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GENERAL DESCRIPTION OF THE RESEARCH
Topicality

The cylindrical magnetic couplers (CMCs) are used in many different production and
research areas such as physics, biology, chemistry, pharmacy, food processing industry, gas
and oil industry etc. [15, 16]. In these areas the handling and transfer of substances (liquids,
gases and solid particles) occur in the aggressive or sterile environment; the CMC, in turn,
ensures the necessity of hermetic conditions as the magnetic-mechanical energy or torque
transmission is contactless [19].

Though the CMCs are widely used, only in the last two decades the enterprises
dealing with coupler manufacturing have started using the high-energy permanent magnets
(PMs) made of rare-earth alloys such as neodymium-iron-boron (NdFeB) and samarium-
cobalt (SmCo). However, in electrical machine production the use of these rare-earth alloy
PMs began in the 1980s. Initially, PMs made of aluminium-nickel-cobalt alloys and ferrites
like barium-ferrite (BaFe) or strontium-ferrite (SrFe) were used in magnetic couplers [1, 17,
20]. Thus, it is important to consider which permanent magnet material should be used in a
CMC nowadays.

Most of the CMC manufacturers provide the couplers with rectangular PMs; the
transition to rounded PMs should be considered.

Many CMC manufacturers offer the couplers from ready-made products, which (as the
manufacturers admit it in interviews) were optimized a relatively long time ago. Thus, the
optimization of CMC design is necessary to be made as well as the optimization methodology
for CMCs.

Most often the real prototypes of CMC are made to study the coupler characteristics,
but it is an expensive and ineffective option taking into account the waste of time and material

consumption. Thus, the new (not yet existing) mathematical models should be created.

Subject and Object of the Research

The cylindrical magnetic coupler is the object of the research. Both types (active and

reactive) CMCs are studied. CMC design parameters are the subject of the research. Together

six parameters — five design parameters and one PM material characterizing parameter that

also influences the dimensions of design — are chosen to be studied.



Aim and Tasks of the Research

The aim of the research is to develop the methodology for obtaining the most optimal
combination of cylindrical magnetic coupler design parameters according to the chosen
boundary values of variables and so that the CMC has the highest effectiveness. By its
effectiveness we understand the best value of ratio: maximum mechanical torque per volume.

Consequently, the tasks are as follows:

1. To overview the latest studies about CMC design and its optimization;

2. To choose the main CMC characteristic and its influencing design parameters;

3. To choose the base design of CMC, for which the optimization will be made, and the
boundary values of independent variables;

4. To develop the calculation methodology and to choose the application software for
obtaining the basic characteristics;

5. To define the objective function, to synthesize the necessary mathematical models/
formulas that will be used in optimization;

6. To analyze the optimization algorithms, to choose the optimization tool, to obtain the
most optimal CMC design parameters, and to develop the optimization methodology
for CMCs;

7. To make the CMC samples and to test them experimentally;

8. To compare experimental results with data obtained by the developed calculation

methodology and the developed mathematical models.

Research Methods and Tools

The following research methods have been used within the present research:
» Qualitative:

v Interviews;

v Grounded theory.
» Quantitative:

v" For calculation methodology development — AutoCad, QuickField (based on
finite element analysis/method) and SIMCA (multivariate data analysis and
optimization tool);

v Experiment planning;

v For formula synthesis — program tool (based on regression models).



Scientific Novelty of the Research

The used methods and performed research have allowed achieving the following

scientific novelties:

1.

The chosen software tools (AutoCad, QuickField) have allowed developing the
calculation methodology for obtaining CMC physical parameters (of interest such as
mechanical torque, its maximum value, and magnetic flux density, its maximum
values in the yokes) based on the calculations of coupler magnetic field (publications,
e.g., [6-9]);

The proposed transition from rectangular permanent magnets to rounded ones
increases the value of maximum mechanical torque by more than 30 % (publication
[6]);

The transition from disc form MC to cylindrical MC in the water counters has allowed
averting the external influence from strong permanent magnets on the counting system
of consumed water (Latvian patent [10]);

