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DOCTORAL THESIS CHAPTERS STRUCTURE

The doctoral thesis “Numerical and experimental models of electromagnetic field and heat
transfer in special electric machines” is structured in 7 chapters, conclusions, annexes and

bibliography.

Chapter 1, “INTRODUCTION”, presents introductory notions about DC Limited Angle
Torque Motors - DC-LATM and consists of three subchapters. 1.1. “DC Limited Angle Torque
Motors” is the first subchapter and presents the situation and types of DC-LATM manufactured
nationally and worldwide. The second subchapter, 1.2. “Particularities and advantages of
DC-LATM” presents the structure, advantages, particularities and technical characteristics of
DC-LATM. In the last subchapter, 1.3. “DC-LATM applications”, the applications of these
types of motors are highlighted.

Chapter 2, “MODELING STAGES”, deals with the approach in analyzing a problem. The first
subchapter, 2.1 “Electromagnetic field and heat transfer in DC-LATM motors” presents the
steps for solving electromagnetic field problems and heat transfer. Subchapters 2.2
"Electromagnetic field problem™ and 2.3 "DC-LATM heat transfer problems” cover the
electromagnetic field and heat transfer problems. In sections 2.2.1, 2.2.2 and 2.3.1, are
established the simplifying physical assumptions of the analysis and the operating regime. The
main physical quantities that characterize the operation of DC-LATM are identified. The
dependency relationships between the quantities determined by the physical model and the
expression in a mathematical form are presented. The dependency relations between the
quantities determined in the physical model and the expression in a consistent mathematical
form are presented (existence and uniqueness of the solution) Information can be found in
ANNEX Al

Chapter 3, “Modeling of DC Limited Angle Torque Motors,” is dedicated to the numerical
models for DC-LATM. First subchapter 3.1. “Introduction” shows the calculation of specific
DC-LATM sizes and characteristics using a software package. Subchapter 3.2. “DC-LATM-S
design” describes the numerical modeling and the results for a DC-LATM considering two
constructive solutions. Subchapter 3.3. “DC Limited Angle Torque Motors type DC-LATM-
CR” shows the numerical modeling and the results obtained for this type of motor. The
description and formulation of the problem, the presentation of the particularities of each
motor, the results of the numerical study and their interpretation are realized for each of the
two DC-LATM models.

Chapter 4, “DC Limited Angle Torque Motor type DC-LATM-CI-C”, describes the numerical
models for a particular case of DC-LATM, chosen for the special constructive characteristics
that it presents. Subchapter, 4.1. “Two-dimensional model of DC-LATM-CI-C”, presents the
particularities, numerical analysis and modeling results obtained for DC-LATM-CI-B and DC-
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LATM-CI-C. The numerical analysis of the rotor constructive solutions influence on the
torque-angle curve for DC-LATM-CI-B and DC-LATM-CI-C is presented. Different variants
of the rotor were analyzed by resizing the auxiliary magnets and the deviation of the
torque-angle curve from the ideal characteristic and from the symmetry was calculated. The
results obtained are presented and analyzed. In the second subchapter, 4.2. The "three-
dimensional model” are numerically analyzed 3D models that eliminate certain simplifying
hypotheses of the 2D model and that use finite elements of the "infinite" type.

Chapter 5 “Thermal modeling of a DC Limited Angle Torque Motors type DC-LATM-CI-C”
aims to evaluate the thermal behavior of the motor analyzed at Chapter 4. In the subchapters:
5.1. "Introduction”, 5.2. "DC-LATM-CI-C mounted in a non-magnetic stainless-steel device -
Variant 1", 5.3. "DC-LATM-CI-C mounted in a non-magnetic stainless-steel device - Variant
2", 5.4. “DC-LATM-CI-C mounted in the housing”, 5.5. “Experimental thermal test results
"DC-LATM-CI-C. Comparison of numerical results with experimental results”, different
mounting devices of this type of motor are numerically studied. The first two variants consider
the motor mounted in devices made of non-magnetic stainless steel. Another option considers
the motor mounted in the housing, without being mounted in the system. The thermal study
validated by the experiment allows to establish the time in which the temperature in the
windings reaches the maximum allowed value.

In Chapter 6 is studied a DC-LATM for military and aerospace applications in materials and
technology flow. This information is the input for the analysis of this motor type for space
applications. The study is completed by the technological process stages for DC-LATM-CI-D
and DC-LATM-CI. ANNEXES A2 + A8 provides supplementary information.

Chapter 7 presents experimental models for two DC-LATMs, subjected to a set of specific
DC-LATM measurements and tests (obtaining the torque-angle curve on the operating range).
The experimental data obtained from the measurements for DC-LATM-CI-C are compared
with the numerical results for the validation of the numerical models.

The last chapter highlights the general conclusions of scientific research and the results
obtained in this thesis in the field of DC-LATM motors, personal contributions to this paper
and prospects for further development.
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CHAPTER 1 INTRODUCTION

This chapter presents the DC limited angle torque motor, with particularities, advantages and
applications.

1.1. DC limited angle torqgue motor

DC motors are used due to the advantages offered by the naturally linear and sufficiently rigid
mechanical characteristic. They are designed to operate in the “direct-drive” construction (they
are mounted directly on the drive shaft): the rotor yoke on which the magnets are placed acts
as the axis of the motor.

