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Preface

This thesis proposes and analyzes the performance of several new Ferrite
based permanent magnet synchronous motor topologies for use in driving low power
compressors (30 to 100W), as well as their close loop control strategies. FEM-only/FEA
assisted optimal design methodologies are developed and applied to optimize the for
high efficiency (88% or above) and reduced material cost.

In addition, two sensorless control strategies are investigated for use in driving
a 3-phase ferrite permanent magnet synchronous motor: standard field-oriented
control versus V/f scalar control enhanced with two stabilizing loops, both strategies
using the active flux observer for rotor position estimation. The two control strategies
are thoroughly analyzed by digital simulation and experimental tests on a 1 kW
4.5krpm spoke-IPMSM prototype motor.

The results show feasible motor solution and control strategies for being
employed in driving reciprocating compressor for energy and cost saving refrigerator
applications.
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Abstract:

This thesis presents and investigates several new motor topologies, candidates for
driving small compressor applications for home appliances, for ratings: 35-1000W,
1600-4500rpm. Their operation principles, main characteristics and advantages
are investigated and discussed. FEA assisted or full FEA optimal design
methodologies are developed with the design target of maximize the efficiency and
minimize the motor cost. The optimized motors are validated via finite element
analysis and simulation of the dinamic operation under proposed close loop control
simple strategies.

This work is also focused on investigating sensorless control strategies for 3 phase
permanent magnet synchonous motors applicable for compressor applications. The
V/f scalar control with active power variation and MTPA operation based stablilizing
loops is investigated and compared against the classic sensorless field oriented
control strategy, via experimental and digital simulation. Active flux model-based
observer is employed for rotor position and speed estimation. The target is proving
that the scalar control is suitable for being used in home appliances applications.
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NOMENCLATURE
Abbreviations
AC Alternative current
AFO Active flux observer
API Application programable interface
BEMF Back-electromotive force
BLAC Brushless alternative current motor
BLDC Brushless direct current motor
COM Component objects
DC Direct current
DTC Direct torque control
EEMFO Extended EMF observer
EMF Electromotive force
ENC Encoder based calculation
FEA Finite element analysis
FEM Finite element method
FOC Field oriented control
HPF High pass filter
HVAC Heat, ventilation, and air conditioning
IPMSM Interior permanent magnet synchronous motor
MMF Magnetomotive force
PI Proportional integrator
PM Permanent magnet
PMSM Permanent magnet synchronous motor
PV Pressure - volume
RMS Root mean square
SPMSM Surface permanent magnet synchronous motor
SVM Space vector modulation
VCRS Vapor compression refrigeration systems
VSI Voltage source inverter
Subscripts
s stator quantities
a active flux
Superscripts
S stator coordinates
r rotor coordinates
* reference value or conjugate of a complex value
VAN

estimated
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compressors
CHAPTER 1. INTRODUCTION

Abstract

This chapter presents the motivation behind the research subject, continues
with a presentation of the refrigerator system, followed by the types of compressors
used in home refrigerators systems and types of electric drives and motors employed
in driving a reciprocating compressor and the requirements on motor side for such
applications. The thesis structure is presented at the end together with a list of author’s
publications related to this topic.

1.1 Motivation in choosing the subject and objectives

Studies promoted by the European Commission and US Department of Energy
(DOE) show that electric motors account for a major part of the total energy utilized
in homes [1] [2], being present as pumps in HVAC systems, washing machines,
refrigerator systems etc.

Up to last decades the single-phase line start induction machine was the
primary choice for home appliances due to its robustness, low cost [3]. Initially being
used mainly as generator and as drive-in constant speed applications, the synchronous
machine has gained importance, and use in variable speed applications with the
development of the power electronics and the permanent magnet materials.

For medium and small power application, permanent magnet excitation is
preferred over the electromagnetic because of the benefits [4]:

- simplified construction and maintenance

- increase in reliability due to slip rings absence

- no need for supplementary DC power source

- increase of efficiency due to elimination of joule losses
- higher power density per volume unity

The characteristics of PMSM and their topology strongly depend on the
properties of the permanent magnets used for excitation. The main types of permanent
magnets used for excitations are AINiCo, sintered Ferrites, SmCo and NdFeB.

NdFeB magnets (as SmCo magnets) are “rare earth” permanent magnets. The
use of rare earth elements in their composition confers them exceptionally good
magnetic properties, but also high cost, due to “rare earth” materials scarcity. The
NdFeB permanent magnet synchronous machines are generally used in applications
that require high performance and high-power density per volume unit [3].

Ferrite permanent magnet synchronous machines, on the other hand, are
generally used in lower performance applications. Their main advantage is the low
price (up to one order of magnitude smaller) compared to the price of the NdFeB
magnets. Other notable advantages are the high resistivity and the high operating
temperature.

In the light of the “rare earth” PMs increase price during latest years, the aim
of the present research is to identify and study topologies of permanent magnet
synchronous machines which using Ferrites magnets could achieve good performance
in household applications, particularly in gas compressing applications.

To make the Ferrite magnets a good candidate, special topologies of machines
must be adopted. Ferrites have low value for magnetic energy product; therefore, a
higher volume of magnet must be used to achieve the desired magnetic energy. Also
due to low remanent flux density value, they must be placed inside the rotor, to avoid
demagnetization. Low remanent flux density requires a higher active surface, therefore
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special displacement configurations must be used, which can enable radial and axial
flux concentration [5].

The refrigerator and air conditioning compressors are among the main
household applications energy consumers [6]. They constitute an important share of
the load. It was estimated in 2010 that the domestic freezers consume 6% of the
energy produced worldwide. Therefore, continuous efforts have been made along the
time to improve their efficiency. Although there are many factors which impact the
energy consumption of a refrigerator system, e.g., ambient temperature and humidity
[7], thermostat setting, compartment thermal insulation quality [8], the efficiency of
the compressor motor represents an important component which has been subject of
improvements across the time.

Taking all these aspects into consideration it is believed that cost effective
solutions using ferrite PMSM can be designed with acceptable performance, benefiting
of Ferrite material low cost and high availability. The research objectives are to study
and design several new Ferrite based PMSM topologies candidates for compressor drive
applications. The design target is high efficiency (above 88% for powers below 100W),
low material cost and meeting the application constraints (requirements for starting
torque, torque pulsations, protection against demagnetization, etc.).

1.2 Refrigeration compressor applications - overview

1.2.1 Vapor compression refrigeration system (VCRS)

The refrigeration systems (used by refrigerators, air conditioning systems,
heat pumps) make use of the Joule Thomson effect to extract heat from a certain
closed environment. This is achieved by cyclically changing the phase of a gas
(refrigerant) through modification of its properties (volume, pressure) to force it to
exchange heat with the environment. One of the most widely used systems are the
vapor compression refrigeration systems (VCRS). A generic one compression stage
system is shown in Fig. 1.1 [1].
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Linuid lira valve

pb—Expanzion line o
Recaiver il filed

—— Evaporator Candenser —

Suction service valve Dischange senvica valve
Suction line

Discherge Ene

Comprassor

Fig. 1.1 Single stage vapor compression system [1]

The main components of this system are: the compressor, the expansion
valve, the condenser and the evaporator. The compressor uses mechanical work to
raise the pressure of the gas and, at constant volume, the gas temperature. The high-
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pressure gas is pushed through the condenser (heat releasing component) where it
transmits its high temperature to the environment. The heat releasing causes the
change of the refrigerant state from gas to liquid. Next, the refrigerator is pushed
through the expansion valve, which causes a decrease in its pressure, which determine
a decrease in its temperature too. In this low temperature state, the refrigerant is
circulated through the evaporator component where it absorbs the environmental
temperature and changes its state from liquid to gas.

The changes in the refrigerant parameters during a VCRS cycle is shown in the
PV diagram from Fig. 1.2 (representative for a reciprocating compressor).
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Fig. 1.2 The PV diagram for a reciprocating compressor [9]

The compressor role in vapor refrigeration system is to compress the gas and
circulate it through the closed circuit. To do so it requires mechanical work input which,
for small power home appliance systems, is delivered by electric machines [10]. A
generic refrigerator circuit with its components is shown in Fig. 1.3, using a single
refrigeration circuit. The capillary tube plays the role of the expansion valve. The
standard refrigerator usually uses two refrigeration circuits: one for fresh food
compartment (R) and one for freezer compartment (F).
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000000000043
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Fig. 1.3 Refrigerator system [8]
There are several types of compressors used in refrigerator systems, each

having its benefits and particularities: reciprocating compressors, centrifugal
compressors, scroll compressors etc. Because of its wide used, the reciprocating

BUPT



Introduction 18

compressors (positive displacement compressor), is used in the present study as load
during the dynamic operation study of PMSM. Its operation and mathematical model
will be presented in detail in Chapter 2.

1.2.2 Motor drives in refrigerator compressor applications

Initially, the compressors were simply controlled by electromechanically
switches (relays) based on the desired temperature (thermostat controlled) [11] as
shown in Fig. 1.4. While having the advantages of being less sensitive to voltage
disturbances, they have the disadvantages of low switching frequency, higher power
consumption (lowers the total efficiency) and the presence of sparks during

commutation.
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Fig. 1.4 Old refrigerator system drive [12]

An improvement step was the introduction of electronic thermostat. This
allowed the possibility of implementing of more precise temperature conditions, better
protection features and the benefit of increased reliability and number of off-on cycles
(brought by the replacement of mechanical switches with solid state switches).

The next major improvement is the introduction of variable speed drives (Fig.
1.5). They allow the operation at variable speed (which improves the efficiency and
reduces the inrush currents associated with starting, reduces the needed motor power,
increases maximum speed past the speed associated with grid frequency, which also
beneficially impacts the motor size and efficiency in operation) Through acquisition of
the temperature sensors information, multiple temperature control profiles can be
specified and better temperature control can be realized digitally, also allowing for
configuration through user input interface.
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Fig. 1.5 VSC based refrigerator - main component [7]
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1.2.3 Electric motors used in compressor application

There are various solutions of electric machines employed for driving the
compressor. The particularity depends on the compressor type. E.g., for a centrifugal
compressor which operates at high speeds of tens or hundreds of rotations per minute,
a high-speed motor is required. The overview below targets the reciprocating
compressors, commonly used by household refrigerators.

The widely used solution in the refrigerators up to several decades ago was
the single-phase line start induction machine [13], its advantages being simple
structure, low production cost and easy maintenance. It is usually built to run at single
speed and consists of a main winding (so-called RUN winding) and an auxiliary winding
(so-called START winding). Depending on how the auxiliary winding is used, this motor
falls into several categories [14]:

- Resistance start/Induction run (RSIR)

- Capacitor Start/Induction run (CSIR)

- Permanent split capacitor (PSC) - use a capacitor in series with the auxiliary
winding, the auxiliary winding being also used during motor run.

Fig. 1.6 show a Danfoss solution used in the past - a single phase, two poles
IM squirrel cage [12].

Fig. 1.6 Danfoss single phase induction motor for refrigerator compressor [12]

As the trend in home appliance applications became oriented towards higher
efficiency, performance, energy conservation and environment protection products,
the single-phase induction machine’s low efficiency (60-70%), poor power factor and
small flexibility in speed variation [15] led the industry into seeking other solutions.

Adding of permanent magnets in rotor, below the cage, for excitation brings
important advantages for the one phase induction machine, such as higher power
density and higher efficiency, but at the cost of increased material cost and starting
difficulties (due to PM braking) [16] [17]. In [18] it is shown that adding PMs in special
configuration can increase the efficiency of the one phase motor (up to 87%) and
increases the general motor performance. Also, in ref. [19] a 2/4-pole split-phase
capacitor motor is presented which, through use of PMs, reaches 87% efficiency when
running in synchronism.

The relative recent introduction of variable speed drives in compressor
applications [15] [20], allowed the use of synchronous single-phase motors:
synchronous reluctance motors/switched reluctance motors [21] and permanent
magnet synchronous motors. While the 2"? category has a smaller cost associated with
non-use of permanent magnets (smaller material cost and easier manufacturing
process), the permanent magnet synchronous motor benefits of higher efficiency and
power factor.

Variable speed drives also allowed the introduction of the three phase motors
in compressor applications. Different topologies were proposed, studied, and optimized
as candidates for home appliances such as exterior rotor [13], surface permanent
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magnet [22] and interior permanent machines [15] [23] [24]. Switch reluctance
motors were also proposed as cost-effectives candidates for pump applications [17].
Literature studies have been done for the use of linear permanent magnet
oscillatory machines to drive the piston pumps [25]. They show lower friction and
copper Iosse‘s and better performance than single phase induction machines [26].

—= A=A laminated stator segment
eylinder

{a) A i) * ferromagmetic rng

Fig. 1.7 Linear motor proposed for in compressor applications [23]

1.2.4 Main requirements for a motor driving a compressor
There are several aspects which needs to be considered in the design of the
motors used for driving a compressor [27]:
- Rated power, operating speed range and supply voltage - dependent on the
refrigerator capacity, refrigerant properties etc.
- Starting performance (sufficiency large starting torque to secure the starting
under load)
- Noise and vibration (limitation/minimization of torque ripples) [23]
- Efficiency and power factor [23] [24]
- Material and manufacturing cost
Additional constraints are represented by physical dimensions restrictions (the
motor must fit the compressor housing), manufacturing technological limitations
(minimum airgap, minimum stator slot opening, etc.).

1.3 Thesis contributions and outline

Within the present thesis, several Ferrite permanent magnet synchronous
motors are designed and studied together with closed loop control strategies, to be
employed for driving low power compressors, targeting high efficiency during operation
and low material cost. An outline of the thesis is presented below:

- Chapter 2 presents a few introductory elements related to the properties of
the materials used in the motor design chapters, the FEA analysis procedure,
the optimal design procedure, and the reciprocating compressor model.

- Chapter 3 presents a two-stator two rotor poles doubly salient flux reversal
single phase synchronous motor topology. The motor electromagnetic
characteristics and operation principles are presented using magnetostatic
finite element analysis, with an emphasis on the motor starting challenges. A
FEA based optimal design methodology is built, which optimizes the moor
geometry targeting the material cost minimization, efficiency increase and
ensure a minimum electromagnetic torque value for secure starting. The
optimal design is deployed for a case study of a 35 W, 1600 rpm motor case
study (mobile small refrigerator compressor case). The optimal design results
are validated through detailed FEA analysis and dynamic operation simulation
on a speed-current cascade closed loop control strategy. Preliminary
experimental results on a built prototype are presented at the end.

- Chapter 4 presents a similar analysis done on a four-stator pole four rotor pole
poles doubly salient flux reversal single phase synchronous motor topology.
Developed based on the two-stator pole motor topology presented in chapter
2, the new motor topology brings the benefit of better use of the stator PMs
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and higher torque density. As in the previous chapter an optimal design
methodology is built and deployed on an 85 W, 3000 rpm test case. The design
results are validated through FEA and digital simulation results.

- Chapter 5 introduces a new topology of four stator poles four rotor poles single
phase permanent magnet motor and analyzes its performance against the
performance of the motor presented in Chapter 4 for the same case study. The
particularity of the new motor topology is the placement of the permanent
magnets in the rotor and the use of additional PMs in stator for
parking/starting. Same performance is obtained for a smaller overall material
cost (mainly due to reduced copper use). FEA validation and dynamic operation
simulation are also included.

- Chapter 6 presents the design of an external rotor 3 phase synchronous motor
intended also for driving a compressor. An optimal design routine is built
around an analytic design model, which is iteratively corrected by FEA
coefficients throughout the optimization process. The optimal design
methodology is used for designing a 1kW, 4500 rpm motor. FEA analysis and
preliminary tests on a built prototype validate the design methodology.

- Chapter 7 is focused on experimental study of two control strategies which can
be employed on 3 phase PMSM motors driving compressors through a 3-phase
voltage source inverter. A scalar V/f sensorless control strategy using
correction loops for reference voltage amplitude and phase is proposed and
compared against the standard sensorless field-oriented control strategy. The
motor under test is represented by a 3 phase 6/8 spoke PMSM motor prototype
Through detailed experimental tests, the scalar control strategy is proved
effective for being used in compressor control applications.

1.4 Author publications related to the thesis subjects:

The following papers were published during the author’s doctoral program (in order
of appearance):

1. F. J. H. Kalluf, A. S. Isfanuti, L. N. Tutelea, A. Moldovan-Popa and I. Boldea,
"1-kW 2000-4500 r/min Ferrite PMSM Drive: Comprehensive Characterization and Two
Sensorless Control Options," in IEEE Transactions on Industry Applications, vol. 52,
no. 5, pp. 3980-3989, Sept.-Oct. 2016, doi: 10.1109/TIA.2016.2574776.

2. A. S. Isfanuti et al., "Small single-phase two pole Ferrite-PM-stator double-
saliency motor: Optimal design and experimental characterization," 2016 XXII
International Conference on Electrical Machines (ICEM), Lausanne, 2016, pp. 2492-
2497, doi: 10.1109/ICELMACH.2016.7732871.

3. A. Isfanuti, L. N. Tutelea, I. Boldea and T. Staudt, "Small-power 4 stator-
pole stator-ferrite PMSM single-phase self-starting motor drive: FEM-based optimal
design and controlled dynamics," 2017 International Conference on Optimization of
Electrical and Electronic Equipment (OPTIM) & 2017 Intl Aegean Conference on
Electrical Machines and Power Electronics (ACEMP), Brasov, 2017, pp. 517-522, doi:
10.1109/0PTIM.2017.7975020.

4. A. Isfanuti, M. Paicu, L. Tutelea, T. Staudt and I. Boldea, "V/f with stabilizing
loops versus FOC of Spoke-PM rotor SM drive: control with experiments," 2018 IEEE
18th International Power Electronics and Motion Control Conference (PEMC), Budapest,
2018, pp. 629-636, doi: 10.1109/EPEPEMC.2018.8521862.

5. A. Isfanuti, L. N. Tutelea, I. Boldea, T. Staudt and P. Ely da Silva, "Outer-
Ferrite-PM-Rotor BLAC Motor Characterization: FEM Assisted Optimal Design," 2018
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XIII International Conference on Electrical Machines (ICEM), Alexandroupoli, 2018, pp.
345-350, doi: 10.1109/ICELMACH.2018.8507079.

6. A. Isfanuti, L. N. Tutelea, I. Boldea, T. Staudt and P. E. da Silva, "Outer
Ferrite-PM-Rotor BLAC Motor Characterization: FEM-Assisted Optimal Design and
Preliminary Experiments," in IEEE Transactions on Industry Applications, vol. 56, no.
3, pp. 2580-2589, May-June 2020, doi: 10.1109/TIA.2020.2979672.

7. Andy Isfanuti , Mihaela-Codruta Paicu , Gheorghe-Daniel Andreescu , Lucian
Nicolae Tutelea , Tiago Staudt & Ion Boldea (2020): V/f with Stabilizing Loops and
MTPA versus Sensorless FOC for PMSM Drives, Electric Power Components and
Systems, DOI: 10.1080/15325008.2020.1836072
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CHAPTER 2. GENERAL INTRODUCTORY
ELEMENTS

Abstract

This chapter introduces several concepts used thorough the thesis, from
theoretical point of view. General information on finite element analysis together with
the methodology used for creating models and extracting relevant information are
presented, followed by a detailed explanation of the Hooke Jeeves optimization
algorithm. The reciprocating compressor operation principles and mathematical model
for its digital simulation are also included.

2.1 FEA analysis

Although very highly computationally intensive with respect to the analytic
methods, the finite element method allows obtaining highly accurate solutions to
magnetostatics problems, often difficult to express or to solve analytically.

The finite element analysis within this thesis is carried out using the free SW
package FEMM 4.2, which allows defining and solving 2D magnetostatics nonlinear
planar/axisymmetric problems [28]. The integrated Lua scripting language provides
the feature to programmatically carry out of the preprocessing, analysis and
postprocessing phases. COM APIs are available and make possible calling FEMM4.2 via
MATLAB, SciLab, Mathematica or Microsoft Windows PowerShell. This offers the
possibility to automate the model creation, analysis and results extraction, a necessary
feature in the context of motor optimization.

The FEMM4.2 magnetostatics solver uses the Maxwell equations to calculate
the magnetic field vector in each mesh point, using the equation

H(B)
where V represents the differential rotor operation, I represents the material magnetic
permeability (which can be non-linear, commonly the case of the core materials in
electric machines), B represents the magnetic induction, A represents the magnetic

potential vector and J represents the current density vector. The problem solution A

is used in the postprocessing phase for various magnetic field properties extraction or
calculations, as will be shown in the following paragraphs.

2.1.1 FEA pre-processing
The preprocessor stage in finite element method consists of:
- magnetostatic problem and solver settings definition (maximum number of
iterations, mesh refinement, solution global error)
- boundary conditions, material properties and circuit properties definition
- machine geometry drawing
- applying the boundary conditions, setting the magnetic field sources
The planar symmetry was used, the FEA models representing a cross section
of the machine, with the depth dimension being set to the core stack length.
2.1.1.1 Material properties
The material properties used in analytic/FEA models of the motor are listed

Vx[iVxZ\]:j (2.1)

below.
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e Laminated steel
0.18mm thick non-oriented laminated steel material was used to model the
laminated part of the motor core [29]. The magnetization curve is shown in the Fig.
2.1 and the material properties are presented in Table 2.1.
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Fig. 2.1 Magnetization curve for laminated steel material

Table 2.1 Laminated steel properties

Property Value
Density [kg/m3] 7650
Resistivity [Q/m] 0.52-10°
Sheet thickness [mm] 0.178
Lamination filling factor [%] 0.95
Specific losses at 400Hz and 1T [W/m3] 14.3
Cost [$/kg] 1.7

e Non-laminated steel
Pure iron material properties are used thorough the thesis for modelling the
non-laminated part of the core (e.g., shaft), taken from the FEMM4.2 material library.
The material magnetization curve is presented in Fig. 2.2 and the material properties
are listed in Table 2.2.

3
E
£2f
(@)
[
o
»
T 1f
2
[V

0 0.5 1 1.5 2 2.5 3 3.5

Field intensity [A/m] %x10°

Fig. 2.2 Magnetization curve for non-laminated core material

Table 2.2 Non-laminated core material properties

Property Value
Density [kg/m3] 8050
Resistivity [Q/m] 107
Cost [$/kg] 1

o Copper
Regular copper was used, having the properties listed in Table 2.3.
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Table 2.3 Copper material properties

Property Value
Density [kg/m3] 8930
Conductivity [S:m] 35.46
Cost [$/kg] 10

e Permanent magnet material
Sintered Ferrite material, with properties shown in Table 2.4 was used for
modeling the permanent magnet. Different remanence values, corresponding to
different quality PMs were used for different machines design.

Table 2.4 Ferrite permanent magnet properties

Property Value

Density [kg/m3] 4930

Remanence [T] 0.33/0.42/0.45
Relative permeability [-] 1.5

Cost [$/kg] 6

2.1.2 Boundary conditions
The boundary conditions can be also seen as problem initial values, defining
the solution or the magnetic field properties in the boundaries surrounding the model
and in certain boundaries separating the model regions. The boundary conditions used
in FEA analysis are:
Dirichlet boundary condition A = 0 - is set on the boundary between stator
core and surrounding region or outer rotor and surrounding region, to keep
the magnetic flux lines confined within the core region. It is also used at the
boundary between rotor axle and rotor to simulate a non-magnetic rotor shaft
Fig. 2.3).

- Periodic boundary conditions - used when simulating only one part of the
model (comprising an integer number of pole pairs). This allows setting same
values on the boundaries which share same periodic boundary condition (Fig.
2.3). The green boundary condition line is divided into multiple separate pairs
of periodic boundaries, symmetrically displaced.

Dirichlet boundary conditions

Fig. 2.3 Dirichlet and periodic boundary conditions used in modeling the single-phase
synchronous motor (Chapter 4)
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2.1.3 Airgap air layers and meshing settings

To accurately simulate the electromagnetic phenomena in the airgap (the
region where the power conversion takes place, being characterized by the highest
values for magnetic field intensity), the airgap is divided into three layers of air (Fig.
2.4).

JSURA-007

o

m

Fig. 2.4 Airgap layers
2.2 Analysis

FEMM4.2 does not include a circuit model or the possibility to perform transient
analysis. To simulate the motor operation, it is necessary to update the rotor position
at each analysis step prior to the analysis. Additionally, the load operation is simulated
by directly prescribing the current amplitude within the coil turn.

For determining the PMSM’s magnetic characteristics and performance, two
sets of FEA analysis are performed for successive rotor positions:

- No load analysis: this analysis simulates the open load generator steady
state operation mode at rated speed. The current amplitude in the winding
material region is set to 0 prior to the analysis and the rotor position is changed
successively over an electric period for each analysis step.

- Load analysis: this analysis simulates the motor steady state operation at
rated speed and load. The analysis is also performed for successive rotor
positions over an electric period, the phase current amplitude value being
updated for each rotor position prior to the analysis.

There is a list of FEA analysis limitations and simplifications used in this thesis:

- the end coil influence and its leakage flux are not considered

- the skin effect is not considered in copper losses

- the 3D path of the magnetic flux is neglected

- the phase voltage necessary to produce the simulated current amplitude
variation is not considered.

2.3 FEA post-processing

During no-load / load analysis for successive rotor positions, the winding flux
density, the torque acting on the rotor with reference to (0,0) point and the core losses
are recorded for each rotor position. The winding magnetic linkage flux density is
extracted from the winding circuit properties (calculated by FEMM4.2). Alternatively, it
can be obtained as the difference in the magnetic potential vector A amplitude values
over the sides of a stator tooth (flux linkage for one turn), multiplied by the number
of turns per coil and the number of coils per phase. The EMF value versus rotor position
is calculated by differentiating the flux linkage:

dA  dA d6.  dA

E _dA a4 » dA 2-n-p
emf =gt~ de, dt do, ' do, 60 N

(2.2)
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where A is the flux linkage, d6, is the rotor step between two successive analyzed
positions, ny represents the rated motor speed. The BEMF coefficient is calculated

using the same formula, but for one turn per coil winding.

