. The ideal waveforms of e(t),u(t) and i(t) for winding time-sharing method
sensorless control

Since the cost of microcontrollers has decreased, and many BLDC motors
applications start using microcontrollers in their products, a class of intelligent
variable speed control BLDC motor control system can become widely used even for
low power applications. Considering the above, it seems more and more convenient
to include also the sensorless control feature.

Since both of the above mentioned sensorless control methods have their
drawbacks like high torque pulsations and no possibility to reduce them by current
shaping, the estimator based sensorless control can be used in order to obtain a
better performance
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1.5 Conclusions

The field of fractional horsepower applications presents an important part
from total energy consume over the world. The literature overview was done and it
rendered that, in spite of their small power, the mass production of fractional
horsepower motors (which usually have not a very high efficiency) makes them a
not negligible at all energy consumers.

The main motor types that currently apply on low power applications ware
reviewed and their drawbacks were outlined.

A short overview over the PM synchronous motor is done and the
advantages given by the introduction of such motors in variable speed drives and
not only are presented and illustrated by literature examples.

The single phase PM brushless dc motor is an important candidate for low
cost applications. A simplified theoretical approach of this type of motor is presented
and an overview over the main low cost single phase PM motors topologies is done
further.

The power electronics converter topologies and their control for torque
production are presented and then the main sensorless control methods, existing in
the literature, for a single phase PM BLDC motor were pointed out.
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2. SINGLE PHASE PM-BLDC MOTOR:IN-DEPTH
CHARACTERIZATION BY FEM ANALYSIS AND
EXPERIMENTS

Abstract

For accurately solving original problems containing partial differential
equations or integral equations an effective computer program based on the finite
element method (FEM) is a useful tool. For the electromagnetic design of electrical
machines the finite element analysis can be considered to be a well-established
design method. Due to the various nonclassical motor topologies design that
applies in low power applications the FEM analysis is a necesary step due to the
existing difficulties in finding a unified analytical approach.

In this chapter, a detailed electromagnetic analysis is done and parameters
such as phase inductance, back emf, cogging torque and total torque with respect to
rotor position are obtained by Finite Element Method (FEM). To verify this analysis,
the obtained parameters are compared with experimental measurements.

The comprehensive approach by FEM analysis and experimental
measurements has the scope to deliver machine parameters necessary for further
simulations and control tasks.

Also, the FEM software can become a necessary tool in the process of
designing a sensorless drive for low power applications, from the electromagnetic
design to the final sensorless drive, given the strong connection between the motor
design, power electronic converter and the adopted sensorless control. It can be
used for mass production drives where it could lead to an overall cost decrease, or
even for customized applications where the FEM analysis is a very good tool for an
in-depth understanding of the machine behavior.

2.1 Introduction

Finite element analysis, in general, provides more accurate results than the
analytical magnetic equivalent circuit approach because it considers a large number
of flux paths compared to the magnetic equivalent circuit method.

By using the FEM any PM motors of any geometry and materials can be
analysed with no need to analyticaly calculate reluctances, leakage factors or the
operating point on the recoil line. But to understand and use FEM software tools
efficiently the user must have the fundamental knowledge of electromagnetic field
theory [1].

A four pole single phase BLDC motor with PM outer rotor, and salient stator
poles with concentrated windings is chosen for FEM analysis and then for sensorless
control implementation.

As presented in Chapter 1, one of the peculiarities of single phase PMSM is
the fact that it requires a solution for self starting in order to eliminate the dead
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34 2. In-depth characterization by FEM analysis and experiments

points where the net torque is zero and thus the motor is unable to start. Some
solutions are presented in [2].

For the analyzed motor the adopted solution is the tapered airgap which
creates a variable reluctance under each pole that introduces a reluctance torque
component which assists the interaction torque and results in a net unidirectional
total torque, irrespective of rotor position. Also, using this solution for selfstarting
will result in a smoother cogging torque waveform than other common structures
[2].

Fig. 1 illustrates the described geometry

Figure 1 Analyzed BLDC motor geometry

Table 1 contains the main motor geometrical dimensions.

TABLE I

Motor Dimensions
Stator diameter 35 mm
Stator axial length 10mm
PM thickness 3mm
Exterior rotor diameter 40mm
Rotor axial lenght 17mm
Maximum air gap value 1 mm
Minimum air gap value 0.4 mm
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2.2 - FE analysis 35

2.2 FE analysis

The software used to realize electromagnetic finite element analysis is FEMM
4.2. It consist in a suite of programs which helps solving electromagnetic problems
on two-dimensional planar and axisymmetrical domains.

The first step in preparing the FEA is to develop the machine model to
accurately reflect the analysed real machine in terms of geometry, materials,
magnet properties, and electrical current in the stator slots. Once the geometry is
precisely defined, it is meshed as shown in Fig. 2 to permit the integration
calculations of the elements.

Figure 2 presents a 2D cross section of the motor geometry with materials
and circuits definition and Dirichlet’'s defined boundary condition. This conditions
implies that the nodes at the boundary are constrained with a fixed potential value,
usually zero. This means that there is no leakage flux beyond the analysis area.

Whenever a mesh is generated, it is important to consider the requirements
of the different regions. A fine mesh in the regions around the airgap is required:

e The part of the rotor nearest to the airgap (including the magnet).

e The stator teeth

e The airgap: A fine mesh in and around the airgap will produce higher accuracy on
the force and torque computation.

The automatic mesh generator usually produces an adequate mesh in
terms of quality, accuracy and size. However it is better to adjust and control the
density of the mesh with a specific mesh generator.
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Figure 2. FE model with materials and circuit definition
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36 2. In-depth characterization by FEM analysis and experiments

For an accurate analysis of electromagnetic field, a mesh containing 30215
nodes was elaborated in order to have at least 4 layers under the stator pole region
where the airgap is minim.

In the presented two dimensional model shown in Figure 2, the winded coil
is modeled as two separated rectangles, and current density is applied as opposite
directions.

2.2.1 Materials selection

With regard to the material selection, for PM materials, barium and
strontium ferrites are broadly used in fractional horsepower motors. Ferrite magnets
are widely used, even though they have low remanence, coercivity, and power
product due to the following aspects:

-very cheap compared to rare-earth material magnets and Alnico,

-ferrite magnets are electrically non conducting so eddy current losses are therefore
much less of a problem in ferrites, and this is the fundamental reason why they are
used in higher frequency applications

- are easy to manipulate and are easy to magnetize; is popular for use in complex
shapes because is composed of fine particles made from iron oxide, Fe203, with
barium (Br) or Strontium (Sr

- not affected by corrosion

- ferrite magnets are less dependent on the change of temperature[1][3]

The magnet has a practically linear demagnetization curve with a low
remanence and coercitive force.

The main disadvantage is that using this type of magnet it result in higher
motor volume and weight.

The choice of magnetic material depends on the physical properties of
material, the application conditions, the price but also on the required shape,
magnetization and dimensions.

In order to maintain the low cost, ferrite magnets with remanent flux
density of 0.24 T and the recoil permeability off 1.06 are used for the FEM
characterized motor. Figure 3 shows the demagnetization characteristc of the used
ferrite.

AB
B,=024T

slope u; =1.06

» 1H

Figure 3. Demagnetization characteristic of the PM
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Figure 4. B-H magnetization curve of the used soft magnetic materials

The rotor and stator yoke, which are typically made of steel, are modeled with a
nonlinear magnetization curve. For the soft magnetic materials, the M800-50A
laminated steel is used for the stator and DCO04 solid steel for the rotor and their
magnetization curve is illustrated in figure 4.

2.2.2 Field distribution

The accurate knowledge of the magnetic field distribution is very important
for predicting motor's parameters such as cogging torque, back emf and self
inductance.

The magnet shape has always been recognized as an important factor, but
the magnetization direction of the motor is equally important. The variation of the
magnetization within a magnet is being considered and analyzed in [4]-[6]. In all
these analytical approaches the tangential component of magnetization was
neglected and the authors concentrated only on radial component.

In practice, the tangential component of magnetization is almost unavoidable [7]
and has to be taken into account in the design process.

In [8] both the radial and tangential components of magnetization are
considered in the analysis of the PM field within a 3 phase brushless dc. motor. The
effect of the magnetization orientation in single phase PMSMs is referred to in [2]
and [9].

The relation between field vectors B and H in a permanent magnet is given in (1):

B = poprH + 1M (1)
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38 2. In-depth characterization by FEM analysis and experiments

For linear demagnetization characteristic of PM, the amplitude of magnetization
vector M is:

M==r (2)

and its orientation depends on the amplitudes of radial and tangential components,
in polar coordinates:

M=M,-F+My-6 (3)

In this chapter, in the finite element characterization of the presented
geometry the influence of the magnetization direction at pole transition was noticed.

First ideal radial magnetization was considered but, since both the cogging
torque and bemf were affected by the magnetization direction, a closer to reality
magnetization pattern was found by using the trial and error method. By repetitive
comparisons between the measured and the finite element computed cogging
torque, the magnetization direction was changed in the FEM model. Figure 5
presents the actual magnetization from FEM.

Figure 5. FE model with actual magnetization orientation
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The four magnets were divided in 40 equal pieces. The difference from the
ideal radial magnetization is that at the ends of each magnet a tangential
component for the magnetization vector was inserted.

Since obtaining the correct value of flux density and magnetic field remains
an important issue for designing an electric machine which is hardly acomplished by
analytical means, the field distribution at no load and under load is the first step in a
FE analysis and is important for checking the saturation of flux density in each part
of the machine.

First a comparison between the ideal radial magnetization and the practical
determined magnetization pattern is done with regard to the field distribution and
flux density map at no load.

Figure 6 and 7 presents the field distribution and the saturation level for the
ideal radial magnetization at no load while figure 8 and 9 illustrates the same things
for the modified magnetization pattern.

The difference in the field distribution is noticed at the region where the
permanent magnet is changing the polarity.

Figure 6. Field distribution for ideal radial magnetization (no load)
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Figure 7. Flux density for ideal radial magnetization (no load)

Figure 8. Field distribution for the aligned rotor position (no load) considering the tangential
component in the magnetization pattern
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Figure 9. Flux density distribution for the aligned rotor position (no load) considering the
tangential component in the magnetization pattern

Figure 10 illustrates the effect of this change on flux density distribution
under the rotor’s poles.
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Figure 10. Airgap PM flux density distribution under two stator poles for: a) radial
magnetization, b) modified magnetization pattern

It will be shown in the next section how this small difference can influence
the cogging torque shape.
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To show how the position of the rotor with respect to the stator influences
the magnetic flux density distribution in the motor, the field distribution and
saturation level were computed for two rotor positions for both no load and 2A load
contitions and are presented in parallel. The considered positions are the detent
position and the 90 electrical degrees displacement position.