The new design reactive MC has been developed that increases the value of maximum
mechanical torque compared to the same dimension analogous reactive couplers
(Latvian [12] and European [11] patents and publication [8]);

The new previously non-existent mathematical models/formulas of active CMC have
been synthesized for certain boundaries of the chosen variables, thus enabling one to
forecast the values of maximum mechanical torque, maximum mechanical torque per
volume, and the maximum values of magnetic flux densities (publication [5]);

The optimization of CMC has been made (in the chosen SIMCA tool) by synthesized
new models/formulas, which allowed developing the optimization methodology for
CMC. The optimum design of CMC (with rounded permanent magnets) has been

manufactured and tested; the experiments have proved the expected results.

Scientific and Practical Approbation of the Research

The research results and given scientific novelties are scientifically approbated in

publications (see Author’s Publications), conference reports, and Latvian and European

patents (see Inventions), and practically approbated in the CMC manufacturing at the Latvian

enterprise “Environment, Bioenergetics and Biotechnology Competence Centre” (also shortly

named BTC) where the couplers are implemented in mixers, and these mixers are sent to

Germany for use in the laboratory equipment.
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DOCTORAL THESIS BRIEFLY
1. Cylindrical Magnetic Coupler (CMC)

Definition. Magnetic coupler (MC) is a machine [13] used to transfer mechanical
torque between two or more parts without direct contact using interaction forces of permanent
magnets (PMs) induced by their magnetic field. The MCs are manufactured with a sealing

screen between the half couplings (Fig. 1.1).

Outer half
coupling

i

Opposite view
Screen

° —

&

Inner half coupling

Fig. 1.1 Magnetic coupler

The magnetic coupler (most often) works this way: an engine through its shaft rotates
the inner half coupling, and because of the attraction and repulsion forces of the PMs between
the both half couplings also the outer half coupling starts to rotate. These interaction forces
work equally in both ways: when the inner half coupling is driven, the outer half coupling
follows, and when the outer half coupling is driven, the inner half coupling follows.

The problem situation with the terminology of magnetic coupler and its half couplings
is provided in the doctoral thesis.

Application. Magnetic couplers are used in different pumps (e.g., centrifugal, gear
pump), compressors, liquid (or gaseous/solid substance) mixers, agitators, fans, blowers and
autoclaves (usually the reactive MCs). Some application examples are given in Appendix 1 of
the doctoral thesis.

Some classifications are provided in the doctoral thesis, e.g., the classification of
synchronous and asynchronous clutches (Fig. 1.2) and the MC classification by the magnet

interaction surface.

‘ Synchronous & asynchronous clutches

Electromagnetic clutches ‘ Magnetic couplers Mechanical clutches

Fig. 1.2 Main groups of synchronous and asynchronous clutches
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The design of cylindrical magnetic coupler (CMC) is chosen to be investigated in the
doctoral thesis. The main design parameters of CMC with rectangular PMs are (Fig. 1.3):
axial length of coupler / (mm), inner radius R; (mm), PM placement radius of inner half
coupling R, (mm), PM placement radius of outer half coupling R; (mm), outer radius R, (mm),
air gap 0 (mm), PM height /py (mm), PM width — bpy, (mm), yoke height of outer half
coupling 4, (mm). Additionally to the given radiuses R; and Ry, the yoke height 4, is used,
because it changes by (1.1) [18].

Fig. 1.3 Main design parameters of CMC in cross-section

Ryp'B
h, _TSA 5, (1.1)
P2 Bgeel

where h, — yoke height in outer half coupling [mm];
R; — PM placement radius of outer half coupling [mm];
B’ — coefficient that shows which part of a pole pitch 7 is covered by PM
width bpys B = bprs /75, +0pas /T o )2 5
B, — PM residual induction [T];
p — pole pair number;
Bswer — monitored value of magnetic flux density in yoke [T], chosen
Bsteer=1.8 T.
The PM material also influences the CMC design. In design calculations, the PM
magnetic permeability ppys is taken into account, acquired from magnet residual induction B,
and coercive force H,; these values are given in catalogues. In the present research, the

relative magnetic permeability of PMs u« (1.2) is used [17, 18].

o B, (12)

Heply  H, 47107

r

I

where px— PM relative magnetic permeability;
B, — PM residual induction [T];
H.— PM coercive force [A/m];
1y — magnetic permeability of air and it is uy=4n10~’ [H/m].