The torque acting on the rotor is obtained using the torque via weighted stress
tensor method [28], which is a volume integral of the force via Maxwell stress tensor
over the region where the torque calculation is needed (rotor block), about the (0.0)
point. The no load analysis provides the cogging torque (produced by the interaction
between the PM flux and core material), while the load analysis provides the total
torque, which includes both the cogging torque and the electromagnetic torque (the
interaction torque between the winding mmf and the PM flux). The segregation of the
torque components is done by subtracting the cogging torque from the total torque.

2.3.1 Iron losses calculation

The iron core is calculated only for the laminated core material using one of
the two approaches below:

The first approach uses a simplified version of Steinmetz formula, which
accounts for eddy losses only and uses the specific core losses material information
from datasheet:

2
= . . . 2.3
Pre = Kpre * Prerraponz (BS 400) Mre (2.3)

where kpfe represents a safety coefficient added to consider the mechanical

processing losses, pfelT400Hz' represents the material specific losses for 400 Hz
frequency and 1T magnetic loading, provided in the material datasheet (Table 2.1),
Bs represents the average flux density in the core region where the losses are
calculated and myg, represents the mass of the core material. The formula

approximates the core losses and can be applied for the entire core material, a core
region or even for a FEA mesh element.

The second method is also based on Steinmets formula [30] [31], but accounts
for both eddy and hysteresis core losses [32] [33]:

n2 ) ffEddyExp ) BkBEddyExp a mthlamTthxp

6 Pre
where V. represents the core block volume, ps, - the iron conductivity, By is the flux

pfek = | kp, _fnysExp .BkBHysExp n Vi (2.4)

density for the core block k, f is the frequency of the stator currents main harmonic
and /amy, is the stack lamination sheet thickness. The exponent coefficients are

material specific. Table 2.5 lists their values (for SURA-007 material).

Table 2.5 Iron core exponent coefficients for SURA-007

Description Name Value
Hysteresis loss coefficient Kn 175
Hysteresis loss frequency exponent fHysExp 1
Hysteresis loss flux density exponent BHysExp 2
Eddy loss frequency exponent fEddyExp 2
Eddy loss flux density exponent BEddyExp 2
Eddy loss lamination thickness exponent lamThkExp 2
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The expression (2.4) is applied during FEA routine, for each mesh element. To
reduce the calculation effort which is significant for regular discretization meshes which
contain tens of thousands of elements, the analysis in Chapter 3 used a less fine
discretization applied over a quarter of stator core (Fig. 2.5), the core losses being
calculated considering the average value of flux density Bk in each region. The final
value of the stator core losses is calculated as:

n
Pfe =4- prek (2.5)
k=1

il
[

Fig. 2.5 Quarter of the stator core, divided into sub-regions used for core loss calculations

DI

where n represents the number of core regions (elements). Because the considered
core region becomes active only half of an electric period, the above method does not
reflect very accurately the core losses for the entire stator core. Fig. 2.6 shows a
comparison between stator core losses calculation with this method (block regions)
versus the calculation in each mesh element with. The latter method, while it may be
more accurate, is less feasible for being used in an optimization routine due to the high
amount of calculation resources required.
block regions - load

1'4< \ mesh elements -load | /"]
HAN Ny
NSNS/
N AT
T~ A

0 10 20 30 40 50 60 70 80
rotor mechanical position [deg]

block regions - no load
mesh elements - no load

Stator core losses [W]

o
©

Fig. 2.6 Comparison between block regions versus element stator core loss calculations
under load and at no load

The “block region” calculated values, for both load and no-load cases, are higher when
the considered quarter stator core is active, and lower on the other half of electrical
period (Fig. 2.6). As it is expected both “block region” and “core mesh” values match
in the neutral rotor position when both sides of stator pole have approximately same
magnetic load.

For additional reduction of the calculation effort, the rotor core losses are
calculated based on the stator core losses, assuming that the core losses are
proportional with the core volume:
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_ Vrotor
Pre = Pfes Vstator (2:6)

The maximum value of the stator plus rotor iron losses values recorded over
an electric position is considered as the final core losses value and it is used for
efficiency calculation.

2.3.2 Stator phase inductance calculation

- Single phase permanent magnet synchronous motor
The inductance variation with rotor position (6r) represents an important

motor parameter, used in the study of the dynamic motor performance via dynamic
simulation. Both no load and load analyses are necessary for calculating the winding
inductance variation with rotor position. In no load operation mode, the PM magnetic
flux linkage crossing the stator winding coils versus rotor position is recorded:
Apn (6-) - The load analysis provides the stator flux linkage value: A (g,) which

consists of both PM linkage flux and armature magnetic flux.

As(6r) = Appm (67) + Ls (67) - is (67) (2.7)
From (1.7), the stator winding inductance variation with rotor position is extracted:
A (67) - Apps (B
Ls(er): S( f") PM( I‘) (2.8)
is(6r)

This calculation method is feasible only if the machine operates in non-saturated
region during load.
-  Three phase permanent magnet synchronous motor
The stator synchronous inductances Ly and (. are determined in a similar

way, but only for a given rotor position, considering that the inductance dependance

to rotor position is removed by translation to rotating reference frame:
- d-axis inductance: two FEA are done for the rotor having the d-axis aligned
with the phase a stator winding, one at no load generator mode (where Apy,

is recorded, assuming that the PM is placed in the d-axis) and one at rated
load motor mode (where A is recorded). The d-axis synchronous inductance
is calculated using an expression like (2.9):
Ac—A
Ld _7s _ 'PM (2.9)
Is
- g-axis inductance: a single FEA analysis is performed for motor operation at
rated load and the g axis aligned with the phase a axis. With the stator winding
linkage and stator current recorded and the assumption that the PM is placed
in the d-axis, the g-axis inductance yields:
A
Lg = = (2.10)
i
s
2.3.3 Demagnetization check
The risk of demagnetization is assessed by running a FEA analysis at 1.5 times
rated load (1.5 times the rated current) by recording the minimum value of the normal
flux density along a contour defined in the middle of the PM height, perpendicular to
the magnetization direction (the red contour in Fig. 2.7).
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Fig. 2.7 Contour for checking the PM flux density
2.4 Hooke Jeeves algorithm

The optimization process done using Hooke-Jeeves deterministic pattern
search algorithm (Fig. 2.8) [34] which is a simple, straightforward, optimization
algorithm employed for optimization problems which require finding of the closest local
minimum solution [35].

The implementation is based on an adapted version of the algorithm [36],
whose diagram is shown below:

chose the initial
starting point P,

v

Local expl. around P;:
fori=1:n

fi=Ff(X, X2, o X+ dyinn, Xn)
fi=F(X1, X2, X=yie s Xn)
end

Any direction found no

whith a decrease Decrease the d,; step

A

Calculate the trajectory
using all directions which
showed a decrease in f,,

—

Move one step along the
trajectory. Evaluate f,,

Does the dy; step
eached the minimum
value

For current step i:
fonli]<fopli-1]?

Fig. 2.8 Modified Hooke Jeeves algorithm diagram

The adapted version of the algorithm is presented shortly below. Here, current
point means the currently evaluated candidate solution, the set of values for the
optimal design variables values corresponding to the currently evaluated candidate
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represent the coordinates of a point in the multidimensional exploration space. These
coordinates uniquely describe a single-phase machine. Presented as a state machine
(Fig. 2.9), the algorithm can be briefly described as follows:

2.4.1

2.4.2

2.4.3

Exploration phase:

In this state, the surroundings of the current point are explored along each
dimension, successively, by taking two steps: one in the direction of increasing
the coordinate value along the respective direction and one in the opposite
direction. The total number of objective function evaluation is 2n, where n is
the number of exploration space dimensions (number of optimal design
variables)

The step size along each dimension is initially selected according to the interval
size (e.g., selected as 10%) and can vary during optimization process (e.g.,
reduced during step reduction phase to refine the search or set to 0 along a
dimension when the limit of the search space is reached).

In the original version of this algorithm [34], if the movement in one of the
two directions lead to a better candidate, the position of the current point was
updated and the exploration movements along the remaining directions to be
explored were carried out from this new point. The authors of [3] updated the
algorithm to preserve the initial same position throughout the exploration
phase and use the information on the surroundings to calculate the descending
gradient

In both variants, the objective function variation along each searched
dimension is stored at the end of the exploration phase before the algorithm
state is changed to gradient calculation phase

1. Exploration 2. Gradient
START - BXp P calculation
phase
phase
4. Step 3. Gradient
STOP reduction & movement
phase phase

Fig. 2.9 Hooke Jeeves algorithm state machine diagram

Gradient calculation phase

In this phase the previous exploration steps where the objective function
showed a decrease in value (compared to the objective function of the starting
point) are selected and combined into a movement direction in the n-
dimensional space.

If the objective function showed no decrease in the objective function during
the exploration step movements in either direction for a given dimension, no
movement is done along the respective dimension (step size for gradient
movement is set to 0)

If the objective function showed no decrease in its value for any of the
exploration steps, the algorithm transitions to the step reduction phase,
otherwise, the next algorithm state is set to gradient movement phase.
Gradient movement (or pattern movement) phase

In the gradient movement phase, the movement direction and step size
calculated during gradient calculation phase is successively applied for as long
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2.4.4

as it shows a decrease in the objective function. The current point is updated
after each step.

The same gradient movement direction and step size is used for all successive
descending steps, except for the cases mentioned below, where the initially
calculated gradient direction is altered:

o If the current point reaches the vicinity of the search space and no
further movement is possible along one or more directions, the
movement along the direction(s) where the exploration interval was
reached is limited as to not exceed the interval.

o If not a single successful gradient movement took place, instead of
reducing the movement step and re-running the exploration phase, a
gradient movement is started along the direction which showed the
largest reduction in objective function in the previous exploration
phase, only (with same step size used in the respective exploration
step). This gradient change is applied only for modified version of the
exploration phase [36] to reduce the computation effort taken to rerun
the exploration space, in the context of highly resource demanding
FEM-based-only objective function evaluation, and still take
advantage of the results of the previous exploration phase.

If at least one single successful gradient movement took place, but after one
or more steps the objective function does not show any more a decrease in
the objective function, the algorithm transitions to the exploration phase, to
explore the area of the new current point.

If the current point reached the limits of the search space and it is not possible
to step further along any direction, the current point is saved and algorithm
transitions to the step reduction phase state, to reduce the movement step
and allow a refined search in the area surrounding the current point.

Step reduction phase

This algorithm state reduces the movement step with a predefined rate
(usually set to 2) and changes the algorithm state to exploration phase. The
last “"good” optimization point found before enabling the step reduction phase
is saved and used as starting point for the next exploration phase.

A minimum movement step is defined before the algorithm starts, considering
the minimum resolution for the optimal design variables (e.g., from
technological manufacturing point of view, in case of geometric dimensions).
In case the current movement step is already the minimum movement step
and no further step reduction is possible along any direction, the optimization
process is ended, and the last point is considered as optimum solution.

The Hooke Jeeves algorithm is known to not to ensure the finding of the global

optimum solution. To be able to cover the entire exploration space, the algorithm must
be deployed several times, from different initial starting positions (starting points)
which can either be equidistantly distributed or randomly selected (as applied in
Chapter 6).

2.5 Compressor model

The compressor model is a standard model for a reciprocating air compressor,

whose PV cycle diagram is shown in Fig. 2.10. The compressor’s cylinder is connected
through valves to two pressure systems:

Lower pressure system: P (suction pressure) - intake path
Higher pressure system P, (discharge pressure) — exhaust path
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The operation of the compressor can be divided in 4 stages: expansion,
suction, compression, and discharge. This corresponds to a complete piston trip from
V,, (top dead center) to V;,,5, (bottom dead center) and back.

The minimum cylinder volume V,, is a manufacturing parameter, whereas the
maximum cylinder volume V,,5, can be calculated based on current crankshaft
position (electric motor rotor’s position), piston surface and rod length as:

Viax = (1 +cos (er + gD ‘Rex - Spiston +Vim (2.11)

pressure

Pa

cylinder volume

Fig. 2.10 Reciprocating compressor pv diagram and scheme (with current operating point
during Compression phase)

1. Expansion: phase 1-2
This represents an adiabatic transformation characterized by the equation
(2.17), where P. and V, characterize the current operating point, for current piston

position (moving from 1 to 2, in Fig. 2.10):
PVin9s = PV 9% (2.12)

The p represents the refrigerant gas constant. The set of conditions characterizing

gas
this phase are:

dt (2.13)

P> P

2. Suction: phase 2-3
This part is characterized by piston movement to bottom dead center, under
constant suction pressure P; . The intake valve is open, and gas fills the cylinder under

piston movement. The conditions characterizing this phase are:

Ve = Vimax (2.14)
P. = P,

3. Compression: phase 3-4
During this phase, the piston starts moving from the bottom dead center back

to top dead center, compressing the gas. This phase is characterized by the adiabatic
law:
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n n
Psvm%i? :'Dchgas (2.15)
This phase is characterized by the conditions:
e <o
dt (2.16)
PC < Pd

4. Discharge: phase 4-1
During this last phase, the compressed gas is discharged through the exhaust
valve, under constant P; pressure, while the piston is moving towards the top dead

center. The phase is characterized by the conditions:

Ve =Vm (2.17)
P =P,

Knowing the pressure in the cylinder chamber, the torque acting on crankshaft (load
torque for the electric motor) can be calculated as:

. n
T.(6/) :sm(er +6]-Rexc Spist +Vim (2.18)

The compressor parameters used here for simulation are presented in Table

2.6.
Table 2.6 Reciprocating compressor parameters
Parameter Value Description
Rexc [M] 10x10-3 Axis eccentricity
Spist [M?] 0.45x103 Piston surface
Vm [M3] 120x10°° Cylinder dead volume
P4 [bar] 5.3 Discharge pressure
Ps [bar] 0.3 Suction pressure
Ngas [-] 1.1 refrigerator gas constant

Fig. 2.11 presents the Simulink implementation of the reciprocating
compressor model.
.
.
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Fig. 2.11 Reciprocating compressor model: a) cylinder volume and torque calculation; b)
cylinder pressure calculation

Fig. 2.12 shows the simulation results for 2 cycles of operation (two crankshaft
revolutions). The load torque is highly pulsatory, reaching 1 Nm peak during the start
of discharge phase (when the gas compression reaches the maximum value P, ). This

represents an ideal case of the compressor operation, at constant angular velocity. In
reality, the rotating speed is not constant, and the discharge and suction pressures are
also not constant.
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Fig. 2.12 Simulation results for the reciprocating compressor operation for two crankshaft

0.02

0.03 0.04
time [s]

b)

0.05 0.06 0.07 0.08

revolutions a) P-V diagram, b) variation of the cylinder volume, pressure, and compressor

torque with

time

BUPT



37 Design and control contributions to high efficiency Ferrite-PMSM drives for small
compressors

CHAPTER 3. DESIGN AND ANALYSIS OF SINGLE
PHASE TWO STATOR POLES FERRITE PM
DOUBLE SALIENCY SM

Abstract

This chapter presents the study and design of a new single-phase motor
topology. The chapter starts with an overview of the single-phase synchronous motors,
introduces the new topology, and explains its operation with the aid of finite element
analysis. After introducing a FEA based optimal design methodology, a case study is
done for a 35W, 1600rpm motor, corresponding to the demands of a small mobile
refrigerator compressor. The main optimization targets are increasing the motor rated
efficiency to 88% and minimize the motor cost material cost. Optimal design results
are presented, followed by FEA and digital dynamic simulation under close loop speed
and current control validations. A few test results on a built prototype are presented
at the end.

3.1 Introduction

Permanent magnet synchronous motors offer many advantages, in terms of
high-power density, high efficiency and fast dynamic response.

The most widespread configurations use permanent magnets placed on the
rotor (active rotor). While these configurations provide several merits, they also have
drawbacks, such as: weaken the rotor structure and robustness (preventing operation
at high speeds), difficulties in fixating the PMs, for surface placed PMS. Less spread
configurations use magnets placed on stator, where they assist the armature
magnetomotive force.

Placing the PM on the stator can overcome the above-mentioned difficulties
and, due to passive and robust rotor, allow for operation at high speeds (for low power
targeted applications as tools, compressors, etc.)

The stator PM synchronous machines can be classified into the following
categories [37] [38]:

- Doubly salient permanent magnet machines (DSPMM) - their main
characteristic is having unipolar stator coil magnetic flux. They resemble the
switch reluctance machines, with additional assistance from the permanent
magnets. They can be used as either BLDC (step commutation), or with
additional mechanical changes (rotor skewing [39]) as BLAC.

- Flux reversal permanent magnet machines (FRPMM)-their main
characteristic (which also gives their name) is that the PM flux direction
through the stator coil changes with rotor position. This occurs by having the
rotor tooth aligned successively with PMs of alternate polarity placed under a
stator tooth surface. From control strategy point of view, they can also be
treated as BLDC or BLAC (with rotor skewed).

- Flux switching machines (FSPMM) - contain an inset PM magnet, placed
under a stator pole which has a winding coil wrapped around it. The PM
magnetization direction perpendicular to the tooth coil axis, therefore the
magnetic flux through the coil “switches” polarity as the rotor tooth change its
position and transitions from facing one side of the permanent magnet flux to
facing the other side.
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Due to this transition, the PM magnetic flux variation through the coil is

inherently sinusoidal. A flux concentration effect is also employed, which

increases the EMF for same number of turns per coil but can also increase the

magnetic saturation level.

Cheng et. al provides a comparison of these categories of stator PM brushless
machines (Fig. 3.1):

Design issue DSPMM FSPMM FRPMM
Phase flux unipolar bipolar bipolar
Energy conversion first and second all four all four
loop quadrants quadrants quadrants
PMs location stator back iron sandwiched by stator tecth
stator teeth surface
PMs consumption minimum maximum medium
EMF waveform trapezoidal sinusoidal trapezoidal
Cogging tirque minimum maximum medium
Torque density minimum maximum medium
Control mode BLDC BLAC BLDC

Fig. 3.1 Comparison of stator PM synchronous machines from several operation/design
characteristics point of view [39]

Single phase synchronous motors are suitable for use at lower powers as they
are easier to manufacture and more reliable (the use of a single-phase winding reduces
the chances of failure).

They do have disadvantages, like requiring a reduced airgap and exhibiting
higher noise due to non-cylindrical rotor shape and the starting challenges they pose.
From this point of view, there are two types of strategies (types of motors):

e line start single phase motors: start is performed asynchronous, with the

support of a rotor cage winding.

e Geometric/magnetic anisotropy start based on the existence of a non-zero
electromagnetic torque in the stop position. Once started, the rotor will
align to one of the rotating magnetic fields produced by the stator coil.
This second type of machine will be addressed here.

The present chapter characterizes a single phase two-pole Ferrite-PM stator
double saliency, flux reversal motor, in terms of optimal design, controlled dynamics
and preliminary experimental validation.

The next paragraph expands on the flux reversal permanent magnet machines.

3.1.1 Topologies of flux reversal machines

The flux reversal motors are double salient permanent magnet synchronous
motors which have the magnetic flux sources placed on the stator and magnetically
passive rotors. Their main advantages are simplicity and fault tolerance. At lower
powers they are more efficient than the induction motors, simpler and more cost
effective in terms of power electronics drive and control than 3 phase PMSM or BLDC
drives.

The first flux reversal machine was proposed by Binder, in 1948 [40]. Since
then, many other topologies were proposed and investigated. Deodhar et al [37]
proposed single phase a topology with two stator poles and three rotor poles, designed
for use as a high-speed generator (Fig. 3.2). Its claimed advantages were robustness,
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fault tolerance and high-speed capability. This topology was investigated also by Jang

et al. [41], for an application of a vacuum cleaner (with a target speed of 30krpm).

Fig. 3.2 Flux reversal machine according to [37]

Building on this configuration, Prakht and al. [42] proposed a single-phase
topology containing 4 stator poles and four rotor poles, for an angle grinder application,
claiming that this topology improves the use of the stator iron, thus increasing the

efficiency and reducing the radial forces (Fig. 3.3).
«\A/,’agnets

‘ ator Yoke

—Rotor

“ )Stator Tooth

Fig. 3.3 Single phase flux reversal PM machine with four stator poles configuration [20]

Flux reversal machines have also been studies for 3 phase configurations with
inner rotor [43] [44] and outer rotor [45], as small power small speed wind generator.
3.1.2 The proposed concept

Starting from the conventional flux reversal PM motor, some modifications are
proposed here to reduce the size and cost of the motor (Fig. 3.4):
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Fig. 3.4 Proposed single phase motor topology

- use magnets buried in the stator instead of placing them on the stator tooth
surface: this modification allows the use of larger magnet blocks, the
increasing of the magnetization flux and reducing the necessary winding mmf,
resulting in smaller number of turns per coil. This leads to a decrease in either
the copper use (cost reduction) or in larger room available for thicker wire
diameter (lower copper losses). The magnets are better fixed and protected
against radial forces and less exposed to demagnetization risk.

- Use a stator flux barrier to prevent “short-circuit” of the PM magnetic flux
The rotor poles are shaped to introduce a variable airgap, which secures the

motor starting. The two sides of the stator poles are active successively, when they
become aligned with the rotor teeth. However, as it can be observed in Fig. 3.5, all
four magnets are active for each rotor position. Fig. 3.5 shows in a simplified manner
(neglecting leakage magnetic flux) the main magnetic flux paths produced by the
stator PM for successive rotor positions. The 2" and 4t rotor positions correspond to
0 stator coil PM flux, the PM flux being “short-circuited” (this is also the position for
maximum EMF value).

Fig. 3.5 Permanent magnet flux path for different rotor positions

Fort this motor, the ideal emf variation in time (with rotor position) with rotor
position is a square wave (or sharp trapezoidal shape) as shown in Fig. 3.6. To obtain
a constant output power value, the prescribed current should also follow a trapezoidal
shape. The electromagnetic torque variation with time follows in this case a shape like
the power P(t), with zero values corresponding to the current or linkage flux zero
crossing. Ideally, these torque gaps are compensated by cogging torque values, which
is achievable through proper geometry shaping of the motor.
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Fig. 3.6 Ideal variation of linkage flux, electromotive force, stator current and
electromagnetic power for single phase flux reversal machine

The current shape (rise and fall slope) and phase-shift with respect to the EMF
are influenced by the winding inductance. Special phase advance control techniques
are needed to compensate for the current rise and fall delay and at the same time
avoid high dv/dt voltage gradient value, which poses risks for the power converter.

Fig. 3.7 a shows PM magnetic flux path for three successive rotor positions and
the corresponding airgap flux density along the stator interior diameter circumference
obtained by FEA. The airgap flux density shows that a rather small portion of the rotor
is magnetically active at any time and used for torque producing. Additionally, the
approx. 0.6T maximum airgap flux density value is acceptable for Ferrite PMs.
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Fig. 3.7 PM magnetic flux distribution versus several rotor positions a) and airgap flux
density distribution b)
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Explanatory for the machine operation, below is presented a FEM analysis for
no load and load operation (of the FEA model shown in Fig. 3.7 a). The FEM analysis
simulated the rotor movement over an electric period (90 mechanical degrees) in anti-
clockwise rotation.

The operation under open load generator mode analysis (no load analysis)
results are listed in Fig. 3.8 a. The PM magnetic flux linkage amplitude crossing the
stator winding coils variation with rotor position is not symmetric (due to geometry
structure and airgap tapering) and deviates from the ideal triangular shape. This
causes the EMF shape to deviate from the trapezoidal waveform.

The operation under load analysis is simulated by setting a phase coil current
which has a trapezoidal variation with the rotor position and has same phase as the
emf waveform (Fig. 3.8 b). The torque produced by the motor extracted from load
analysis (Fig. 3.8 c blue line) can be split into two main components: electromagnetic
torque (torque produced by the interaction between the winding current and the PM
flux) and cogging torque (generated by the interaction between the PM flux and the
rotor core iron — determined during no load analysis).
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Fig. 3.8 FEM analysis of operation of a single-phase synchronous machine: a) stator winding
flux linkage versus rotor position and EMF at rated (1600rpm) speed, b) load prescribed
current (assuming operation under closed loop current control), ¢) torque components

To obtain a non-negative electromagnetic torque, the stator current variation
should be in phase with the EMF.

Ideally, the shape of cogging torque should compensate the gaps in
electromagnetic torque (caused by current zero crossing, during polarity change -
occurring at 45 deg, in Fig. 3.8) and smoothen its shape. The cogging torque shape
depends on the geometric shape of the stator/rotor teeth and the airgap profile and
can be, therefore, subject to optimization during machine design.

Another important information provided by the cogging torque waveform is
the rotor stop positions - the position where rotor will halt after the winding is not
energized anymore. The stop positions are identified as the positions where the
cogging torque changes its sign from positive to negative values (positions marked in
Fig. 3.8 c). The real stop position is a region, rather than a fixed point, being dependent
on the air and bearings friction torque and the friction torque characteristic of the load
(reciprocating piston crankshaft, in this case)

To secure a safe start, the electromagnetic torque value should be as high as
possible in this region. Fig. 3.8 c shows a bad stop position (around 5° degrees) and a
good stop position (at approx. 45° mechanical degrees).

3.2 FEM-analytic model co-simulation routine for the optimal
design process

The motor design algorithm combines analytic and FEA calculations. The flux
distribution, iron losses and torque calculations are based on FEA simulations, while all
other performance data is analytically calculated. Fig. 3.9 shows a diagram of the
design algorithm, where load and no-load finite element method calculations are
iteratively run for successive rotor positions over an electric period.

Design input Calculate losses,
data, geometry

dimensiens and

Calculate N machine electric

N, Iy and parameters

material cost and

material properties .
efficiency

Legend: ' :

) i \ position : position and !
analytic calculations  =------- 'phase current !
------- FEA .