The considered magnetization is the one presented in figure 3, which gives
the better corespondence between calculated and measured parameters, as will be
shown in the next sections.
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Figure 12. Flux density at detent position (no load)
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Figure 13. Flux density at detent position (2A load)

Figure 14. Field distribution at 90 el degrees (no load) and Field distribution at 90 el dregree
(load 2 A)
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Figure 15. Flux density at 90 el degree (no load )
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Figure 16. Flux density at 90 el degree (load )
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2.3 No load flux linkage and BEMF

To go deeper into the analysis and prediction of the motor constant, more
must be known about the exact shape of the back EMF, which depends on the flux
distribution. The real bemf is unlikely to be a pure rectangular shape as it is ussualy
used in motor modelling.

There are many factors that influence the shape of the back EMF, such as
magnet geometry, spacing, fringe effects, steel geometry and materials properties.
For the special case of single phase motor, in [10],[11] it was shown by FE results
how the bemf is affected by the asymmetric stator structure. Also, in [12], for the
motor with tapered airgap, as the one used here, it was proved that the larger the
gmax/gmin is the more different then a rectangular shape the bemf is.

The no load flux linkage versus mechanical rotor position is presented in
figure 17.

8.00E-03
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0.00E+00

¢
-2.00E-03

No load flux linkage [Wh]

-4.00E-03

-6.00E-03

-8.00E-03

position [mech degrees]
Figure 17. No load flux linkage vs position

The no load flux linkage is determined based on eq ( ):

‘P:Z-p-NC-J'SB-ds (4)

which based on planer symmetry it is redused to a line integral in the used
software:

W =2-p N, Lgyer[B-dl (5)
I
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Where N_- number of turna per coil, p- number of pole pairs, ¥ - flux density,
Lsack - the axial length of the motor.

The bemf shape is important for knowing the type of supplied current in
order to obtain low torque ripple.

Based on machine voltage equation (6), we obtain the back emf voltage for
zero current in the coils.

U-r.i+9ED g (6)
dt

The back emf voltage is calculated by using the finite element method to
calculate the magnetic flux linkage in the stator phase coils at zero current. The
waveform of the back emf can be obtained from the time derivative of the so
obtained flux linkage waveform.

The back emf relation is:

2 -0 (8)
¥ =ng-Ng-Opy = E:—nS-NC~w-AqA)'ZM (9)
where ng-number of slots and N -number of coils / pole
The variation of flux is obtained with
A D -Djg (10)
AO 6 —6_1
So we denote kg by:
ke = s -Ne - —q;:__l;l)-izgl/180 (11)
>E=ke o (12)

The FEM calculated and measured bemf coefficient, k., variation with

position is shown in Fig. 18.
Figure 18 also illustrates how the modified magnetization pattern affects the
bemf waveform.
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Figure 18. Bemf shape vs. position

2.4 Phase inductance

The inductance is computed using (13), by setting a constant value in the
winding and evaluating the flux linkage. For the inductance computation by FEM, the
PM residual flux density is replaced with 0 and we keep the recoil permeability to
1.06 P.U. The inductance is calculated as ratio of the flux and current.
g
i

L=— (13)

where ¥ - flux linkage , and i- phase current.

The obtained inductance value from FEM using the described method is
L=0.54 [mH] and it is constant with rotor angle due to no salient rotor poles.

Due to the fact that the PMs affect the electromagnetic field distribution and
the flux linkage, the inductance variation with rotor position is also computed by
using finite element method which takes this phenomenon into consideration.
Setting a constant current value in the winding and moving the rotor in successive
positions from 0 to 180 degrees with an increment of 1 degree, the inductance is
calculated using equation (14). The flux linkage produced only by the currents is
obtained by substracting the no load flux linkage from the measured flux with load.

BUPT



48 2. In-depth characterization by FEM analysis and experiments

L:(‘Dtot;q’PM)_z_p.N (14)

where ®¢,; -the flux produced by both the current in the winding and by the
permanent magnets; ®py - magnetic flux produced by PM at zero current value;

Figure 19 shows the obtained inductance versus position from FEM
calculation. Although the maximum value corresponds with the one obtained from
the frozen permeability method, a slight inductance variation with rotor angle is
noticed here. This variation can be explained as a slightly saturation effect in the
aligned position, caused by the corroboration of permanent magnet and excitation
fields.
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Figure 19. Self inductance versus rotor position

2.5 Cogging torque and total torque analysis

The cogging torque is a particularity of PM motors and is a very challenging
problem. Cogging torque is produced by the interaction between the permanent
magnets of the rotor and the stator slots at no load [13].

In most brushless permanent magnet motors, this torque is undesirable
because it causes additional losses, vibrations and torque oscillations. Comparing
with the case of three phase PMSM where torque ripple minimization is an important
issue in the motor design, in the field of single phase PMSM another point of view
over this torque has to be considered. On the contrary, here the existence of the
cogging torque (also called detent torque) for self-starting is an essential
characteristic.
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The cogging torque is used to assure the starting position of the rotor in
which the axis of symmetry of the rotor and the stator magnetic field do not
overlap. In this position there is a space shift between the rotor and the stator field
which generates torque when current flows through windings.

Here cogging torque cannot always be minimized, it has to be small and in
the same time it has to be strong enough to assure the rotor parking in the detent
position. In fact the ideal shape of the cogging torque should be as the one given in
figure 20.
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Figure 20. Ideal cogging torque waveform

Considering that the medium value of cogging torque over an eigen period is zero,
the shape from figure 10 has sense if we consider the characteristic dead points in
the excitation torque which have to be eliminated. So we would like a high as
possible positive value and a small and smooth negative value for the cogging
torque.

There has been a great research work done regarding the cogging torque in
single phase PM motors. In [14]-[16] the impact of different stator pole shapes over
the torque was reported. Also, in [17] the improvements of the motor
characteristics in cogging torque and torque ripple are proved by the finite element
analysis and experimental results for a novel air gap topology which combines the
equal and unequal airgaps instead of using only unequal airgaps for all stator poles.
The influence of the different solutions for selfstarting on cogging torque, bemf and
total torque for a FRM are also reported in [18].

Considering the given interest, we can say that cogging torque is a very
challenging problem and a proper calculation is needed for further advanced control
tasks.

Although, some analytical approaches to calculate cogging torque are
referred to in [19], [20], and the flux-MMF diagram technique is proposed in [10],
the more accurate and easy to obtain information is delivered by FEM.

The FEM based computation of cogging torque can be done several ways.
The virtual work method [21] and Maxwell stress tensor [4], [22] are the most
popular. Also [5] reports a method based on stored energy.

Here, in order to ensure accurate predictions, the cogging torque has been
calculated by both Maxwell stress integration and from the rate of change of co-
energy.
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A short description of the two methods and methodology to apply those is
presented in the following paragraphs.

2.5.1 Maxwell stress tensor method

The Maxwell stress tensor method is using the local flux density distribution
along a specific integration contour. Using the definition of Maxwell stress tensor,
the electromagnetic torque can be determined using equation:

T:~J'si»r»Bn~Bt»ds (15)
Ho

Based on planar symmetry the use equation in 2D FEA is :

T Lsza(;)ck _§/,. By, By -d (16)

where Lgiack is the axial motor length, r the distance from the rotation axis to
the integration path , B, and By, the normal and tangential components of
magnetic density and g the air permeability.

The accuracy of the results obtained by the Maxwell stress method strongly
depends on the model discretization and on the selection of the integration line or
contour [1]. The air-gap region requires very careful meshing by using several
levels of elements. In order to avoid this drawback an improved Maxwell stress
tensor volume integral option available in FEMM software it is used. For this method
no special consideration are required, in getting good force or torque results, as
opposed to the Stress tensor line integral. Although results tend to be more
accurate with finer meshing around the region upon which the force or torque is to
be computed[23].

To obtain the cogging torque by using this method is relatively simple and it supose
to move the rotor in succesive positions and to compute the Maxwell stress volume
integral. No post processing calculation is necessary.

2.5.2 Virtual work method

The virtual work method is based on the principle of conservation of energy
or coenergy and the principle of virtual displacement. The magnetic energy and the
coenergy are defined in equation (17,18):

W:J.V(J‘c?-l-dB)dV (17)

W':IV(I()%~dH)-dV (18)
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2.5 Cogging torque and total torque analysis 51

The torque is calculated as the derivative of the stored energy W with
respect to a small position displacement at constant flux linkage ® or as the
derivative of the stored coenergy W’ with respect to a small position displacement at
constant current i.

ow' (i, 9) ow(¥y, 0)
T= 0 li = const= T Iy = const (19)

Where W, W', ¥ and i are the magnetic energy, coenergy, flux linkage and current,
respectively[1].

Here, the torque is calculated using the total magnetic coenergy W’ of the
system when its rotor part is physically displaced. This method is chosen because
the constant current condition is more easy to accomplish than the flux linkage
constant condition.

To do this the system coenergy is calculated by FEM solver for different
displacements of the rotor, keeping the current constant, and then the equation
(20) is evaluated using a finite difference approximation.

W' (i, 0) AW!

T 20 |i = const= BN (20)

The problem with the finite difference approach is that the most suitable
value for angular displacement has to be found using trial and error procedure. If
A6 is too small, rounding-off errors in AW' may appear, because the values of the
volume integral of the co-energy are close in two adjacent rotor positions. If A@ is
too large, a less accurate torque information is obtained. Also, when calculating the
torque versus position using finite differences the obtained waveform is affected by
noise.

To avoid those drawbacks, a curve fitting approach is used to aproximate
the coenergy variation with rotor position. It is easier to obtain the torque when
applying eq 19 to the obtained analytical function W'=f( ).

As we can notice, this method has the drawback that it requires a laborious
post processing work for obtaining accurate results.

2.5.3 Cogging torque FEM results

Figure 21 shows the numerical results for two periods of cogging torque
waveform, by using both the above presented metods for the case of an ideal radial
magnetization. It can be noticed that the differences between the obtained results
by using both methods were negligible.

The cogging torque period is calculated as:

3600m8(_‘h ~ 3600m8(_‘h 360 _ 900mech

T - - - 21
cogg LCM(Np,Ng) ~ LCM(4,4) 4 (21)
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Figure 21. Cogging torque vs. Position (ideal radial magnetization)
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Figure 22. Cogging torque vs. Position (modified magnetization pattern)

The obtained shape for the cogging torque, for a considered ideal radial
magnetization has a gap at the aproximatively 90 mechanical degrees. Because this
shape is undesireble, the reason of this gap was searched by using a small
parametric variations of the stator geometry around the given CAD motor drawings.
By comparing also with the experimental results, the cause was mainly determined
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to be the magnetization pattern which is slightly different from the ideal radial
magnetization, as shown in figure 5.