13



Nowadays the choice of available materials that can be used in CMC manufacturing is
very wide, but the following materials are chosen to limit the range of research:
» for PMs — barium ferrite (BaFe,0,9), strontium ferrite (SrFe;,019), samarium cobalt
alloy (Sm;Co;7, grade 30H), neodymium iron boron alloy (NdFeB, grade N38UH);
» for a sealing screen — austenitic stainless steel of grade 1.4401 (u+= 1.004, but it can
be taken as air with p«=1.000);
» for coupler yokes — magnetically soft steel of grade S235JRG2 and material number
1.0038.
Various materials have different magnetic properties. These properties influence the
CMC mechanical torque, e.g., curve of mechanical torque for NdFeB (/=10 mm,
R;=10mm, Rs =40 mm, f = 0.9, p = 1, 4 and 8) (Fig. 1.4). As these curves may have
unequal form, it is more correct to compare the maximum value of coupler mechanical

torque — maximum mechanical torque M.

/"'hf“"hl\

T T T

! o
0 30 60 90 120 150 180 ¢ (%el.)
—+—p=8 —H—p=4 —w—p=I

Fig. 1.4 Curves of CMC’s mechanical torque (PM made of NdFeB)

The turning angle a at which the mechanical torque has it maximum value M, for
couplers with different pole pair numbers p can be calculated by (1.3). The difference in
geometric degrees can be seen in Fig. 1.5 (the values of torque are not real, but are scaled).

a= 20" [°geom] (1.3)
p

% a (°geom.)

Fig. 1.5 Curves of CMC mechanical torque (PM made of Ba-ferrite)

14



2. Influence of Design Parameters on Maximum Mechanical Torque of CMC

In this chapter the base CMC is chosen (Fig. 2.1), whose design is optimized. The base

model has the rectangular PMs.

Fig. 2.1 CMC base model with dimensions in cross section

The independent variables are important in optimization, and they are given in Fig. 2.2.

() =i . (5] ( =
3 R,=R;+hpy; o A
S} 5 g e =
5 L [ p]
7 e R.=R.+§: QT s <
% = 3 2 % ==} hy_ﬂR4; D, ﬁl Br)l 3C
- R,=R.+h - S £
=R.+h,,; o)
2 4= 03 pyy i) B, - u. =R

B=R sk .

Fig. 2.2 Independent variables from basic dimensions

hpy;
é;
p;
B
/2%
L 2

To model the magnetic field of CMC and calculate the necessary physical values,

many kinds of electromagnetic field simulation software can be used, such as AMPERES
(three dimensional (3D)), OERSTED (two dimensional (2D)), ANSYS Maxwell (2D/3D),
QuickField (2D) etc. As the CMC has a symmetrical magnetic field in relation to the axial

length, a simpler (two dimensional) electromagnetic field simulation software can be used. In

this research the software QuickField (QF) [14] is applied. This software is based on the finite

element analysis.

The full block diagram of developed calculation methodology for obtaining the

physical parameters from magnetic field is provided in the doctoral thesis, but the principal

steps are shown in Fig. 2.3.

| Choose the design\
of electrical
machine
echoice of variables
(design
parameters) X;

. 4

Experiment
planning

echoose the values
of variables (at
least two -
boundary values)
eexperiments = n,; -

Ny * e * Ny

B
LY

@ @
Preparation
dr(;f\/\tz?:gs Calculatio_n
(dxffilesin | OfMmasnetic
AutoCad) for ' gyickField)
experiments

Obtaining
physical
parameters
from
calculated
magnetic
field

Fig. 2.3 Principal steps of developed calculation methodology
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The transition from rectangular PMs to rounded (/sector form) PMs is studied
(Fig. 2.4). This transition increases the value of M, by about 35 %. From now the magnetic
coverage coefficient B (B = apu/t) can be used, where apy is the angular width of PM (in

geometric degrees) and 7 is the pole pitch (also in geometric degrees).