« amplitude J:

..........

Fig. 3.9 Motor design calculation routine
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Data definition - consists of defining the design requirements which
constitutes the input data for the design process, defining the initial values
for the main geometric motor dimensions necessary for machine CAD
drawing, listed in Table 3.1 and Fig. 3.10 and the parametrization of the
optimal design algorithm

Table 3.1 Primary single phase motor geometry parameters

Geometry parameters Description

SDo Stator outer diameter sDo [mm]

Spi Stator inner diameter sDi [mm]

Shy Stator yoke height shy [mm]

Shy1 Stator yoke height shyl [mm]

dst Stator tooth span asr [rad]

Istack Stack length [mm]

hpm PM height

hag Smaller airgap part hag [mm]

hag: Larger airgap height hag: [mm]

Ihy Rotor yoke height

drT Rotor pole span coefficient art [p.u.]
/ [Shy hpm
C ! )

Wharrier
SDD/Z Shyl

Fig. 3.10 Machine geometry including the primary geometry dimensions

Create the FEM model - uses the FEMM 4.2 preprocess phase to draw
the machine geometry, set the material properties, winding material
circuit and boundary conditions.

No load analysis - represents an iterative process of solving the FEA
model for successive rotor positions covering one electric period. No load
analysis is simulated by imposing a 0 A current within the machine

windings. Using FEA postprocess stage, cogging torque value Teogg

(computed Maxwell stress tensor), winding flux linkage @ (for a single
turn per coil) are recorded for each rotor position.

The no load analysis results are used for estimation of the necessary
number of turns per coil and rated current amplitude. First, the EMF per
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one coil turn, also called emf coefficient k. is calculated for rated speed

w, as:
do (8
Eemf/turn(er):ke(er):_ d(tr)
_do(e,)de,
- de. dt -
__do(e) )
- de, "
do(6) 2-n-ny-p
- de, 60

where d6, represents the rotor step between two no load analysis (electric angle),
ny represents the rated speed and p represents the rotor pole pairs. The k., shape
is similar to the EMF shape shown in Fig. 2.8 a. Next, a rough estimation of the number
of turns per coil N is done by assuming that BEMF covers 70% of the DC voltage at

rated speed (30% reserve of the DC voltage is considered, to cover also the voltage
drop on the resistive and inductive components of the stator winding):

0.7V,
N = round| ——2-PBC___ (3.2)
[max(ke(er))J

The max (ke) value represents the EMF constant, which is the proportionality
factor between both stator current/electromagnetic torque and EMF/electric rotor
speed.

Ke = N-max(kg) (3.3)

The rated output mechanical torque can be calculated based on design input
rated power and rated speed:

To = A
2.n-p-ny/60

By neglecting the mechanical losses and rotor iron losses, it can be assumed

the electromagnetic torque equals the output mechanical torque. With this
simplification, the winding magnetomotive force (mmf) is calculated as:

(3.4)

mmf = _Te (3.5)
2,
NF)
where @; is the first space harmonic of the flux linkage measured during no load
analysis.
Finally, the rms value of the current amplitude results from:

mmf
LU 3.6
Iy ==y (3.6)

e Load analysis - after updating the FEA model winding number of turns per
coil to N, a second analysis for successive rotor positions spanning one electric
pole pair is ran, having a position dependent trapezoidal shape current (Fig.
2.8b) of amplitude I, imposed to the stator winding. The torque acting on

rotor, phase magnetic flux linkage and flux density variation in mesh element
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block region are measured. Using FEM extracted measurements; the efficiency
is calculated as:

Tm -y
Tm - WN + Pco + Pfe + Pmec
where T, represents the total torque mean value, extracted from FEM, p., - are the
copper losses, pg, represent the core losses and p,,o- are the mechanical losses.

The mechanical losses are considered as 1.5 % of the mechanical output
power, while copper losses are calculated using Ohm law, for a winding resistance
determined based on number of turns per coil, fitting the available stator slot area.

For the iron loss calculation, both hysteresis and eddy loss components are
considered, determined from FEA as presented in Chapter 2.

3.2.1 Optimal design routine using FEA analysis

Having the electric machine design routine established, the optimization
process is further defined, to ensure that the design result represents the best
compromise result in terms of performance and cost [3]. The setup consists in defining
the variables to be optimized, the range for each variable (search domain) and their
initial values as well as the objective function.
Design variables

The primary geometry dimensions which define the machine already presented
in Table 3.1 are selected as optimization variables. The search range and initial values
are presented in Table 3.2.

n= (3.7)

Table 3.2 Single phase motor optimal design variables

Parameter Initial value Min values Max values IV_Iln!mum
variation step
Spbo 105 90 115 0.5
Soi 64.54 50 68 0.5
Shy 5 4 10 0.2
Shy1 10.67 3 10 0.2
ast 75-pi/180 45-pi/180 81-pi/180 0.01
Istack 30 25 40 04
hpm 4 3 8 0.1
Wharrier 4.5 3 8 0.1
hag 0.35 0.35 0.6 0.01
hag1 0.77 0.65 1 0.01
hy 9.6 6 10 0.1
ARrT 0.5 0.4 0.65 0.05

To reduce the resource consumption, the no load FEA (together with the
calculation of the number of turns per coil and rated current) is ran only once at the
beginning of the optimization process. During the optimization process, only the load
FEA and objective function evaluation are calculated for each candidate and
optimization step. This means that same current amplitude is used throughout the
entire optimization process, as well as for the final candidate. While this reduces the
optimization time to half, it also affects the optimization process, by e.g., introducing
the risk for the optimum solution to not have enough voltage reserve to develop rated
torque at rated speed (caused by not updating the number of turns per coil according
to the change in magnetic circuit, produced by the update of the design variables).
Additionally, the load FEA is performed for successive rotor positions in steps of 12
electrical degrees (30 steps per electric period), for safety.
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Objective function
The objective function f,, is a cost function consisting of total material cost

plus penalty costs (all expressed in $).
fob = Cnat +C1_. + CTavg t Cn * Cdemag (3.8)
The first cost component C,,,5+ represents the motor material cost. It includes

the stator lamination cost, PM cost, copper and rotor iron core cost and passive
material cost (which accounts for frame cost, insulation material cost etc.). Each cost
was calculated as material cost (defined in $/kg) multiplied by quantity of material
used to fabricate the motor (expressed in kg). The meaning of the penalty costs is:

CTmin represents the minimum torque penalty cost. It is applied only if the
minimum toque at nominal load decreases under a minimum prescribed value T, . It
is expressed as the sum of all the FEA analysis extracted torque values T, (within an
electrical period) which fall under the minimum threshold, multiplied by a weighting

coefficient Timin -
n
CTomin = KTin - Cmat 'ZkzlmaX(Tmm =Tk, 0) (3-9)
where n is the number of iterative FEA analysis steps over an electric period. The
purpose of this penalty cost is to reduce the torque pulsations and prevent negative
minimum torque values during operation. It directly impacts the optimal design
variables which shape the cogging torque and changes it in such way as to compensate
for the electromagnetic torque 0 values (present during current sign switch).
CTavg represents the average torque penalty cost. It is applied only if the
average torque value Tavg falls under the rated torque value and varies linearly with
the material cost multiplied by the average torque reduction ratio multiplied by a

weighting factor kTan .

max (TN - Tavg/ 0)

Tovg = KTaug T “Crmat
(3.10)
n
-
T Lk=1'K
avg n

ch represents the efficiency non-realization penalty cost. It is expressed as

energy consumption by operating at rated power, below a minimum imposed efficiency
threshold np,;,, weighted by a factor &, :

kp - C, -lfiﬁ -h, n<nNm;
¢y - n-Cenergy "\ [y~ N~ Pwork s min (3.11)
0,1 2 Nmin

where Cenergy TePresents the energy cost ($/kWh), Py represents the rated motor

power and A, represents the motor operation lifetime (hours). This penalty cost

ensures that the efficiency of the optimum solution, calculated using (3.7), does not
decreases under np;p, -
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Last

radial component of the PM flux density decreases below a minimum imposed value
BPMmin , for an overload current of 1.5-1I,,. The red lines in Fig. 2.7 and Fig. 3.10

! Cdemag represents the demagnetization penalty function, applied if the

denote the contours used for measuring the normal flux density for demagnetization
check (the minimum flux density value Brm’_n along the red contour , was

considered).

mln(BpMmm - Brmin,O)
Bpm,

were Ber represents the PM remanent flux and Kdemag is a weighting factor. This

Cdemag = Kdemag - Cmat - (3.12)

penalty cost ensures that the resulted PMs thickness is large enough to avoid
demagnetization during motor overload.

For the case study below, the objective function parameter values were
selected as shown in Table 3.3.

Table 3.3 Single phase motor objective function parameters values

Parameter Value [unit]
KTmin 1[-]

Trmin 0.1[T]
kTavg 1 [-]

Kn 1[-]

Cenergy 0.5

hwork 36500 [h]
Nmin 0.88 [-]
kdemag 10 [-]
BpMmin 0.2 [T]

3.3 Optimal design: case-study

The presented optimal design procedure was applied for a case study of a small
power motor, intended for small, mobile refrigeration systems. The design input
requirements and optimization results are presented below.

Design requirements.
The requirements are to design a low power motor single phase motor having
the following rating:
e output mechanical power: 35W
e rated speed: 1600rpm
e minimum efficiency for operation at rated speed and torque: 88%
e immune to demagnetization risk during operation at 1.5 times the rated load
e a minimum torque ripple value of 0.1 Nm during rated load (approx. 50% of
the rated torque value)

Optimization results

The optimal design was started from the initial point defined by the optimal
design variables in Table 3.2. An optimal solution was found after 5 Hooks Jeeves
algorithm steps, the entire optimization process taking 23 hours. Fig. 3.11 presents
the evolution of the main electric/geometry parameters during the optimization
process, while Table 3.4 presents a comparison of the performance of the initial
candidate versus the optimum result.

The optimization processes reduced the objective function value with more
that 40 $ to a final value of 16 $ (Fig. 3.11 a) which represents the motor material
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costs (Fig. 3.11 c), all the penalty costs being reduced to 0 $ (Fig. 3.11 b). Even if the
objective function value was minimized, the total material cost for the final motor
increased with 4 $, from the initial cost of 12.04 $. This outcome was generated by
the high weighting of the minimum torque and efficiency penalty cost in the objective

function, which overcome the motor materials cost.

60

f, 8]

20

penalty costs [$]

o

material costs [$]

e
N

40

w
o
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o

-
o
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o
o
(6]
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o
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D)
Fig. 3.11 Evolution during the optimization process of: a) objective function, b) penalty
costs, ¢) material costs, d) minimum torque value over an electric period, e) efficiency, f)

minimum PM normal flux density component at 1.5 rated current overload, g, h, i) optimal
design variables

The motor efficiency at rated operation is indeed improved from 85% to 88%
(Fig. 3.11 e), while the minimum torque value during rated load operation is also
increased from 0 Nm to 0.1Nm (Fig. 3.11 d).

A detailed comparison of the optimal design results versus the initial motor is
presented in Table 3.4. The motor material cost increase is mainly caused by the
increase in rotor stack length, outer diameter, PM height and winding cross-section
(for same number of turns per coil). For same mmf value, the PM flux increase was
necessary to be able to produce the required output power of 35W.

The efficiency improvement also impacted the material cost, the copper losses
reduction being done at the expense of increasing the copper use. While the iron losses
value increased during optimization results, the increase in the output power at the
same load current improved the net efficiency value.

Table 3.4 Single phase motor: initial vs optimum results comparison

Parameter Initial result Optimum results
Mechanical output power [W] 30 40.3
Number of turns per coil [-] 451 451
Rated phase current [A] 0.28 0.28
Average torque value for rated load [Nm] | 0.17 0.24
Minimum torque value for rated load [Nm] | 0.01 0.10
Efficiency [-] 0.85 0.88
Copper losses [W] 2.24 1.89
Stator iron losses [W] 1.68 2.39
Rotor core iron losses [W] 0.57 0.56
Motor mass [kg] 2.16 2.82
Copper material cost [$] 3.29 4.5
Lamination material cost [$] 4.3 5.52
PM material cost [$] 0.69 1.06
Rotor shaft material cost [&] 0.08 0.1
Active material cost [$] 8.37 11.19
Total motor cost [$] 12.04 16
Stator outer diameter sDo [mm] 105 110.5
Stator inner diameter sDi [mm] 64.54 59.54
Stator yoke height shy [mm] 5 6.6
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Stator yoke height shyl [mm] 10.67 10

Stator tooth span asr [rad] 75-pi/180 80.15-pi/180
Stack length [mm] 30 34.8

PM height 4 5.1

Smaller airgap part hag [mm] 0.35 0.35

Larger airgap height hag: [mm] 0.77 0.87

Rotor yoke height 9.6 8.4

Rotor pole span coefficient art [p.u.] 0.5 0.5

Winding wire resistance [Q] 27.8 23.4
Winding conductor diameter [mm] 0.5 0.56

To get a better understanding of the performance improvements for the
optimal design result, Fig. 3.12 shows a FEA comparison between optimization starting

point versus the final result.

The cogging torque shape for the optimum solution became closer to the ideal
shape (Fig. 3.12 a - maximum positive values at 0 and 45 deg and flat negative values
in between). This improvement is also seen in the total output torque at rated load,
which, while exhibiting ripples of approx. same amplitude, does not show a decrease
to ONm during current zero-cross. The two stop positions: 5 deg and 49 deg show now

a secure starting torque: above 0.1 Nm.
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Fig. 3.12 Comparison between starting optimization point and final optimum result: a)
cogging torque; b) load torque; c) winding inductance; d) keemr coefficient; e) load analysis

The FEA based performance comparison is further expanded with analysis for
the operation at different loads, presented in Fig. 3.13. The analysis was performed
for values of current amplitude between (0.5 - 2)-Iy. The improvement in efficiency is

visible mainly at higher loads.
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e)

current
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Fig. 3.13 Initial starting point versus optimum solution: a) efficiency versus load torque, b)
normal component of PM flux density versus load current, c) iron losses versus load torque

3.4 Controlled dynamics

To better asses the motor performance, the dynamic operation is checked in
this section via digital simulation, using a machine dynamic model which combines
analytic equations with FEA extracted parameters. The motor is tested under a speed
- current cascaded control loops strategy to verify the capability to produce the rated
power at rated speed.

3.4.1 Machine dynamic model

The simplified state space model of the single-phase machine is presented in
(2.8). The state variables are stator current and rotor mechanical speed. The EMF
constant «(6,) and stator inductance r,(g,) are varying with rotor position 6, .

Additional, mechanical equation includes the speed dependent load, through fictitious

BUPT



55 Design and control contributions to high efficiency Ferrite-PMSM drives for small
compressors

load coefficient B and cogging torque, also dependent on rotor position Tcogg(e,_) + Rg

represents the stator winding load and 7,,,4 represents the mechanical load torque,
applied at motor shaft.
dis (t) _Rs  ke(6f) 1 0
Tat | _| Ls(6) Ls(6r) {is (t)}+ Ls (6r) { Vs (t)
dL(t) ke (6r) B wr (t) 0 Tcogg (6r) - Tioad
dt 7 7

The rotor position is defined as integral of the rotor speed, also considering the
initial position (start position).

] (3.13)

U~

0 (t) = [ (t)-dt+6,,, (3.14)

Same as for the DC motor, the EMF constant represents the proportionality factor

between both stator current/electromagnetic torque and rotor speed/electromotive
force (emf)

Te(t) = ke (t)-ig(t) (3.15)

emf (t) = ke (6;) - w-(t) (3.16)

A diagram of the motor model is shown in Fig. 3.14, while Table 3.5 presents

the model parameters values. To enable accurate representation of the motor

parameters, the inductance, the emf constant and the cogging torque variation with
position information are extracted from FEM.

- 2%

L6, Teoge Leoge(0)
e e e
R_; ﬂoad B

% k, \/\ A

@ k.(6,)

Fig. 3.14 Motor model diagram

Table 3.5 Single phase motor model parameters

Parameter Value
Vpc (rated DC voltage [V]): 280
Py (rated power [W]): 40.3
ny (rated speed [rpm]): 1600
Rs (phase resistance [Q]): 40.57
J (inertia constant [kg-m?]): 4.78x104
p (number of pole pairs): 4
B (friction coefficient) 2 x10+#

3.4.2 Simulation model and results

The generic control system is shown in Fig. 3.15. It consists of a speed PI
controller followed by a hysteresis current controller. The speed controller outputs the
current reference amplitude, while the current shape is imposed through a rotor
position dependent lookup table. The output of the hysteresis controller is the duty
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cycle of the PWM command for the single-phase inverter (full h-bridge inverter). The
reference speed and position are acquired with an encoder/resolver.

control algorithm

' PI controller

shape

i

ishape (Hr)

+ Vv
T+

ysteresis
controller

didr

Fig. 3.15 The control system

The coefficients used for the PI speed controller were set to: k,=1.1, k;=0.4,
while the hysteresis band for the current hysteresis controller was set to 0.05.
Additionally, the reference current amplitude prescribed by the speed regulator, was
limited to a maximum value of 4 times the rated current rms value.

Fig. 3.16 shows the Simulink model of the single-phase motor control system.
The control calculations are executed at 10kHz frequency, while the plant model
calculations (inverter, motor, and reciprocating compressor models) are executed at
100kHz frequency.
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Fig. 3.16 Simulink close loop control simulation model: a) simulation model; b) the control
part of the simulation model; c) the speed controller; d) the current controller; e) the voltage
source inverter; f) the single-phase motor dynamic model
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3.4.2.1 2.4.3.1 Simulation with compressor load

The first simulation set verifies the startup and acceleration to rated speed
under compressor load. A step reference speed to rated 1600 rpm value was
prescribed. The simulation results show that the motor is capable to drive a
reciprocating compressor to rated speed, although with relative high speed pulsation

amplitudes of approx. 250 rpm.
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Fig. 3.17 Simulation results for acceleration to rated speed under reciprocating compressor
load: a) reference rotor speed vs measured value, b) reference stator current reference vs.

measured value, c) electromagnetic torque, compressor load torque and cogging torque, d)
stator voltage vs. motor emf

3.4.2.2 2.4.3.2 Simulation with step load

The second simulation set verifies the startup and acceleration to rated speed.
A step reference speed to rated 1600 rpm value was prescribed at 0.1s, followed by a
reverse to -1600 rpm command at t=1s. A step load of 0.2Nm, was applied within t =
0.4-0.8 sand t = 1.5 - 1.9 s time intervals. The simulations results prove the motor
capable to operate close to the rated speed at rated load.
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Fig. 3.18 Simulation results for acceleration to rated speed followed by step load: a) rotor
speed reference and controlled value, b) stator current reference and controlled value, c)
electromagnetic torque, compressor load torque and cogging torque, d) stator voltage and
motor EMF
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3.5 Experimental results

Because no experimental results are available for the above designed motor,
a set of experimental data for a prototype built on an optimally previous design attempt
is presented in what follows. The results are extracted from [46].
No load voltage (Back-EMF) measurements

The single-phase motor was mechanically coupled to a primary motor and run
as open loop generator. Using an oscilloscope, the EMF waveform was measured. Fig.
2.26 a) illustrates the test bench setup, while measurement results for 1000 rpm
operation are shown in Fig. 2.26 b).
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Fig. 3.19 a) Test bench used for measuring the motor EMF, b) back-EMF at 1000 rpm

Efficiency determination

The test rig used for efficiency tests is presented in Fig. 3.20. The single-phase
motor is mechanically connected to an electromagnetic brake through a torque
transducer and flexible couplings. The input power is determined from the motor feed
voltage, current ratings, while the output power is calculated using speed and torque
measured by the torLLtransducer.

iy

Transdutor de torque™
Freio magnético

——

.

Fig. 3.20 The motor coupling to the torque transducer and magnetic brake for efficiency
determination

Fig. 3.21 shows a comparison between measured efficiency and FEA based
calculation, expressed in per-unit (values normalized to the maximum calculated
value) for operation under few load points at constant speed of 2000 rpm.
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Fig. 3.21 Comparison between experimental data and simulation for calculating the
efficiency of 2000 rpm

The difference between calculated and simulated values are attributed to iron
loss calculation limitations in FEA analysis, uncertainties regarding actual material
parameters and temperature influence.

3.6 Conclusions

This chapter studied a small power one phase 2-pole ferrite-PM-stator double
saliency (flux reversal). A set of case study requirements of 35W and 1600 rpm were
selected for design. A new optimal design methodology was introduced, aimed to fix
the self-starting issue, caused by the total negative torque value [47] [46], maximize
efficiency (above 88%) and minimize the material cost, all targets being achieved.

A close loop control strategy was also investigated via digital simulation, using
a FEA-analytic combined dynamic motor model. The motor proved capable of
developing the rated torque at rated speed.
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CHAPTER 4. DESIGN AND ANALYSIS OF SINGLE
PHASE 4 STATOR POLES FERRITE PM DOUBLE
SALIENCY SM

Abstract

Continuing the study in Chapter 3, this chapter analyses a new single-phase
motor topology, which uses 4 stator poles (4 stator teeth). The two additional poles
are expected to increase the torque density, as they will render all the rotor poles
active at any time. The operating principle is presented, followed by setting up the
design methodology. A case study is selected for design and the optimization results
are presented. The results are verified via FEA and close loop control digital simulation.

4.1 Introduction

A cross-section of the proposed motor is shown in the Fig. 4.1. The four coils
are connected in series. The used PM quantity is doubled in this configuration, the four
vertically placed additional PMs being oriented to exhibit same inward/outward
magnetization direction as the neighbor upper/lower side PMs.

Fig. 4.1 Proposed motor topology

By neglecting the leakage flux, a simplified PM flux path through the iron core
for 4 rotor positions within an electric period in shown in Fig. 4.2.

Fig. 4.2 PM flux density path for four rotor positions (anticlockwise rotor movement: Odeg,
22.5deg, 45deg, 67.5 deg)
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Same as for the two-stator pole machine presented in the previous chapter,
there are two rotor positions where the rotor is likely to stop: the positions where the
magnetic flux of the two magnets belonging to the same stator tooth is short-circuited
through the rotor pole(s). Although all four PMs are active at each moment, only one
side of the stator pole actively participates in torque production at any time.

For a better understanding of this new topology’s specific characteristics, brief
finite element analysis results are presented below. The full 2D FEA model is shown in
Fig. 4.3.

,'tr‘erriw =T g,r-erriLe'

Ferri

r E .
Ferri

¢rerrile ¢rerriLe

a)
Fig. 4.3 FEA model: a) preprocess phase, b) post process phase for no load analysis

Because the geometry and electromagnetic phenomena are symmetric, only a
half of the stator and the rotor is modeled, using periodic boundary conditions. This
reduces the simulation effort to half, providing sufficient accuracy for the results.

To get the correct results, the model reduction is accounted by multiplying the
FEA extracted quantities such as: phase flux linkage value and torque via Maxwell
stress tensor value with the factor of 2.

tr‘errl‘l‘i: i : il

o Cogper

Fig. 4.4 FEA model of half of the machine: a) preprocess pase, b) post-process phase

The periodic boundary conditions are shown in Fig. 4.5. Only the boundary
conditions on the right side of the model are listed in the Fig. 4.5, but they were
symmetrically applied also on the left side of the model. The periodic conditions are:
three stator periodic boundary conditions (denoted by “st”), two airgap boundary
conditions (“ag”) and 3 rotor periodic boundary conditions (“rt”). The alternating
red/blue colors are used only for distinguishing the adjacent boundaries.
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Fig. 4.5 Periodic boundary conditions (for the model right half side)

First, the normal component of the airgap flux density, for half of the airgap
length, below upper and left stator teeth (anti-clockwise direction) is shown in Fig. 3.6.
The maximum amplitude reaches 0.7 T, the shape being influenced by the tapered
airgap. The tapered airgap [48] [49] [50] also affects the EMF shape, which is not
trapezoidal, as expected for this topology of single-phase BLDC.
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Fig. 4.6 No load FEA results

The EMF for open load generator operation at rated speed (Fig. 4.6 d) changes
polarity at 160°/340° electric rotor positions. To obtain an all-positive electromagnetic
torque and power, the motor fed alternating stator current, must be in phase with the
EMF. As discussed in Chapter 3, to reduce the total torque pulsations amplitude and
their minimum value, the cogging torque should be shaped to exhibit positive values
in these regions, compensating for the null electromagnetic torque. Fig. 4.6 b, shows
that this is not the case here, also visible in Fig. 4.7 b.

Because the PM flux linkage changes polarity, feeding the motor with a bipolar
current is suitable for operation. The current waveform (Fig. 4.7 a) can be shaped in
such way to compensate the EMF departure from a trapezoidal shape, to obtain a
smoother and rather constant electromagnetic power and torque (Fig. 4.7 b). Shaping
the cogging torque and reducing the total torque pulsations will be a topic for the
optimization process.

phase current [A]
< o
o o

T T

1

b
w
T
I

50 100 150 200 250 300 350
electric degrees [°]

a)

o

BUPT



Design and analysis of single phase 4 stator poles Ferrite PM double saliency SM 66

03 /\ i
0 /\ \ /\
\ total torque . |

cogging torqu
0.1
elm.torque
ot

0.1k 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

electric degrees [°]
b)
Fig. 4.7 Load analysis
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The next sections will focus on design requirements definition and optimal
design results.

4.2 Optimization algorithm

A FEA based similar routine to the one developed in Chapter 3 (Fig. 3.9) was
applied for motor design and it is briefly presented here. Starting from the design input
data (design requirements, given values for the optimal design variables and material
properties), the FEA model is built. The first analysis routine is the finite element no
load analysis, performed for successive rotor positions over an electric period (with 0
current density in the stator winding and one turn per coil stator winding). The FEA
extracted winding flux density is used for calculation of the number of turns per coil
and, the magnetomotive force and the rated current amplitude. The FEA model is
updated with this information and the load finite element analysis is deployed, again
for successive rotor positions. Finally, using the torque, flux density, flux linkage and
several additional values extracted during analysis, the machine performance, cost,
and weight are calculated.