This type of motor is predominantly used for precise motion control and is developed for
applications where rotation on a certain angular range is the main requirement. These motors
have certain advantages: low inertia, they run at higher speeds, dissipate heat better and are
more reliable. The major disadvantage is the high cost of the control systems, but this is avoided
by using a type of brushless DC motor, called DC-LATM. It belongs to the category of special
electric motors and differs from classic electric cars by construction, particularities and
applications in which they are used.

The DC-LATM research is based on the analysis of the current situation of these types of
motors [1].

The current market for these types of motors has been studied, considering, among other things,
the characteristics highlighted by [2-5].

1.2. DC-LATM Particularities and advantages

Mounted in a drive system, DC-LATM is an electromechanical actuator with limited angle.
With a simple structure consisting of two subassemblies, stator and rotor, DC-LATM has high
reliability.

The advantages of this type of motor are very low cogging torque, high angular acceleration,
high power density, high efficiency etc.

1.3. DC-LATM Applications

This type of motor is used for various applications where the volume and weight of the system
is a priority (control systems, aerospace applications, any system that requires limited range of
rotation, military equipment etc.).

CHAPTER 2. MODELLING STAGES
2.1. Electromagnetic field and heat transfer in DC-LATM motors

The stages of solving the problems of electromagnetic field and heat transfer are the physical
model, the associated mathematical model and its solution (by analytical, numerical or hybrid
methods).

Numerical modeling is used in the study, establishing the constructive solution and designing

7
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three variants of DC-LATM motor. The first motor, DC-LATM-S, has the specific technical
characteristics of TQR-10 / 2-0.35 [4]; DC-LATM-CR has high torque and the specific
technical characteristics of TQR-18-1.06-2CH; and the third motor, DC-LATM-CI, is
equipped with magnetic field hardening magnets and has specific technical characteristics of
TQR-16 / 2-0.35 and TQR-16 / 2-0.35-C. Their main parameter is the maximum torque on a
given angular domain, implicitly the torque-angle curve. Numerical analysis offers various
advantages, including the reduction of the number of tests (prototypes) as well as
manufacturing costs.

2.2.  Electromagnetic field problem

The physical model represents the stage in which the laws are identified (which describe the
operating principle of DC-LATM) together with the related physical quantities.

2.2.1. Physical model

In this subchapter is formulated, (2.1a), and solved the problem of electromagnetic field in
stationary magnetic regime for DC-LATM. The sources of the magnetic field are the stator
windings and the permanent excitation magnets.

General theorems of the electromagnetic field

This section presents the general theorems of electromagnetic pulse and electromagnetic
energy.

Interactions in the electromagnetic field

The thermal equilibrium of a system with its exterior is expressed by the Zeroth Law of
Thermodynamics (Maxwell).

2.2.2. Mathematical model for the electromagnetic field problem in DC-LATM

In stationary magnetic regime (immobile bodies, constant quantities in time) the laws of the
magnetic field are:

divB = 0 = B = rotA, — the magnetic flux law
B={H+yM, = H= ii(B- uOMp) — 0 (v X B) — the material law
5 (2.1)
rotH = ] = rot(fi"'rotA) — ¢ (v X B) = J + rot(i'y,M,) — the magnetic circuit law
=0
Using the magnetic vector potential, A, the magnetic circuit law becomes

M
ro:A =]J +rot HOTP. (2.1a)

rot

In the numerical analysis of DC-LATM is of interest the magnetic flux density, B, in the
magnetic circuit of the motor and the torque curve as a function of angle, on the operating range
of the DC-LATM (Chapters 3 and 4).

The electromagnetic torque, Mo [Nm] is the main parameter of DC-LATM and is calculated
using Maxwell stress tensor [11, 12]

n T, = —%n1 (H-B) + (n; - H)B”, (2.2)
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respectively
M, = ﬁz(r — o) X (ny - T,)dS, (2.3)
where 1o is the radius relative to the axis of rotation and X is the frontier.

2.3. Heat transfer problems in DC-LATM

The physical model represents the stage in which the laws are identified (which describe the
heat transfer in the studied DC-LATM motors) together with the characteristic physical
quantities.

2.3.1. Physical-mathematical model

Heat transfer is made through three mechanisms: thermal conduction (material media), thermal
convection (fluid media) and thermal radiation between the surfaces of bodies.

Conduction heat transfer

Thermal conduction equation is (Fourier's law)
Q" & — kVT, (2.4)

where q”_ [W/m?] is the conduction heat flux, k [W/mK] is the thermal conductivity of the

substance, VT [K/m] is the temperature gradient. The heat transfer by thermal conduction is
performed from higher temperature to lower temperature (T1 > T»).

Convection heat transfer
The heat transfer between a solid body and a fluid is given by (Newton's law)
qgonv = h(Tw - Too), (2.12)

where T, is the surface temperature, T, is the free stream temperature, g.,,,, [W/m?] is the
convection heat flux and h [W/m? K] is the convection heat transfer coefficient.

Radiation heat transfer

gives the maximum heat flux at which the thermal radiation may be emitted by the surface of
a body, called an ideal radiator or blackbody (Stefan — Boltzmann’s law) [11]

qsp = oT§, (2.13)

where Ts is the absolute temperature of the body surface and o is Stefan-Boltzmann constant, a
universal constant (¢ = 5.67 x 10~8W/m?K*).