Fig. 2.4 Transition from rectangular to rounded PMs

The present research has also been made with the intention to implement the results in
Latvian CMC manufacturer “BTC”. The radius R; is stated to be R; = 10 mm. The practical

implementation is the main reason for all chosen boundary values (Table 2.1).

Table 2.1
Chosen boundary values of variables
Variable Minimum Maximum
value value
[ (mm) 10 75
P 1 9
B 0.7 0.9
hpy (mm) 4 8
o (mm) 2 3
L 1.061 1.344

In this chapter the reactive CMC is also studied. When a cylindrical magnetic coupler
has the PMs only on one half coupling and the half coupling without magnets has the same
toothed form as if the magnets were there, it is called the reactive CMC (Fig. 2.5). Such a
design solution is necessary in cases when the environment would be too aggressive to PMs:
temperature too high, causing the magnets to noticeably lose their quality — repulsion and

attraction forces —, or other influencing factors that could lead to magnet demagnetization, etc.

Fig. 2.5 Reactive CMC in cross section
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The main disadvantage, why the reactive couplers are used only in case of necessity to
transfer the torque in the aggressive environment, is the small value of its maximum
mechanical torque, compared with the same design active CMC. Hence, a new design of

reactive CMCs (Fig. 2.6) is proposed [11, 12] and studied [8].

Fig. 2.6 New (patented) design reactive CMC

1 — PMs, 2 — yoke, 3 — sector-shaped poles (ferromagnetic material), 4 — air gap (nonmagnetic
material), 5 — body (nonmagnetic & light material), 6 — fixed sealing screen

For the comparison purposes, the characteristic M, /V is chosen — maximum
mechanical torque per volume — for objective results, because the new design coupler has a
very light nonmagnetic yoke. The PMs are made of NdFeB alloy. The new design reactive
coupler has increased M,,,,/V by about 9 times comparing to analogue standard design (with

outer yoke) reactive CMC (Fig. 2.7).

M, /V (Nm/m})

70 ¢ —a

65 + e
60 + TR
55 £ a -
50 + L
45 E L ‘..-.g'.h._._. ...'-.‘
40 £ R T
35 - . e
30 £
25 £
20 £
15 &
10 + 0.l ie

5 ; )l/;*' X 2

0 T T T T T T T 1

)] A

.....
...........
.....

Fig. 2.7 M. = f(p, p) for new design reactive CMC
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3. Synthesis of Mathematical Models

In multivariate data analysis (MDA), many methods are available [2, 3], but for
performing the analysis and creating mathematical models (as formula) the regression
analysis is chosen as the most suitable method.

In the regression analysis the dependent variable y; is quantitative but the independent
variables x,, ..., x, can be both quantitative and qualitative; the relationship forms as follows:

v =S, x0, 00X, ) (3.1)

The program complex of formula synthesis has been written by Dr. sc. ing. O. OnZevs,
and it is possible to obtain necessary information about the program and methodology in his
doctoral thesis [4].

In the optimization the obtained models or synthesized formulas of objective function
and the control parameters are used. The objective function should include the main physical
characteristic and some design or economical parameter for an unbiased judgement as in all
optimization problems. Thus, the maximum mechanical torque M, is the physical
characteristic. The optimization will be made by design parameters and magnet material
indirectly indicating the economical aspect — the less material is used, the cheaper the
coupler can be made with the characteristic of interest. Thus, as the maximum mechanical
torque M, can be the same for most CMCs with a different design parameter combination,
the maximum mechanical torque per volume M,/ is chosen as a reliable characteristic.

The objective function is defined as (3.2), but the control parameters are defined as
(3.3) just for the rare-earth alloy PMs, and the axial length is not taken as it does not have
radical influence on the maximum value of magnetic flux density in the cross section.