The obtained cogging torque waveform after considering the modified
magnetization pattern is illustrated in figure 21. Again, a good corespondence
between the two obtained waveforms, by using both calculation methods, is visible.

Due to this good agreement between the Maxwell stress tensor and Virtual
work methods, only the first one will be used further due to its reduced labor and
calculation time.

Figure 23 shows the influence of the magnetization patern over the cogging
torque shape.

7

\ \ |
1=radial magnetization _9

6 -

= = gctual magnetization

(s]
|

Cogging torque [MNm]

position[mm]
Figure 23. Calculated cogging torque vs rotor position

Since the cogging torque is caused by the airgap magnetic reluctance
variation with rotor position it is necessary to mention that the FE analysis was done
for an airgap variation given by the max/min airgap equal to 1mm/0.4 mm.

2.6 Electromagnetic torque

The electromagnetic torque appears as the result of the interaction between
rotor and stator magnetic fields. Since the distribution of rotor magnetic field and
the stator current are both functions of rotor angle, the developed torque will also
vary with the relative position between the stator and rotor magnetic fields.

To calculate the produced resultant torque T by the single phase PMSM,
using FEM analysis, a constant current value is set in the windings and the same
procedure as the one used for cogging torque evaluation applies.

The obtained torque can be written as in equation 22 with respect to the
cogging torque and excitation torque components.

T =Texc + Tcogg (22)
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Texc = Ke i (23)

Figure 24 illustrates the torque components over an electrical period for a
constant current of 1 A in the phase winding. The electromagnetic torque produced
only by excitation Tpy, is obtained using equation (22).

It can be noticed that the excitation torque has the same shape as the
bemf, as expected from equation (23).

Also, the torque distorsions caused by the cogging torque in the resultant
torque are visible.

12

—cogging torque
—total torque
— excitation torque |

Torque [mNm]

-12

position [mech degrees]
Figure 24. Torque components obtained from FEM at al A constant current value

The cogging torque essential role in removing the dead points from the
excitation torque can be noticed in figure 25. Here positive and then negative curent
values are supplied and the developed torque is evaluated for succesive rotor
positions using the maxwell stress tensor method.

The cogging torque components develops an aproximatively 5mNm which
complements the excitation torque at the position where the latter becomes zero
(aprox. 90 degrees).
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12

Torque [mMNm]

position [mech degrees]
Figure 25. Torque components at positive and negative 1A current value

2.7 Starting torque and torque pulsations analysis

The starting torque represents one of the basic problems of single phase
PM-BLDC motors. As presented in Chapter 1 there is no starting torque in case of
symmetrical airgap geometry. For the tapered airgap, a modified cogging torque is
the intentional result of the stator asymmetry which drives the unexcited motor
to a position at which sufficient electromagnetic torque is developed to start
the motor when it is energized.

Since the torque vary with rotor angle, for a proper and onest determination
of the starting torque the starting position must be specified. For the starting torque
analysis done here, the starting position is considered the detent position (Tcogg=0)
at no load. For this case, in order that the cogging torque to be able to put the rotor
in the starting position, the load torque should heavily depend on speed.

For this case, it can be easily seen from figure 24 and equation (22) that the
starting torque is the developed torque by the excitation current (Texc). Because
the excitation torque also varies with position it is obvios that the starting torque
will also be dependent on the same factors that influences the cogging torque.

Furter, for an easy understanding of the starting torque evaluation
procedure, the stability analysis of the positions where Tcogg=0 is necessary.

For a symmetryc airgap, the positions were the cogging torque is zero
corresponds to the positions where the magnet is aligned with the stator pole,
respectively at the halfway between two stator poles. When the magnet is aligned
with the poles, any small disturbance will cause the magnet to restore in the same
position, this is the stable position with Tcogg=0. Contrary, when the magnet is
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halfway between the stator poles, any small disturbance will cause the rotor to
move and to leave this position. For uneven airgap those zero cogging torque
positions differ and a graphical analysis is done.

In figure 26, considering the point A, if a small disturbance moves the rotor
to the right, a negative torque is developed which brings it back. If a small
disturbance moves the rotor to the left a positive torque will bring it back to the
right. This is the stable position. If we consider the point B, if a small disturabance
moves the rotor to the right, a positive torque will cause the rotor to move to the
right, if a small disturbance moves the rotor to the left a negative torque will drags
it to the left.

The rest position in the cogging torque waveform is defined by :

Teogg =0 (24)

daT,

—€099 .o (25)
do

The starting torque is extracted from figure 26, considering the above
defined detent position. It is visible that the starting torque depends on the current.
For the 1A the smaller pulastions are obtainded in the torque enveolpe because the
way that cogging torque complements the excitation torque. At higher current
values the gap in the produced torque becomes greater, but ussualy it is not sensed
due to the high inertia of the rotor.
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E 20
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o 15 -
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(=]
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5 [
]
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(r 20 40 60 80 100 120 140 160 180

-5

position [degrees]
Figure 26. Detent position and Starting torque explicative drawing
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Figure 27. Starting torque for different currents

2.8 Experimental measurements

To verify the FE analysis, measurements were performed and parameters
obtained by both methods were compared.

2.8.1 BEMF coefficient validation

The BEMF coefficient Ke was measured by driving the motor as a generator
at a fixed small speed and the BEMF was measured using dedicated test equipment
and the Labview software from NI.

Figure 28 shows a comparison between the FEM based and the measured
BEMF waveforms.

Acceptable agreement is visible while the rather differences may be attributed to:

- inexact knowledge of axial PM flux contribution, only approximated here
because 2D FEM was used,

- to airgap mechanical tolerances

- the real motor has small differences in the geometry and in the materials
properties in comparison with the FE model

- to inexact knowledge of PM magnetization pattern.

- some inaccuracy of the geometry of the real motor

- numerical errors in FE analysis
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Figure 28. Bemf shape vs. position

2.8.2 Inductance validation

The inductance variation with rotor position was measured using an RLC
bridge. The rotor was positioned in succesive positions using a dedicated mechanical
device. Figure 29 shows a comparison between the measured and calculated
inductance variation with position.
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2 | l__ | o
< 020 j —|— —|—
| | |
o0 t+—————— - “+t—————— +———-
000 | | |
0 50 100 150

position [degrees]
Figure 29. Calculated and measured inductance
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The difference between the two waveforms may be explained by the fact
that the calculated inductance from FEM considered all the flux useful without
considering the end winding leakage inductance.

Phase Resistance calculation and measurement
The winding resistance is analytically determined based on (26).

Ie - N¢

Awire

R=pco_20- (26)

where /- - medium length of one coil turn, Ng - total turns, A, -wire cross section

area.
Table 2 contains the computed and measured resistance values.

TABLE II
Resistance value
Computed resistance value Measured resistance value
0.23 Q 0.27Q

2.8.3 Static torque measurements

In order to validate the computed torque waveforms, torque measurements
were done under the same conditions. The tested motor was driven at a constant
very low speed (7 rpm) by a speed controlled drive. The torque was measured with
a torque sensor, while for synchronization of the torque information with rotor
position an incremental encoder was used.

7
6 —measured
5 | S calculated
E 4-
=
Esq
S
T2
1
4]
2
50 ; i ; i i ;
2 40 60 100 140 160 180
o
-2 4
-3 4

position [degrees]
Figure 30. Cogging torque vs. position

Figure 30 shows the rotor angle dependence for both the measured and

calculated cogging torque. The differences between those two shapes may be again
explained by the fact that we didn't measure the actual magnetization curve and
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pattern of the PMs and by the differences between the real and assumed airgap
along rotor periphery.

For the total electromagnetic torque the same procedure was used, but now
the motor winding was fed with constant value dc current. Figure 31 presents a
comparison between the measured and calculated by FEM total electromagnetic
torque.
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a) position [degrees]

—measured torque at 1A
—measured torque at -1A
—H—calculated torque at 1A
-»—calculated torque at -1A

Torque [mNm]
o

b) position [degrees]
Figure 31. Torque vs. Position at : a) 0.5 A, b)1A

A good corespondence between the FEM and measured torque waveforms is
visible, especially at 1 A. The torque tends to become smoother with current
increase.

2.8.4 Starting torque validation

For self starting capability the detent position should correspond to an
enough electromagnetic torque in order to overcome the load torque. Here, in the
case of a fan, blower type load, this is represented only by machanical friction. The
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experimentaly determined starting torque is extracted from the measured static
characteristics of torque/position as figure 32 shows.
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Figure 32. Detent position and Starting torque explicative drawing
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Figure 33. FEM vs. Measured starting torque for 0.5 A and 1A

Figure 33 presents a comparison between the obtained starting torque
values by FEM and test measurements. Only the starting torque values for 0.5 A and
1 A are compared due to the technical limitation of the test equipment.

2.8.5 Dynamic torque measurement

The analyzed motor so far was also tested as driven with current
commutated based on the Hall sensor signal and a PWM technique using the dSpace
1104 equipment.

The motor was driven in close loop current control with the reference set at
2A and it was loaded using a dedicated test rig with a load device based on eddy
currents principle.
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Figure 34 shows the measured current and torque waveforms at 110 rpm
and 220 rpm. At this relatively low speed the torquemeter was still able to measure
the torque pulsations. The torque rated frequency oscillations are mainly due to the
single phase character of torque interactions while the lower frequency torque
oscillations are due to mechanical coupling with the motor driven in speed open loop
control mode.

[mNm] [A]

20

[mNm] [A]

b)
Figure 34. Torque and current at a) 110 rpm; b) 220 rpm

The torque obtained on dSpace platform is in good correspondence with the
one measured with dc. current. For a rectangular bipolar current of 2A the torque
pulsations are rather acceptable, approximately 50% of maximum value. Besides
the current switching torque pulsations, figure 34 show some smaller high frequency
pulsations due to the PWM commutation. At higher speeds, dynamical effects cause
the measured electromagnetic torque to deviate from the static torque because the
torquemeter inertia did not allow us to measure the torque pulsations (figure 35).

2.9 Conclusions

Since the identification of actual parameters in a system is essential in
designing a high performance motor drive system, an objective of this chapter was
the introduction of a 2D FE analysis approach as a preliminary mothodology for
characterization of single phase PM-BLDC motrs.

FEA-based simulations have been performed to compute the main
parameters of a single phase PM-BLDC motor.
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An overview of the existing research work on single phase PM-BLDC motor
design and FEM analysis was done. It was concluded that the motor parameters
which are further needed for modelling and control purposes, are strongly affected
by stator and rotor geometry. Finite element magnetostatic solvers can include
these effects, resulting a more accurate estimate of the motor bemf and excitation
torque constant, phase inductance, cogging torque and flux linkage. This
parameters are very important aspect when a simulation model as close as possible
to reality is desired.