The radiative heat flux emitted by a real surface, called a gray surface, is only a fraction of that
emitted by the blackbody (an idealized concept)

qsgp = €07, (2.14)
where ¢ is the emissivity.
Interface and limit conditions

Heat transfer in DC-LATM is produced by thermal conduction, thermal convection and
thermal radiation. Mathematical models for estimating the temperatures in DC-LATM
windings (internal heat source) are developed and analyzed. Transient and stationary regimes

9
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are considered.

For DC-LATM are considered 2D and 3D models, Tamn = 22 ° C and cooling through natural
convection

—n - (—kVT) = h(T,y — T), (2.43)

or by radiation toward the environment

—n - (=kVT) = h(Tins — T) + (G — oT*), (2.44)
(1-8)G =], — eaT*, (2.45)

where Tint i the reference temperature, ¢ is the surface emissivity, Tamp iS the ambient
temperature, Jo [Wm?] is the surface radiosity, G [W/m?] is the ambient environment
irradiation.

The information that were presented in this chapter are used in Chapters 3, 4 and 5 in the
numerical analysis of electromagnetic field and heat transfer problems for the DC-LATM.

CHAPTER 3 MODELING OF DC LIMITED ANGLE TORQUE
MOTORS

3.1. Introduction

In this chapter numerical models for DC-LATM were integrated using the Finite Element
Method [25].

3.2. DC-LATM-S design

This type of motor is under construction "direct - drive”. Two functional variants were
analyzed.

3.2.1. The constructive solution 1

The DC-LATM-S constructive solution is shown in Fig. 3.1 a. In the magnetic circuit, soft and
hard magnetic materials for rotor and soft magnetic materials for stator are used [4]. The
magnetic field problem is solved for the steady state. A FEM mesh was generated considering
the motor geometry, Fig. 3.2 a.

a) Computational domain. b) The FEM mesh.

10
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Fig. 3.1. a) Computational domain for DC-LATM-S, Variant 1; b) The FEM mesh; ¢) B [T] for a = 0°; d)
Torque-angle curve.

Figure 3.1, c shows the magnetic flux density. The torque-angle curve is shown in
Fig. 3.1d.

3.2.2. The constructive solution 2

The second constructive solution was made, DC-LATM-S - A (Fig. 3.2, a). In the magnetic
circuit, the same magnetic materials are used [4]. The FEM mesh is shown in Fig. 3.2, b.

b) The FEM mesh.

20 ' ; :
151 L
E
Z
o 10 L
&
[+]
8
5] [
Solution 1
Solution 2
0 T T T
0 50 100 150 200
Angle [degree]
c) Magnetic flux density. d) Torque-angle curves.

Fig. 3.2. a) Computational domain; b) The FEM mesh; ¢) B, max. 1.57 T,
min. 0 T; d) Torque-angle curves comparison.

Figures 3.2, ¢ and d show the magnetic flux density and the torque-angle curves, respectively.
3.2.3. The three-dimensional modelling
A three-dimensional numerical analysis of the first variant of DC-LATM-S was performed.

Figure 3.3 shows the constructive parts of the model used in the numerical analysis: (1) the
stator stack; (2) stator winding; (3) air gap, (4) magnet, (5) rotor shaft and (6) air domain. The

11
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materials presented in the numerical analysis of the 2D model are used also for the
three-dimensional model. The FEM mesh is generated, Fig. 3.3, b.

Magnetic
msulated

b) The FEM mesh.

20 L . | PR L PR L
3D Model 2D Model
_ 15 L
g |
o 10 i
&
3
E_q
5 L
0 ] o X x x T b x . X T bl x b x T X b . b
0 50 100 150 200
Angle [degrees]
c) Magnetic flux density field lines. d) Torque-angle curve.

Fig. 3.3. a) DC-LATM-S Computational domain; b) The FEM mesh; ¢) The spectrum of magnetic field lines,
max.1.37 T, min. 0 T; d) Torque-angle curves obtained from 2D and 3D models.

Figures 3.3, ¢ and d show the spectrum of magnetic field lines, respectively the torque-angle
curve for 2D and 3D models. The maximum deviation value of the torque obtained in the 2D
model compared to the 3D one is 21.03%.

3.3. DC limited angle torque motor type DC-LATM-CR

In this subchapter, DC-LATM-CR is analyzed, a motor which is dual-channel and provides the
role of two DC-LATM [4].

3.3.1. The two-dimensional modelling

Analyzing various cases of the constructive solution for this type of motor, results the solution
given in Fig. 3.4, a.

12
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a) Computational domain.

b) The FEM mesh.
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d) Torque-angle curve.
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Fig. 3.4. a) Computational domain for DC-LATM-CR; b) The FEM mesh; ¢) B, max. 2.01 T, min. 0 T. d)
Torque-angle curve.

In the construction of the magnetic circuit, soft and hard magnetic materials for rotor and soft
magnetic materials for stator are used [4]. The magnetic field problem is solved for the steady
state. A FEM mesh was generated considering the geometry of the motor, Fig. 3.4 a).

Figure 3.4, ¢ shows the color map of the magnetic flux density. For the torque-angle curve shown
in Figs. 3.4, d a parametric study was performed relative to the stator-rotor position angle.

CHAPTER 4 DC LIMITED ANGLE TORQUE MOTORS TYPE
DC-LATM-CI-C

This chapter presents the numerical analysis for DC-LATM-CI-C. This motor has special
constructive characteristics - auxiliary magnets in the interpolar axis.

In a first step, 2D approximations will be used for numerical analysis.

4.1. The two-dimensional model of the DC-LATM-CI-C

As a first step of the numerical study, the computational domain is established.