As opposed to the implementation in Chapter 3 (and [51]), the no load analysis
is performed for each objective function evaluation (and not only for the objective
function evaluation of the initial starting point). Although the computation effort and
analysis time increase notably, it ensures better accuracy for the final optimization
result and avoids the risk of insufficient voltage reserve for running at rated speed and
load [51].

Fig. 4.8 presents the design optimization variables, all being geometry
dimensions (Table 4.1), selected based on the following criteria:

sDo

Jshy hbarrier

Jhpm

Fig. 4.8 Optimal design variables
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- The design variable should have a direct impact in the objective function value

- The optimal design variables should not be interdependent (the values set on

one design variable should not directly influence the other design variables)

An important phase in optimal design preparation is the setting of the
exploration phase limits. The limits can be imposed by the application constraints (e.g.,
a limit of the outer stator diameter or the stack length is imposed by the volume the
motor should fit in). Other limits, such as the minimum airgap height or minimum PM
height are set by the technological manufacturing limitation. Other search intervals
limitations are set based on designer experience, which represents a preoptimization
process itself. Choosing a large interval could make the search exhaustive, while
choosing a minimum interval could limit the chance of finding the global optimum.

Following the above considerations and given the rated mechanical power of
the motor, the search space limits chosen for the optimization process are presented
in Table 4.1.

Table 4.1 Four stator poles single phase motor: optimal design variables
Parameter | Optimization Min values Max values Minimum step
start point
sDo 107 90 110 1
sDi 57 30 65 1
shy 7.8 5 8 0.2
shyl 5.6 3 7 0.2
ast 1.0996 0.7 n/2 0.95 n/2 0.02 n/2
Istack 35.5 30 37 0.5
hpm 6.6 3 7 0.2
wbarrier 6 4 7 0.2
hag 0.45 0.35 0.5 0.02
sSwWp 22.2 20 23 0.2
hagl 0.7 0.6 0.9 0.02
art 0.53 0.4 0.6 0.01

Same objective function as in Chapter 3 is used. The objective function
comprises the total cost of the machine materials. Additional penalty costs are
minimum and average torque, efficiency, and PM demagnetization avoidance.

4.3 Optimal design - case study

A case study for a slightly larger power compressor pump application is
selected. The main design requirements are:

- Rated power: Py=85W

- Rated DC voltage supply for the single-phase inverter feeding the single-phase
motor Vpc=290V

- Rated mechanical speed ny=3000 rpm

- Reduced material quantity

- Minimum efficiency at rated speed and torque: 88%

- 0.1Nm minimum torque values during operation under rated load

- no risk of PM demagnetization at 1.5 times rated current overload

4.3.1 Optimization results

The optimization process was started from an initial random point (listed in
Table 4.1 as Optimization start point) and reached the optimum solution after 54 steps
(consisting of 12 local exploration phases and several gradient-descend steps), over
the course of 13 hours and 16 minutes. Table 4.2 compares the optimization start point
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versus the optimum point in terms of performance indexes, geometry values and

geometry dimensions.

The optimum solution’s output power calculated as the rated speed multiplied
by the rated torque represents 84.7% of the output power design requirement (0.27
Nm for 85W and 3000rpm). As the average torque penalty function should have
ensured that the FEA average torque value for rated load Trem meets the rated torque
value Ty, this smaller output power value is attributed to the conflict between the
objective function’s components objectives. As result, the final penalty cost value for

average torque is 1.8%.

Table 4.2 Four stator poles single phase motor: initial point versus optimum point versus
optimum point

Parameter Initial result Optimum
results
Mechanical output power [W] 72.44 72.01
Number of turns per coil [-] 87 142
Rated phase current [A] 0.9 0.67
Average torque value for rated load [Nm] 0.23 0.23
Minimum torque value for rated load [Nm] -0.42 0.1
Efficiency [-] 0.85 0.878
Copper losses [W] 2.1 2.7
Stator iron losses [W] 7 4.27
Rotor core iron losses [W] 1.36 0.79
Motor mass [kg] 2.6 2.04
Copper material cost [$] 3.86 3.43
Lamination material cost [$] 5.29 3.93
PM material cost [$] 2.12 0.78
Rotor shaft material cost [&] 0.13 0.11
Active material cost [$] 11.4 8.25
Total motor cost [$] 15.82 11.73
Average torque penalty cost [$] 2.75 1.8
Minimum torque penalty cost 447.17 0
Energy penalty cost 67 4
Demagnetization penalty cost 0 0
Stator outer diameter sDo [mm] 107 98
Stator inner diameter sDi [mm] 57 48
Stator yoke height shy [mm] 7.8 8
Stator yoke height shyl [mm] 5.6 6.6
Stator tooth span asr [rad] 1.09 1.2
Stack length [mm] 35.5 31.5
PM height 6.6 3
Smaller airgap part hag [mm] 0.45 0.45
Larger airgap height hagl [mm] 0.7 0.9
Rotor pole span coefficient arr [p.u.] 0.53 0.57
Stator pole width [mm] 22.2 22.6

Although the rated stator current amplitude decreased during the optimization
process, the copper losses increased in the final solution because of the increase in
winding resistance (increase in the number of turns per coil concomitantly with the
reduction of the wire gauge, to be able to accommodate the coil in the stator slot
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available room. However, the iron losses decrease due to smaller magnetic loading
improved the efficiency to 2.8%, raising it close to the 88% requirement value.

A major improvement is the minimum torque value, increased to 0.1 Nm and
the motor material cost of 11.73$ (74.1% of the initial cost). These improvements
were achieved by reducing the stack length, stator and rotor diameter and PM height,
while increasing the airgap height, the stator and rotor pole spans (Fig. 4.9) and the
number of turns per coil.

-

optimum solution
TV I initial starting point

L

Fig. 4.9 Motor geometry cross-section comparison: initial starting point versus the optimum
solution

Fig. 4.10 a shows the evolution of the main motor performance indexes,
electric parameter and design variables throughout the optimization process. The
objective function cost value (Fig. 4.10 a) was reduced from 532 $ to 17.49 $. Since
the motor total materials cost of the final solution is 11.7 $, the 5.79 $ difference
constitutes the penalty costs for non-achievement of the penalty conditions, which
breaks down to (Fig. 4.10 b): 3.99 $ for efficiency value lower than 88% and 1.8 $ for
average torque value below 2.7Nm. The demagnetization and minimum torque penalty
costs are 0. The evolution of the penalty costs also shows that the optimization effort
was mostly oriented towards increasing the minimum torque value to 0.1Nm (also
visible in Fig. 4.10 d).

The copper and core lamination costs are similar, while the PM cost is
significantly smaller (Fig. 4.10 c).
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Fig. 4.10 Evolution during the optimization process of: a) objective function, b) penalty
costs, ¢) material costs, d) minimum torque value over an electric period and the average

torque value, e) efficiency, f) minimum PM normal flux density component at 1.5 times rated
current overload, g, h, i) optimal design variables.

The next set of optimization results in Fig. 4.11 show a comparison between
the initial point (start of the optimization process) versus the optimization final solution
for a set of FEA extracted values for successive rotor positions over an electric period.
Cogging torque shape comparison shows a large reduction in the pulsation’s amplitude.
The flux linkage per 1 turn/coil is slightly smaller, caused by the reduction of PM surface
(due to reduction of outer diameter and stack length). Additionally, as a measure to
reduce to total torque pulsation (for flat trapezoidal current reference) the bemf
coefficient became symmetric in the optimization results.
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Fig. 4.11 Initial optimization point versus optimal design solution comparison for: a) cogging
torque, b) 1 magnetic flux for 1 turn per coil winding, ¢) BEMF coefficient, d) current waveform
e) total torque waveform

As for the load torque pulsations, the pulsation amplitudes are also greatly
reduced, for the same average value of 0.22 Nm (Fig. 4.11 e).

A final set of comparative results for a few performance parameters versus the
load torque (for 0.5 -2-1y load current) is presented in Fig. 4.12. The performance
of the optimization result is generally better, for efficiency, minimum normal flux
density value along the PM width and core losses.
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Fig. 4.12 Initial vs. optimum motor comparison for different load values: a) efficiency, b)
minimum normal flux density in PMs, c) iron losses

4.4 Dynamic operation simulation of the optimization result

Like the analysis in Chapter 3, the dynamic performance is checked via
Simulink digital simulation for the same closed loop control strategy: a PI controller-
based closed loop speed control and a hysteresis controller-based current control. The
reference current for the inner current control loop is calculated based on the speed
controller output, which is modulated by a trapezoidal shape signal, based on the rotor
position (Fig. 4.13).
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Fig. 4.13 Current imposed shape
The motor parameters are listed in Table 4.3.

Table 4.3 Four stator poles single phase motors: motor parameters

Parameter Value
Vpc (DC rated voltage [V]): 280
nn (rated speed [RPM]): 3000
Rs (phase resistance [Q]): 7.98
J (inertia constant [kg-m2]): 5.2 x10°°
Number of poles: 4

The motor model uses FEA extracted values to model the rotor dependency of
cogging torque, bemf constant and stator inductance (Fig. 4.14).
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Fig. 4.14 FEA extracted parameters, used for machine model, versus the rotor position: a)
BEMF coefficient, b) stator winding inductance, c) cogging torque

The controller's speed PI proportional gain value is set to 0.1, the speed
integrator gain value is set to 1, the reference current maximum value is limited to 1.5
A and current controller hysteresis band is set to 0.02 A.

To test the control strategy effectiveness, a reference step speed of 0 to
1500rpm (50% of the rated speed) is prescribed, followed by a step change to
3000rpm. Two operation modes are considered: operation under constant load torque
and operation under a reciprocating compressor characteristic load torque.

4.4.1 Constant ideal step load torque

A constant load 7;=0.27 T (rated torque) is applied within 0.5-1.5s time frame.
(Fig. 4.15). The motor can reach the rated speed at rated torque load (Fig. 4.15 a).
The speed change rate is imposed by controller output limitation, set to 1.5A (approx.
2 times the rated current). Operating at rated speed and torque pushes the operation
towards this current limitation (Fig. 4.15 b).
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Fig. 4.15 Simulation results for step acceleration setpoint and step load

As enforced through optimization process, the load torque has only positive

values (Fig. 4.15 e). Its high pulsation amplitude is caused by the current ripples,
inherent for a hysteresis controller.

4.4.2 Operation under reciprocating compressor torque load

The second simulation set uses the same speed reference, but the load torque
profile of the compressor model presented in Chapter 2. Due to compressor load torque
characteristics, the speed pulsations are large, reaching approx. 400rpm, being
amplified by the speed controller saturation due to reference current limitation.

However, the simulation shows the motor capable to drive the compressor at its rated
speed.
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Fig. 4.16 Simulation results for compressor load torque
4.5 Conclusions

This chapter presented a new topology of single-phase doubly salient flux
reversal machine. With four stator poles, it represents a good alternative to the single-
phase machine presented in Chapter 3, by having the advantage of better utilization
of the PMs and of the winding mmf. An optimization routine designed for minimizing
the material usage (cost), maximizing the efficiency at rated operation and reduce the
total torque pulsations (minimum torque value higher than 0.1Nm) was used for
optimizing the motor, for a case study targeting a compressor drive motor application
with the requirement to develop 85 W at 3000 rpm. The dynamic digital simulation
proved the optimum solution capable to produce the rated torque at rated speed.
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CHAPTER 5. DESIGN AND ANALYSIS OF
SALIENT SINGLE PHASE FOUR POLE MOTOR
WITH PM IN ROTOR

Abstract

This chapter introduces and analyses a new single-phase motor PM topology,
contra-candidate for the single phase four stator poles machine presented in Chapter
4. Its main feature is the placement of the PMs in the rotor, in a V-shape arrangement
for flux concentration. The particularities of this new topology are investigated and a
full comparative analysis versus the stator PM single phase motor is done for an
optimally designed motor based on same requirements.

5.1 Introduction

Placing the main torque producing permanent magnets the rotor (which now
has only two pole pairs) reduces the supply frequency required to operate the motor
at given speed to half, thus reducing the core losses to a quarter. Tapered airgap is
used for securing the self-starting and, in addition, two stator teeth equipped with
permanent magnets are added, to provide the stop position and to modify the airgap
flux density and cogging torque, to smoothen the toque shape (Fig. 5.1). By having
the PM placed on the rotor, this motor topology falls within the flux switching single
phase motor category.

Fig. 5.1 Doubly salient single phase

The most studied motors under this category represent the motors having the
permanent magnets placed on the rotor surface. The rotor can be either interior [52]
or exterior [49] [53]. Secured starting is ensured via tapered airgap (on stator teeth
side), via stepped airgap, or via notches in stator [54]. Another category includes the
u-shape stator core motors. Double salient motors with rotor embedded PMs were also
investigated for small power home appliance in [55] [56], by analytic and finite
element methods, with good dynamic performance results.

The design of this motor category is usually done via parametric analysis [49]
[52]- [54], where a selected parameter (a geometry dimension, usually) is varied in
several steps and the best outcome is selected. Another approach is to use optimal
design, by employing an automated routine to find the best solution for the
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corresponding parameter. The optimal design objective can include cogging torque
minimization, with efficiency and torque average value constraints [54].

To improve the operation of single-phase motor, auxiliary magnets placed in
the stator have been proposed for use. [57] proposed adding auxiliary magnets at the
stator core end, in the extension of the stator lamination stack, over the prolonged
rotor to improve the starting torque and reduce the torque ripple. The additional PMs
serve for rotor parking [58] or for shaping of the cogging torque.

5.2 Machine finite element model

As for the previous studied motors, a FEMM4.2 FEM motor model was built.
The parametrized model is presented in Fig. 5.2 (and Table 5.1). The geometry
parameters (diameter, width, and height dimensions) will be used within the optimal
design process. Fixed values were assigned for the geometry dimensions considered
not to have an important influence in machine performance improvement (e.g., rotor
yoke height, flux barriers width, rotor holes diameter, etc.). The size of these geometry
elements was set to: 3mm diameter for the rotor holes used for rotor stack fixture,
0.5 mm for the iron bridge in the lower side of rotor PMs.

Table 5.1 Rotor PMs single phase motor: initial point versus optimum point versus optimum

point
Parameter | Description [unit]
Sbo stator outer diameter [mm]
Spi Stator inner diameter [mm]
Shy stator yoke height [mm]
Ihy rotor yoke height [mm]
Istack Stator core stack length [mm] - not shown in Fig. 4.2
hpm rotor PM height (thickness) [mm]
Swp stator tooth width [mm]
hag minimum airgap height [mm]
hag1 larger airgap height [mm]
Mwp rotor pole width [mm]
Ost stator tooth span relative to stator pole span [-]
Wpmst stator PM width [mm]
Oshst2 Shift angle for the stator PM tooth relative to the
stator main teeth inter-equidistant position

Fig. 5.2 Geometry dimensions parametrization for the new motor
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The same materials as for the other previously analyzed motors were used for

the finite element model (introduced in Chapter 2). Both the stator and the rotor are
made of 0.18 mm steel laminated sheet, the stator and the rotor PMs are made of
sintered Ferrite, having 0.45 T remanent flux density, while cooper is used for the
stator winding. The four coils are connected in series. The rotor shaft is made of
magnetic iron (pure iron material). However, the PM magnetic flux crossing is
prevented by using Dirichlet boundary conditions (A = 0) on the shaft boundary. The
rotor circular fixing holes and triangular flux barrier holes are filled by air. The meshing
size was automatically selected by the FEA software. Fig. 5.3 a shows a pre-processor
stage of machine model, with the generated mesh, while Fig. 5.3 b shows the
postprocess stage for the no load analysis (0 A current through the stator windings).
With the additional stator pair of PM teeth, the machine cannot be divided in
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Fig. 5.3 Motor FEM model

The rationality of selecting the additional PM assisting stator set of teeth is
explained below. The desired situation is to have the cogging torque pulsations
compensate for the 0 values of the electromagnetic torque, during current polarity
change. This reduces the torque pulsations amplitude and thus vibrations during
operation. Moreover, the minimum torque value during load amplitude is desired to be
at least 0.1 Nm - design conditions enforced for the previous studied motors, too.

Preliminary analysis of this new motor performance showed that the minimum
torque condition is not achievable by using four stator teeth/four rotor poles
configuration, even with tapered airgap. After additional topology improvement
attempts (not shown here), involving adding additional notches in stator teeth,
additional flux barriers in the rotor poles, creating asymmetry by shifting the rotor
poles, adding two extra stator teeth with surface Ferrite PMs differently facing the
airgap was found as the best solution.

To showcase the benefits of tapered airgap and assisting stator PM teeth, three
motor configurations shown in Fig. 5.4 are comparatively analyzed, the first two being
intermediary solutions leading to the 3", final motor configuration (right side).
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no tapered rotor poles tapered rotor poles tapered rotor poles and assisting
stator PMs

Fig. 5.4 Studied intermediary motor geometries

The left side motor has constant airgap, while the middle motor has tapered
airgap produced by uneven rotor diameter along rotor teeth span. The 3™ motor (right
side) contains the extra stator PM teeth. A comparison of these motor performance
obtained via FEA is shown in Fig. 5.5 (the motor configurations being in Fig. 5.5 labeled
- from left to right- as v.1, v.2 and v.3, respectively).
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Fig. 5.5 FEA analysis for the three studied intermediary motor geometries in Fig. 4.4, versus
the rotor position: a) radial component of the flux density produced by the PMs (no stator
current), b) cogging torque, c) PM flux linkage for 1 turn per coil (operation as open load
generator), d) BEMF coefficient (EMF for 1 turn per coil, at rated speed of 3000 rpm operation
and open load generator), e) stator current shape, imposed during load operation, f) total
torque pulsations during load operation

The tapered airgap influence is visible on the flux density shape below stator
teeth (Fig. 5.5 a - the airgap flux density corresponding to the rotor position in Fig.
5.4). The main influence of the tapered airgap and additional stator teeth pair is visible
in the cogging torque shape (Fig. 5.5 b). Here, the extra stator PMs shift the positive
cogging torque peaks towards 0° and 180° electric rotor positions, which, according to
BEMF waveform in Fig. 5.5 d, correspond to the positions of 0 electromagnetic torque
(current polarity change). Additionally, they increase the cogging torque pulsations
amplitude and separates them into multiple pulsations, which introduce additional
potential rotor stop positions (rotor positions where the cogging torque changes its
polarity from positive values to negative values).

The PM linkage flux is bipolar (Fig. 5.5 c¢), justifying the use of a bipolar current
in the motor control strategy. By departing from the ideal trapezoidal shape and being
further worsen by the airgap tapering and adding stator PMs, the BEMF coefficient
shape predicts large torque pulsations during load.

For the load analysis, an ideal trapezoidal current shape is fed to the motors
(Fig. 5.5 e). The resulted torque pulsations are shown in Fig. 5.5 d. Tapering the airgap
reduces the extremely large torque positive peaks caused by the EMF shape, while the
use of stator PMs increases the minimum torque values from 0 Nm to close to 0.1 Nm.

The load torque pulsations amplitude is still large, relative to the pulsation
amplitude of the Chapter 4 single phase four stator poles motor. This torque shape can
be further improved by shaping the current. For example, Fig. 5.6 shows the torque
pulsations for a winding current shaped in such way to exhibit lower amplitude for the
rotor positions of maximum EMF peaks. The current shape was calculated as a linear
function of BEMF shape, cogging torque shape and torque pulsations for trapezoidal
feeding current. The torque pulsation amplitude is reduced to 41%. However, enforcing
this current profile might be difficult due to large winding inductance and could also
require phase advance control technique.
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Fig. 5.6 Torque pulsation reduction by appropriate current shaping: a) current shape, b)
torque pulsations

5.3 Optimal design program and optimization results

Having the motor model defined, the Hooke Jeeves based optimization routine

was adapted to accommodate it. Same design requirements, design procedure and
objective function were used as for the four stator poles stator PM double salient single-
phase motor (Chapter 4), reiterated below, for convenience:

design requirements:85 W mechanical output rated power developed at the
rated speed of 3000 rpm.
supply: full bridge single phase inverter, supplied from a 290 V DC power
source.
Fitness (objective function): minimum motor material cost (minimum material
use), with the additional penalty costs for:
o Energy additional consumption due to operating at rated condition
with an efficiency lower than 88% over the expected operation lifetime
(10 years)
o Average output torque below the rated torque value (0.27 Nm)
Minimum torque value below 0.1 Nm
o Demagnetization susceptibility: minimum normal flux density within
the rotor PMs below 0.2 T at 1.5 times the rated load operation
Hooke Jeeves optimization algorithm is used (Chapter 2)
FEA based motor design, following the design routine presented in Chapter 3
(Fig. 3.9). The no load / load analysis is done for iterative rotor displacement
covering 180 mechanical degrees, with an analysis step of 3° mechanical. An
additional FEA run is done for checking the demagnetization risk (for a single
rotor position). This results in 60 x 2 + 1= 121 FEA runs for calculating the
objective function for a given optimization step (candidate solution).
13 design variables were used, all geometry parameters (shown in Fig. 5.2).
The exploration interval and minimum objective function step are given in
Table 5.2. The initial optimization staring point, randomly selected within the
multidimensional search domain is also given here, as “Optimization starting
point”.

Table 5.2 Rotor PMs single phase motor: optimal design variables and their initial values and

limits
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Parameter Optimization start Min values Max Minimum step
point values
Sbo 84 80 110 1
SDi 42 40 65 1
Shy 5.4 4 8 0.2
Ihy 14 11 20 0.2
|stack 30 25 40 0.5
hpm 4 3 7 0.2
Swp 7 7 20 0.5
Nag 0.32 0.3 0.7 0.01
hag1 1.3 0.6 1.4 0.01
Mwp 22.5 12 25 0.5
Qst 0.7 0.4 0.9 0.01
Wpmst 4 3 9 0.2
Oshst2 -3 -12 12 0.2

An optimum solution was found after 67 intermediary steps (counting both
exploratory and gradient descending successfully steps). The total runtime of the
optimization process was several days on a regular desktop computer. In the following
paragraphs the optimization results will be presented extensively (labeled as “rotor PM
motor”, for notation simplification) by comparing them against the optimization results
for the four stator poles stator PM doubly salient single-phase motor (labeled “stator
PM motor™).

Table 5.3 presents the optimization results in comparison to the results for the
randomly chosen initial starting point. The optimization process led to a solution close
to the optimization targets. The final motor cost is slightly larger than the cost of the
stator PM motor, at similar efficiency and lower total motor mass. The current
amplitude is significantly larger and the number of turns per coil is also larger,
compensating for the smaller number of PMs use. The copper losses are significantly
larger, too, being however compensated by the twice as small iron losses (also due to
the rated frequency which is only half).

Table 5.3 Rotor PMs single phase motor: optimization results comparison

Parameter rotor PM rotor PM stator PM
motor - motor - motor -
initial optimum optimum
starting solution solution
point
Stator outer diameter [mm] 84 110 98
Stator inner diameter [mm] 42 45 48
Stack length [mm] 30.5 40 31.5
PM height [mm] 4 7 3
Minimum airgap height [mm] 0.3 0.3 0.45
Maximum airgap height [mm] 1.3 0.91 0.7
Output power [W] 72.63 68.47 72
Average torque value [Nm] 0.23 0.217 0.22
Minimum torque value [Nm] 0.01 0.08 0.1
Rated current amplitude [A] 0.95 1.11 0.67
Number of turns per coil 337 171 142
Copper cost [$] 1 2.47 3.43
Lamination cost [$] 2.8 6.29 3.93
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Rotor shaft material cost [$] 0.04 0.06 0.11
PM cost [$] 0.39 0.57 0.78
Active material cost [$] 4.23 9.39 8.25
Motor mass [kg] 0.842 1.39 2.04
Copper losses [W] 28.18 5.79 2.76
Iron losses [W] 1.77 2.51 5.06
Efficiency [-] 0.7 0.8799 0.878
Energy penalty cost [$] 451.6 0.1 3.99
Minimum torque penalty cost [$] 84.14 6.93 0
Average torque penalty cost [$] 0.82 2.29 1.79
PM demagnetization penalty cost [$] 0 0 0
Objective function [$] 542 21.08 17.09

The FEM models of the initial optimization point, and final solution are shown
in Fig. 5.7. The stator outer diameter was considerably increased to fit the large
number of turns per coil and reduce the winding resistance. Additionally, due to low
flux density in stator core material (low magnetic load and risk for saturation), the

stator teeth and yoke width were reduced, to reduce the core material cost.
_ 2.660e+000 :
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2
R

Fig. 5.7 Optimization process initial (left side) versus final solution FEM models (right side -

same scale)

The next set of comparative optimization results present the evolution of main
parameters, geometry dimensions and performance index during the optimization
process. Fig. 5.8 shoes the evolution of the objective function and of the penalty costs.
The final objective (fitness) function values are: 21.08 / 17.49 $ for the rotor PM motor
/ stator PM motor. Except for the PM demagnetization cost, all other penalty costs have
non-null values, the optimization constraints expressed through the penalty costs not

being 100% achieved (Table 5.3 - last rows).
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Fig. 5.8 Objective function and penalty costs evolution — comparative optimization results:
a) objective function, b) energy penalty cost, c) minimum torque penalty cost, d) average
torque penalty cost, e) PMs demagnetization penalty cost

Fig. 5.8 also shows that, due to the characteristics of the randomly selected
starting optimization point, the main challenge thorough the optimization process of
the rotor PM motor was improving the motor efficiency, while the challenge during the
stator PM motor optimization was increasing the minimum torque value. The next set
of comparative optimization results in Fig. 5.9 present the materials comparative cost
evolution. Although the number of turns per coil is larger, the rotor PM motor is
characterized by a lower use of copper quantity, due to shorter coil turns. On the other
hand, the lamination stack cost, consisting of the non-stamped square lamination stack
cost is significantly larger, due to both larger outer diameter and longer core stack
length. The PM quantity is smaller for the rotor PM motor, even with the additional
stator PM pieces.
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Fig. 5.9 Material costs evolution - comparative optimization results: a) copper cost, b)
lamination stack cost, c) PM cost, d) active material cost, e) total motor material cost

The total active material cost is 1.14 $ larger for the rotor PM motor. However,
the total motor cost (which considers additionally the passive material
proportional with motor mass, which compensates the cost difference in the active

material cost) is equal for the two motors.