The importance of mesh generation, materials selection and field distribution
was also outlined.

A detailed approach by FEM on flux linkage, BEMF constant and phase
inductance was presented and the obtained results were illustrated.

An in-depth analysis of the cogging torque, electromagnetic torque and starting
torque was done in order to predict the selfstarting capability and torque pulsations. For
this, FEA-based simulations have been used to compute the torque waveforms of a PM
brushless dc motor under different excitations from 0 A to rated current.

In order to validate the obtained parameters from FEM calculation, test
measurements have been done. All the above parameters were also measured
under static tests and the obtained results were campared with the measured ones.
Althouh there were some differences, the results from FE analysis were in close
agreement with the experimental ones.

Also dynamic torque measurements with close loop torque control have
been done in order to acomplish the experimental part.

When determining motor parameters, in detail, the need to have a good
knowledge of real magnetization direction for the ferrite permanent magnet ring was
demonstrated. Here, a closer to reality magnetization pattern was determined by
comparing the FEM obtained and the test measured BEMF and cogging torque. So,.
A closer to reality magnetization, with a tangential component at the transition
between poles was considered.

It was concluded that the correct prediction of single phase PMSM parameters
is influenced by the corroboration of the geometry and magnetization direction.
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3. MOTOR DYNAMICAL MODELING AND
CONTROL

Abstract

In this chapter a detai led approach of modeling a si ngle phase PM-BLD C
motor for co ntrol purpose i s presented. Fi rst, an accurate digi tal motor model is
developed b y usi ng the previ ous FE M bas ed obt ained charac teristics. Then, the
digital PM-BLDC motor model is validated by simulations under hysteresis current
control.

An overview of the speed closed loop control possibilities is presented and a
short description of the used power converter topology is done. Important aspects
as s ampling fr equency, s witching f requency, so ft s witching o r h ard switching
commutation methods are referred to for b oth si mulation and practi cal
implementation purposes.

Considering the above m entioned i mportant aspects, an advanced di gital
simulation model of the motor control system is developed. This digital model allows
to accurately model the machine and also permits an in depth simulation of the
control. The di gital control simulation is as cl ose as possible to the real hardware
implementation on dSpace platform.

Also, in spite of the fact that it is not the primary objective of this chapter, a
short des cription of the Hall based c ontrol for a si ngle phase PM-BLD C motoris
done. The possibility to obtain the speed and a hi gh resolution position information
from the Hall sensor signal is e xplored. T his information will be further used for
validating the proposed sensorless control.

3.1. Introduction

A well defined mathematical model of an el ectrical motor i s an i mportant
part in the d evelopment process of a performant motor control drive, sensored or
sensorless.

Usually ideal bemf, ex citation torq ue, coggi ng torque an d constan t
inductance a re u sed in  modeling t he ma chine. Co nsequently, t he mo tor d rive
control system simulation is usually carried out in system simulators, like SIMULINK,
using very simple analytical models for electrical machines, which does not always
give the accurate results.

For more accuracy the FE time stepping analysis coupled with circuit model
[1]-[9], electronic converter [10] -[12] and control model [13]-[16], is increasingly
studied, the prove being the numerous paper re lated to this field. Although there is
a great i nterest in coupling the fi nite element anal ysis with circuit simul ation and
eventually with closed loop control, this method has a reduce d popul arity due to
some drawback like:

o Long computation time
o Need of knowledge about the coupling mechanism is required
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o Implementing a feedbac k | oop i nto the ti me-stepping anal ysis i s a rather
complex task. It i s necessary to synch ronize the ti me steps with the control
system, which, in turn, controls the switching components of the converter
[17].

o The commercial FEM software wi th possibilities of coupling the field analysis
with circuit model a nd closed lo op control are not always s uitable due to
unaffordable li cense fees and confi dential com putational a Igorithms and
program code.

) The control systems, on the othe r hand, are no wadays bas ed on com plex
estimators and feedback | oops. For simulation, itisa laborious work to
implement those in a FE based software, and the use of a software tool like
Simulink, with a lot of dedicated features for control purposes is usually more
advantageous.

This chapter proposes the simulation of electrical machines, external circuits
and control systems, by usi ngani ntermediate sol ution betweent he above
presented ones. This avoids the di sadvantages of the coupling solution and gi ves
more accurate results then a simple dynamical model.

Since t he identification o f a ctual p arameters in a s ystem is e ssential in
designing a high performance control ler, this chapter will concentrate in modeling
the motor behavior using the FEM det ermined and experimentally vali dated
parameters, as functi ons of rotor posi  tion, from chapter 2. Thi s way, the
particularities given by stator geometry, airgap asymmetry and local saturation are
taken into consideration. Similar a pproaches to mo tor modeling are addressed in
[18]- [22]. For the machine modeling, the Laplace transformation is applied and the
Matlab/Simulink software package is used.

3.2. Single phase PM-BLDC motor: mathematical
model

A brushless dc motor ca n be consi dered a dc mo tor turned i nside out, so
that the field is on the rotor and the armature is on the stator.

The el ectromagnetic torque, Tem, i s linearly proportional to t he armature
current, while the back-emf in a BLDC motor is linearly proportional to the rotational
speed of the shaft.

In order to have a proper opera tion of the motor, it is necessary to
synchronize the phase cur rent with the phase back-emf. Since the PM-bl dc motor
has a trapezoidal back e mf, for maximum torque/ current a square wave currenti s
supplied to t he stator wi ndings. By keepi ng the square top of the current aligned
with the square top of the back EMF, the obtained torque is optimum. To control the
machine with EMF in phase with the current it means to switch the current through
the stator phase when the magneti ¢ flux is maxim or when the EMF is zero. This is
achieved by the use of a Hall position sensor which detects the position of the rotor
field, and hence the position o f the roto r shaft, or by mea ns of a sensorl ess
observer.

So, considering the a bove, a brushl ess dc mo tor is actual ly a permanent
magnet ac motor whose torque-current characteristics are similar with those of the
dc motor. Instead of co mmutating the armature current usi ng brushes, el ectronic
commutation is used.

BUPT



3.2. Single phase PM-BLDC motor: mathematical model 67

Based on this si militude with DC motor, the machi ne equations are si mple
and similar with those of a dc motor.

The si ngle phase P MBLDC motor ¢ an therefore be re presented by the
equivalent circuit shown in Fig. 2.

e(t)

R L
— MA—IYYY (B

Motor

v(t)

Figure 1. Equivalent circuit for stator winding

The di fferential equati ons used for de scribing the dynami c behavi or of a
single phase BLDC motor are further used for creating the machine model.

The voltage equation for the equivalent circuit from figure 1 is:

di(t)
dt

v(t)=R-i(t)+L(i,Ber) +e(t) (1)

where v(t) is the phase voltage input, R, L are the phase resistance respectively the
phase i nductance and e( t) is the BEMF. The BEMF i s proportional with the phase
current through ke(6r) :

e(t) = ke(Ber) - wr(t) (2)
Ber(t) = [ p-wr(t)-at (3)

In the above equations, 6g/(t) is the el ectrical angle and ,(t) is the rotati onal
speed, p- number of pol e pairs, while kg(6gr) is the instantaneous emf funct ion

dependent of angular position.
The motion equation is:

T(t) = J.%w.w(thnm (4)

Where J - t he inertia moment, B- viscous fri ctional coefficient, T,(t)- load torque
and T(t) is the total developed electromagnetic torque gi ven as the sum of the
cogging torque Tcog(t) and excitation torqueTg(t) (eq.5).
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68 3. Motor dynamical modeling and control

T(t) =Te(t) +Tcog(Ber) (5)

Te(t) = ke(Ber) - i(t) (6)

Ineq. ( 1)-(6), the parameters i nductance, bem f and tor que coeffi cient
ke(6or) and coggi ng torque component are expl icitly written as functi ons of rotor

position. The i nductance term  L(/,6er) will al so be r educed onl y to posi tion
dependence ) (6o due to the fact that, after a FE ana lysis, the inductance doesn’t

modify when motor supplied with current values in the range of 0-4 A.

In spite of its simple construction the single phase BLDC motor control is not
an easy task. The devel oped motor model will be further used f or the dev elopment
of sensorless control methods. The sensorless control strategies are first explored by
digital si mulations and onl y then va lidated by experi ments. For thi s, an accurate
motor model is needed.

Making use of the La place transform ation the motor dynami cal model in
operational domain is built in figure 2.

Figure 2. Block diagram of the single phase PM-BLDC motor

3.3. Single phase PM-BLDC motor control system

3.3.1 Closed loop speed control

There are many different implementations methods for a si ngle phase PM-
BLDC motor control, from a simple commutation method of a fixed voltage using a
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3.3. Single phase PM-BLDC motor control system 69

Hall sensor to drive the fixed speed motor, to more complex speed control methods.
This implies the modifying of the supply voltage by means of P WM or hysteresis
control, combined with phase advance commutation angle at high speed. [22]-[24]

To control the speed, a speed controller may directly determine the duty
cycle of a pulse width modulator (PWM), Fig. 3, or a cascaded control with an outer
speed and an inner current control loop may be employed.

Speed
controller

Duty —T1
* cycle . T2
) Commutation ——P
_>Q_>|: | Commaton |yl PWM [ )

T4 g,
® ?9

Figure 3. Speed control with PWM

When the phase vol tage i s controll ed to regul ate the s peed, the current
response is delayed by the electrical time constant T=L/R of the motor. To obtain a
better current (torque) response ti me, ani nner cl osed | oop current co ntrol is
employed here. The performance of the outer speed loop is dependent on how tight
the current is regulated. Also, another adva ntage of current r egulation is the fact
that reduces the sensi tivity to non-li nearities like dead-time effect, fri ction, power
switch voltage drop or disturbances like BEMF.

To control the current, a hysteresis controller can be used (figure 5). In the
hysteresis-type current regul ator, the po wer transi stors are s witched off and on
according to whether the current i s greater or | ess than a reference current. The
error is used directly to control the states of the power transistors.

The advantages of the hysteresis controller are fast transi ent response and
simple implementation.

Speed Current
controller controller

* , T2
© I Commutation [—=»
= Lo —> g T p

- ——
0] I ?9

Figure 4. Speed control with hysteresis current control

Since the suppl y vol tage is fi xed, the hysteresi s control ler works at hi gh
variable cho pping frequency to mai ntain the current between desired |imits. The
hysteresis control quality decreases as the chopping frequency decreases.

The PI controller is another vi able solution for cur rent control loop, and i ts
priciple of operation consist in minimizing the error between the reference and the
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measured current by prescribing a duty cycle to the PWM block. This type of current
controller will be used f urther i n the current co ntrol loop for thei mplemented
sensorless control.