13
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4.1.1. Ilron-Silicon variant for the stator stack (DC-LATM-CI-B)

In the construction of the magnetic circuit, soft and hard magnetic materials for rotor and soft
magnetic materials for stator are used [4]. The magnetic field problem is solved for the steady
state. A FEM mesh was generated considering the geometry of the motor, Fig. 4.1 a.

b) The FEM mesh.

IR B S S S B

100 4 Lo

754

(43 + 135) degrees
50 4

Torque [mNm]

o s0 100 150 7200
Angle [degree]

¢) Magnetic flux density. d) Torque-angle curve.
Fig. 4.1. a) Computational domain for DC-LATM-S; b) The FEM mesh;
¢) Magnetic flux density, max, 2.04 T, min. 0 T; d) Torque-angle curve.

Figures 4.1, ¢ and d show the magnetic flux density, respectively the torque-angle curve.
The results obtained are strongly affected by the simplifying hypotheses. In this case it is a parallel
plane problem (end effects are neglected).

4.1.1.1. The influence of rotor construction
DC-LATM-CI-B

Starting from the constructive solution 1, different constructive solutions of the rotor were
analyzed by resizing the auxiliary magnets, Fig. 4.2.

solutions on torque-angle curve for

- Spacers

~"_ Auxiliary magnets

b) Solution 7.
Fig. 4.2. Rotor constructive solutions.

a) Solution 1.
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In this numerical study, Ol and Al spacers were used.

Figures 4.3, a and b show the magnetic flux density obtained for the Ol and Al spacers and
Figs. 4.3, c and d show the torque-angle curves calculated for the two variants.

0.4

0.2

v1.21x107

v 9.86x107

a) B for Ol spacers, solution 5. Values are in [T].

b) B for Al spacers, solution 5. Values are in [T].
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j(-"‘b TeiSwass Sa e
i s AN N,
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=1 o
& = § o' +- - Solution 4
'_g 25 | :gf Solution 0 - -+~ - Solution 4 \‘ | 30+ »{/ - s olution Y
= / — — Solution 1 \'\ J o — Solution 2 J L}
d -6 — Solution 2 N - =x= - Solution 3 Y
/ - - Soluti 04 V-
ol "~ Sobution 3 N 0 0 100 1%0 200
0 40 120 160 Angle [degrees]

g0
Angle [degree]
c) Ol spacers.

Fig. 4.3. a) and b) The electromagnetic solution obtained for simulating the Ol and Al spacers;
¢) and d) The torque-angle curves for the constructive variants with Ol and Al spacers.

d) Al spacers.

A study of the curves of electromagnetic torque as a function of angle on the angular domain
(0 + 180 degrees) was performed. Following the analysis, is observed that solution 5 has a
torque-angle curve very close to linearity. Also, the torque obtained for solution 5 is higher
compared to solution 0.

It is concluded that the option to avoid is that in which Al is used for spacers. Although the
torque is higher, no uniformity of the torque-angle curve is obtained.

4.1.2. lron-Cobalt variant for the stator stack (DC-LATM-CI-C)

Following the results of the DC-LATM-CI-B study, was observed that portions of the stator
were saturated. Thus, Iron — Cobalt (Fe-Co) will be used for the sheet metal package -
DC-LATM-CI-C.

The computational domain and the FEM mesh for DC-LATM-CI-C used in the numerical
study are presented in Fig. 4.1, a and b.
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Fig. 4.4. a) Magnetic flux density; b) The air gap distribution of the normal component of magnetic
flux density; ¢) Torque-angle curves for the two models.

Figure 4.4 a shows the magnetic flux density, maximum value 2.31 T. In Fig. 4.4, b is
highlighted the magnetic flux density in the air gap, normal component, maximum value
0.79 T. Fig. 4.4, c shows the torque-angle curves of DC-LATM with the stator yoke constructed
of FeSi and FeCo, solution 1. The torque error obtained in the models with FeSi (97 mN m)
and FeCo (107.87 mN m) for the stator stack was calculated. The difference between the torque
values is 10.07%.

4.1.2.1. The analysis of rotor construction solutions for torque-angle curve - DC-LATM-CI-C

Different constructive solutions of the rotor were analyzed by resizing the spacers and
implicitly the auxiliary magnets, Fig. 4.2.

In this numerical study, Ol and Al spacers were used.

Figures 4.5, a and b show the magnetic flux density simulated for Ol and Al spacers.
Fig. 4.5, c and d highlight the torque-angle curves calculated for the two variants.
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Fig. 4.5. a) and b) The electromagnetic solution obtained for simulating the Ol and Al spacers;
¢) and d) Torque-angle curves for the constructive variants with the Ol and Al spacers.
It is observed that solution 6 has a torque-angle curve very close to linearity. The torque
obtained for solution 6 has a higher value compared to solution 1. Comparing, it is concluded
that is to be avoided the variant in which Al spacers are used.

Next, is presented the study of the torque-angle curves uniformity for the constructive solutions
detailed in sections 4.1.1.1 and 4.1.2.1. The deviation of the torque-angle curve from the ideal
and symmetric ones was calculated. In the following subchapters, 4.1.2.2 + 4.1.2.5 this analysis
is presented.

4.1.2.2. Ol Spacers — The deviation torque angle curves from the ideal curve

This section presents the comparative analysis of the torque-angle curve in relation to the ideal
curve by determining the simple linear regression.