M max [V = f (w31 hppg s 5 85 p) (3.2)

Bmax :f(hPM§ﬁ;5;p) (33)
As in the calculation of coupler volume V, the axial length / is included and in the

calculation of M,,,, the length / correlates directly. As a result, the axial length / is not taken
directly in the formula synthesis for M,,,,/V, because it is already taken into account in M,
and V in a direct relation with them (M, ()/ V() — Mo/ V#A(I)). And as the previous studies
have shown the best correlation of formulas to experimental data is when separate formulas
are synthesized for appropriate PM material; thus, the final objective function is as (3.4).
Mo [V = f(hprg3 36 p) (3.4)

The formula synthesis gives many combinations of elementary functions. The formula

is chosen from elimination diagrams, taking into account either the breaking point or the

value of correlation.
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Analyzing the experiment result, the distribution of pole pair number values is chosen
in the formula synthesis, e.g., formula (3.5) of M,./V for coupler with PMs made of
samarium-cobalt alloy and for pole pair numbers p = 7-9 (correlation is p = 95.37 %), and
formula (3.6) of By in for coupler with PMs made of rare-earth alloys and for pole pair

numbers p = 2, 3 (correlation is p = 80.40 %).

2
My JV = —50.0+ 102.2}‘%4—10.46;9 —20.17hpy, +362.3ﬁ—19.93h’;fz‘4+
E (3.5)
+0.880/3y, —212.158> +1.66%.

B in = 2.532+0.0913p = 5.118+0.125hp, —0.033hpy, -p+0.036h‘%M+4.121ﬁ2, (3.6)

max in

The synthesized formulas are tested, and the results show that the separation of PM
materials and pole pair numbers have been appropriate and the relative error for the main
characteristic M,,,/V is eyw < 5% and for the control parameters B, it is €z < 10 %,

acquiring valid mathematical (in formula form) models.

4. Optimization of CMC

The optimization problem is discrete and constrained. Though many optimization
algorithms (such as gradient method, interval bisection method, Powell’s quadratic
interpolation etc.) are overviewed, it is decided to use an existing optimization tool. Many
multivariate data analysis and optimization software tools are available, some of them are
overviewed and the SIMCA is chosen.

Applying SIMCA, the optimum is found. Of course, the optimum is when PMs are
made of rare-earth alloy instead of simple ferrite. If the material types are taken separately the
following optimization results are obtained:

> For rare-earth alloys with M./V = 172.27 Nm/m’) and M. = 36.97 (Nm):
v Relative permeability u+= 1.061 (NdFeB);
Axial length /=75 mm;
Pole pair number p = 5;
Magnetic coverage coefficient § = 0.80;

PM height /py,= 8 mm;

NN

Air gap 6 =2 mm;

» For simple ferrites with M,,,,/V = 14.64 (Nm/m3) and M,,,,=3.09 (Nm):
v’ Relative permeability p«= 1.344 (Sr-ferrite);
v Axial length / = 75 mm;
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v Pole pair number p = 4;

v Magnetic coverage coefficient = 0.80;

v" PM height spy, = 8 mm;

V' Air gap § =2 mm.

The made optimization allows developing the optimization methodology for CMCs,

the main steps of which are shown in Fig. 4.1.

Steps as given in the developed calculation methodology (Fig. 2.7)

For CMC the objective functions are: M,,,.,/Sand M, ..,

the control parameters are: B,,,,, in» Bmax out

I Synthesis of mathematical models/formulas (for objective function(s) and control parameter(s));

-

Optimization in the chosen software tool;

For CMC optimization problem is: maximizing the M, /S with respect to chosen design parameters
and taking into account the control parameters

Fig. 4.1 Main steps of developed optimization methodology

5. Experiments and Further Research Possibilities

In this chapter, the experiments and the author’s opinion of further research
possibilities for CMC design optimization are given.

The first set of experiments is made to obtain the mechanical torque curve of CMC
and compare it with the one calculated in QuickField (QF). A specifically designed object
with implemented CMC was made to obtain the experimental curve of mechanical torque
(Fig. 5.1). The whole object is made on the foot stand 1; thus, it is portable and can be fixed at
any stand. CMC 3 has inner and outer half couplings with rectangular permanent magnets.

The inner half coupling is turned by an angle by the rotation axis 2.