Speed Current
controller controller

Duty T
* * cycle T2

0| I Commutation
(> () > oo PWM [

T4

3

\4

0} I ?9

Figure 5. Speed control with inner PI current controller

3.3.2 Power electronic converter

To achieve variable speed a full bridge single phase PWM power electronic
converter, as shown in figure 3, is used.

+
T ]
T1 o—|@§ T3 o{@&
’ 1ph.
Vdc Cf = PM-BLDC
motor

N

\J

Figure 6. The full PWM converter drive for single phase PM-BLDC motor

This type of electronic converter is often used to increase the power density
by fully utilizing the copper wi nding. This way the phase winding is conducting 180
for both negative and positive current cycles.

The mai n co mponents of a VSI are the four tran sistor swi tches and the
antiparallel diodes across each switch. Diodes are needed to allow for an alternative
path when the power swi tches are turned off in order to mai  ntain the current
continuity.

Also, the presented H-bri dge converter has the advantage of maki ng
possible bidirectional power flow operation.
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3.3. Single phase PM-BLDC motor control system 71

Different method to control a H-bridge converter are possible [25]-[27]. The
hard choppi ng (fast dec ay) and the so ft choppi ng (sl ow decay) are the most
popular.

Hard chopping means that T1, T4, respecti vely T2, T3 swi tches are dri ven
by the sam e chopping signal. This way the applied voltage at the motor terminals
will be +Vdc and -Vdc (figure 5a).

If soft switching is applied only the upper or the lower switches are driven
by the chopping signal while the other are left on for half a period. The values of the
applied voltage are Vdc, 0, -Vdc (Figure 5b).

The soft swi tching method has the advantage that creates less current
ripple, lower swi tching losses and noi se than the hard choppi ng method, buti t
needs four independent control signals.

3.4. Matlab-Simulink simulation model

In order to vali date the el ectrical motor model and toi nvestigate the
proposed s ensorless control sol utions, a Matl ab-Simulink mo del for the control
system was developed.

Both the hysteresis and the PI current controll ers were implemented in the
simulation model. First t he h ysteresis c urrent control is e mployed in the in ner
current loop with the scope of validating the motor model under ideal rectangular
current, and then an advanced simulation model containing a PI current controller is
developed for further control purposes.

3.4.1 Single phase PM-BLDC motor model validation by
hysteresis current control

The implemented digital simulation model is presented in figure 7.

. P efacence speed _ el position | ®_position _
Reference speed P Voltage il 1
speed Pspeed ! !
Voltage | Current | P_current |
current P current I
P Tload >
position P position speed
. Control Block Measurements

PM-BLDC model

speed P|u|2' »-K-

Figure 7. Single phase PM-BLDC motor simulated system overview

The hysteres is current control was m ainly implemented f or vali dating the
machine model . In thi s case, for th e correctnes s of the si mulation, the overal |
simulation is working at 1 us sampling time, while the control block from figure 7 is
running at 10 us in order to obtain acceptable current ripple.
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72 3. Motor dynamical modeling and control

The PM-BLDC model block from figure 7 contai ns the machi ne model from
figure 2, whil e the contr ol bl ock con sist on an outer speed ¢ ontrol | oop with an
inner hystersis current control loop.

For simplicity the H-bridge converter is considered ideal and is modeled to
have a v oltage o utput of + Vdc o r - Vdc w hen h ard s witching is c onsidered,
respectively -Vdc, 0, +Vdc when soft switching is considered.

Figure 8 il lustrates the co ntrol block containing the PI speed co ntroller and
the hysteresis current controller for both hard switching and soft switching cases.

reference speed

+1
b
-1 Voltage

Vde

Pl speed controller

Hystersis
controller
current
speed sign
pm to rad /s 1 carrent
Cao g
position L—
Phase Commutation
a)
+1
m=
i
0
S Hystersis
E controller
reference speed Voltage
Pl speed controller Vde
| ©
current H
speed sign 411 1
rpm to rad/s 1 -
Hystersis Switch
] controller 1
4 > . <_H
position L

Phase Commutation

b)

Figure 8. Control block content when Hysteresis current control is used: a)hard switching
modeling, b) soft switching modeling

The control bl ock from fi gure 8 generates the output vol tageandi s
supplying a quasisquare current waveform whose magnitude is proportional with the
electromagnetic torque by using either a two level or a three level PWM control.

Further some simulation results with both hysteresis and PI cu rrent control
are presented.

Figure 9 illustrates the supplied voltage and current to the motor model for
both hard swi tching an d soft swi tching implementation. The reduce d curren t
pulsations in the soft switching method are visible.
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L s L . i s s
S Taz P = = P 52 Tz B G 5008 EHE

a) by
Figure 9 Supplied voltage and phase current during acceleration for: a) hard switching, b) soft
switching

As mentioned before, hi gher current ri pple is produced i n the case of hard
switching. Since the qual ity of the hysteresi s controller is limited by the s ampling
time( figure 10), in order to have a cleaner image, without to much noise, over the
produced torque, for the set sampling time of 20us, only the results obtained with
soft switching method are presented.

N e e M
.| = =

24 trtun [l

o E SV

2 7 b)
Figure 10 Phase current and developed torque with hysteresis current control and hard
switching, using : a) sampling time ts=20us, b)sampling time ts=10 us

Figure 11 s hows some dynamical s imulation resul ts gi ven in order to
validate the motor model . First a transi ent from 0 to 4000 rp m is illustrated. The
current is limited from control to 4A during transients. In the torque profile the safe
starting is visible, and more, the torque envelope is almost always greater than zero
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with small exceptions during transients. Due to current contro |, the obtai ned total
torque T(t) r esembles the measured s tatic torque (measured i n chapter 2) and as
shown startup is relatively smooth.

sreleied [rEai]

Figure 11 Simulation starting from zero to 4000 rpm with hysteresys current control

In order to c onfirm the quali ty of the motor model a zoom vi ew over the
starting region is presented in figure 12. The starting position is obtained from FE
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software by anal yzing t he coggi ng torque profi leandi t was set as thei nitial
integration condition in the speed integrator from PM-BLDC motor model (figure 2).

By supplying with the proper current the developed torque is always positive.

The obtained results at 4 000 r pm, re spectively at 600 0 rpm s teady state

condition are presented in figures 13, 14.

pasiian

cagging forque [mMm)]

[

n

Tital farqua [miim]

=]
o

L5 1 | 1 | 1

0.05 ot 0.15 a2 0.25
Figure 12 Detailed starting process: from top to bottom electrical position, cogging torque,
BEMF, phase current and total torque
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n
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Figure 13 Simulation results at 4000 rpm steady state
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i

Gogging farqua miim]
I | 1 1

Tital farqua [mMm)]
Q25 I 1 T ¥ T =
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Figure 14 Simulation results at 6000 rpm steady state

The obtained torque from figure 12 is with its minim value at 0, meaning
that at this speed (6000 rpm) a small current delay is already present, making the
current not to be in phase with the BEMF, and so the optimum torque/current is not
obtained. This can be easy i mproved by i mplying a small co mmutation a dvance
angle. The result is presented in figure 15.
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i i i i
53 230

Figure 15. Torque improvement by usiﬁé con;{mutafibn p|;1"a-15e a-(-:i-vancé-angl-e

From figures 13, 14 a good corres pondence with the FEM c alculated and
then measured torque i s noti ced wh ich confirms the accuracy of the propos ed
model.

The hyster esis controll er has b etter performances when i mplemented i n
analog scheme and th e current can be easily ke pt in the hysteresi s band. When
implemented i n digital form it is af fected by th e fixed sampling ti me[28]. For a
digital implementation of the hysteresis controller the sampling time should be small
enough to give good results.

Since high switching frequency and so hi gh sampling frequency are needed
for implementing the hysteresis current control, thus gi ving a | ong simulation time
and higher timing restrictions in a di gital practical implementation, only the speed
closed | oop control w ith i nner PI current control ler will be further used for the
implementation of the proposed sensorless control strategies.

The anal og hysteresis controll er is also not consi dered because it i mplies
extra ci rcuits and the phase vol tage i s mandato ry to be measured when state
observers are used for sensorless control purposes.

The hysteresis current controll er was chosen for si ngle phase B LDC motor
model validation due to its simple (not laborious design) implementation.
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3.4.2 Advanced Simulink/ PSIM digital simulation control
system model

In order to test and val idate a sens orless control method for the si ngle
phase PM-BLDC motor, an in-depth simulation study is necesary.

A simulation model w hich gives a more insight over the inverter and the
power devices gate signals logic, and all ows a very cl ose to reali ty si mulation by
running different parts of control model at di fferent sampling times was dev eloped
and implemented here. In this model the control partisimplemented basically in
the same wa y, at the same sampl ing frequency, as i n the real time dSpace rapi d
prototyping system used for experiments.

For a close as possible to reality simulation of the control system, and then
for an easy experi mental i mplementation on the dSpace pro totyping system, the
simulation model was buid using the Simulink-Matlab and the PSIM softwares. Thi s
simulation model i s ba sed on coupli ng the Si mulink and P SIM software andi s
constructed as follows:

-the inverter and the electrical part of the motor model are si mulated in
PSIM software at a sampling frequency of 1lus.

-the control structure and the mec hanical part of the mot or model are
simulated in Simulink. This subsystem i s running at 100us as in the real dSpace
platform.

Figure 16 shows the overall simulation model

\ m—|—>refenance speed DC_A upper >
] Reference speed
i _l—bspeed DC_A lower »
[Cspeed >—, duty cycle Inl
Switch [CEurent ==—mcurrent DC_B_uppet »
Sensorless 01
Flag _,—Dpositmn OC B lower >
=I Control Block _ _.ianEEE
[ postiar>—», ontrolEloc Commutation logic
Switch 1 SimCoupler_RA

Inverter model

speed

&l position
currenl voltage position Estimated_position

b Tload R BEWE currem speed = estimated_speed ‘

Pi-BLDC mechanical part model State observer Weasurements

Figure 16. Overall simulated system

The control block from figure 16 contains an outer speed control loop and an
inner current control loop, both implemented using PI controllers. The possibility to
apply this closed | oop control using the esti mated speed, res pectively position can
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be al so observed. The es timated speed an d position are obtai ned from the Stat e
observer block, by cal culations means using the a pplied voltage and phase current
informations.

The connection signals between the two si mulation software a re the duty

cycle, the phase current and the BEMF. The control block is executed once at 100us
and the obta ined duty cy cle is send t o the PSIM where the ¢ omparison with the
triangular signal is done. The obtained phase current is linked back to the Simuli nk
model w here it is used for torque calculation in the motor model and for control
purpose. The cal culated BEMF si gnal in Simulink is linked to the PSIM where i t is
used as a voltage control signal for a voltage source (Figure 17).
Figure 16 illustrates the PSIM implemented H-bridge and the P WM pulse generator.
The PWM pulses for each transistor are | eft independent so that the comm utation
logic to be handl ed from the S imulink with regard to the menti oned slow and f ast
decay commutation techniques.