The equation of the linear trend line for the torque obtained by modeling the variants uses the least
squares method so that
(4.)

M =a+bu,

where M represents the torque of the constructive solution, a represents the point where the trend
line intersects the y axis, b represents the slope of the trend line and u represents the angular
position.

For the global evaluation of the simple linear regression model, the correlation coefficient, R, is
determined using the equation
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ki)
(G [ wr

in which n = 19 and represents the number of values for the torque and the angular position for
which the trend line is calculated.

4.2)

Next, the rate with which the independent variable (angular position) significantly influences
the variation of the dependent variable (torque) is expressed. This assessment is based on the
analysis of the coefficient of determination R?.

In this study, the absolute deviation from the ideal curve, d, is defined by

d=M ideal — M real - (4.3)
In this study, the relative deviation from the ideal curve, d, is defined by
M., —M
dr — real ideal .100 , (44)

ideal

where Migeal IS the torque corresponding to the ideal curve and Mrea is the torque relative to the
actual curve.

This evaluation selects the constructive solutions 5 and 6 of the motor. For each constructive
solution, simple linear regression was analyzed. The results are presented, including deviations
d and dr from the ideal curve. These are larger for variant 6 compared to variant 5. The absolute
deviation-angle curve is also presented. In both cases (constructive solutions 5 and 6), the
maximum deviation is 45° For the other constructive solutions, the deviations show the
distance of the torques from linearity.

4.1.2.3. Ol spacers - Deviation of the torque-angle curve from the symmetric curve

The symmetric curve was calculated by averaging the torque values corresponding to the symmetrical
angles, -a and o. In this study, the absolute deviations ds and relative drs, are given by

ds =M real I\/lsimetrie ) (45)

d,=—-= .
s M 1 (4 6)

real

where Msimetrie IS the torque given by the symmetric curve and Myreal is the torque given by the
real curve.

The symmetric curves for constructive solutions 5 and 6 and the deviations ds, drs from the
symmetric curve are presented. The absolute deviation-angle curve for the constructive
solutions 5 and 6 is highlighted. In both cases, the deviation is maximum at the extreme of the
curve (x45°) and minimum at the center of it (0°).
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4.1.2.4. Al spacers - Deviation of the torque-angle curve from the ideal curve

The simple linear regression and the ideal curve for the constructive solutions 5 and 6 with Al
spacers are presented. In both cases, high torque values are obtained but the torque-angle curve
deviates from linearity. The deviations d si dr from the ideal curve are also presented. The relative
deviations values are higher in the case of Al spacers for both constructive solutions. The
torque-angle curve falls in the range [35 + 45]° due to saturation (maximum deviation values).
The absolute-angle deviation curve is also represented. In both cases (constructive solutions 5
and 6) the maximum deviation is at 45°.

4.1.2.5. Al spacers - Deviation of the torque-angle curve from the symmetric curve

The symmetric curves for solutions 5 and 6, the deviations ds, drs from the symmetric curve
and the absolute deviation-angle curve are presented. Deviations from the symmetrical curve
have maximum values at the edges of the operating range of the motor and decrease for angles
to 0°.

Resizing the auxiliary magnets results in an increase in magnetic flux density with a decrease in
the angle between the spacers. In the case of Ol spacers, the torque-angle curve approaches the
ideal one for the angular operating range (-45 + +45 grade). For Al spacers, a higher maximum
torque results but the torque-angle curve deviates from linearity.

4.1.2.6. Study on the numerical analysis of the two-dimensional model for the DC-LATM-CI-C
motor

The torque-angle curves are analyzed for the first (initial) model, the model in which an
adaptive mesh was used, the model with adaptive mesh in which a filling factor was considered,
ku = 0.95 and the experimental model, Fig. 4.6.

12040 v vy ey
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u 60 - L
b | ———Inital
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Angle [degree]
Fig. 4.6. Torque-angle for 2D numerical and experimental models.

Figure 4.6 shows the study of the FEM mesh. The conclusions of the analysis may lead to a
decrease in the deviation of the torque-angle curve for the 2D model compared to the torque-
angle curve for the experimental model.

The following sub-chapter presents a 3D model of this motor.
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4.2. The three-dimensional model

Figure 4.7, a and b show the constructive parts of the model and the FEM mesh used in the
numerical analysis. The materials presented in the numerical analysis of the 2D model are used
also for the three-dimensional one.

Magnetic
insulated

a) Computational domain.

1004 L -

50 F

Experimental
25 - — Dext =25 mm r
--#--Dext =35 mm

--%--Dext =21 mm

-30 [ 5
Angle [degree]

Torque [mNm]

c) Magnetic flux density. d) Torque-angle curves.

Fig. 4.7. a) Computational domain; b) The FEM mesh; ¢) Magnetic flux density, max. 2.36 T, min. 0 T; d)
Torque-angle curves obtained from 2D and 3D models.

Figure 4.7, ¢ shows the color map of the magnetic flux density. Since the results are strongly
influenced by the FEM mesh, accuracy tests were performed, Fig. 4.4, d. The torque-angle
curves on the operating range of the motor are represented for the 3D model. In the range
-45 ° + 35 °, the calculated torque values are very close to the measured ones. In the range of
40 ° + 45 °, the torque decreases and the curve "falls".