The average torque value is smaller than the rated requested torque value of
0.27 Nm (Fig. 5.10 a). The small penalty cost for the torque non-realization suggests
that the selected penalty coefficient of 1 is not strong enough to enforce the torque
increase. On the other hand, the minimum torque value is visibly improved throughout
the optimization process. According to the results in Fig. 5.10 c, the rotor PM motor is
less susceptible to demagnetization during overloading (the analysis includes only the

rotor PMs and not the two stator PM pieces).

BUPT



Design and analysis of salient single phase four pole motor with PM in rotor 90

0.24 T T T T T T

% rotor PM motor
= stator PM motor
0.22
1 1 1 1 1 1
10 20 30 40 50 60
optimization step
a)
T T T T -
oF rotor PM motor ||
—_ stator PM motor
S
Z
c
€-0.2F b
'_
-0.4 1 1 i 1 1 I |
10 20 30 40 50 60
optimization step
b)

©
w
]

rotor PM motor
stator PM motor

\/\\\/\\‘/\/_—J_/_,\A
10 20 30 40 50

Min PM remanence [T]
o
w

0.25 L =
60
optimization step
c)
3 T T T T T T
= rotor PM motor
. 2.5r stator PM motor | |
o
=< 2t i
S
g15F e
=
1 | - -
05 1 1 1 1 1 1
10 20 30 40 50 60
optimization step
d)

Fig. 5.10 Performance related parameters evolution — comparative optimization results: a)
average torque value, b) minimum torque value, ¢) minimum PM remanence for 1.5 times
rated load d) motor mass
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One of the clear improvements in the rotor PM motor is its smaller weight
(68% of the stator PM motor weight). This difference is mainly caused by the smaller
core material use (large stator diameters, but thin stator teeth and yoke). However,
considering that the un-stamped lamination core price is higher for the rotor PM motor,
this indicates a better usage of the paid lamination stack material for the stator PM
motor.

The optimization comparative set below (Fig. 5.11) presents the efficiency
related data. The core losses are significantly larger for the stator PM motor, mainly
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Fig. 5.11 Performance related parameters evolution — comparative optimization results: a)
iron losses, b) copper losses, c) efficiency d) stator rated current amplitude, e) number of
turns per coil

due to the electric frequency difference (for the same number of rotor teeth, the
number of poles pairs is four, whereas the number of pole pairs for the rotor PM motor
is two, due to the PM magnets, which also reduces the required current frequency
needed to drive the motor at a given speed to half). On the other hand, the copper
losses are larger, due to larger rated current amplitude, which brings the motor
efficiency at approximately same value.

The last set of optimization process comparative results presented in Fig. 5.12
deals with the evolution of few selected optimal design variables. The stator outer
diameter and stack length of the rotor PM motor already reached the maximum allowed
values before optimization process end. This suggests that another optimal solution
could be available for reaching by expanding these search limits (if the target
application volume constrains allows it). The minimum airgap height also reached the
minimum allowed value of 0.3mm, which represents a technological manufacturing
limitation that cannot be extended, in this case.
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Fig. 5.12 Selected optimal design variables evolution — comparative optimization results: a)
stator outer diameter, b) stator inner diameter, c) stack length d) PM height, e) airgap
minimum height, f) airgap larger height

As the optimization results show relative similar performance for the two motor
topologies, the motivation for choosing one over another might reside in another
application related factors and constraints: e.g., manufacturing difficulties, available
room for installing the motor or mass limitation.

5.4 FEM analysis results

The next section will present FEA comparative results for no load and load
analysis for the rotor displacement over an electric period. Fig. 5.13 presents the no-
load analysis; the cogging torque pulsations have similar amplitude, with the most
important feature being the positive 0.1 Nm min. torque values at 0 and 180 deg. rotor
displacement.
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Fig. 5.13 No load analysis results a) cogging torque, b) flux linkage for 1 turn per

coefficient, c) bemf coefficient

Although the PM flux linkage has relatively close amplitudes, high variation
during polarity change causes high amplitude peaks in the emf voltage.

The load analysis was performed by feeding the motors with trapezoidal shape
currents of amplitude equal to the rated current (Fig. 4.15 a), in phase with the EMF.
The rotor PM motor torque peaks are larger in amplitude, due to the EMF shape. They
can be reduced by current shaping, as shown in Fig. 4.6.
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Fig. 5.14 On-load analysis results: a) load current profile b) total torque pulsations

As predicted by the optimization

results,

the FEM analysis resulted

performance is also relatively similar for the two motors.
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5.5 Dynamic operation digital simulation

The dynamic performance is checked via a Simulink digital simulation, as in
the case of the previously studied motors. The machine model and the control strategy
were presented in Section 3.2.1. The motor parameters are listed in the Table 5.4.

Table 5.4 Rotor PMs single phase motor: motor parameters used in dynamic simulation

Parameter Value
Vpc (DC rated voltage [V]): 280
nn (rated speed [rpm]): 3000
Rs (Phase resistance [Q]): 4.6732
J (Inertia Constant [kg-m?2]): 8.69 x10-5
p (number of pole pairs) 2

The machine model uses FEA extracted values to model the rotor dependency
of cogging torque, BEMF constant and stator inductance (Fig. 4.16):

0.1
1
0.05 i)
t 8 o5
Z o 2
T
S -0.05 =
= w05
0.1 =
e -1
0 2 4 6 0 2 4 6
electric position [rad] electric position [rad]
a) b)
1
0.13
0.5
__ 012 -
I o
= 2 0
2 0.1 g
0.1 -0.5 /
0.09 . . -1 .
0 2 4 6 0 2 4 6

electric position [rad] electric position [rad]
<) d)
Fig. 5.15 FEA extracted parameters, used for machine model, versus the rotor position: a)

cogging torque, b) BEMF coefficient, c) stator winding inductance, d) stator current imposed
shape

Same as for the other studied single-phase motors, the closed loop control
strategy consists of a speed PI based control and a current hysteresis control. The
reference current for the inner current control loop is calculated based on the speed
controller’s output, modulated by the trapezoidal shape signal in Fig. 4.16 d (current
shape also used in the optimization process).

The control loops parameters values are speed PI controller proportional gain:
0.1, speed integrator gain: 1, reference current maximum limit 2.5 A and current
controller hysteresis band: 0.02 A.
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The simulation inputs consist of a reference step speed of 0 to 1500 rpm (50%
of the rated speed) followed by a step change to 3000 rpm. Two operation modes were
considered here, too: constant load and compressor torque profile load. The simulation
results (denoted by rt_PM_motor label) are compared against the simulation results
for the four stator poles doubly salient single-phase motor, presented in Chapter 4
(denoted by st_PM_motor label).

5.5.1 Constant ideal step load torque

A constant load T7;=0.26 T (rated torque value) is applied within 0.5 - 1.5 s
time frame. Fig. 5.16 shows the simulation results. The motor can reach the rated
speed at rated torque load (Fig. 5.16 a). The speed change rate is imposed by
controller output limitation, set to 2.5A (approx. 2 times the rated current). Operating
at rated speed and torque pushes the operation towards this current limitation (Fig.
5.16 b). The acceleration to rated speed (under rated load) is slower for the
st_PM_motor because of the reference current limitation to 1.5A (two times the rated
current), visible in Fig. 5.16 b. The speed pulsation amplitudes are relative similar.
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Fig. 5.16 Simulation results for step acceleration setpoint and step load

Under full load, the current amplitude peaks reach 2 A for both motors. The
EMF amplitude peaks are significantly higher for the rt_PM_motor, exceeding the DC
voltage level. This suggest that the operation at rated speed might be affected by the
insufficient voltage reserve.

As enforced through optimization process, the load torque has positive values
(Fig. 5.16 e) during rated load operation. The high torque pulsation amplitudes are
caused by the current pulsations, inherent for a hysteresis controller.

5.5.2 Operation under reciprocating compressor torque load

The second simulation set uses the same speed reference, but the load from
the compressor model presented in Chapter 2. The results are shown in Fig. 5.17. Due
to compressor torque characteristics pulsations reaching 1 Nm in amplitude for short
time, the speed pulsations are larger, reaching approx. 400 rpm. The significantly
larger pulsations amplitude present in the speed of the st PM_motor is caused by the
speed controller output limitation.
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The dynamic simulation results confirm that the two motors exhibit relatively
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Fig. 5.17 Simulation results for compressor load torque

similar performances.
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5.6 Conclusions

A novel single phase doubly salient flux switching rotor permanent magnet
motor was introduced, designed, and investigated in this chapter. The motor uses
Ferrite PMs in the rotor, arranged in star-shape and tapered airgap. Two additional
assisting stator teeth containing surface Ferrite PMs are used, for torque shaping and
rotor parking. A FEM model was built and embedded into a Hooke Jeeves based optimal
design routine, with the purpose of minimizing the total material cost, including penalty
costs for minimum torque, average torque, minimum efficiency, and demagnetization.
To make the performance assessment easier, same design requirements were used as
for the single-phase motor topology introduced in Chapter 4. Deploying the optimal
design process, a solution was found after 64 steps. Comparative optimal design, FEM
analysis and dynamic simulation results show the motor performance is relatively
similar to the performance of four stator poles single phase motor, at a slightly higher
material cost and higher torque pulsations.
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CHAPTER 6. DESIGN AND ANALYSIS OF OUTER-
FERRITE-PM-ROTOR BLAC MOTOR

Abstract

This chapter presents a FEM-assisted optimal design methodology for a 9
stator slots/8 rotor poles 3 phase outer Ferrite PM rotor BLAC motor. The design
methodology uses an electromagnetic analytic machine model, iteratively corrected
during optimization process by two FEA calculated coefficients Kg and K.. These
coefficients, calculated based on analytic/FEA model differences, multiply the analytic
expression of magnetic flux per pole (accounting for complex distribution of the airgap
flux density not considered in the analytic model) and the expression of stator winding
synchronous inductance (accounting for saturation nonlinearity effects). With the finite
element corrective intervention limited to specific moments during optimization
process, a compromise between computation time and accuracy is obtained. The
corrected analytic model is embedded in an optimization algorithm used for optimizing
the cost of the motor under overtemperature and minimum efficiency constraints.

6.1 Introduction

Exterior rotor motors present a few characteristics which makes them
attractive for compressor and pump application: e.g., higher inertia and coping well
with the high torque pulsations of a load [59]. Additional advantages include shorter
coil lengths which translates into lower copper use and lower copper losses [60] and
better fixing for surface PMs due to centrifugal forces [61] [62], compensating the
electromagnetic forces they are exposed to.

One of the main applications (but not excluding small compressors) for the
external rotor motors are the in-wheel hub in traction applications [63] [64] allowing
for vehicle torque vectoring and providing more free space by concentrating the motor
part in the wheel itself, while bringing the challenge of dealing with unspring mass and
motor protection from environment influences [65]. The design targets for this
application are flux weakening capability and high torque density. To achieve constant
power/speed range and allow for flux weakening, the magnets are usually placed inside
the rotor, in different configurations. But external rotor motors have also been reported
for use in home appliances. [66] designs a switch reluctance motor for a direct drive
washing machine application.

Literature reports different methodologies for designing the outer rotor motor
models with different design goals based on the specific requirements of the targeted
applications. Several examples are: cogging torque and net torque ripples minimization
[67], increase the efficiency in operation under the speed/torque profile corresponding
to a given urban driving cycle [68], maximize the torque per volume [69], increase
efficiency and reduce the motor weight [70] [71]. Correspondingly, various analytic
models have been proposed and employed in the design process: lumped parameter
models [72] [63] [64], 2D analytic models [73] and conformal mapping [74].

Employing these design algorithms and motor models into optimization
routines where they are being executed humerous times poses the challenge of finding
a compromise between model accuracy and reduced computation effort (or reduced
optimization run-time). This compromise excludes the use of finite element based
models (limiting their use only for optimization results validation [69]) or minimizes
their use (e.g., by using computation efficient FEA analysis [75]), favoring the use of
combined analytic/numerical models by e.g.: combining a magnetic equivalent circuit
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model with a FEM-based model to ensure precision of the airgap flux density
calculations [70], or by using a field-circuit coupled optimal design method, which
combines a magnetic circuit model for partial optimization with finite element analysis,
used for global optimization [76].

This chapter investigates an analytic/FEM combined design model for an outer
rotor BLAC motor, proposed as a solution to this accuracy/runtime compromise.

6.2 Motor topology and design requirements

The selected motor configuration is a 3 phase, 9 stator teeth/8 rotor poles
surface Ferrite PM synchronous motor (Fig. 6.1). The 9/8 ratio provides a compromise
between the fundamental frequency (300 Hz) which influences the core losses, motor
size (influenced by the number of rotor pole pars) and the copper material cost
(influenced by the copper used, dependent also on the humber of stator teeth).

The motor uses factionary concentrated windings (q = 0.375 coils/poles/
phase), known for their high-power density, lower copper use (shorter coil endings)
and easier manufacturing. The phase coils are distributed in adjacent slots,
configuration which does introduce unbalanced radial forces in operation [62], but it
represents an acceptable compromise, considering the compressor high mechanical
load pulsation (for example, the case of a reciprocating compressor).

The Ferrite PMs are placed on the inner surface of the solid back iron (facing
the airgap). Placing the Ferrite PMs on the rotor surface, facing the airgap has both
benefits, such as: manufacturing simplicity, reduced use of iron material, good fixing
due to centrifugal forces, but also disadvantages, such as: increased airgap height and
increased risk of demagnetization (due to low coercive field of Ferrite PMs which are
usually buried inside the iron core).

The solid cup-like shape of the back iron rotor also brings cost reduction by
eliminating the need of an external motor frame, at the disadvantage of increased iron
losses (due to the stator MMF harmonics produced by concentrated stator winding)
which are present even in surface PM motor configurations [68] [77].

b)
Fig. 6.1 Three phase outer Ferrite PM motor: a) topology; b) winding connections

6.3 Analytic design model

An analytic design model is built in the following subsections, to be used in an
optimization design routine. A common approach in the design of a motor is to start
from electromagnetic design: determine the main geometry dimensions from
electromagnetic loading, by employing a simplified magnetic circuit model [3]. This
method is also applied here.
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A set of parameters, consisting of geometrical dimensions are initially selected,
as starting point for the machine design. These parameters, which will also serve as
optimal design variables, are shown in Fig. 6.2.

Fig. 6.2 Design initial variables

The description and the initial values of the variables is shown in Table 6.1.

Table 6.1 Outer rotor BLAC motor: initial values for the optimal design variables

Design Value Description

variable [mm]

Ido 124 rotor outer diameter [mm]

Istack 30 core stack length [mm] (not shown in Fig. 4.4)

hag 0.7 airgap height [mm]

hpm 4 PM height [mm]

Wst 7.4 stator tooth width [mm]

hy 6 rotor yoke height [mm]

Shy 7.5 stator yoke height [mm]

hss 3.5 stator pole top height [mm]

dpm 0.73 PM width span relatively to the rotor pole span [mm]

dsp 0.83 stator tooth tip span relatively to the stator pole span
[mm]

6.3.1 Geometry dimensions calculations

The initial set of analytic calculations consists of computing the main geometric
dimensions based on the optimal design variables selected values. The stator outer
diameter and the rotor inner diameter are calculated as:

Sdo = 'do —2~(I’hy +hag +hPM)

(6.1)
I'di = Sdo + 2-hag
The stator and rotor pole span are calculated as:
Te = ”ido
S
(6.2)
_n-rqi
r 2.p

The actual stator tooth and rotor PM’s span values are determined based on
the span coefficients:
Wis =Ts -Asp
(6.3)
Wom =Tr -Apm
The stator slot height, top and bottom width are calculated as (Fig. 6.3):
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Sdo ~ Sdi
hSl’ = 02 ! —Shy
(6.4)
Sqp — 2 (hee + h
wey =002 s *hsw) (a0 _p p NGt Wt | (g5
HS 2 Sdo h h
7_ ss ~ 'lsw
w.
Wep =11 —=L (6.6)
@—h
2 st
Fig. 6.3 Stator slot geometry dimensions
The slot useful area (area which can be filled by winding) is:
As =(hst_hss_hsw)% (6.7)

The length of one turn per coil calculation is simplified to:
leyrn = 2- (/stack +0.8- Ts) (6.8)
With the slot fully filled by the winding (for a slot filling factor ks of 0.4), the
current density through the winding wire is:
joo = 2-mmf
o= L
As - Kily
The mmf value will be determined later, with (6.26).

Having these dimensions determined, the quantity of the materials used is
further calculated as:

(6.9)

Meo = Ns Ity - Ast - Keilg * Peo (6.10)
The stator core mass, used for core losses calculation is determined as:
2 2

s4 —s% Wey+W,
m5t=[” do4 dl_Ns[Ast+Wss+hsw +h5551252j]'/5taCk'p/am (6.11)

However, the laminated material cost calculation is based on the unstamped
lamination sheets mass:

2
Miam =S4, *Istack * Plam (6.12)
The PM mass is calculated as:
mMppy = 2-P-hpp - Wpp - Istack - Ppm (6.13)

The rotor mass has three components associated with main core, the shaft,
and the cup-end part:
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[Cfo (o ~hy )Zj

Mpep=n p Istack - Pre (6.14)
2 2
r - S
Myt = Ty -1 do4 di (6.15)
s2. s2
Mepz =11 /stack'kos'%+rhy'% “Pre (6.16)
where k. is the over-shaft factor. The final rotor mass results:
mrt :mrt1+mrt2+m,t3+mpM (617)
The winding mass is calculated as:
As - iy
Meo = Ns - lturn % “Peo (6.18)

The final motor active material mass (no frame, bearings, connection box mass
included) is:
Mmotor = Mst + Mco + Myt (6.19)
Knowing the mass of each material, the material cost can be easily determined by
using the material cost (material prices in $/kg are given in Chapter 2).
The rotor moment of inertia is estimated using the expression:
(rdo —2~rhy)2 —rj,. 2 2

2 2
rs. —\rgp -2 re —s4.
do do hy
J = ( g ) Mg+ “Mppy +—d°8 ai "My o (6.20)

6.3.2 Simplified magnetic circuit

The second part of the analytic model uses a simplified linear magnetic circuit
model (Fig. 6.4) for the electromagnetic design, for determining the required mmf to
operate under rated conditions. The circuit models the path for a flux line which passes
through the rotor yoke, rotor PM, airgap stator tooth (and stator coil) and stator yoke.

The main circuit components are the PM and airgap reluctance (the core
reluctance being neglected). The magnetic flux sources (magnetomotive forces - mmf)
are the PM and the stator coil.

Fig. 6.4 External rotor model: simplified magnetic circuit model

Using Ampere law, the airgap magnetic flux density produced by the rotor PM
can be expressed as:

B . Npm 6.21
g rPM h h ( )
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with Bpy - the PM remanence, hpy - PM height and p,, - airgap height. It is

considered that the PM permeability is close to the air relative permeability (
Hrpm = Hro )-

Using the magnetic flux definition, the amplitude of the fundamental
component of airgap magnetic flux per pole is expressed as:
1

4 . (n
D =—B, -wpy -1 -sin| —-a 6.22
PMmax — 7 -9 " "'PM " 'stack ( > “PM j kfringe ( )
where Kfringe ~ coefficient accounting for the airgap flux fringing.
The magnetic flux density within the stator tooth is expressed as:

By -W¢s
Bt =2—=——= (6.23)

m-wet

The electromagnetic torque expression for pure iy control (iy =0 - MTPA

condition for non-salient, non-saturated synchronous motors) is:
3 .
Te = EP'APM “Is max
3

=Ep'(*?"v'deMmax'kwl)".smax (6.24)

9
= Ep’q)PMmax Ky g -mmf
where N is the number of turns per coil and k,; - the winding factor and the
mmf =N I represents the magnetomotive force per coil. The number of turns per
coil is not known yet. If the rotor losses and mechanical friction losses are neglected,
the electromagnetic torque can be equated to the output mechanical torque. The rated
output torque for given output power and speed requirements is:
P

To=— N

m 2-n-fy-p
Combining (6.24) and (6.25), the mmf necessary to produce the rated torque

is expressed as:

(6.25)

mmf - Im (6.26)

N Pppm - P K1
6.3.3 Winding parameters
Because the number of turns per coil is not known yet, the winding resistance

and inductance cannot be determined. However, their values normalized to the N2 can
be calculated, being useful later in determining the number of turns per coil.
The stator inductance is calculated as the sum of main and leakage inductance:

Ls = (Lm + La)
3.N?

~1.3 —
Rpm + Rag

(6.27)

Wpp - |
ag PM
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where Rpp and Rsg are PM and airgap magnetic reluctances in Fig. 6.4. The 0.3

coefficient assumes that the leakage component of the stator inductance L, is
approximatively equal to 30% of the main inductance L,, value. Therefore, the stator
inductance per number of turns per coil squared yields:

Lg Wpm - Istack
=S =3.9 1y Ky - (6.28)
n? 0wl hag +hpm
The stator resistance can be written as:
Rs = Peo /turn'N'3
As - Kijy
/turn N-3
=Pco-~p (6.29)
As - kil
3 Iturn 'NZ i
~Peo T mmp Jeo
Similarly, the stator resistance per number of turns per coil squared yields:
Rs _ 3'/turn P
P—pco mmf 0 (6.30)

6.3.4 Losses and efficiency
The copper losses (joule losses) are obtained from the mmf and stator
resistance coefficient:

pco:3-RS~I§:3-R—§-mmf2 (6.31)
N

The iron core losses for operation at rated speed (rated frequency) are calculated
based on core specific losses and magnetic loading (Pfe1T400Hz = 14.3W/kg specific
losses for 400Hz frequency and 1T magnetic load [19]):

2
- Uy 6.32
Pfe = Kpre * Pfer 400tz (BSf WJ “Mst (6.32)

where kae = 1.45 represents a safety coefficient added to represent the mechanical

core processing losses. Since the rotor back-iron flux density shows a significantly less
variation with rotor position and because the thickness of magnets/main flux space
harmonics pole pitch is large, the stator was considered as the only region for the core
losses calculation.

Finally, the efficiency for operation at rated conditions is determined as:

Pn
y = (6.33)
P + Pco + Pfe + Pmec
where the mechanical losses p,,,. are taken as fix percentage value of 1.5% of output
rated power.

6.3.5 Number of turns per coil determination
The third part of the model uses the stator voltage equation for steady state
operation. Written for the main harmonic component, the equation yields:

Ve = Rg T + jwhs (6.34)
XS =XPM +LS'TS (635)
Aoy =3 -@ppy N Ky g (6.36)
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The electromotive force (emf) RMS value at rated speed operation is written as a

function of number of turns per coil N:
E =wpy - Apm

) 6.37

:3.2.,—,.fN.N.%.kW1 ( )

By assuming that the pure I control is used (usually employed for

unsaturated surface PM synchronous motors), the phasor diagram associated to the

Eq (6.34) - (6.36) can be represented as in Fig. 6.5:

jor L Tg - N
\Rs - Lg

\E - wr'XPM

L
Fig. 6.5 External rotor model: steady state phasor diagram

According to the phasor diagram, the voltage phasor RMS value can be written

as:
Ve = (Rls + E)? +(wpLsls)? (6.38)
This equation can be used to calculate the number of turns per coil.
2 2
Ve =t Bs .mmr+ E| 4w, L5 . mmr (6.39)
N2 N N2
Based on the DC bus voltage level, the maximum phase voltage RMS value is:
4V 1 2n
Vs = . % T sm[ j Ksafety (6.40)
where g is a sub-unitary coefficient of 0.7 which artificially decreases the

safety
available phase voltage with 30% to provide the designed machine with a safety
margin for reaching the rated speed. Finally, with all other terms on the right side of
the (6.39) already known, the number of turns per coil can be extracted:

Vs

2 2
\/[ Rz mmf + Ej [a)r L52 mmfj
N N N

With the number of turns per coil N determined, the motor parameters: stator
resistance R, the stator winding inductance L., the permanent magnet flux linkage

App €an be determined. Additionally, the rated stator current RMS value is calculated
as:

N =

(6.41)

Iy =Io = mef (6.42)
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The flow diagram of the analytic model presented above is shown in Fig. 6.6.
The blocks represent the quantities expressed by the equations above, while the
arrows denote their dependencies and the direction of calculation flow. The model
inputs (marked with blue) are the design requirements, the optimal design variables
and the materials electric/magnetic/mechanical properties and cost, while the model
output quantities, expressing the motor performance and fithess are the motor
efficiency and total material cost. These quantities will be used in the optimal design’s
objective function to determine the motor fitness.

magnetic circuit model

electric steady state
voltage equation

Design
requirements:
Pn, N, Ve, fin

Stator geometry
dimensions:
rdos Istack, Nag:
hpm; Wst, Thy:
Shy hss, apm, Asp
PM, copper and
iron material
electric/magnetic

properties
materials cost Legend: .
Gk Crnotorcost ) S5 Tode! houts
@@ model outputs

@@ FEA based correction
Fig. 6.6 Analytic model used in the optimization process

While being simple and fast to execute, good features for a model which is
iteratively executed in an optimization routine, this analytic model is not very precise,
its accuracy being reduced as a tradeoff to simplicity. The main simplifications were
done in the magnetic circuit model, where the saturation and flux leakage accurate
calculation were not considered. This can lead to designing a machine which will not
meet the design requirements in real operation (being able to operate at rated speed
and rated load torque). One approach in improving the analytic model would be the
embedding of a nonlinear magnetic circuit model. Another option would be to change
the model to a more accurate one, such as finite element-based model. However, this
leads to a prohibitive calculation effort (as seen in previous chapter where FEA based
optimization was implemented). A new approach is proposed here as a compromise
between the reduced optimization time and model accuracy: iteratively correct the
analytic model via specific FEA validation until the analytic model’s results converge to
the FEA model’s results.