@_{ @_{@ BEMF

R L
C)Vdc ¢ c A\M M ala'a"al il
* = + |
curren = ‘

(:}_;,7+
— 1)

@ DC_A_upper =
Simulation @ ¥ o fT

time DC_B_upper =

le-6

© o)

DC_A_lower =
® o)

DC_B_lower d

Carrier

" signal
10 kHz

Figure 17. H-bridge converter simulation model

Since the considered load here is a blower or a fa n, high dynamics are not
needed and so, the soft swi tching (slow de cay) PWM method is applied. Figure 18
shows the commutation logic block content.
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Figure 18. Soft switching block diagram

Only the upper transi stors are comm utated with the switching frequ ency,
while the lower ones are commutated with the synchronous frequency.

3.4.2.1 Speed and torque closed loop control

Closed | oop speed contro | with inner current control is employed here by
using two PI control lers. A referenc e current (t orque) i s set by the PI speed
controller based on s peed error. To obtain the desi red current an i nner current
control loop is used (Figure 19).

The current control loop empl oys a PI  controller, which has the
purpose to minimize the current err or. The current error i s fed to the PI current
controller and the reference duty cycle is obtained. The duty cycle is applied to the
power electronics switches using the PWM technique. In PWM control the motoris
turned on and off at a hi gh rate. The s witching frequency is fixed but the length of
duty cycle depends on the current error.

-
Ll Y

Fl speed controller

L4

(1

reference speed

O— oD

duty cycle

Yy
=

Pl current controller

current

sign
mmto radist current
@ o]
position I—

Phase Commutation

Figure 19. Speed and torque closed loop control overview
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Pl current controller design

Fast and acc urate control of phas e-winding currentis possible only if the
available supply voltage from the dc | ink is substantially greater than the BEMF, so
that a surplus voltage is available to force current changes.

To design the PI current controller, first the zero -pole cancellation method
was used. To simplify the analysis, the BEMF in the phase of the motor is neglected
and so the motor can be approximated as a RL circuit.

By writing equation (1) in operational domain, the transfer fun ction of a fi rst order
low pass filter is obtained, eq. (7):

1 K

Hp(s) = = 7
P(S)= 53R Te-S+1 )
1 L
K==; Te =—

R' € R

where K and 7z, are the gain and electrical time constant of the motor.

A PI controller with the transfer function given by (8) is used for a simplified
tuning procedure.

1))
- S

1
Hpr(s) = kp(1+ki2) = kp(1+

ie
iy O Hog(s) O Ho(s) |

Ti

Figure 20. Current closed loop control

The closed | oop transfer function of the current control loop (figure 20) is
given by equation (9):

K Tis+1 k

Hpr(s) - Hp(s) P s ) resii
Hei(s) = = _ (9)
1+ Hps(s)-Hp(s) 1+kp(TlS+1 k

Tis Te-S+1

The i ntegrator constant i s chosen to el iminate the system hi ghest ti me
constant: Tj = ze. Thus a 1 ** order system i s obtained for the cl osed loop current

control, given by the transfer function from equation (10):

BUPT



3.4. Matlab-Simulink simulation model 83

kpk
Tis 1 1 1
Heu(s) =—4— = = = (10)
1+M is+1 Es+1 Tcrs +1

For the o btained first order system th e rise time t, from 10% to 90% and
the bandwidth b= 1/ 7, are related as given by equation (11):

1t
=—=—"T_~045.t, (11
TcL b -9 r (11)

In order to increase the bandwidth of the current control loop, only the rise time
tr should be chosen and then the kp can be determined from:

TR L
kp =1 =2- = (12)

TcL TCL

In di gital implementation the sampl ing and s witching fre quencies has to be
considered when choosing the current closed loop time constant. In [28] the closed
loop bandwidth is recommended to be sel ected at least 10 ti mes smaller then the
sampling frequency.

2.m-fg>10-b (13)

For the modeled motor with the electrical time constant 7z, = 2,2ms and for a chosen

closed | oop time constant 7 =2-Tpwm (Tpwm = Tg ) the ob tained PI coefficients
are:

k,-:i:;;450 (14)
T, 0.0022
-3
kp= L _ 0.6 10 6;3(15)
2:-Tpwm 2-100-10

For validation of current controller, the step response is presented in figure
21. The s peed loop is disabled and a 1A reference currenti s set. The cal culated
torque from the motor m odel is fed back as load torque, which translates in zero
speed and so the externally blocked rotor situation is simulated.
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Figure 21. Current loop step response

In spi te of its mechani cal construction si mplicity, the si ngle phase bl dc
motor imposes a few control problems. One is that the rotor position dependence of
the BEMF impacts on the current control loop performance. Even at steady state the
back EMF varies and is acting always as a disturbance.

In order to overcome this drawback, a BEMF compensation has to be added,
or the PI co ntroller has to be faster and i ts tuni ng has to be done based on
parameters like rise time , settling time and overshoot, consi dering the closed |oop
system a second order system

Back-EMF compensation

Figure 22 illustrates the di screte time i mplementation of t he PI current
controller with BEMF compensation.

500«
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. Discrete-Time "‘"‘ == L
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current Y
error P BEMF
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Ke : :
speed »2*pif60
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Figure 22. PI current controller with BEMF compensation
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The sco pe of the BEMF compensa tion is to assure a better curren t
regulation. F or compensa tion the FE M based or the measur ed BEMF wa veform
dependence with position can be us ed. This is added to the o utput of the current
controller resulting in smaller variations current controller output because the BEMF
compensation term ai m to assure the zero value for the current duri ng any
conditions. For BEMF compensati on the posi tion and speedi nformationi s also
needed.

The PI current control ler contains al so a saturati on block which li mits the
duty cycle output to 1 i n order for the compari son with the triangular carrier signal
from PSIM to give correct resulting pulses. Thi s limitation causes the i ntegral part
of PI controller to accumul ate error, which will cause current overshoot because the
integral part of the controller is still high when the current error becomes small. To
avoid this, an anti windup back calculation is also used.

Figure 23 sh ows the curr ent at 4000 rpm for both the si tuations with and
without BEM F compensation. It is obvious that th e usage of BEMF compensation
helps the PI control ler and the above design made by negl ecting the BEMF can be
applied.
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Figure 23. Simulation results for PI current (torque) control at a steady state speed of 4000
rpm: a) without BEMF compensation, b) with BEMF compensation

From figure 22 the improvement in the obtained torque waveform is visible.
With the BE MF compensation also a current spike is noticed at each commutati on
point. This is caused by the introduced delay by inverter and by the fact that current
controller is not quick enough, being limited by the switching frequency. Also it must
be outlined that this is a medium current value, while the real current with the own
switching pulsations visible is presented in figure 24.
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3.4.2.2 Simulation results

A few si mulations resul ts for cl osed | oop control based on measured position and
speed from t he machine model are i llustrated further in order to demonstr ate the
digital ﬁimulation control system model accuracy.
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Figure 24. Simulation results from PSIM at 1us sampling period: from top to bottom, gate
signals, phase voltage and phase current.
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As mentioned before, the electrical part of the motor model and the inverter
are running at 1us sampling time, which allows us to have a better i mage over the
system behavior. Figure 24 shows th e transistors gate si gnals, the applied voltage
and the phase current obtai ned from PSIM obtai ned from si mulation for a steady
state speed of 4000 rpm.

The high frequency current pulsation can be observed here due to the small
sampling time. As in the experimental hardware implementation on dSpace test rig,
this current i s sampl ed in the conne cted S imulink model with 100 us. Figure 25
illustrates a compari son between the cal culated phase current from PSIM and the
received current by the control block from Simulink. The detailed image shows how
the input current in the control is sampled and hold at every PWM period.
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Figure 25. Phase current sample and hold

Further, a transient from 0 to 4000 rpm and then to 6000 rpm i s illustrated
(figure 26) and the obt ained si mulation resul ts for the two steady stat e speed
values are p resented in figures 27 and 28. Due to the above presente d sampling
procedure of the current f rom PSIM at the input of the Si mulink control block, the
torque pulsations produced by PWM s witching frequency are not vi sible anymore in
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the simulation results. The same situation will be encountered when working on the
dSpace platform.

As in the ca se of hyster esis current controller, the torque is again al most
always positive, due to the accurate current control loop. It can be observed the the
current, and so the developed torque is limited at the value of 4A.

From figures 27, 28 i t can be noti ced that the o ptimum torque i s obtained
due to the fact that the current is well regulated to be in phase wit the back EMF. At
6000 rpm, this condition was accompli shed by i mposing an advanced commutati on
angle of 10 electrical degrees.
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Figure 26. Digital simulation results for a speed step from 0 to 4000 rpm and then to 6000
rpm: a) speed, b) torque, c) phase current
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3.5. Speed and position calculation from Hall
sensor signal

In a practi cal implementation of a single phase PM-BLDC motor speed
control usua Ily one Ha Il sensori s used for current commutati on inorderto
synchronize the BEMF and the phase c urrent. If closed loop control is desired then
the speed must be obtai ned from the Hall signal. In th is case, the speed will be
controlled by means of an outer s peed loop that generates a speed error from the
difference between the reference speed and the s peed measured from Hall position
sensor outputs using a PI regulator.

In order to test first a st ate obs erver for sensorl ess control purpose, the
controlled motor must be run based on measured signals (speed, position).

Also, in ord er to vali date a sensorl ess control, usually a h igh resol ution
position sensor is used.

In thi s section, conti nuous position information is obtai ned from the Hall
sensor via a signal processing technique. In literature such a solution is presented in
[25] for a 3 phase sinusoidal brushless drive. Improved sol utions which allow also
the starting of the motor with sinusoidal current are referred in [26], [27].

Here the cal culated position from the Hall sensor is needed only as witness
information in order to vali date the proposed s ensorless drive, but it also can of fer
an intermediate cost solution between encoder based and Hal | based control when
higher performance is needed wi thout compromising the cost. Since this isn't the
main topic of thi s thesis, only a si mple signal processing method, based on zero
order cal culation al gorithm, is applied here. If th is sol ution is chosen for control,
then the motor should be started based on Hall signal commutation fronts and then
switch to the calculated position based control.

Basically the method consists in calculating the speed and then t he position
is calculated using as inputs the Hall signal and measured speed. Fig.29 shows the
block diagram of speed and position computation based on Hall signal.