4.2.1. Using finite elements of “infinite” type

A study was performed in which the magnetic field problem is closed at a finite distance using
finite elements of "infinite" type, Fig. 4.8 a. The used FEM mesh is shown in Fig. 4.8 b.
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Fig. 4.8. a) Computational domain for DC-LATM-CI-C; b) The FEM mesh;
¢) Magnetic flux density; d) Torque-angle curves.
Figures 4.8. ¢ and d show the magnetic flux density, respectively the torque curve as a function
of angle. The torque values for the 3D model are close to the measured ones.

The selection of DC-LATM is mainly done considering two criteria: uniformity of the
torque-angle curve on the operating range and the value of torque required by the beneficiary
(nominal value), in arange of £ 10%. The ideal torque, 74.8 mMN m, is considered as a reference.
A comparison will be made between the torques measured and calculated in the numerical
analysis, 3D model.

The curves on the operating range of the motor for the 3D, 3D model with finite elements of
"infinite” type and experimental model are presented. For each model are calculated the simple
linear regression, the ideal curve and the absolute and relative deviations from it (d,
respectively dr). In all three cases, high torque values are obtained and the curve deviates from
linearity. The values of the relative deviations are higher in the case of the 3D model with finite
elements of "infinite" type compared to the other cases. Given the ideal curve that is constant
over the operating range, the value of the calculated and measured torques deviates from the
value of the ideal torque. From Fig. 4.8. d, it appears that, in the range of 40 ° + 45 °, the
calculated torque values for the 3D model decrease and the curve "falls " due to saturation. The
torque-angle curve for 3D models with finite elements of infinite type presents values of torque
close to the values of the ideal curve except the range 40 ° + 45 °, where the high value of the
relative deviation is given by the high value of the torque (94.6 mNm). Also, the experimental
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model shows relative deviations from the ideal curve given by the non-uniformity of the torque-
angle curve on the operating range.

The absolute deviation-angle curves for the three models are highlighted and the absolute
deviation was calculated. It is found that all models (numerical and experimental) have absolute
deviations from the ideal model.

CHAPTER 5 THERMAL MODELING OF ADC LIMITED ANGLE
TORQUE MOTOR, DC-LATM-CI-C TYPE

5.1. Introduction

In this chapter, the numerical analysis for heat transfer in DC-LATM-CI-C is presented. This
type of motor is built in insulation class F.

3D numerical models are used for the stationary and transient thermal analysis of the presented
motor.

Various constructive variants of this type of motor are analyzed to meet its requirements stated
in the technical specification.

5.2.  DC-LATM-CI-C mounted in a non-magnetic stainless-steel device — Variant 1

DC-LATM-CI-C was considered fixed in a device, Fig. 5.1 a. The FEM mesh is shown in
Fig. 5.1, b. The heat transfer is carried out by conduction between the motor and the device in
which it is mounted and cooling by natural convection to the outer surface. In all cases the
numerical study for DC-LATM-CI-C fixed in the device h = 10 Wm?2K™,

Stator windings -
Heat source

z‘._/x ~. R =~

~ = )

c) Tempérréture‘diﬂs,tribution. d) Temperature distribution.

Fig. 5.1. a) Computational domain; b) The FEM mesh; ¢) Temperature distribution. Tma = 149 °C (red),
Tmin = 126 °C (blue); d) Temperature distribution at t = 3000 s. Tmax = 142 °C (red), Tmin = 119 °C (blue).
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The results of the numerical study for DC-LATM-CI-C show the distribution of the motor
temperature in steady state, Fig. 5.1 c. It is highlighted the evolution in time of the temperature
and the time in which the temperature in the windings reaches the maximum allowed
temperature, Fig. 5.1, d.

5.3.  DC-LATM-CI-C mounted in a non-magnetic stainless-steel device — Variant 2

In the second case that was studied, the motor was considered fixed in an assembly. Its height
and width are as large as the motor, Fig. 5.2, a. The FEM mesh used is shown in Fig. 5.2 b.
The heat transfer is done by conduction between the motor and the device in which it is
mounted and by natural convection to the outer surface. In all cases the numerical study for
DC-LATM-CI-C fixed in the device h = 10 Wm2K,

Stator windings -
heat source
Natural
convection

LA AV

b) The FEM mesh.

20 20
c) Temperature distribution. d) Temperature distribution.

Fig. 5.2. a) Computational domain; b) The FEM mesh; ¢) Temperature distribution. Tmax = 138 °C (red),
Tmin = 111 °C (blue); d) Temperature distribution at t = 3000 s. Tmax = 127 °C (red), Tmin = 107 °C (blue).

The results of the numerical study for DC-LATM-CI-C show the distribution of the motor
temperature in steady state, Fig. 5.2 ¢. The evolution in time of the temperature is represented
and the time in which the temperature in the windings reaches the maximum allowed
temperature, Fig. 5.2 d. The temperature is lower in the second case studied.

5.4. DC-LATM-CI-C mounted in case

Several numerical analyzes were considered by varying the convection heat transfer
coefficient, h = (0...10) Wm?K™.

Two cases of operation of the studied DC-LATM were highlighted, | =1.33 Aand I =1 A.
5.4.1. DC-LATM current: I =1.33 A

The motor is inserted in a housing, Fig. 5.3 a. The heat transfer is done by conduction between
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the motor and the device in which it is mounted and by natural convection to the outer surface.