6.3.6 FEA based correction coefficients

One of the main sensitive part of the analytic model is the PM magnetic flux.
The inaccuracies in its calculation influence directly the mmf and emf calculation,
affecting the motor capability to produce the rated torque at rated speed.

An overestimate of the stator PM flux (the real value is smaller than the value
calculated by design) will limit the possibility to achieve the load torque for the
designed rated current. On the other hand, if the PM flux is underestimated (the real
PM flux is larger than the calculated value by design) the motor will not be able to
reach the rated speed under rated load (due to high emf value). In both cases, the
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effect is visible in the torque produced by the motor operating at rated current.
Therefore, checking the electromagnetic torque value via FEA at the end of the
optimization process for rated current load is a good indicator for the accuracy of the
PM flux estimation. The deviation between the analytic electromagnetic torque value
and FEA electromagnetic torque value can be expressed as:

Kg =1 +M (6.43)
Te
where T, is the electromagnetic torque calculated with the (6.24) and the Tggy

represents the electromagnetic torque extracted via FEA analysis of the designed
motor. The Kg coefficient is used then for correcting the analytic model’s Equ. (6.44).

as shown in the analytic model diagram:
(6.44)

4 . (n
PpM,0x = KE ~— Bg *Wem “Istack - Sin (5 : C’PM] Kiringe
With the PM flux equation corrected, the analytic design is deployed again. Because
the PM flux correction will lead to a different design result, the correction factor will
be adjusted recurrently until the FEA - analytic torque difference converges to 0:

TrEM —Te
Keg =Kg + -kg 6.45
(n-1) Te ( )

where Kg is the previous value of the correction coefficient and kg is a sub-relaxation

factor which controls the corrected value’s convergence speed. Since this operation
requires more FEA check - analytic design successive steps, the total computation
effort is higher than the computation effort of directly using FEA for the
electromagnetic design, especially in an optimal design routine where the design
algorithm is successively applied for each candidate. To avoid this, the FEA based
check is used only at the end of the optimization process (done only based on
the analytic model) and a next analytic model-based optimization process is started
from the current optimum results, with the model corrected. A detailed overview of
the optimization process is done in the next subchapter.

In a similar way, the stator inductance is corrected via FEM analysis. The Equ.
(6.28) provides a rough approximation of the stator inductance as it considers the
leakage inductance and end-coil inductance to equal 30% of the main inductance. The
K; inductance correction coefficient is calculated in a similar way:

_ Lrem — Ls
KL _KL(nfl) +T'kL (646)
and applied to the stator inductance analytic formula:
LS:KL.1_3.3./J0.N2./<W1.WPM‘7/Stack (6.47)
hag +hpM

The two coefficients are marked in the algorithm flow diagram with red.
6.4 Optimal design routine

The optimization routine uses the set of 10 optimal design variables shown in
Table 6.1. Their search domain (minimum - maximum interval along each dimension)
is shown in Table 6.2.

Table 6.2 Outer rotor BLAC motor: optimal design variables exploration range

Design Min. value Max. value o

: Description
variable [mm] [mm]

I'do 115 124 rotor outer diameter [mm]
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Istack 20 30 core stack length [mm] (not shown in Fig. 4.4)

hag 0.5 1 airgap height [mm]

hpm 2 7 PM height [mm]

Wit 5 15 stator tooth width [mm]

Ihy 4 15 rotor yoke height [mm]

Shy 4 15 stator yoke height [mm]

hss 2 8 stator pole top height [mm]

dpm 0.5 0.9 PM width span relatively to the rotor pole span [mm]
stator tooth tip span relatively to the stator pole span

Qsp 0.8 0.9 [mm]

6.4.1 The multi-objective fitness function

As for the previous designed motors, the optimal design routine employs an
objective function or fitness function expressed in cost, to be minimized. The
optimization process targets multiple outcomes, embedded in the optimization function
by penalty functions expressing their fulfillment in terms of cost. The main objective
function component is the material cost C,,;; composed by active and passive material

cost. The active material cost includes the stator stack core cost, PM cost, rotor
material cost and winding copper cost, while the passive material cost includes motor
frame, insulation sheets, bearings, etc.

fob = Cmat + Ctemp + Ce (6.48)

The two sets of constraints written in terms of penalty costs concern
overtemperature rise during rated operation and energy consumption.

The stator heat extraction due to joule and iron losses represents a challenge
for the interior stator PMSM motors, which should be considered in the electromagnetic
design [78]. The heat buildup inside the motor is reduced in a refrigerator compressor
application, due to the intermittent operation (in case of no-variable speed drive) or
operation at a lower power in majority of the time. Increasing the temperature above
the insulation class rated temperature will cause the reduction of the insulation life and
performance degradation. The Ctemp objective function cost component represents

the penalty cost applied only if the winding temperature exceeds the maximum
temperature given by the material insulation grade (155 °C). The penalty cost varies
linearly with the over-temperature multiplied by the material cost and by a weighting
factor. The winding temperature is calculated based on the core and iron losses,
considering the convection heat transfer coefficient from the stator core side surface
to the ambient.

Ctemp = max(TW - TWmax ,

0)- ketemp - Crmat (6.49)

+
Ty=_——ttfe .7, (6.50)
t " “side _ stator

Kctemp =10 is the over temperature penalty function coefficient, T,,,, is the ambient

temperature, a; represents the equivalent heat transmission coefficient and

Sside stator 1S the areas of the stator surface which exchanges heat with the

environment.

The efficiency can be improved during the optimization process by imposing
an electric energy consumption cost which covers the motor losses during the machine
total expected run time t;, expressed as:

Ce—PN[;—lj'tl'pe (651)
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with Py, - machine rated power, ] - rated efficiency for a candidate, t;- machine
expected run time (10 years), p, - energy price per kW/h.

A modified version of the efficiency penalty cost is used here (6.52), which
accounts only for the energy consumption caused by operation characterized by an
efficiency below the n,,;, minimum efficiency-imposed value.

Additionally, it is assumed that the motor operation will not always take place
at rated speed (operation characterized by efficiency n, ), but most of the time it will

operate at a lower speed and load (operation characterized by a lower efficiency n; ).
Therefore, the n; efficiency is also included in the energy penalty cost.

0,0n > N1 > Nmin

1
Ce = PN'knl'[_

N1 Nmin

Py - [knz L 1-kng 1

ny Ny Nmin

with k,; = 85% represents the percentage of time the motor operates at 44% of the
rated speed.

6.4.2 Optimization process

The machine analytic design routine introduced in sections 6.3.1 - 6.3.5 is
integrated into Hooke Jeeves optimal design algorithm. To make sure the optimum
solution fulfills the design requirements, i.e., the analytic model is accurate enough to
predict the motor performance, the iterative FEA based model correction mechanism
presented in section 6.3.6 is additionally implemented. Fig. 6.7 presents the
optimization process, which consists of the following steps:
Step 1: Analytic model-based optimal design run

An initial Hooke Jeeves algorithm-based optimization process takes place using
the analytic outer rotor PMSM model in (6.1) - (6.42), for a randomly selected starting
point, which leads to an optimum solution in terms of minimum cost.

Step 2: Optimum result FEA validation
A finite element model of the optimum solution is built and used for calculation
of the following two parameters:
- Tgem - the average electromagnetic torque value for rated load

- Lggy - stator winding apparent inductance in rotor coordinates.
Using the analytically calculated values: T, - based on (6.24), respectively
L, - based on (6.27), the recursive correction coefficients are calculated as:

J'tl'pe/nN >r’min >f]1 (652)

]'f1 “PesNmin > Ny > N1
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START

run Hooke Jeeves optimization algorithm

using analytical model only (Kg = K, = 1)
Ke=Kg(old)
K =K (old)

store the optimization result
1

[Ke - Ke(old) | <0.07-ke
AND
K, - K, (old)|<0.07-k

run the FEM validation for the optimum result and
run Hooke Jeeves optimization algorithm
- - starting from previous optimization result using
update the analytical model with the the analytical model updated with K¢ and K_
correction coefficients Kg and K; store the optimization result

recalculate the correction coefficients Kg and K;
é |

Fig. 6.7 The external rotor BLAC optimization process

KE:KE )+—TFEM_Ta'kE

(O/d Ta
. . 6.53)
_ FEM —*a .
KL = KL(O/C/) + La kL

where (old) " represents the older values, and kg, k; represent sub-relaxation factors,

calibrated to a value of 0.3 (by trial and error) to control the correction convergence
speed. The initial (old) value of the Kz and K; correction coefficients is 1.

The rate of change of the correction coefficients provides an information on
the mismatch between analytic/FEA values:

Kg - K <0.07 -kg

Eora)

(6.54)
<0.07 -k,

KL= KL(old)

If (6.54) conditions are true, i.e., the analytic/FEA values difference is equal
to or below 7%, the analytic model is considered to be accurate enough and the
optimization process is ended (Step 4). Otherwise, Step 3 is deployed.

The Tggy calculation is done assuming a pure 7, vector control method. To

further reduce the computation effort, the torque is calculated as an average value of
FEA extracted torque values for only two rotor positions: erTmin’erTmax corresponding

to the maximum and minimum values of the total torque pulsations. These two rotor
positions expressed as values within an electric period are selected from a lookup table
as a function of current values of stator tooth span asp and rotor pole span apy, design

variables (the two design variables were observed to have the main impact on torque
pulsation shape and min/max values position). The lookup table (Fig. 6.8) is
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constructed offline, prior to the optimization process by calculating the total torque
pulsations by FEA for the entire exploratory range of asp and apy -

orTmin 0rTmax

0.9 0.9

0.8 10 08 10
i) i)
(0] (0]
S 07 S 07
@ @
3 5 3 5

0.6 0.6

0.5 0 0.5 0

05 06 07 0.8 05 06 07 0.8
ap), [ded] apy [deg]

Fig. 6.8 The rotor positions withing an electric period corresponding to the minimum and
maximum torque peaks

6.4.2.1 Step 3: re-run the Hooke Jeeves algorithm with the corrected
analytic model

The analytic model-based Hooke Jeeves optimization is started again, with the
previous optimum solution used as initial point. This time, the analytic values of the
fundamental component of airgap flux per pole and stator inductance (6.22) and (6.28)
are corrected as shown in section 6.3.6, using the updated FEM correction coefficients
(6.53). After a new optimum solution is obtained, the optimization process returns to
Step 2.

After a finite number of Step 2 - Step 3 iterations, the analytic model’s results
are expected to converge to the FEA calculated values, fulfilling the (6.54) conditions
and ending the optimization process.

6.4.3 Optimization results

The design requirements for the outer-rotor PMSM motor are to maximize
efficiency at rated 4500 rpm and 1 kW (targeting a household refrigerator compressor
drive application) and to minimize the material cost. The continuous operating point
for the motor is considered 2000 rpm, operating point which is also considered in
objective function through the energy penalty cost. Additional constraints given by the
compressor housing are imposed through the design variables limits (maximum rotor
outer diameter and core stack length). No operation above the rated speed is required,
therefore no flux weakening capabilities are needed.

The optimal design process presented in Fig. 6.7 was ran 20 times [79] (to
ensure a better coverage of the searching space and increase the change of finding
the global minimum). The total computation time is 176.7 minutes, which results in an
average of 8.8 minutes per optimization process.

A short overview of the objective function evolution, optimization time duration
per optimization step and the number of objective function evaluations per
optimization step for the 20 optimization process deployments is shown in Fig. 6.9.
Due to a few orders of magnitude differences within data, a part of the values is
displayed on a different scale, having the axis placed on the right side of the graphics.
The legend has the following meaning:

- Initial: f,, value evaluated for the initial randomly chosen optimization

starting point
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- Step: 1: f,, value, optimization time and number of f,, evaluation for the

initial analytic model-only optimization process.
- Step:4: f,, value for the final optimum result

- Step: 2/3: run-time and number of f,, evaluations during the iteratively FEA
check - corrected analytic model-based optimization.
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Fig. 6.9 Results for the 20 runs of the optimization process, in terms of: a) objective
function evolution per step, b) optimization time per step; ¢) humber of objective function
evaluations per step.

The objective function value after the Step 1 (analytic model optimization) is
few orders of magnitude smaller than the objective function value for the starting
candidate (randomly selected), proving the optimization algorithm effectiveness.
However, after applying the analytic model correction, the final value of the objective
function (Step 4, in Fig. 6.7, Fig. 6.9 a) shows a generally small increase in cost. The
reasons are explained below.
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The 13 optimization process run provides the best candidate after the
optimization Step 1 stage (f,, value: 10.34 $). However, the 14 optimization process

run (who's objective function value after the Step 1 was 11.52 $ -Fig. 6.9) provides
the best result for the objective function, after FEM correction (Step 4 stage): 12.38 $
(whereas the final objective function value for the 13% candidate is 12.76 $). This
disproves the incorrect assumption in [80] that the best solution found by running
multiple times the optimization process based only on the analytic model (Step 1)
remains the best solution also after the correction of the analytic model. Therefore,
the result of the 14t optimization process is considered the optimum solution.

__800 , , : : , ,
a
% 0 fob
= 600Q) 16— , . . . —
S o
—— 14_ -
S 400 é :
E) 12 (o] (o] [o) [0
B 2001 4ol s : - : 4
2 1 2 3 i 4 5 6
° - - Sy S S U - Sp—— -

0 1 2 3 4 5 6

Hooke Jeeves algorithm gradient movement steps
Fig. 6.10 Objective function evolution for the 14th optimization process run during analytic
mode optimization (Step 1)

A detailed evolution of the optimal design variables and main electric/magnetic
parameters values for the 14t candidate is presented in Fig. 6.11 and Table 6.3. The
vertical dashed line separates the optimum result obtained by running the Hook Jeeves
using analytic model only (Step 1 result - on the left side) from the successive
optimization results obtained by running the Hooke Jeeves algorithm during FEM
correction of the analytic mode (successive Step 3 results - on the right side).
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Fig. 6.11 Optimization process evolution of: a) FEM correction coefficients, b)
electromagnetic torque, c) stator inductance, d) airgap flux density amplitude, e) flux linkage
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per phase, f) efficiency at rated load and rated speed and at low speed (0.44 p.u.), g)
objective function, h) objective function components, i, j, k) optimal design variables

As expected, the differences between the analytic and FEA calculated values
of stator winding inductance and electromagnetic torque value after initial optimization
step were large enough to enable the iterative analytic model correction Fig. 6.11 b,
c). After 5 Step 2 - Step 3 optimization iterations, this difference decreased below 7%,
ending the optimization process. The evolution of the correction coefficients, displayed
in Fig. 6.11 a, shows that:

- The PM flux per pole was largely overestimated in the analytical model leading
to an initial optimum solution which could not produce the rated torque while
being fed with the rated current. The Kg coefficient reduced the flux per pole

amplitude in (6.44), forcing the design algorithm to find a solution for increase
the analytic torque value, by reducing the airgap height h,; value and by
increasing the PM width apy, , the stack length /g, and the stator and rotor
yokes: shy,rhy. These changes and few other increased the material cost

with 0.86 $ (7.3 %) and the motor mass with 0.3 kg.

- The stator winding inductance value calculated with the analytic model was
only slightly underestimated.

Being placed in the airgap, the Ferrite PMs face the risk of demagnetization,
due to their low coercive field. During optimization process, this risk was evaluated by
analytically checking the airgap flux density for twice the rated current load.

2-mmf -2
B, (2Iy) = g &= 6.55
g (2In) = Ho Frag + Ppm ( )

The results (listed as Bg(ZIN) values in Table 6.3), show no risk of
demagnetization.

Table 6.3 Results for the 14™ optimization process run

Best Final
Initial analytic optimi-
Parameter model zation Description
values
result result
(Step 1) (Step 4)
E [Vrms] 106.25 131.68 132.33 EMF at rated speed
In [Arms] 3.45 2.68 2.77 rated current
Aem [Wh] 0.084 0.104 0.105 PM flux per phase
Ls [H] 0.017 0.015 0.015 winding total inductance
Peo [W] 54.78 44.48 43.7 rated copper loss
pre [W] 6.18 5.28 5.92 rated iron loss
nn [-] 0.92 0.93 0.93 rated efficiency
n: [-] 0.86 0.88 0.88 efficiency at rated torque and 0.44 pu
speed
Bg [T] 0.33 0.35 0.37 air-gap PM flux density
By (2In) [T] 0.316 0.221 0.204 airgap flux density for twice the rated
current
oo [MmM] 124 124 124 rotor outer diameter
Shy [mm] 11.3 6.85 7.66 stator yoke width
rhy [mm] 8.11 5.69 6.71 rotor yoke width
Wst [mm] 10.62 8.56 8.89 stator tooth width
hag [mMm] 0.50 0.68 0.52 air-gap height
hem [Mm] 3.66 4.05 4.19 PM height
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Istack [MmM] 28.19 25.72 30 core stack length
hss [mm] 2.09 8 7.52 stator pole top height
aem [-] 0.9 0.82 0.9 PM width span relatively to the rotor
pole span
asp [-] 0.8 0.8 0.8 stator tooth tip span relatively to the
stator pole span
Mmotor [Kg] 1.46 1.40 1.55 motor total mass
Ce [$] 100 0 0 energy loss cost
¢ [$] 474.12 0 0 overtemperature cost
fob [$] 586.89 11.52 12.38 objective function
trun [S] - 0.11 688 computation time
Nfob_eval [-] 1 174 462 number of objective function

evaluations

6.5 FEM validation of the optimization results

The optimally designed motor was further analyzed using a finite element
model (Fig. 6.12) under both no-load and on-load analysis. The cogging torque (Fig.

6.13 a) has a small amplitude, of less than 1% of the rated torque.

The EMF shape is closer to a trapezoidal shape, characteristic for concentrated
windings, which suggests that trapezoidal current control is also be feasible. For
obtaining best performance under sinusoidal control, additional PM skewing might have

to be considered (e.g., by using segmented shifted PM pieces).
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Fig. 6.12 Outer Ferrite PM rotor BLAC-motor FEM model: flux distribution under no load

Tesla
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Fig. 6.13 No load finite element analysis results: a) cogging torque versus rotor position, b)
EMF value per phase at rated speed versus rotor position
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A sinusoidal control strategy was simulated for the load analysis, by imposing
an Iq current equal to the rated current (2.77 A). Fig. 6.14 shows the total torque
pulsations. The average value of 2.17 Nm is close to the Tggy final value in Fig. 6.11

b, confirming the torque calculation method used during optimization Step 2.
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Fig. 6.14 Total torque pulsations for rated load
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6.6 Experimental results

A few experimental results extracted from [79] are presented in this section,
obtained by testing a prototype built based on former optimal design results. Fig. 6.15
shows the cup-like rotor, the stator core, and the assembled motor. Each rotor pole
consists of two glued magnet pieces. Lower performance magnets, with a remnant flux
density of 0.33 T were used for the prototype, whereas the design specifications
considered B, =0.45T.
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Fig. 6.15 BLAC exterior rotor prototype

The experimental results were checked against finite element analysis. To
make the comparison possible, the finite element model’s PM flux density was lowered
to 0.33 T. The no load line to line back-EMF waveform for operation at 2000 rpm results

show good agreement (Fig. 6.16).
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Fig. 6.16 Line to line EMF at 2000rpm: measured vs. FEA extracted values

The efficiency of the motor versus load torque was also analyzed via the
analytic model, for several operating speeds and compared against the measured
values, available only for operation at 2000 rpm. Additional torque/speed maps for
calculated iron, copper losses and efficiency are displayed in Fig. 6.17. At 1.8 Nm (85%
of the rated torque) the measured efficiency is 88.2%, while the calculated value is

1% less. The difference decreases as the load decreases. The following

loss

components were considered in the analytic calculation of the motor efficiency:

P out

Pout + Pfe + Pco + Ps + Pmec

(6.56)
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The mechanical losses were estimated to be 2% of the output rated power
Pout (1000W at 4500rpm). An additional source of losses was included in efficiency
calculation (Fig. 6.17), namely stray losses p., which were approximated to 1.5% of

the output mechanical power. The eddy current losses in PM were neglected, given the
higher resistivity of Ferrite and because the PMs have been segmented axially (further
reducing these losses). Also, the skin effect was neglected in the calculation of the
copper losses.

6.7 Conclusions

This chapter presented the optimal design for a 1 kW, 4500 rpm 3 phase outer
rotor PMSM motor. An analytic model was built for electromagnetic design of the motor.
To improve the model accuracy two key FEA based corrections were added, which
iteratively correct the stator phase inductance and airgap flux analytic values during
optimization process until the FEA and analytically computed values converge. The FEA
use within the optimization process is reduced, keeping the optimization time to an
acceptable value (approx. 8 minutes). A material cost objective function was used for
design, with embedded penalty cost for overtemperature and small efficiency
(operating at rated and reduced 0.44p.u. speed and load). Deployed 20 times from
randomly selected initial points, the optimization process found an optimum meeting
the penalty const constraints with a material cost of 12.57 $, FEA validation proving
the motor’s performance.

A few experimental results done on a previously designed prototype and
published in [79] were presented. The FEA analysis matches rather well the measured
data.
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CHAPTER 7. V/F WITH STABILIZING LOOPS
AND MTPA VERSUS SENSORLESS FOC FOR 3
PHASE PMSM DRIVES

Abstract

This chapter comparatively implements two sensorless control strategies for
interior permanent magnet synchronous motor. The scalar V/f control strategy with
stabilizing loops for voltage vector amplitude (based on d-axis current control for MTPA
operation, expressed using magnetic energy formulation) and for voltage vector phase
(based on active power oscillations) is presented and compared against the standard
field-oriented control strategy. Both strategies use active flux-based position observer.
The active flux observer is introduced and compared against other model-based
position estimation strategies. Both control strategies are comparatively investigated
by digital simulation and experimental test. It is shown that, while not matching the
field-oriented control in terms of dynamic response and current control capabilities,
the benefits brought by the stabilization loops and the easier implementation make
scalar control a good candidate strategy for applications with less dynamic response
requirements such as compressor pumps or fans motor applications.

7.1 Introduction

Permanent magnet synchronous motors (PMSMs) gained an important role in
the industry due to their well-known advantages of high-power density, high efficiency,
and due to advances in power electronics.

To operate at different rotor speeds throughout the operating range, variable
speed drives are required for changing both the frequency and amplitude of the voltage
supply.

The most common three phase variable speed drive topology uses a voltage
source inverter composed by 3 half-bridge legs, each connecting one motor phase to
either DC voltage (through the high-side power switch) or to ground (through the low
side power switch).

Several strategies can be used to command of the voltage source inverters, to
synthetize the reference voltages: space vector modulation (SVM), space PWM
modulation (SPWM). Their output is a synchronized PWM command for the six power
switches. The switching is done either at fixed frequency (PWM modulation - most
common technique) or variable frequency (frequency modulation - optimizes the
switching losses but introduces EMC related issues).

A variable speed drive control strategy produces a voltage reference (at given
amplitude and frequency) with the purpose of controlling the motor speed or/and the
torque. The PMSM control structures can be grouped in two major categories:

-scalar control (V/f control or I-f control): lower performance control strategy,
mainly used for variable speed drives applications intended to operate at steady
state most of their time. In its basic structure, it is an open loop control strategy,
having the advantage of simplicity, at the cost of poor dynamic performance and
instable operation. Due to its low complexity and lower computation
requirements, it represents a good solution for driving pumps, fans and for
refrigerating applications.

-vector control, which can be further split in:

o the field-oriented control (FOC) or current vector control
o the direct torque and flux control (DTFC) [81] [82]
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The FOC and DTFC strategies are used in high-performance PMSMS drives
which have high requirements on reference tracking and disturbance rejection. Their
high performance comes with higher computation resources requirements and higher
complexity, due to their higher number of parameters requiring tuning.

By not being subjected to fast reference or load changes and operating most
of the time under steady state, the household refrigerator or air conditioning
compressor applications are not demanding in terms of fast dynamic response.
Therefore, with improvements in efficiency and stability, the scalar control strategies
represent a good candidate for such applications.

7.2 Spoke-PMSM Mathematical Model

The Spoke-permanent magnet synchronous machine is an interior permanent
magnet synchronous machine which has the permanent magnets distributed radially
in the rotor core, in a star shape, bringing the benefit of flux concentration (as there
are two permanent magnets to contribute to the magnetic flux per pole).

Fig. 7.1 Spoke-PMSM

By considering the following simplifications: only fundamental component is
considered, thermal effect and saturation are neglected, influence of stator tooth slot,
anisotropy is neglected, iron losses are neglected, the stator voltage equation in stator
coordinates (denoted as af ), in complex phasor representation writes as (Fig. 7.2):

Ve :Rsfs5+dd—)§ (7.1)
where:
Ve =Vg+jvg =Vs 4(cos(a)et +6y )+ j-sin(a)et +6y, )) (7.2)
i =ig+Jig=is ~(cos(a)et+ 6, )+ - sin(wet +6;, )) (7.3)
A =Ag+JAg = As ~(cos(wet +6,, )+ j~sin(a)et +6,, )) (7.4)
6, =6+ (7.5)

‘s’ subscript denotes stator winding related electric variables, while ‘s’ superscript
denotes fixed, stator reference system. j represents the complex unit and w,

represents the angular speed of the phasor quantities.
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Fig. 7.2 Stator voltage equation phasors in complex reference frame

The stator magnetic flux, stator coordinates can be break-down into:

A =L T8 + A (7.6)
where the [, represents a complex inductance term and Ag,, represents flux
component produced by the permanent magnet placed in the rotor. Both terms are
dependent on rotor position.