Fig. 5.1 The prepared object with implemented CMC for the experiment (back side)

The CMC has NdFeB magnets, and the pole pair number is p = 6. Other design

parameters are given in the doctoral thesis — description of the coupler BR-5 (Section 2.1.3).
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Method of traditional experiment is the work principle of Dynamometer: by knowing the
radius and added weight (or force), the torque can be calculated. For chosen angles o, the
mass m; is known, which has to be added to balance out the torque in the air gap between the
half couplings, and the radius R is known (R = 56 mm). The torque value M; is calculated by
(5.1.) at the certain turning angle a;.
M; =R-F; =0.056- gm;(Nm) (5.1)

For the same coupler BR-5 the drawing is prepared and its torque is calculated in QF.
The results are compared (Fig. 5.2). As in the optimization the maximum value of mechanical
torque is used, these values are separately compared: My exp = 0.623 Nm and M, o= 0.591
Nm. The difference is AM,,,, = 0.032 Nm or 5.4 % (according to M, = 0.591 Nm). These
results verify that the QuickField software is permissible for obtaining the mechanical torque
maximum values (/developed calculation methodology is applicable) to be used further in
CMC design optimization.

M (Nm)
0.64
0.48 /’M_\
0.32 / \
0 / ' ' ' \~ a (%el.)

0 45 90 135 180
-=-0--Experimental —¥— Calculated

Fig. 5.2 Mechanical torque of CMC BR-5

The second set of experiments is made to obtain the mechanical torque curve of CMC
and compare its maximum value with the one calculated by synthesized formula (/created
mathematical model). Again, a specifically designed object with implemented CMC was
made to obtain the experimental curve of mechanical torque (Fig. 5.3). The whole object is
made on the foot stand 1; thus, it is portable and can be fixed at any stand. CMC 2 has inner
and outer half couplings with rounded permanent magnets. To hold the coupler inner half
coupling in one position, an added weight 3 is needed.

The CMC has rounded (/sector form) NdFeB magnets with pole pair number p = 5,
height Apyy = 9.5 mm and magnetic coverage coefficient f=0.95. The axial length is
/=76.2 mm and air gap is & = 4.3 mm. The radiuses are: R; = 17.75 mm and Rs = 50.85 mm
(Fig. 2.1).
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Fig. 5.3 The prepared object for the experiment

Method of classical experiment — the torque values are obtained at certain angles
similar to work principle of Dynamometer: by knowing the radius and added force, the torque
is calculated by oscilloscope. The curve of mechanical torque is obtained in the oscilloscope,
where the certain values of the turning angle o; (given by voltage sensor) and the force F; are
used to calculate the torque value M; (5.2). When the outer half coupling tries to rotate, the
pressure force F is made by the arm of force /=200 mm (= 0.20 m) and it is measured by the
sensor (of pressure force). The stand for obtaining the mechanical torque in the experimental
way is given in Fig. 5.4. Only the maximum value of mechanical torque M, is taken and it is
Mopax=76.13 Nm.

(5.2)

Fig. 5.4 The whole stand of experiment

In this case to forecast the maximum value of mechanical torque a separated formula
is synthesized (5.3). The modelled design of CMC is simpler because the magnet material is
NdFeB (u+-const), magnetic coverage coefficient is B = 0.95 (also constant) and the air gap is
also known (6 = 4.3 mm).

The formula is true for models with the following variable ranges: / = 70-80 mm,
hpyy= 810 mm and p = 4-6. The ranges are small, but the result calculated with formula
should be precise.

M oy =1+ (0.3 +0.09hpy -0.007hpy - p+0.0023h3,, ) (5.3)

Inserting the variables p = 5, hpy = 9.5 (mm) and / = 76.2 (mm), the value of

maximum mechanical torque is M., = 78.492 Nm.
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If the value obtained experimentally is taken as the basic one, then for M,,,, calculated
by (5.3) the absolute error is AM,,,, = 2.36 Nm and the relative error is AM,,,,= 3.1 %. Hence,
it can be concluded that the developed formula (/mathematical model) based on the
multivariate regression analysis is a very useful tool in the forecasting of M,,,, values and,

thus, the formulas can be used in the optimization problems.