Stator windings -

=%

a) Computational domain. b) \Temperaturé distribution.
AT RN N
\\

¢) Temperature distribution. d) Témperaturé distribution.
Fig. 5.3. a) Computational domain; b) Fully insulated. t = 8 min. Tmax = 178 °C (red), Tmin = 169 °C (blue);

¢) h=5Wm?2K?2, t =8 min. Tma = 154 °C (red), Tmin = 145 °C (blue);
d) h=10 Wm2K™. t = 8 min. Tmax = 137 °C (yellow), Tmin = 127 °C (red).

The results of the numerical study, Fig. 5.3, b - d, shows the temperature distribution in the
motor in transient mode, completely insulated, h =5 Wm2K™, h = 10 Wm?K™, att =0, 6 and
8 min.

5.4.2. DC-LATM current: =1 A

The heat transfer is done by conduction between the motor and the device in which it is
mounted and by natural convection to the outer surface. The computational domain is shown
in Fig.5.3, a.

A J—————— e

/—

-7

a) Temperature distribution. b) Temperature distribution. c) Temperature distribution.

Fig. 5.4. a) Fully insulated. t = 15 min. Tma = 186 °C (yellow), Tmin = 176 °C (purple);
b) h =9 Wm2K™. t = 30 min. Tma = 162 °C (yellow), Tmin = 153 °C (orange);
c) h=10 Wm2K™. t = 30 min. Tma = 152 °C (yellow), Tmin = 143 °C (orange).

The results of the numerical study, Fig. 5.4, a - ¢, shows the temperature distribution in the
motor in transient mode, completely insulated, h = 9 Wm?2K™, h = 10 Wm2K, at t = 15 and
30 min.
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5.5. The experimental results of DC-LATM-CI-C thermal test. Comparison of
numerical results with experimental results

The winding temperature of DC-LATM-CI-C was measured at different times, considering
two different cases in terms of current.

5.5.1. DC-LATMcurrent: |=1A

Figures 5.5, a and ¢ show the temperatures as a function of time graphs for numerical and
experimental results. In Figs. 5.5, b and d are highlighted the maximum temperature as a
function of the convection heat transfer coefficient graphs.
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Fig. 5.5. a) and c) Temperature graphics as a function of time for numerical and experimental results;
b) and d) Max. temperature graphics depending on h.

If 1 = 1 A the numerical model with h = 9 Wm2K! produces the temperature closest to the

experimental model. The maximum temperature decreases with increasing convection heat
transfer coefficient.

5.5.2. DC-LATM current: | =1.33 A
If I =1.33 A, the numerical model with h =5 Wm=2K* has the temperature values as a function
of time closest to the experimental model (Fig. 5.5, d).

CHAPTER 6. STUDY ON THE DC-LATM APPROACH IN VARIOUS
FIELD APPLICATIONS - MATERIALS AND TECHNOLOGICAL
FLOW

A study on DC-LATM for military and aerospace applications is presented. The results of this
analysis are inputs to the approach of this type of motor for space applications. The
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technological flow of DC-LATM is presented. This is the next step after establishing the
numerical solution and the first stage in the manufacturing process. Then adapt the
manufacturing steps for the space area according to the environmental requirements of the
motor application.

The motor is manufactured on components, as highlighted in the DC-LATM flow chart. The
first step is the analysis of the selection criteria of the materials used. This depends on the level
of maturity of the product and the constraints of the space domain.

6.1. Specifications or standards

The selection criteria of materials and processes are presented: standards, procedures
corresponding to space applications etc. and documents on materials and processes.

6.2.  Selection of non-suitable materials for space applications

For materials about which there is no information, developers must justify the proposed
selection and use to obtain approval.

6.2.1. Purchase of materials

Databases that combine data on materials from several sources are presented. It clarifies how
to complete the lists of materials and processes as well as the applicable factors. It is explained
and presented diagrams on the choice of materials (considering their sensitivity from the point
of view of the working environment) and the essential processes used in the manufacture of
the motor, including the request for approval document for their use.

For the space domain, the manufacturing and assembly sequence is documented in a
manufacturing flow. Upon completion of the steps in the diagrams presented, the critical
processes and implicitly the motor components will be qualified.

To fulfill the traceability condition, the doctoral thesis presents the components of a DC-LATM
within the technological flow. At the end of it is obtained DC-LATM, Fig. 6.1.

[N

Fig. 6.1. DC-LATM-CI-C at the final of technological process.

CHAPTER 7. DC LIMITED ANGLE TORQUE MOTOR -
EXPERIMENTALS MODELS

The experimental model is subjected to a set of DC-LATM measurements and tests [4, 28]
(obtaining the torque-angle curve on the operating range).

The measuring stand for DC-LATM, the data measured by the transducer and the obtained results
are presented, Fig. 7.1, a - c.
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Fig. 7.1. a) Measurement stand for DC-LATM at the time of data acquisition; b) Measured data by transducer;
¢) Torque-time curve for DC-LATM-CI — C; d) Torque-angle curves comparison for numerical and
experimental models.

The maximum value of the torque is about 94 mN m. The curve is not constant and has a certain

asymmetry with respect to the torque axis.

The torque values in the 2D approximation are higher than the experimental model. Fig. 7.1, d.
This aspect also emerges from the values of the relative error presented in the doctoral thesis.

Using the same measuring stand, the characteristics of another DC-LATM from the same motor
family were checked. Torque and angle measurements were performed for DC-LATM-CI-D
using the same torque transducer with angle transducer. For the rated motor current, | =2.2 A, a
maximum torque equal to 44 mN m is obtained. This value is in accordance with the technical
requirement of DC-LATM. Experimental values may deviate from the nominal value [4]
within £ 10%.
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CONCLUSIONS

C.1. General conclusions

The scientific research aimed to study DC-LATM, which presents a topic of interest due to its
construction and applications.