Since all the electric signals have a sinusoidal variation (of w, angular velocity)
and also since the motor winding inductance and PM flux show a variation dependent
to rotor position (also sinusoidal, or including a sinusoidal component, for constant
rotor speed), it is convenient to translate them in a reference system which rotates
synchronously with the rotor electric speed (the so-called dg reference system).

Fig. 7.3 The fixed ap coordinate system versus the rotating dq coordinate system

By defining the rotor electric position as:

eer(t)zj We -dt + B, (7.7)
where 660 represents the initial position (the initial angle between axis d and axis a

), the translation of the space phasors from fixed stator coordinates to rotating rotor
synchronous coordinates is done as follows (‘r’ superscript denotes the rotor reference
system):

=r _+s _—jb,
i =ig-e 7

=ig+J-ig
vl =vg e S0 _ Vg +Jvg (7.8)
Xo=K-ef% = pyth,
The coordinate system translation preserves the current amplitude and number of
turns per coil (‘TSS‘ - \7;\ ).
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Thus, in the rotating coordinate frame, the stator voltage equation expression
simplifies:
— ~
vg:Rsisu%uwe.Ag (7.9)
Where the stator linkage phasor is expressed as:
AgzLd-id+ApM+j~Lq-iq (7.10)
Ly represents the d-axis winding inductance, Lg ~ represents the g-axis winding
inductance and Apy, represents the PM flux linkage amplitude. Fig. 7.4 shows the
phasor diagram of the stator voltage equation in rotor reference system, relevant for

. d)\g
steady state operation at =0].

Fig. 7.4 PMSMS stator voltage equation phasor diagram in rotor reference system
The electromagnetic torque is defined as [36]:
Te=2p-Im{id X7}

3 . .

:Ep.(/\d/q_/\q/d) (7.11)
3 A

- Ep(/\PM (L~ Lq)id)iq

where p represents the number of rotor pole pairs, Im{x} is the imaginary part of x

complex number and ‘*’ superscript denotes the conjugate of a complex number.
(7.11) shows that there are two torque producing components: the PM flux component,
and the reluctance component (which varies linearly to the —Lq difference). For

the spoke-PMSM motor, Lg>Ly: therefore, to benefit of torque increase due to

machine saliency, a negative d-axis current must be prescribed by the control
algorithm.

7.3 Strategies for estimating the rotor position

The topic of estimating the rotor position and speed received much attention
in the last three decades, as these strategies can either replace mechanical/electronic
sensor in not very-high performant drive application, for benefits such as cost
reduction and downsizing. For high performance drives, the position/speed estimation
strategies provide plausibility and redundancy for encoder/resolver/hall sensors.
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These position estimation strategies fall under two main categories [83] [84]:
fundamental model-based methods and saliency-based methods (signal injection-
based methods). The first group will be detailed in the following section.

7.3.1 Fundamental model-based observer methods

These methods are used at medium-high speeds [83] [84] [85] [86] [87] [88]
[89] [90] and employ the machine mathematical model to estimate the rotor position.
The model can be expressed either in stationary frame or in synchronous frame
(estimated rotor position frame) [91]. D. Xu et al [84] divided the general structure of
model-based position estimation algorithms into the following parts (Fig. 7.5)
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Fig. 7.5 Generic structure of model-based position estimation algorithms [84]

The first part makes use of the machine model to estimate the stator EMF or
stator magnetic flux. The right-side part extracts the position information from the
estimated flux or EMF vectors.

A short introduction of two of the most common model-based observers is
presented below.

a) Active Flux based method

The “active flux” or torque producing flux concept was developed and
introduced by Boldea et al [92] for all ac drives. It is a fictitious flux quantity which is
always oriented along the rotor d-axis. This reduces the problem of estimating the
rotor position to the problem of determining the active flux phasor position.

The active flux is defined as the quantity which multiplies the g-axis current in
the electromagnetic torque expression (7.11). For an IPMSM, the expression of the
active flux amplitude is:

Aa = Aom +(Lg ~ L) ig (7.12)
Using active flux, the torque expression for an IPMSM becomes similar to the

torque expression of a SPMSM, that is the machine “loses its salient feature” and gains
the advantage of SPMSM in simplicity of rotor position estimation.

3 .

Te=§pAa"q (7.13)
In stator coordinates, the phasor expression of the active flux is:

S _ S =S

Aa:)\s—Lq-ls (7.14)
As shown in Fig. 7.6, Ag is positioned along the rotary reference system’s d-

axis. Therefore, its position g, is at the same time the rotor electric position 6,, .
a
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Fig. 7.6 Active flux observer phasor vector calculation and position relative to
stationary/rotary coordinates

A straightforward way to calculate the active flux phasor is to determine the
stator flux in stator coordinates using stator voltage equation (7.1), followed by the
active flux calculation using (7.15). The main issue with this method resides in using
the voltage discrete integration operation, necessary for calculating the stator
magnetic flux phasor, which can lead to offset accumulation, especially due to offset
presence in measured current and motor parameter estimation inaccuracies. To
overcome these problems, the active flux observer has been enhanced with a
compensation feedback mechanism (Fig. 5.9), which combines a “voltage model” with
a “current model” in similar fashion to the Gopinath observers, proposed for induction
motor rotor flux estimation [93]. The active flux phasor expression becomes:

X = j(vss* ~RsI§ ~Viomp) - At —Lg - I& = X~ Lg I (7.15)
where 5™ is the stator voltage reference value in stator coordinates and Vgomp is the

voltage compensation value of the active flux observer.

Al

7

cr

Fig. 7.7 Active flux observer (the parallel model)

The compensation voltage is calculated using a proportional-integrator
compensator, which is fed by the difference between the active flux calculated using
the “voltage model” (7.15) - lower part in Fig. 7.7- and the active flux calculated using
the “current mode” (active flux calculated in rotor coordinates and then translated to
stator coordinates using rotor estimated position) — upper part in Fig. 7.7:

_ s =
Veomp = [kp e ~SJ(A§U - Ag,-) (7.16)
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kp, and k; are the proportional integrator compensator coefficients.

The compensator coefficients values can be calculated using pole placing
method:
Kpc = Wy + w3 (7.17)
Kic = wy - w3
They characterize the observer frequency behavior, which depends on the
chosen poles @y, w, (w; <w,) as follows. At low speeds (w < wy), the active flux
estimation based on the current model becomes dominant, whereas the voltage model
dominates and at medium-high speeds (w > w5 ).

b) Emf based method
This method estimates the extended EMF vector position (a fictitious voltage
quantity, with similar properties as the fictitious active flux quantity), which is then
used for determining the rotor position. The concept will be presented using the matrix
form of PMSM model, for simplicity. Expanding (7.8) into matrix form (an equation for
each axis), the PMSM model can be written as:

Vg Rs+plg —welg |[ig 0
= Cot (7.18)
Vg ~Wely  Rg + qu lg WeApym

where wg - Appy term represents the EMF value. This model cannot be used, as the

rotor position and speed are presumably not known. Rewritten into stationary ap
coordinates, (7.18) translates into:

[Va} Rs +p(Lg + L1 €05 (26, )) p(Lysin(26g;)) ["a} o {sin(@er)}
= . i PM
vg p(Lzsin2(6gr)) Rs +p(Lp —L1cos(26..)) (/B € cos(6er) | (7.19)
Ld+Lq;L1 _ Ld—Lq

2 2
where p represents the differential operation (applied on both motor parameter matrix
and stator currents ia,iﬁ). Is visible in (7.19) that the rotor position information is

Lo =

present in both the inductance values and EMF term. However, using this model for
extracting the position information is not straightforward, due to the presence of 26,

terms in the stator winding inductance terms. For a non-salient machine, where
Lg= Lq = Lg, the model greatly simplifies to:

Va| [Rs+pLs 0 ig —5in(Bey) (7.20)
[Vﬁ} _{ 0 Rs +PL5}{"B}+Q)€APM{COS(GH)

_cX * L%
Using (5.13), and reference voltages phasor Vg =Vg+J-vg, instead of the

actual phase voltage phasor \755, together with measured current value TSS , the EMF

calculation is straightforward.
For the salient PMSMs, the model can be mathematically manipulated in such
way to eliminate the 26,, terms. By defining the following fictive voltage quantity:

di
Eox =a)r(APM+(Ld—Lq)id)+£(Ld—Lq) (7.21)

and introducing it into (7.19), the model in stationary coordinates greatly simplifies to
a form which resembles the synchronous coordinates form (7.20):
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{va}_[ Rs + ply _a’e(Lq—Lq)]|:ia:|+EeX{—sin(9er)} (7.22)

VB —We (Ld - Lq) Rs +pLg ' cos (Ber)
The E., term is called extended emf. Its phasor is aligned with the EMF

phasor (90 electrical degrees in advance to permanent magnet axis) and can be used
to determine the rotor position [94] [95].

j(eerJrgj
€ax = Eex (—5in(Ber) + j c0S(6r)) = Eex-€ (7.23)

The same substitution can be performed also on the machine model expressed
in rotor coordinates system yielding:

Vd _ Rs + pLy —-welg ig +E (0] (724)
Vg | | —welq Rs+plyl|i X1 1
q e S q
Although this model cannot be used directly, since it needs the knowledge of

rotor position 6, a different rotating coordinate system can be considered: Yo (Fig.
7.8), which rotates with @, estimated speed and it is phase shifted to dq frame by

ABgy =6Bg —éer - the position estimation error (where éer is the estimated position)

96].
[96] 5
g

d \we
Ocr
A
V 1 0e
Fig. 7.8 y0 rotating reference system (estimated position frame)

The PMSM mathematical model in y0 , using the extended EMF can be written

Vs _weLq RS + pLd i5 €5 (725)
e —sin (46, —i,
|4 :Eex ( er) *(Cae*a)e)Ld i5
es cos (A6g;) y
The second term in definition of extended EMF, which depends on speed

estimation error is usually neglected, as it is considered that the estimated speed is
close to the real one. In this case, the EEMF phasor in Y0 is written as:

as:

&es = ey +Jes = €es .el4% (7.26)
The extended emf estimation strategies deal with the estimation of égs , for

estimators in rotating frame, respectively égs, for estimators expressed in stator

frame.
Several methods have been proposed for the estimation of the EEMF: based
on disturbance observer in rotating frame [96] or in stator frame [94], based on state
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filter, using current error-based compensator [95], based on sliding mode observer
[97] [98], strategy which can use reduced or full order observer models.

A disturbance observer-based estimation of the EEMF is shown in Fig. 7.9 [96].
The observer inputs are the reference voltage command and the measured current.
The EEMF is considered the system disturbance to be estimated. For this, the voltage
drop on the stator winding is computed (“process” inverse transfer function). The “s”
derivative operation can be replaced by a high pass filter, to remove sharp changes
(especially during sudden load changes). The extended emf phasor is filtered using a
low pass filter. The filter gain must be selected according to the desired observer’s
bandwidth.

&5 disturbance
1

1 i STy

Disturbance d
observer sTy+1 :_ _S T2_+ l i

LY
C.},B

Fig. 7.9 Disturbance observer (based on [96])

Being expressed in rotor estimated coordinates, the output of this estimator is
the EEMF phasor in real rotor coordinated system, phase shifted by the rotor position
estimation error.

c) Position-Speed Estimators
Beside flux or emf estimators, the other important component of a model-
based rotor position observer is the mechanical observer, or position/speed tracker.
Its inputs are the emf (extended) in stator/estimated rotor coordinates or the active
flux in stator coordinates, while its outputs are the rotor speed and position. There are
several methods of tracking the rotor position:
d)Direct calculation
The phasor's position can then be extracted using inverse tangent
trigonometric function, for extended emf estimator

2 _ e
By =tan™1| =0 (7.27)
ep
and for active flux estimator:
AS
A -1| 9
Ber = tan e (7.28)
a

a
The rotor speed can be calculated by taking the derivative of the rotor position

(by differentiation of the inverse tangent function, using the quotient rule for the active
flux components ratio differentiation). For the active flux observer:
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s K Y P s
. _dby, _"agln-1] "agln] ~“agln-1] "a,[n] (7.29)

dt 2 (. V2
h. (Aaa[n]) +(Aaﬁ[n]j

where h is the sampling period, [n] index denotes the current values while [n—1]

denotes the previous calculated value.

The main advantages of this method are simplicity and the no-delay added to
the speed signal. The main disadvantage is the noise it introduced by differentiation
operation (a low pass filter is needed to attenuate it, which cancels the second benefit).

e) PLL mechanical tracking observer

Another widely used option is the phase look loop observer. Its inputs are the

active flux/extended emf components in aB coordinates, normalized, or the extended

emf error in estimated rotor coordinates (Fig. 7.10):
(7.30)

A
C,',(',

Fig. 7.10 PLL structure for estimating the rotor position and speed from the extended emf
vector

Having the structure of a filter, it inherently introduces a delay in the observed
position and speed. Observer structures including mechanical equation-based angle
tracker [89] [99], capable of estimating the load torque and load disturbance rejection
were also proposed in the literature.

7.3.2 Simulation of the speed/position estimators

The active flux observer in Fig. 7.7 was simulated, using an encoder based
close loop field-oriented control strategy, which will be presented later. The IPMSM
motor parameters are introduced in Table 7.1. Simplified MATLAB Simulink models for
the active flux observer (AFO) and extended EMF observer (EEMFO) are shown in Fig.
7.11, respectively Fig. 7.12. The disturbance observer based extended emf observer
in Fig. 7.9 is coupled with the PLL rotor position/speed tracker in Fig. 7.10, whereas
the active flux observer uses direct position calculation, based on inverse tangent
method. Both models are fed with the stator reference voltage and currents, in stator
coordinates af, shown in Fig. 7.13. The field-oriented control uses the encoder
provided position information; the two position observers not being involved in the
close loop control.

Table 7.1 Parameters of the Spoke-PMSM

Parameter Value

DC voltage Vipc [V] 280
output power P, [W] 1000
rated current I, [A] 3.4

pole pairs p 4

rated speed wn [rpm] 4500
d-axis inductance Ly [H] 0.013
g-axis inductance L, [H] 0.016
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stator phase resistance Rs [Q] 1

PM flux Apm [WDb] 0.06
Rotor moment of inertia J [kg-mZ2] 0.0017
Viscous friction coefficient B 0.0015

An operation profile consisting of acceleration to 2000 rpm, followed by step
load to 1 Nm, at t = 0.55 s is prescribed. The sample time for both motor model and

control model are 10s . Fig. 7.14 shows the simulation results.
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Fig. 7.11 Active flux observer model
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Fig. 7.12 Extended emf observer
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Fig. 7.13 Inputs for the observers simulation: a) stator reference voltage, b) stator current,
in stator coordinates

The estimates of the speed follow the real speed (denoted with ENC, in Fig.
Fig. 7.14 a), the active flux observer response to speed variation being sensibly slower.
The maximum position estimation error is larger for the EEMFO, the AFO the position
estimation being less affected by load changes, with respect to EEMFO, which shows a
transient deviation of 1.5° electric. Both observers show a constant position estimation
error of less than 1° electric.

As visible in Fig. 7.14 e, the extended emf phasor is aligned along 0 rotating
axis, the role of the PLL observer being to force the , phasor component to 0. Although
not implemented here, real application implementations of the EEMFO can use a high
pass filter instead of the differentiation operation, which can have the same cutoff
frequency as the low-pass filter filtering the observed éy5. Using a differentiation

operator amplifies the current oscillations, introducing noises in the estimated voltage.
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Fig. 7.14 Simulation results: a) rotor speed, b) rotor position, c) rotor position estimation
error, d) active flux components in stator coordinates for both current and voltage models, e)
active flux observer compensator model, f) extended emf components in yd rotating frame

7.4 Sensorless control of the IPMSM

Two control strategies were studied and implemented for sensorless speed
control of the spoke-IPMSM: a V/f scalar control strategy, coupled with stabilizing loop
and the classic rotor field-oriented control. Both are presented in the following
subsections.

7.4.1 Scalar V/f control with stabilizing loops

The scalar V/f control for PMSMs represents a sensorless open loop control
strategy which feeds the motor with a 3-phase voltage system whose amplitude
linearly varies with its frequency, ensuring in this way a constant stator magnetic flux
amplitude, necessary for maintaining the load capability through the entire speed
range. Fig. 7.15 show a simplified control scheme, employed for PMSMs control. The
PM flux linkage represents the proportionality constant between the reference speed
and reference voltage. To avoid synchronization loss, a reference speed change rate
limitation is needed. A small voltage offset value V,, is added to the reference voltage

amplitude to compensate the voltage drop on winding resistance. The reference
voltage angle is directly calculated by integrating the rate limited reference speed.
Finally, polar-to-cartesian coordinate translation is used for calculating the reference
voltage in stator coordinates.

& i

VO V * 5 v&

% v, =V *cosO [

a)* W * Vg 9* V*

r L 0|v, =V*sin B
Ramp
limiter

Fig. 7.15 Standard V/f control scheme

While the simplicity and low implementation cost represent its main advantage
(no rotor position information is not needed and no AC or DC current controllers or
reference system transformation are required), the open loop nature of the standard
V/f control shows low dynamic performance and unstable operation during reference
speed change or load perturbations, especially when it is employed for controlling
PMSMs. To improve these shortcomings, the standard control strategy has been
enhanced with stabilizing (or correction or compensation) loops, for both reference

voltage amplitude V™ and reference voltage angle 6™ [82] [100] [101] [102] [103]
[104] [105] [106]. While the main approach in stabilizing loops implementation is to
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use the instantaneous active and reactive power to correct the reference voltage angle,
respectively the reference voltage amplitude, several other compensating strategies
were proposed in the literature, such as:

- use the reactive power close loop control for both reference voltage amplitude
and angle correction [101].

- use of active power variation for correcting the reference voltage speed (angle),
while the reactive power-based power factor close loop control provides the
voltage amplitude correction [102].

- MTPA operation-based correction of the reference voltage amplitude with a
single current sensor [103], for energy saving.

- use of active flux loop for correcting the reference voltage amplitude, while the
active flux speed loop corrects the reference voltage angle [104].

- use of direct current MTPA control loop, using load angle calculation, for both
reference voltage amplitude and angle correction [105].

The V/f control strategy proposed in this chapter employs two correction loops
which serve the following purpose (Fig. 7.16):
- a closed loop control of d-axis current ensures the operation under MTPA and
provides the reference voltage amplitude correction.
- the instantaneous active power variation information provides the reference
voltage angle correction.

* & *
vy =V cos@

*
AN c ve=Vsing |[VA| VSI

limiter T_@‘ AP, HPF | p TActive power
(Eq. (Eq. 7.36)

7.37) —
Ly
A1 MTPA 4-'—_5- Active flux
AV 14 . A e
( )«—{ condition f«—%and iy estim f«
PI-Iy (Eq. 7.34) T’d (Eq. 7.15, [*

7.32)
Fig. 7.16 Proposed V/F control with two stabilizing loops

No position information is needed (the motor can start from any position). The
principles behind both correction loops are explained below.
7.4.1.1 Voltage amplitude correction loop

The reference voltage amplitude correction loop provides a voltage quantity
AV added to the reference voltage which is produced by a close loop d-axis current
controller.

I1V(*x =
sz(kp_id+ki_idsj(’d_ld) (7.31)

PO . . . . S
The d-axis current 7, is estimated using the active flux amplitude Aa and

the magnetic energy expression based on stator flux A , both flux quantities being
provided by the active flux observer:
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Iy =—2 f (7.32)

X 2 2 2 _ 2 2
‘)\g‘ = f)\aa +)\aB,/S =iy +ISB (7.33)

The reference d-axis current ;; is determined based on MTPA condition which
is also expressed using the active flux amplitude:

g=ﬁlﬁgﬁﬁ<o (7.34)
%
i7=i2-i2 (7.35)

The MTPA based correction strategy was selected for improving the operation
efficiency, by adjusting the reference voltage to the motor loading. It acts by reducing
the reference voltage amplitude in case the d-axis current needs to be reduced and
vice-versa. Because the accuracy of the computed d-axis current reference and
estimated values is affected by speed transients, the correction loop is enabled only in
speed steady state operation (acting mainly during torque load change).
7.4.1.2 Voltage angle (speed) correction loop

The sudden changes in PMSM supply frequency (due to reference speed
change) or load torque produce rotor speed oscillations which can lead to loss of
synchronism. The purpose of the voltage angle correction loop is to detect these
transient operations and adjust the reference voltage phasor’s speed accordingly, to
damp the speed oscillations and improve the stability [100], [103].

With no information on actual rotor position or speed, the rotor speed
oscillations caused by speed/load transients are detected by monitoring the oscillations
in the instantaneous active power P, (calculated based on stator currents and
reference voltages):

Pa=3(Vayis, +Vagisy ) (7.36)

As there are similarities between the rotor speed oscillations and the active
power oscillations, the reference voltage phasor speed correction Aw is determined

based on the active power variation AP, extracted using a high pass filter. The speed
correction has the opposite sign of the active power variation and it is added to the
reference voltage vector speed w; .

. sT
@ 1+sT @
k
%
Wr
As the active power variation in steady state is null, the correction acts only
during transient operation and it has the following effect: if the rotor speed decreases
during load increase, the active power increases: 4P, > 0, determining the application
of a negative speed correction 4w <0 which decreases the speed of the reference
voltage vector, to maintain the synchronism. The amplitude of the speed correction

depends on the reference speed ; and on a parametrizable factork .

(7.37)

* *
Aw = APy, Wpe = Wy + AW
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7.4.2 Sensorless field-oriented control (FOC)

The classic field-oriented control strategy, shown if Fig. 7.17 is investigated
and implemented in this chapter. It uses a speed PI controller (PI-w), and two current
PI controllers which operate in synchronous reference frame (PI-14, PI-15). The rotor
position information required for coordinate translation is either estimated via active
flux observer or measured (via an encoder, or a resolver).

*

iq = [kp_w +k,-_w§j(w;, —wm)

* 1 K :
Va :(kp_idJrki_idgj(’d_’d) (7.38)

* *
f v,
MTPA [0} de = SVM
condition j 7 + .
: Vi [
w o S| VSI
of 1’12_5* 20 L
Vg

f| #MTPA e * Mnotoen
QT <2 condition d c'we l-lX
(Eq. 7.34) and ig estim. [«
(Eq. 7.15,

0 16 Rotor position ! i
T—/:_z - Postior 1 73y

and speed estimation(e-
(Eg.7.287.29) | 2,

3

(0] 1
m_
DQ_D

Fig. 7.17 Field-Oriented Control scheme: 1- sensorless, 2 -with position sensor

O

7

The control strategy also includes axes decoupling, to allow for independent

control of the two stator currents:
Vdcomp = Or - Lgi
pooroaa (7.39)
Vgcomp = Wr (Apm + Lgig)

The resulted reference voltage vector v. is translated to stator coordinates

v: using inverse Park transformation, where it will be used for PWM command
calculation via SVM (listed in the Appendix).
os% _ ork i0

vE" =l ellr (7.40)

The introduction of deadtime in the PWM command and the voltage drop on
power converter switching components distort the inverter output voltage, effect which
becomes prominent at lower motor speeds. Compensation techniques consisting of

including additional voltage components in the reference voltage \7§* , to neutralize or
mitigate the voltage distortion were proposed in the literature [107] [108] [109]. The

inverter nonlinearities compensation is also considered here by adding a \755_ voltage
nv
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compensation component to the reference stator voltage \7;5, calculated based on

phase current amplitude and sign [108].
VS  =vS+ve 7.41
Vsabc Vs Vsinv ( )
The deadtime effect compensation is included in the space vector modulation
strategy (listed in the Appendix).
The dg stator currents are calculated via Park transformation:

=S e r (7.42)
The i; current reference can be either calculated based on MTPA condition

(7.34) or set to zero, to reduce the computation effort for the case of small or no
saliency. For the case of the spoke-PMSM motor investigated in this chapter, the ratio
Lq/Ld is 1.23 (Table 7.1).

7.4.3 Digital simulation results

Simulations have been carried out for the two control strategies and are
presented below, for providing an insight on their performance.
7.4.3.1 V/f control with stabilizing loops

The control scheme in Fig. 7.16 was implemented and simulated. The
controller calculations part is executed at 10 kHz while the motor (plant) model part is
executed at 100 kHz. A rotor reference speed step change to 2000 rpm (0.44 p.u.) is
prescribed at t=0.1 s, followed by a step load to 1.06 Nm (0.5 p.u.) over thet=2..3 s
interval. Both compensation loops are enabled. The simulation results are presented
in Fig. 7.18 and the control parameters are listed in Table 7.2.

Table 7.2 Parameters of the V/f control with stabilizing loops

Parameter Value
ig controller proportional gain kp s 0.5
ig controller integrator gain k; ig 8
maximum/minimum jg controller output value [V] + 25
voltage amplitude correction loop coefficient k 80
active power high pass filter time constant T [s] 0.125
V/f boost voltage Vp [V] 1
active flux observer controller proportional gain Ky afo 100
active flux observer controller integrator gain K; af 1000
maximum/minimum active flux observer controller output Veomp [V] | £ 20
maximum speed difference (reference-estimated value) at which | 5
the voltage amplitude correction loop is still enabled [rad/s]

Due to the 250Hz/s speed rate limiter, the acceleration time to 2000rpm is 0.6
s (Fig. 7.18 a). The speed disturbances during load and unload exceed 100 rpm, but
the operation is stable, even under step load.