Main Conclusions

The analysis of latest studies on the cylindrical magnetic coupler (CMC) proves that the
research of influencing design parameters and the optimization of CMC design based on magnetic
field calculations made within the present doctoral thesis has not been performed yet.

As the main characteristic of CMC the maximum mechanical torque M, is chosen
because the curves of mechanical torque M for different couplers may vary by amplitude and
period. To avoid the mistakes that appear in an inappropriate comparison, one characterizing
value (M) from the whole torque curve is taken. The CMC has many design parameters, but
only 5 (pole pair number p, magnetic coverage coefficient 3, PM height /py,, air gap 6 and axial
length /) are chosen to be optimized. The 6™ parameter is relative permeability u« characterizing
the material of which the permanent magnets (PMs) are made; this parameter also indirectly
influences the CMC design and its main characteristic M,,,,. For these parameters the boundary
values are studied and consequently chosen.

The base design is the CMC with rectangular PMs. The offered transition from rectangular
PMs to rounded (or sector form) ones enables the improvement of M,,,, by more than 30 %. The
optimization is made for the CMC with rounded PMs. As the values of M,,,, can be equal or very
similar to couplers with very different design parameters, the characteristic as maximum torque
per volume M,,,,/V is taken.

The calculation methodology is developed to obtain the desired parameters: main
characteristic M,,,, and the control parameters — maximum values of magnetic flux density in
inner and outer half coupling yokes — By in and Bux - The developed methodology includes
the application of AutoCad drawing software and QuicField (QF) magnetic field modelling
software.

The reactive CMC is also studied and a new patented design is developed having
improved M,,,, by 2 times and M,,,/V by about 9 times when compared with the analogue
(/standard design reactive CMC with yoke of outer half coupling) reactive CMC.

The optimum of reactive CMC can be found only by developed calculation methodology

without any further mathematical procedures.
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For the set boundaries and defined objective function completely new CMC design
models/formulas are synthesized, out of which the most appropriate ones are chosen. The testing
of these models proves that the precision is high: less than 5 % for M,,,/V and less than 10 % for
Bax-

The optimization algorithms are analyzed and the SIMCA optimization tool is chosen. The
optimization process proves that M,,/S (maximum mechanical torque per area) will be more
correct to use in the optimization instead of M,,,,/V. The first step in the optimization problem is
the maximization of M,,,,/V with the respect to chosen variables (design parameters), and, as more
than one optimum is found, the sub-problem is the maximization of M,,,, with respect to the one
left variable — axial length. The optimum is found and it (with M,,,/V = 172.27 Nm/m® and
M= 36.97 Nm) is following: p-=1.061, p =5, § = 0.8, I =75 mm, hpy;= 8 mm, and d =2 mm.

When the coupler optimization system is reduced to the following — coupler with
magnets made of simple ferrites —, the optimum point with M,,./V = 14.67 (Nm/m’) and
Mo =3.09 (Nm) is the following: p-= 1344, p =4, B = 0.8, I = 75 mm, hpy = 8 mm, and
0 =2 mm.

The performed studies and optimization of active CMC allow developing a new
optimization methodology.

The first set of experiments is the acquisition of the CMC (with rectangular PMs) torque.
The first experiment is made by the method based on Dynamometer working principle, and the
torque of the same coupler is obtained applying the OF software. The results are compared and it
is concluded that the software can be used for the curve of torque (and other necessary parameter)
acquisition, having the error of less than 6 per cent. Thus, the developed methodology of M,,,, and
Bax acquisition is correct.

The second set of experiments is the acquisition of maximum value of CMC (with
rounded PMs) torque. The torque maximum value from the first experiment is compared with the
value obtained by the synthesized model/formula. The results demonstrate that the use of
synthesized models can be a very useful way for forecasting M,,.,, having the error of less than
5 %.

A new optimization methodology is proposed for obtaining the optimal combination of
CMC design parameters, and it is the following: start with obtaining the necessary physical
parameters depending on the chosen design parameters by the magnetic field calculations; next
step is the synthesis of mathematical models/formulas (based on results from calculations of
magnetic field) which allow forecasting the chosen characteristics such as M,,,, and M,,,,/S; the

last step includes the choice of optimization tool and the coupler optimization.
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