The approach in the analysis of a DC-LATM motor was presented (from the point of view of
a well-formulated problem, of the physical model, of the mathematical and numerical
modeling).

For the calculation of specific DC-LATM sizes and characteristics, different configurations for
three types of DC-LATM were studied, using numerical modeling.

The two- and three-dimensional models developed and presented allowed the evaluation of the
sizes and characteristics for each DC-LATM.

Only one type of DC-LATM was chosen and various studies were performed on the use of
finite elements of "infinite™ type.

The influence of the rotor constructive solutions on the torque-angle curve was studied.

The selection criteria of DC-LATM were presented and by considering an ideal torque, the
measured torque and the calculated torque in the numerical analysis, the 3D model, were
compared.

The simple linear regression and the ideal curve for each of the studied models were presented
and the absolute deviation, the relative deviation and the absolute deviation-angle curve were
calculated.

The development of numerical models for evaluating the thermal behavior of DC-LATM
chosen for the study led to a correct characterization of the motor in terms of operation.

The technological flow, the realization of the experimental model for DC-LATM chosen for
the study and the comparison of the torque-angle curves for the numerical and experimental
models completes the scientific research carried out within the doctoral studies.

C.2. Original contributions

The personal contributions to this paper are the following:

- Improving the value of the main parameter of DC-LATM-CI-B and DC-LATM-CI-C.
This was done by studying the influence of the rotor constructive solutions on the
torque-angle curve for the two motors. Different constructive solutions of the rotor were
analyzed by resizing the auxiliary magnets and by using two types of materials for
spacers, Ol and Al.

- Calculation of the deviation of the torque-angle curve from the ideal and symmetrical
one and the absolute deviation-angle curve for each presented variant - Definition of a
new estimator as well as a new interpretation of that statistic.

- Analysis of the thermal behavior of DC-LATM-CI-C.

= Conceptual model of the devices in which the motor has been integrated.
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= Carrying out a thermal experiment in which two different cases were
considered in terms of DC-LATM current: 1 =1 A and | = 1.3 A
Measuring the temperature at different times (as a function of current)
and making the temperature graph (Tamb = 22 °C) as a function of time.

- Design of process diagrams for the selection and approval of materials, acceptance of
materials, selection and approval of processes and qualification of processes for
components.

- Design of the logic diagram of the measuring stand for DC-LATM, acquisition and
processing of data measured by the transducer for DC-LATM-CI-C and
DC-LATM-CI-D.

o Performing torque and angle measurements using the torque transducer with
angle transducer, for I =50% - I, A, 1 =50% - I, and | =50% - I, A, where
In = 2.2 A. Realization of torque and angle graphs as a function of time.

C.3. Development perspectives

From the above conclusions, certain issues require further and new investigations. Through
these analyzes, a deep understanding and a complete approach to the study of DC-LATM
behavior is obtained. The scientific research carried out and the results obtained represent input
for future analyzes. The following directions of further development are considered:

- Completing the study on the behavior of DC-LATM motors in space applications from
thermal point of view. Numerical analyzes will be considered in which the heat transfer
will be done using radiation and conduction.

The special operating conditions and applications in which DC-LATM are used require
numerical studies of the thermal field. Numerical studies are essential in the development stage
for defining the behavior of the motor in various operating conditions. In the space field,
determining the DC-LATM behavior in the absence of any cooling source is essential.
Numerical analyzes will be considered in which the heat transfer will be performed only by
conduction and radiation.

- Numerical study of thermal and mechanical stresses for DC-LATM.

In the operation of special electric machines, thermal and mechanical stresses are extremely
important. Therefore, numerical studies for these motors are intended to be performed to ensure
their proper operation in environments with difficult conditions and high reliability.

- Study of a motor chosen for a space application. It involves design, analysis of motor
behavior in space conditions and its path from prototype to qualified model.

ANNEX Al - GENERAL FORM FOR THE MAGNETIC FIELD

In Chapter 2, subchapter 2.2, section 2.2.1, was presented the reduced form for the magnetic
field, applicable in the studied problem, the DC-LATM study.

In this appendix, the study and the general form of the magnetic field, the law of the magnetic
circuit, the law of the magnetic flux and the general theorems of the electromagnetic field are
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presented.

ANNEX A2. TRL LEVELS

The technological maturity levels.

ANNEX A3. ESA STANDARDS - SELECTION

The ESA standards according to which materials and processes are chosen.

ANNEX A4. MATERIALS LIST SPACEMATDB - SPACE
MATERIALS DATABASE

The list of materials from the SPACEMATDB database.

ANNEX A5. MATERIALS USED IN SPACE APPLICATIONS AND
THE RELEVANCE OF SPACE PARAMETERS ON MATERIAL
SELECTION

The materials used in space applications and the relevance of space domain constraints on
material selection.

ANNEX A6. MATERIALS LIST - DML

Aspects related to the list of materials (environmental code, size and status of approval) are
highlighted.

ANNEX A7. PROCESSES LIST - DPL

The status approval of the processes list.

ANNEX AS8. THE STAGES OF THE TECHNOLOGICAL PROCESS
OF ADC-LATM

The stages of the technological process for a DC-LATM.
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