Although not directly used in the control loop, the estimated active flux
observer estimated speed (AFOBS, in Fig. 7.18 a, follows closely the actual rotor speed,
denoted by ENC).
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Fig. 7.18 V/f with stabilizing loops simulation results: a) rotor speed, b) rotor position, c)
rotor position estimation error, d) d-axis current, e) stator voltage amplitude correction, f)

reference voltage in stator coordinates, g) reference current in stator coordinates, h) active
power and its oscillations, i) voltage angle correction

o

The estimated speed has a maximum error of 20° el., during speed transient
change and a constant error of approx. 5° el. This error offset seems to vary with the
calculation rate (e.g., at observer model calculation rate of 100kHz - Fig. 7.18 c the
simulation error is less than 1° electric). Fig. 7.18 d shows the voltage amplitude
correction loop effectiveness in controlling the reference d-axis current for MTPA
operation, while Fig. 7.18 e shows the voltage amplitude correction. The difference
between the estimated d-axis current and the actual d-axis current of 1 A during load
is attributed to the position estimation error. The voltage angle correction is shown in
Fig. 7.18 g.

As shown in Fig. 7.18 f, the stator current reaches high amplitude values during
transient operation of approx. two times the rated value. This represents one of the
shortcomings of the V/f control method.

7.4.3.2 Sensorless field-oriented control, based on active flux observer

The sensorless field-oriented control in Fig. Fig. 7.17 was simulated under the
same conditions as V/F control strategy. The active flux observer was used for
estimating the rotor position, the control parameters being presented in Table 7.3.

Table 7.3 Parameters of the FOC sensorless control

Parameter Value
ig (and ig) controllers proportional gain k, s (and kp_iq) 20
ig (and ig) controllers integrator gain k; is (and k; iq) 50
maximum/minimum iy (ig) controller output [V] +£100
speed controller proportional gain k, o 0.04
speed controller integrator gain ki » 10
maximum/minimum speed controller output [A] +5.5
maximum speed difference (reference - estimated value) 50
at which the MTPA ig* is calculated [rpm]

The results presented in Fig. 7.19 show that the rotor acceleration to 2000 rpm
occurs in a much shorter time, being limited by the g-axis reference current limitation.
Additionally, even if the same observer structure and parameters were used, the
estimation position error is lower than in the case of V/f control (Fig. 7.19 c). The d-
axis real current presents oscillations during rotor acceleration, caused by the active
flux observer estimation errors (which also impacts the d-axis reference current
calculation for MTPA operation). However, the operation becomes smooth after the
speed transients.
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Fig. 7.19 Active flux observer sensorless field-oriented control simulation results: a) rotor
speed, b) rotor position, c) position estimation error, d) d-axis current, e) g-axis current, f)
load/electromagnetic torque, g) reference voltage in stator coordinates, h) stator current in

stator coordinates
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Overall, as expected, the field-oriented control provides a better performance
in terms of dynamic operation. However, for targeted applications of pumps,
compressors and fans, the scalar control dynamic performance is considered
satisfactory.

7.4.3.3 Parameter variation influence on position estimation (digital
simulation study)

The active flux observer relies on a model of the machine stator winding
electric circuit, making the accuracy of the position estimation dependent on the
accuracy of the estimated electric machine parameters values. The real values change
in time, due to temperature or magnetic saturation, and affect the quality of the
position estimation (if the observer’s model does not include built-in strategies to
compensate for such effects).

The impact of machine parameter changes from the rated values (listed in
Table 7.1) on the estimated rotor position is studied by simulation for operation at
2000 rpm under no load, and partial 50% load (1.06 Nm). The results are shown in
Fig. 7.20, for both sensorless control strategies.
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c) d)

Fig. 7.20 Position estimation error versus motor parameters variation of: a) stator
resistance, b) d-axis inductance, c) g-axis inductance, d) PM flux

The position estimation seems to be less affected by the stator resistance and
d-axis inductance change (the impact is larger at lower operating speeds), whereas a
10% change in g-axis inductance or PM flux has a major impact in position estimation
error.

Overall, FOC sensorless control operation is less influenced by parameter
changes than V/f with stabilizing loops. For parameter variation of higher amplitude,
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the V/f control strategy becomes unstable and, thus, requires parameter value
compensation strategies.

7.5 Experimental results

This section presents experimental results performed on a spoke-IPMSM
prototype motor shown in Fig. 7.15 a, manufactured based on the design procedure
presented in [110]. The design requirements were: 1 kW at 4500 rpm, fed by a voltage
source inverter connected to a 380 Vpc source. However, due to the use of lower
performance PM magnets and a larger airgap height, the resulted prototype machine
can produce an output power only in the range of few hundreds of Watts. The test rig
fixing platform also limits the speed operation to 2000 rpm. For this reason, the
experimental results presented in this chapter were carried out at maximum 2000 rpm
rotor speed and less that the rated load (2.12 Nm). A comparison of design machine
parameters versus the measured ones is also presented in the next subsections.

7.5.1 Experimental platform

The experimental platform depicted in Fig. 7.21 b consists of the spoke-IPMSM
prototype, coupled via Magtrol TM307 torquemeter to the 1.63kW, 2000 rpm BSM90N-
2150AF ABB BLDC motor. The load motor is powered by a MintDrive II which is
programmed to operate in torque closed loop control mode.

The prototype motor is fed by a Danfoss VLT®Automation Drive FC 302 3
phase voltage source inverter connected through an autotransformer to the 400V grid
supply. 3 LA 55-P LEM current sensors are used for acquiring the 3 phase currents,
while the inverter DC bus voltage is acquired using a LEM LV-25p based custom voltage
sensor box.

The dSpace 1103 control board is used for control strategy implementation,
optically connected to the Danfoss inverter via a custom interface card. The rotor
position acquired with an incremental encoder mounted on the load motor is routed
via MintDrive II to the dSpace interface card. An additional connection between the
dSpace control board and MintDrive II is used for providing the analog load torque
reference for the load motor.
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Fig. 7.21 Experimental platform: a) spoke-PMSM, b) test rig

MATLAB Simulink, Real-Time Interface and Target Link are used for motor
control strategies implementation, while the Control Desk experiment is used for
measurements and instrumentation.
7.5.1.1 Machine parameter determination

The motor parameters are presented in Table 7.1. Part of them were
determined experimentally using both static and dynamic tests. The procedure is
presented in the next subsections.
7.5.1.2 PM flux linkage

The PM flux linkage was calculated using the EMF value measured during an
open load generator test (Fig. 7.22). With the spoke-IPMSM motor rotated at a
constant speed, the EMF line value waveform was captured with an oscilloscope. As it
can be observed, the EMF waveform is not close to a sinusoidal shape, the FFT
transformation showing a rather large value of the 5th harmonic (10% of the
fundamental harmonic amplitude - Fig. 7.23).

BUPT



149 Design and control contributions to high efficiency Ferrite-PMSM drives for small
compressors _

Using the measured EMF, the PM flux linkage amplitude was determined as:
g_ By _dApy dOer _ dApm

dt  do, dt  do, e

- (7.43)
60

where n, is the rotor speed in rpm and p is the number of pole pairs. For a 1500 rpm
rotor speed open loop generator operation, the value of Apy = 0.06Wb was obtained.

20 =20
3
10 215
< =
= 0 § 10
> o
-10 & 5
E
go
-20 0 20 1 2 3 4 5 6 7 8 9 10
v, M harmonic order
a) b)

Fig. 7.23 EMF of Spoke-PMSM for 700 rpm, generator mode in open loop: a) stator voltage
vector trajectory in ap coordinates; b) harmonic component of Va

Due to airgap PM flux density distribution, the EMF is not sinusoidal, containing
a set of harmonics, the most prominent being the 5% harmonic These EMF harmonic
components inevitably produce current harmonics whose effect is seen in the torque
pulsations.
7.5.1.3 Estimation of inductances along d and q-axis

The synchronous inductances were calculated during a standstill test. The rotor
was mechanically fixed in a position with the d axis aligned to the stator phase a axis.
The stator phases, connected in a special way to exhibit the properties of synchronous
inductances, were fed through an autotransformer which had its AC voltage varied to
produce a phase current variation from close to 0 A to the rated current amplitude.
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Using the voltage and current RSM values, the inductances is estimated as

follows:
2 2
2 Vd(rms) 2 1 Vq(rms) 2
z -R: = - RS
3 Id(rms) 2 Iq(rms)
L 5 ilg = 5 (7.44)
(2-n-f) (2-n-f)

where f is the grid frequency of 50Hz, and R, is the phase resistance. The measured

currents and estimated inductances variation with current is depicted in Fig. 7.24. The
saturation effect is not visible because the test was performed for current values up to
the rated current (2.44 Arms).
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g. 7.24 Stator dq axes inductances

Finally, Table 7.4 shows a summary of the measured parameters, in
comparison with the design values [110]. The stator winding resistance was
determined using Ohm law (by feeding the stator winding with a DC voltage source).

Table 7.4 Design versus measured parameters of 6/8 pole Ferrite spoke PMSM
Parameter Design values Measured values
PM flux [Wb] 0.107 0.06
stator resistance (Q) 1.36 0.85
d-axis inductance [mH] 14.2 13
g-axis inductance [mH] 13.8 15.6

7.5.2 Motor control test results

The two sensorless control strategies presented in section 7.4 were
implemented and comparatively tested [106] [111]. To facilitate the results
interpretation and evaluation, the experimental tests were ran using same reference
speed and load torque profiles:

e reference speed change from 0 rpm to w,” at t = 0.1 s, followed by operation
at constant speed and reversal to -w,” at t = 5s and deceleration to 0 rpm at
t=11s.

e reference load torque T.” applied during 1.5 - 3.5 s time interval and negative
torque reference -T." is applied during 7.5 - 9.5 s time interval.

“enc” suffix denotes the signals whose calculation was done based on encoder
provided position information, the encoder being used only as a witness, to assess the
performance of the active flux observer-based rotor position estimation.

BUPT



151 Design and control contributions to high efficiency Ferrite-PMSM drives for small
compressors

7.5.2.1 Sensorless V/f control with stabilizing loops
The first set of tests investigates the benefits added by the stabilizing loops to

the scalar V/f control. Tree cases were checked for a reference speed o of 700rpm

and a load torque 7;° of 0.95Nm: operation with both stabilizing loops enabled (case:)

versus operation with voltage amplitude correction loop disabled (case.) versus
operation with no correction loops enabled (cases). Fig. 7.25 shows the results for rotor
speed, d and q axis currents. The benefits of the correction loops are evident in cases,
as the cases operation becomes unstable after loading, while case, operation shows a
large d-axis current value during motor loading.
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Fig. 7.25 V/f with stabilizing loops: study of stabilizing loops contribution on a) rotor speed,
b) d-axis current, c), g-axis current (experimental results)

The next set of experimental test results in Fig. 7.26 present the performance
of the V/f scalar control strategy for w:< =1000rpm (with the reference frequency
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slope limited to 125 Hz/s) and TL* = 1.7Nm operation. The parameters of the control

are listed in Table 7.2.

The motor operation is stable, the control strategy being able to cope with the
load torque disturbance. The rotor position becomes correctly estimated after approx.
5 electrical rotations from startup (Fig. 7.26 e), the average rotor position estimation
error being approx. 4°. As the voltage amplitude correction loop operation is disabled
during speed transients, the d-axis current shows high amplitude pulsations in these
cases. However, the benefic influence of the voltage amplitude correction is visible
during loading, where the d-axis current is visibly reduced (Fig. 7.26 b) by increasing
the reference voltage amplitude with approx. 12 V (Fig. 7.26 i).
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Fig. 7.26 V/f control with stabilizing loops: experimental results at £1000 rpm: a) rotor
speed, b) d-axis current, c) g-axis current, d) current amplitude, e) rotor position, f) rotor
position estimation error, g) load and electromagnetic torque, h) voltage angle correction, i)
voltage amplitude correction

The machine cogging torque, and possibly the mechanical coupling, motor axe
imperfect alignment and spoke-IPMSM motor fixing system are responsible for the high
measured load torque pulsations (Fig. 7.26 g).

7.5.2.2 Sensorless FOC with Active Flux Observer

Same conditions were used for testing the implementation of the sensorless
FOC control strategy. The control parameters are listed in the Table 7.3 (chosen by
trial and error). The experimental test results are depicted in Fig. 7.27. With no
knowledge of the initial rotor position, a starting routine must be used, consisting of
prescribing the voltage vector Vv; for 0.5 s (determining the rotor to align its d-axis to

the phase A axis), followed by resetting the rotor position value to 0, as well as
resetting the accumulators for all integrator components.

Being limited by the g-axis reference current limitation, the rotor acceleration
time is twice as fast compared to the scalar control acceleration time. The response to
load changes is also faster, the d-axis current controller keeping the transient current
amplitude at low values. The position estimation error has similar value (same position
observer is used), the offset being probably introduced by an incorrect encoder
initialization during the initialization phase.
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Fig. 7.27 Field oriented control (FOC): experimental results at 1000 rpm: a) rotor speed, b)
d-axis current, c) g-axis current, d) current amplitude, e) rotor position, f) rotor position
estimation error, g) load and electromagnetic torque

7.5.2.3 Sensorless V/f with two stabilizing loops versus sensorless FOC -

results comparison

To better asses the performance differences, a comparison of two control
strategies is presented in Fig. 7.28 and Fig. 7.29 for two operation conditions:

a) high-speed operation: a);k = 2000rpm,TL* =1.42Nm load
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b) low speed operation: a);k =100rpm, TL* =0.82Nm load

While the vector control response is generally faster at higher operating
speeds, the control performance at low speed is similar (except for higher current

peaks at the beginning of the transient phases, present during V/f-controlled
operation).
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Fig. 7.29 Sensorless V/f control with stabilizing loops versus FOC sensorless control at £100

rpm: a) estimated speed, b) estimated d-axis current, c) estimated g-axis current, d)
estimated electromagnetic torque

Operation at lower than 100rpm is possible in steady state, but becomes
problematic during reference speed and load changes, due to uncertainties in motor
parameter values used by the active flux observer and the inverter nonlinearities,
whose effect becomes visible, even with the compensation strategy in (7.41) applied.

While showing a slower dynamic response, the overall V/f control strategy is
shown to be acceptable and stable enough to be used in compressor drive applications.

7.6 Conclusion

This chapter investigated through digital simulation and experimental tests two
sensorless control strategies: V/f with stabilizing loops versus sensorless field-oriented
control, intended for controlling a spoke-PMSM prototype for use in a compressor
application. Both strategies employ the active flux observer for rotor speed and
position estimation as well as for estimating the active flux amplitude. The novelty
proposed here is the enhancement of the scalar V/f control strategy with an amplitude
correction loop based on d-axis current control, where both d-axis current reference
and estimated values are expressed based on active flux amplitude.

The performance of both control strategies was compared in detail based on
extensive experimental results covering 100 - 2000 rpm (0.022 - 0.44 p.u.) speed
range and 0.82 - 1.7 Nm (0.38 p.u. - 0.8 p.u.) load torque range. Relatively good
performance was obtained for both control strategies, the sensorless FOC exhibiting
higher dynamic response and showing less influence on motor parameters variation.
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The stabilizing loops were shown to improve the scalar control’s both stability and
efficiency in operation - by enforcing operation under MTPA.

Adding the benefit of being able to start form any position, with no need for
initial rotor position information or start-up strategy and the easier commissioning due
to the smaller number of tuning parameters, the performance of the V/f control with
correction loops is considered satisfactory for driving fans, pumps and for compressor
applications.
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CHAPTER 8 CONCLUSIONS, CONTRIBUTIONS
AND FUTURE WORK

The research in the present thesis is focused on the study (design, analysis,
and control) of small Ferrite permanent magnet synchronous motors intended for
driving compressors in low power home appliances such as refrigerators or air
conditioning systems, within power ranges of 35-1000W and speed ranges of 1600-
4500rpm. Several new motor topologies are analyzed and optimally designed, the
targeted results of the design being low material cost (motivation in using Ferrite PMs),
high (88 - 94%) efficiency and simple and performantly enough control strategy for
the intended application. FEA-assisted / FEA only design methods are built, employed
in a pattern search optimal design routine, which uses the motor cost as fitness
function.

For this, three new single phase permanent magnet motor topologies are
proposed and thoroughly investigated. A FEA based optimal design methodology is
built and applied to design the motors according to several case study requirements.
88% efficiency at rated load and speed is obtained as well as motor material costs of
16$ and smaller. The optimized motors performances are further investigated and
validated via finite element analysis and dynamic operation simulations.

A new FEA assisted optimal designh methodology is built for an outer rotor
PMSM motor. It consists of an analytic model corrected iteratively in two key points
(airgap flux density and stator inductance) by finite element analysis, to ensure
required model accuracy while keeping the computation time low. The optimal design
strategy is used for optimizing the outer rotor motor for compressor drive application
requirements. Greater than 90% efficiency is obtained for rated operation at a 12.32$
material cost. The design is validated via FEA analysis and few experimental results on
a previous designed prototype are presented.

Sensorless control of 3 phase PMSM motors is investigated, based on active
flux model-based observer. The V/f scalar control strategy with stabilizing looks is
thoroughly checked and compared against sensorless field-oriented control through
digital and experimental simulation. While not having the same dynamic response, the
results show the scalar control stable and fast enough for compressor driving
applications.

The author’s main original research contributions are:

e Presentation of an overview of the permanent magnet solutions used in low
power compressor applications and their main requirements.

e Proposal and analysis of three new topologies of single-phase Ferrite
permanent magnet motors.

e Development of FEA/analytic model based optimal design methodologies
which can be employed in motor design, with focus on minimizing the
material cost and maximizing the efficiency and improving the starting
torque.

e Study and implementation via digital simulation of control strategies for
single/3 phase permanent magnet synchronous motors.

e Comparative study and implementation via digital and experimental
simulation of two sensorless control strategy for 3 phase motors (based on
active flux observer). The novelty of the studied control strategies is
represented by using the voltage amplitude correction loop based on d-axis
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current control for operation under MTPA (condition expressed using
magnetic energy and active flux amplitude).

Several topics related to the thesis’s work are open for improvement, such as:

e Improve the single-phase motor analytic calculation of the number of turns
per coil to ensure during optimal design stage that the design motor has
enough voltage reserve for operating at rated speed and load.

e Further in-depth analysis of the rotor PM’s single-phase motor investigated
in Chapter 5, including thorough dynamic digital simulations.

e Investigate and implement sensorless control strategies for the studied
single-phase motors.

e Improve the Chapter 7 studied sensorless control strategies operation at
low speeds by adding a saliency-based position estimation method or
including a position close loop control strategy.
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APPENDIX

Both V/f with stabilizing loops and FOC control implementations presented in
Chapter 7 used the space vector modulation module, implemented by Assoc. Prof.
Cristian Lascu. The implementation is listed below:

svmtmpl.c
/*********************************************************\
* Space Vector Modulation S-Function Template *

X *
* Proiect: PMSM Sensorless DTC drive *
* Autor: Cristian Lascu, 2004 *
X *
* Continut: Space Vector Modulation S-Function template for Simulink *
* Input: Us.alfa, Us.beta, Vdc *
* Output: Da, Db, Dc *

\*********************************************************/

#define S_FUNCTION_NAME svmtmpl
#define S_FUNCTION_LEVEL 2

#include "simstruc.h"

#include "svm.c"

static void mdlInitializeSizes(SimStruct *S)
{
ssSetNumSFcnParams(S, 1); /* Number of expected parameters */
if (ssGetNumSFcnParams(S) != ssGetSFcnParamsCount(S)) {
/* Return if number of expected != number of actual parameters */
return;

¥

ssSetNumContStates(S, 0);
ssSetNumDiscStates(S, 0);

if (!ssSetNumInputPorts(S, 2)) return;
ssSetInputPortWidth(S, 0, 3);
ssSetInputPortDirectFeedThrough(S, 0, 1);
ssSetInputPortWidth(S, 1, 3);
ssSetInputPortDirectFeedThrough(s, 1, 1);

if (!ssSetNumOutputPorts(S, 2)) return;
ssSetOutputPortWidth(s, 0, 3);
ssSetOutputPortWidth(s, 1, 2);
ssSetNumSampleTimes(S, 1);
/* Take care when specifying exception free code - see sfuntmpl.doc */
ssSetOptions(S, SS_OPTION_EXCEPTION_FREE_CODE);
// ssSetOptions(S, 0);
b

static void mdlInitializeSampleTimes(SimStruct *S)

{
// ssSetSampleTime(S, 0, CONTINUOUS_SAMPLE_TIME);
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ssSetSampleTime(S, 0, INHERITED_SAMPLE_TIME);
ssSetOffsetTime(S, 0, 0.0);

b

static void mdIOutputs(SimStruct *S, int_T tid)

{
InputRealPtrsType uPtr = ssGetInputPortRealSignalPtrs(S,0);
InputRealPtrsType iPtr = ssGetInputPortRealSignalPtrs(S,1);

real_T *d = ssGetOutputPortRealSignal(S,0);
real_T *y = ssGetOutputPortRealSignal(S,1);
real_T *k = mxGetPr(ssGetSFcnParam(S,0));

real_T u[3],i[3];
u[0]=*uPtr[0];
u[1]=*uPtr[1];
u[2]=*uPtr[2];
i[0]=*iPtr[0];
i[1]=*iPtr[1];
i[2]=*iPtr[2];

SVM(u,i,d,y,K);
b
static void mdITerminate(SimStruct *S)
{
b
#ifdef MATLAB_MEX_FILE /* Is this file being compiled as a MEX-file? */
#include "simulink.c" /* MEX-file interface mechanism */
#else
#include "cg_sfun.h" /* Code generation registration function */
#endif
svim.cC
/**********************************************\
* Space Vector Modulation *

* *
* Proiect: PMSM Sensorless DTC drive *
* Autor: Cristian Lascu, 2004 *
* *
* Continut: Space Vector Modulation *
* Input: Us.alfa, Us.beta, Vdc *
* Output: Da, Db, Dc *

\*********************************************/

#include <math.h>
#include "vector.h"

#define R3 1.732051
#define Dmax 0.98
#define Dmin 0.02

// Space Vector Modulation

void SVM(real_T *u, real_T *i, real_T *d, real_T *y, real_T *k)

{
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struct Vector{float alfa,beta;} Us;
float K=(*k)*tdead/h;

float Umax=R3/u[0];

float Da,Db,Dc;

float T1,T2;

int sector;

Us.alfa = R3*Umax*u[1]; //normalizare - Holtz
Us.beta = Umax*u[2];

// Sectorul tensiunii si timpii de modulare
if (Us.beta>0)
if (Us.alfa>Us.beta)
{
sector=0;
T1=0.5*%(Us.alfa-Us.beta);
T2=Us.beta;

else if (-Us.alfa<Us.beta)

{
sector=1;
T1=0.5*%(Us.alfa+Us.beta);
T2=0.5*%(Us.beta-Us.alfa);

else

sector=2;
T1=Us.beta;
T2=-0.5*(Us.alfa+Us.beta);

else if (Us.alfa<Us.beta)
{
sector=3;
T1=0.5*%(Us.beta-Us.alfa);
T2=-Us.beta;

else if (-Us.alfa>Us.beta)

{
sector=4;
T1=-0.5*(Us.alfa+Us.beta);
T2=0.5*(Us.alfa-Us.beta);

else

sector=5;
T1=-Us.beta;
T2=0.5*%(Us.alfa+Us.beta);

// Supramodularea Holtz

if (T1>1.0) T1=1.0,T2=0.0; //bang-bang

else if (T2>1.0) T2=1.0,T1=0.0; //bang-bang

else if (T1+T2>1.0) if (T1>T2) T2=1.0-T1; else T1=1.0-T2;//OVM

BUPT



Appendix 166

// Factorii de umplere - SVM

switch (sector) {

case 0: Da=0.5*%(1.0+T1+T2);
Db=0.5%(1.0-T1+T2);
Dc=0.5*(1.0-T1-T2);
break;

case 1: Da=0.5*%(1.0+T1-T2);
Db=0.5*(1.0+T1+4T2);
Dc=0.5*(1.0-T1-T2);
break;

case 2: Da=0.5%(1.0-T1-T2);
Db=0.5*(1.0+T1+4T2);
Dc=0.5*(1.0-T1+T2);
break;

case 3: Da=0.5%(1.0-T1-T2);
Db=0.5*(1.0+T1-T2);
Dc=0.5*(1.0+T1+T2);
break;

case 4: Da=0.5*%(1.0-T1+T2);
Db=0.5*(1.0-T1-T2);
Dc=0.5*(1.0+T1+T2);
break;

case 5: Da=0.5*%(1.0+T14+T2);
Db=0.5*(1.0-T1-T2);
Dc=0.5%(1.0+T1-T2);
break;

default:
Da=0.0;Db=0.0;Dc=0.0;

¥

// Stator voltage
y[0] = u[0]*(2.0*Da-Db-Dc)/3.0;
y[1] = u[0]*(Db-Dc)/R3;

// Dead-time compensation

Da = Da + K*sat(i[0],zone);
Db = Db + K*sat(i[1],zone);
Dc = Dc + K*sat(i[2],zone);

// Pulse drop

if (Da>Dmax) Da=1.0; else if (Da<Dmin) Da=0.0;
if (Db>Dmax) Db=1.0; else if (Db<Dmin) Db=0.0;
if (Dc>Dmax) Dc=1.0; else if (Dc<Dmin) Dc=0.0;

// Duty cycles

d[0] = Da;

d[1] = Db;

d[2] = Dc;
}
vector.h
/*************************************************\
* Global Variables and Constant Definitions *

%

* Proiect: PMSM Sensorless DTC drive

* Autor: Cristian Lascu, 2004
*

* Continut: Global Variables and Constant Definitions

* % x ¥ %
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\*************************************************/

#ifndef VECTOR
#define VECTOR

// Sampling time
const float h=0.000125; // [s]

// SVM parameters
const float tdead = 2e-6; // dead time [s]
const float zone = 1.0;  // linear zone [A]

// Constante matematice
const float pi=3.1415926;

// Saturation function
float sat(real_T x, real_T z)
{
if (x>z) return 1.0;
else if (x<-z) return -1.0;
else return x/z;

}
#endif
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