P Hall_sensor
rotor_position[el_deg]
- P Hall_sensor  speed [rpm] 1™ speed [rpm]

position _estimator
speed _measurement > rotor_speed }

Figure 29. Speed and position computation block diagram

The sp eed calculation is done usi ng theti me di fference between tw o
consecutive Hall signal edges using equation .

n we 60 60
- d ; :_e/._:— 16
We/ At[ra /sl wr b 2n 2.p.At[rpm] (16)
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where 4t = k - T¢ represents the time interval between two c onsecutive edges given

as a sum of sampl ing peri ods Tg,wr,we are the ro
respectively the electrical pulsation.

ifful==1)

@ »u-=uz Pu
else

Hall_sensor Detect ™

Change

if{}
speed_rpm|
P time_in ‘

time

Speed calculation
1based on eq. 16
else {}
time_in time|

T=T*1/z+h i
a

z

Unit Delay

tor mechani cal speed,

> 1
speed [rpm]

’-M
» Merge

Merge

Figure 30. Speed calculation based on Hall signal edges.

Assuming a constant speed betw een th is edge s the posi tion i s f urther
determined by integrating the calculated speed. The continuous position is corrected
at every detected edge signal with the standard known position 6y corresponding to

0 and n radians. Starting from the ti me moment ¢, when a Hall edge is detected

the position is further obtained by integrating the measured speed (eq. 17).

t
o(t) = J'tk Wey(t) - dt + 6 (17)

Figure 31. Detail on position calculation.

Figure 31 show the rel ation between the BEMF, H all signal and the rotor

position. It can be o bserved the way that the posi tion is corrected on the

encountered edge of Hall  si gnal, as mentioned above.

condition the position is much better as will be seen.

For the real time implementation, the peculiarity of this method is that the
integrator should be reset with proper initial condition on every edge of Hall signal in
order to update the posi tion information and to mentai n the synchroni zation with
the real rotor position. From figure 32 it can be observed that the digital inegrator is

The case of a  speed
modification was chosen in order to make the correction visible. Under steady state
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reset at ever y change det ected in the Hall signal with different ini tial conditions if
increasing or decreasing edge was detected.

20 > K-
speed [rpm]
rpm_m2rad/s_el »
KTs =
> uU~=U2z > > {0
Detect z-1 rotor_position [el_deg]
[ ) . Change > %
Hall_sensor Discrete-Time
> U> Uiz > Integrator
Detect
Increase
pi >
0 Ll
Multiport
Switch

Figure 32. Position computation based on Hall signal edges
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Figure 32. Simulation result during starting: a) real and calculated position, b) hall signal

The position extraction from Hall signal can be cl early seen du ring starting
(figure 32), when low resolution speed information is obtained and so the position is
not accurate. From figure 33.b a large position error can be noticed during starting.

This method of obtaining the speed has its limitation given especially by the
low resolution of speed under starti ng and by the quantization errors caused by the
limited sam pling ti me. The corro boration of these two as  pects produces | ess
accurate i nformation, w hich has to be consi dered when c omparing with the
estimated quantities for sensorless control purpose. Figure 32 illustrates by digital
simulation th e difference between the mo del speed and the Hall based cal culated
speed. In figure 32.a the above mentioned limitations are illustrated.
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Figure 33. Simulation results for Hall based calculated : a) speed, b) position error

3.6 Conclusions

This chapter deal s wi th the devel opment of a detai led di gital si mulation
environment for a si ngle phase PM-BLDC motor d rive system. The pur pose of this
chapter was to build a simple and accurate digital model, as close as possible to the
real motor drive, for further control purposes.

First a methodology to accurately model the motor in Simulink environment
using the FE M obtained characteristics (cogging torque, back EMF, i nductance, and
starting posi tion) was pr esented and the model was vali dated under rect angular
hysteresis current control . The benefi ts obtai ned by such a methodol ogy are the
ease of model construction and simulation.

Important a spects | ike sampl ing and swi tching frequenc y li mitation,
simulation t ime, power electronic commutati on mode, practi cal i mplementation
constraints like the need of additional external circuits for measuring the voltage are
considered and the PI current controller was nominated to be used further in both,
simulation an practical implementation of motor control system.

An a dvanced d igital s imulation m odel f or the machi ne, powe r el ectronics
converter and the control system was developed using a coupling between Simulink and
PSIM software. A ni ndepth understanding o ft his mode | is necesary for fu rther
development and s imulatioons o f sensorless ¢ ontrol sche mes. T his simulation
environment was detailed and exempified by simulation results for a closed loop speed
control, based on the measured position and speed obtained from the machine model.

This model allows the user to simulate and implement the control algorithm
and the state observer identicaly as it will be implemented on the realtime rapid
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prototyping dS pace hard ware pl atform. Thi s way the ti me consumi ng f or real -
hardware implementation can be reduced at minimum. In the same time it allows us
to handle details as independent or co mplementary transistors gate PWM s ignals,
dead ti me, sampl ing and swi tching frequency i nfluence, soft swi tching or hard
switching commutation influence etc..

In this work, from econo mical and technical constraints (the motor is under
is natural load, being a blower and no pl ace for encoder mounti ng is available) the
speed and especi ally the position are obtained from the Hall s ensor output using a
signal processing technique. The limitations given by this method were detailed by
simulation results.

It can be ¢ oncluded that thi s chapter contri butes to the si mulation of
electrical ma chines, power el ectronic converter and control system and th at the
developed digital model can produce a good prediction of drive behavior during both
transient and steady stat e conditions, being adequate for i mplementing and testing
the further proposed sensorless control methods.
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4. MOTION SENSORLESS CONTROL OF SINGLE
PHASE BRUSHLESS D.C. PM MOTOR DRIVE
BASED ON PRIOR KNOWLEDGE OF PM FLUX VS.
POSITION

Abstract

A motion sensorless control for single phase permanent magnet brushless
d.c. (PM-BLDC) motor drives, based on flux estimation and prior knowledge of the
PM flux/position characteristic is proposed in this chapter and an adequate
correction algorithm is adopted, in order to increase the robustness to noise and to
reduce the sensitivity to accuracy of flux linkage estimation.

The chosen solution for estimating the PM flux linkage and the the rotor
position and speed is detailed and exemplified using digital simulation results and
then validated by experimental results.

For experimental validation, first, a speed and current closed loop control is
employed based on the Hall signal and the motor is controlled at different speeds in
order to validate the proposed estimation algorithm with satisfying results. The
position correction effect is analyzed by examination of improvements in both
position error and speed pulsations.

To further validate the proposed motion sensorless control system by
experiments, the motor is runned on closed loop sensorless control and
experimantal results are presented.

When running on sensorless closed loop control, an I-f strategy is used for
starting, by prescribing a ramped reference frequency and a constant current, and
then the seamless transition to closed loop sensorless control takes place.

4.1. Introduction

Typically one Hall sensor is used to control the current commutation in order
to maximize the torque output by keeping the back EMF and the current in phase.
This condition can not be achieved over a wide speed range without using the
advance commutation angle technique as assessed in [1-3]. Also references [4-7]
propose adaptive commutation angle methods for efficiency and torque
improvement, requiring some extra hardware.

Under open loop PWM control, a current spike during each commutation
appears. This results in acoustic noise, increased electronic cost, torque pulsations
and low efficiency. One solution is to use the above mentioned phase advance
technique, while reference [8] proposes a tail end current control. Also, in [9] the
necessity of current shape control for improving the efficiency and to avoid the over
dimensioning of the power electronics devices was referred to. Here the current is
controlled based on one Hall output signal which is proportional to the intensity of
the induced rotor field and so is identical with back-EMF. But, due to the fact that
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98 4. Motion sensorless control of single phase brushless d.c. PM motor drive

the torque envelope is related to the winding current shape and the motor driving
methods, a particular current shape (different from the BEMF shape) for smoothing
the torque can be calculated based on a prior FEM analysis [10][11].In [12] using
the Lagrange multiplier an optimal current waveform for low copper losses and low
torque ripple was introduced. For this purpose high resolution position information
and a microcontroller are needed.

To reduce the cost and improve the reliability the position sensor can be
eliminated. While numerous papers concerning position and speed estimation of 3
phase PMSM have been published, the field of single phase has not reached the
same level of maturity. Like in the case of 3 phase BLDC motors, there are basically
two types of sensorless control tehniques. The first one is based on back EMF
(BEMF) sensing using a secong coil [13] or via the winding time-sharing method, as
described in [14] while the second method is based on online flux estimation.

Considering the above, the sensorless estimation of a continuos position
information could be an appreciable feature for customized applications, reducing
the problem related to the Hall alignment procedure and the extra circuits needed
for commutation phase advance angle and delivering a high resolution position for
current shaping.

Although the cost is relatively higher in the case of sensorless control based
on the on-line analysis of the voltages and currents in the machine winding, due to
necessity of a DSP for the online computation, it has some advantages like higher
torque/ current when using the whole 180 degrees interval, the possibility of torque
pulsation reduction by current shaping and a higher resolution speed information.

In this chapter a novel motion sensorless control of a single phase brushless
d.c. PM motor drive, based on a FEM assisted position and speed observer is
presented and then validated by experimental results. The FEM assisted position
observer is based on the online estimation of PM flux linkage.

4.2 PM flux estimator

The implemented PM flux estimator is based on a voltage model in stator
reference. The estimator uses the applied voltage and the phase current for
estimating the magnetic flux.

Starting from machine voltage equation 1, the PM flux linkage can be
extracted from eq.2 by integrating the electromotive force (EMF), based on equation
3.

v:R~i+L-%+e (1)
. di d¥pm
=R-i+L.-——+=-P1 2
v R T (2)
t
Wpszo(v—R-i)-dt—L-i (3)

Where V is the input voltage, i is the phase current, R is the resistance, L is
the winding inductance and ¥py is the permanent magnet flux linkage,

respectively.
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In practice, the flux estimation through an ideal integrator is problematic.
Any dc offset in the measured curent and volatge produces a ramp-drift which
eventualy lead the integrator into saturation, and also an incorrect initial value of
the integrator produces a DC-offset on the output signal [15].

In this section, a flux linkage estimator based on an aquivalent integrator
using the voltage model is implemented. A PI correction feedback (V¢omp) was used

here together with an ideal integrator in order to overcome the above mentioned
problems.
Using the compensation voltage, equation 3 becomes:

t
EUPM:J.O(V—RJ—Vcomp)dt—L-i (4)
where:
t
Veornp :kp~5’/s+k,-~.|.oyfs-dt (5)

Transforming equation 4 and 5 from time domain to operational domain, the
closed loop transfer function given by relation 6 is obtained.

N

Hs)=2S- 5 (6)
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Figure 1. Bode characteristics of the flux estimator
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Figure 1 shows the magnitude and phase frequency response of the
resulting flux integrator transfer function. The PI constants are kp = 20[5‘1] and

kp = 400[5‘2] so that the transfer function to behave like a pure integrator from

an angular frequency of w = 10 -w., where w. = 20rad / s is the cutoff pulsation.

The voltage information can be measured or it can be reconstructed from
the PI current controller output and dc link voltage. Here, instead of using the
measured phase voltage, the PI current controller output multiplied with the dc link
voltage is used as voltage input for the flux estimator. This will reduce the cost and
will improve the drive robustness to noise and also we won’t need a LPF like in the
case of measured voltage which can delay the signal. The drawback is that at low
speed the voltage drop on the power switches has to be considered.

Considering the soft switching commutation method applied (as presented in
chapter 3), it can be demonstrated that the output from the current controller can
be used as voltage estimation.

For sign(ireference) > 0 the phase voltage can be written as eq. 7 shows:

Vg0 <t <t
v(t) = {Od.c <t<ton (7)
Jton <t <T
The medium voltage value over a PWM period is given in eq 8:
1 rfon t
V== v(t) - dt =-20.v . =DV, 8
=] (e dt =70 e = D Ve (8)

The same relation applies for sign(ireference) <0 , the phase voltage can
be written as eq. 9 shows:

—Vge0<t<t
v(t) = . dc on (9)
0,toh <t<T
And the again the medium voltage over a PWM period is given by eq. 10:
1 cton t
v== v(t) - dt=-90 .y, =_D.V 10
= jo (t) 9 Ve e (10)

Thus, for both current polarities, the phase voltage can be written as the
product of the reference duty cycle and dc link voltage, and so, a final voltage
estimation relation is given by equation 11.

v = sign(ireference) - D - Vdc (11)
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4.2. PM flux estimator 101

Figure 2 shows, by simulation results, a comparison between the measured
phase voltage and the estimated one, which in fact is the reference voltage.
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Figure 2 Simulation results for voltage estimation explicative

The resulting flux linkage estimator is in fact a reference voltage model in
stator reference frame. Figure 3 presents the discrete-time implemented diagram of
the PM flux estimator in Matlab/Simulink.
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Figure 3. Flux estimator
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102 4. Motion sensorless control of single phase brushless d.c. PM motor drive

Figure 4 illustrates the estimated total flux and PM flux obtained by
simulation from the shown input voltage signal and phase current at a steady state
speed of 5000 rpm.
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Figure 4. PM flux estimator inputs and output: a) applied voltage b) phase current, c)
estimated total flux and PM flux

4.3 FEM based position estimator

The position estimator is based on the estimated PM flux dependence with
position. In order to determine the PM position, a prior knowledge of the ¥py(6)

characteristics of the motor is required. This is obtained either from a FEM based
analysis in the design stage or by measuring the BEMF voltage and then integrate it.
The BEMF can be measured by running the motor at high speed and then release
the motor to free running, zero current value, and measure the terminal voltage. In
[16] the electrical parameters and motor characteristics like back emf and PM flux
linkage versus rotor position are determined by using both finite element method
and measurements.
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4.3 FEM based position estimator 103

Basically the estimated position is extracted by comparing the estimated
flux with a lookup table which contains the position versus the PM flux linkage.

Due to the fact that the flux linkage does not have a monotonous variation
with rotor electrical position, the sign of estimated flux linkage derivative has to be
considered also.

In order to avoid the errors caused by current measurement, the derivative
of the total flux linkage ¥ is used.

Figure 5 illustrates the block diagram of the proposed position estimator.

\

d : . #pm(6)
g Lsion |—>" /

Z]
” R \ iy >
s Py B TR,

> Y s

L

Imeasured

Figure 5. Position estimator

The estimated position obtained by digital simulation results using the
structure from figure 5 is presented next in figures 6 and 7. The estimated and FEM

measured PM flux linkage are presented in order to see the correspondence with the
extracted position.
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Figure 6. Digital simulation result at 3000 rpm: a) PM flux linkage, b) electrical position
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104 4. Motion sensorless control of single phase brushless d.c. PM motor drive
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Figure 7. Digital simulation result at 5000 rpm: a) PM flux linkage, b) electrical position

It was noticed that this position estimation is very sensitive to the accuracy
of the PM flux linkage estimation, including its amplitude and phase angle.

The most important problems in determining the PM position arises at the
top values of the flux because the magnitude does not exactly match the one from
lookup table and this produces discontinuities in the estimated position. Figure 8
shows the two cases that can occur.

In order to eliminate this problem and increase the estimator performance,
a correction algorithm based on the estimated position derivative limitation is
adopted.

Regarding the position estimation we can write equation (12)

é‘kzék,l-b-d)-Ts (12)

where ék is the present estimated position, ék,lis the last estimated position and

the estimated speed wand the sampling time Tg product gives the estimated
position increment.

The correction basically consists in prescribing lower and upper bounds for
the position derivative by using the position estimated increment, as in [17]. For
this purpose the inequality (13) must be satisfied.

ky @ Tg <0 —6_1<k; @ Tg (13)

Where k; and k, decide how tight the position derivative limits should be.
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4.3 FEM based position estimator 105

The basic idea of this algorithm is that two parallel positions are build: if
relation (13) and the flux derivative sign condition are satisfied then the position is
extracted from lookup table (continuous lines from Fig.8) else each one of these two
positions is constructed based on equation (12) (dotted lines from Fig.8). The final
corrected position is the average of these two (the red line from Fig.8).

estimated position [rad]

0.1
time[s]
Figure 8. Possible position errors

Figure 9 shows the improvement on the estimated position at 1000 rpm,
while Figure 10 presents the described correction algorithm implemented in
Matlab/Simulink.
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Figure 9 Estimated and measured position at 1000 rpm

BUPT
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Figure 10. Position correction algorithm

Figure 11 presents the block diagram of the overall estimation algorithm,
showing the interconnections between the described so far components.
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Figurell. Block diagram of the proposed algorithm

BUPT



4.4 Speed estimator 107

We can see that, in fact, the block diagram consists in an autocorrecting
position and speed closed loop estimator. The current estimated position depends
on the last speed value and the next speed value depends on the calculated
position. So the speed calculation further is mandatory, in order to have a good
estimated position, even if the speed closed loop control in some simplified control
schemes may not be needed.

4.4 Speed estimator

Two methods for speed estimation were used. In one case the speed
information has the same resolution like that from the Hall sensor and in the other
case the speed is actualized on each sampling period.

The first speed estimation method is based on a virtual Hall signal obtained
from the estimated position. The rotor speed is calculated on the basis of time
difference between two consecutive edges.

For speed calculation using this first method, the discrete time
implementation makes use of equation (4).

60
N T 2 @

Where N is the number of sampling periods between two consecutive edges, Tsis
the sampling period and p represents the pole pairs number.

On the other hand, having continuous position estimation gives us the
possibility to use speed information with a high refresh rate. The estimated speed
information is obtained further by differentiating the estimated rotor position. The
main disadvantages of obtaining the speed from position differentiation is the speed
noise and oscillations, which highly depend on how good the estimated position is.

Figure 12 shows a simple discrete time speed calculation from the estimated
speed.

D

'- ? 7] @ oF
1 B sign > LPF

z

a)

b)
Figurel2. Block diagram of speed estimator a), low pass filter detail implementation b)
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108 4. Motion sensorless control of single phase brushless d.c. PM motor drive

4.5 Experimental validation of the proposed state
observer

In order to first validate the flux estimator and the position and speed
autocorrecting estimation algorithm the single phase PM-BLDC motor was run on
closed loop speed control using the information from the Hall sensor, and the
estimated quantities were analyzed.

4.5.1 PM flux estimator: experimental results

Figure 13 illustrates the estimated PM flux for different rotor speed in
comparison with the PM flux obtained from FEM and imported as a lookup table.
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Figure 13. Estimated PM flux at a)1000rpm, b)3000rpm, c)5000rpm, d)10000rpm

Although a good agreement can be noticed, the amplitude and the phase
difference can cause problems in the estimated position and speed and the
presented correction method is necessary.

4.5.2 Estimated position: experimental results

Figure 14 shows experimental results at a given speed of 5000 rpm. The
improvements of this correction method are visible. It may be noticed that, due to
the differences in the fluxes, the position is not purely linear, but the result is better
after the correction and the position error oscillations are reduced.
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Figure 14. Experimental results at 5000 rpm with and without position correction: a) estimated

and measured fluxes, b) estimated position, c) position error

In order to evaluate the improvement of the proposed correction solution

over the estimated position, figure 15 shows the position errors at different running

speeds for both the corrected and not corrected position. Notable improvements are

visible.
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112 4. Motion sensorless control of single phase brushless d.c. PM motor drive
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Figure 15. Position error at a)1000rpm, b)3000rpm, ¢)5000 rpm, d)10000rpm

4.5.3 Estimated speed: experimental results

In order to first appreciate improvement on speed also, of the proposed
autocorrecting position and speed estimation algorithm, figure 16 shows a
comparison between the calculated rotor speed by position differentiation for two
cases: with position correction and without position correction.

10 11 12 13 14 15 18 17 18 19
time[s]
Figure 16. Speed comparison with and without position correction

For experimental validation Figure 17 illustrates estimated speed based on position
derivative at different desired speeds at steady state.
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Figure 17. Experimental results under steady state at an expected speed of a)1000 rpm,
b)5000 rpm, c)8000 rpm, d)10000 rpm
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114 4. Motion sensorless control of single phase brushless d.c. PM motor drive

It should be noticed that some speed pulsations persist but in general, they

are bellow 3% of average value.

These results are obtained after using a low pass filter with the corner

frequency set at w. = 50 rad/s at the output of the position differentiation.

Speed[rpm]

Speed[rpm]

Figure 18. Experimental results at a step change in reference speed: a)measured speed
b)estimated speed 1, c)measured and estimated position during acceleration, d)estimated
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4.6 Motion sensorless control based on prior knowledge of PM flux vs. position 115

In order to further validate the proposed position and speed estimation
algorithm, Figure 18 shows a reference speed step change from 3000 rpm to 8000
rpm.

If we examine the speed response, we can see that it is as quick as the real
measured and unfiltered speed. This means that for this speed response the used
filters don't insert any damaging delays.

Figure 18.c) shows a comparison between the estimated position and the
real position during acceleration and a good agreement is noticed, while Figure
18.d) illustrates the estimated position without correction vs. the corrected one
during the same time interval of speed increase. The beneficial effect of this
correction solution over the final estimated position is acceptable due to the
previous estimated speed used further for the next position value while the position
extracted from lookup table is altered.

4.6 Motion sensorless control based on prior
knowledge of PM flux vs. position

4.6.1 Control system overview

For motion sensorless control, a closed loop speed control with inner curent
control loop is used. The speed error between the reference and the estimated
position is the input to the PI speed controller, while the output from the PI speed
controller represents the reference current for the current controller. The current
control loop also employs a PI controller, which has the purpose to minimize the
current error. The curr