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ABSTRACT

Linear compressors are good alternatives for the conventional rotary compressors which
usually have to deal with the conversion of rotational motion to reciprocating motion before the
compression step, whereas linear compressors directly generate linear motion to be used for the
compression step right away. This offers many advantages over rotary compressors. While
linear compressor technology is nothing new, miniature-scale linear compressor is a recent
favorite. The compactness in linear compressor design combined with the smallness in scale
makes this type of compressor a very interesting candidate for many practical applications, for
example in the cooling of electronic equipment or in building mini refrigerators. This research
deals with the detailed analysis of a prototype miniature-scale linear compressor. Basically, a
linear compressor can be said to consist of two main parts: the linear actuator part which enables
the reciprocating motion to the piston directly attached to it and the cylinder-valve assembly
part where the interaction with the piston causes compression.

The linear actuator is moving-magnet type, which, compared to the other two types, namely
moving-iron and moving-coil, provides higher thrust and efficiency and lower losses. To further
enhance the compactness of the design, a tubular structure is selected. An analytical model is
first presented and the formulation for the magnetic flux density and the generated thrust force
is shown. Then an FEM analysis is conducted, where the axisymmetric approach is used in
order to have a conformity with the tubular structure. The magnetic fluxes generated inside the
actuator are again calculated and the generated thrust force is demonstrated accordingly. These
results are compared with the ones coming from the analytical model. The experimental setup
for the linear actuator is presented and the thrust force generated is compared with the analytical
results.

The cylinder-valve assembly is presented and the selection and application steps as well as
the estimated valve performance analysis is shown. The according manufacturing processes for
the said assembly and the selection of the seal equipment for the miniature-scale problem at
hand is presented.

The dynamic parameters of the entire compressor assembly are presented. This is shown for
both the mechanical and electromagnetic cases. The governing system dynamics equations,
which includes the thrust generated by the actuator and the stiffness and damping coming from

both the mechanical equipment and the compressed gas, are provided. Motor constant and



excitation frequency effects are discussed. The frequency response function is shown in order

to find the optimal operating point with the best system efficiency.



OZET

Dogrusal kompresorler, sikistirma adimindan 6nce donme hareketinin karsilikli harekete
dontistimii ile ugragsmak zorunda kalan geleneksel doner kompresorler igin iyi alternatiflerdir,
clinkii lineer kompresorler sikistirma asamasinda kullanilacak dogrusal hareketi dogrudan
tiretebilirler. Bu, doner kompresorlere kiyasla bircok avantaj saglar. Dogrusal kompresor
teknolojisi yeni bir teknoloji olmamakla birlikte, minyatiir 6lgekli lineer kompresor 6zellikle
son zamanlarda 6nem kazanmustir. Dogrusal kompresor tasarimindaki kompaktlik, 6l¢egin
kiictiltiilmesi ile birlestiginde, bu kompresort, elektronik ekipmanlarin sogutulmasi veya mini
buzdolaplarinin insast gibi birgok pratikte uygulama igin ¢ok ilging bir aday haline
getirmektedir. Bu arastirma, bir prototip minyatiir dl¢cekli dogrusal kompresoriin detayli analizi
ile ilgilidir. Temelde dogrusal bir kompresoriin iki ana bdliimden olustugu sdylenebilir:
dogrudan dogruya tutturulmus bir pistona ileri geri hareketi saglayan lineer aktiiatér kismi ve
pistonla etkilesimin gaz sikismasina neden oldugu silindir-valf kisma.

Dogrusal aktiiator, hareketli-miknatis tipi olup, diger iki tipe gore, yani hareketli-demir ve
hareketli-bobin tipi aktiiatérlerle karsilastirildiginda daha yiiksek itme kuvveti, verimlilik ve
daha diisiik kayiplar saglar. Tasarimin kompaktligin1 daha da artirmak igin silindirik bir yap1
se¢ilmistir. Oncelikle bir analitik model sunulmus ve manyetik aki yogunlugu ve olusturulan
itki kuvveti i¢in formiilasyonlar verilmistir. Daha sonra silindirik yapiya uygunluk saglamak
icin eksenel simetrik yaklagimin kullanildigi bir sonlu elemanlar analizi yapilmistir. Aktiiator
icinde iiretilen manyetik akilar bu yontemle tekrar hesaplanmis ve buna gore iiretilen itme
kuvveti gosterilmistir. Bu sonuglar analitik modelden gelen sonuglar ile karsilastirilmistir.
Dogrusal aktiiator i¢in deney diizenegi sunulmus ve olusan itki kuvveti analitik sonuglar ile
karsilagtirilmistir.

Silindir-valf diizenegi sunulmus ve valf se¢imi ve uygulama adimlarinin yani sira tahmini
valf performans analizi gosterilmistir. S6z konusu montaj i¢in uygun imalat prosesleri ve
mevcut minyatiir lgekli problem igin conta donaniminin se¢imi sunulmustur.

Kompresor yapisinin biitiin olarak dinamik parametreleri sunulmustur. Bu hem mekaniksel
hem de elektromanyetik durumlar i¢in gosterilmistir. Aktiiator tarafindan tretilen itki ve hem
mekanik ekipmandan hem de sikistirilmis gazdan gelen rijitlik ve soniimleme katsayilarini

iceren sistem dinamigi denklemleri verilmistir. Motor sabiti ve uyarilma frekans1 etkileri



hakkinda bilgi verilmistir. En iyi sistem verimi ile en uygun ¢alisma noktasini bulmak ig¢in

frekans tepki fonksiyonu gosterilmistir.
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NOMENCLATURE

Fourier coefficient for initial gas force
Fourier coefficient concerning gas stiffness
coefficient

Fourier coefficient concerning gas damping
coefficient

magnetic vector potential [V s m?]

total cross-sectional area of the conductor
[m?]
cross-sectional area of the piston [m?]

total area of the slot [m?]
magnetic flux density [T]

air gap flux density [T]
magnetic flux density along the axes x, y, z

[T]

magnetic flux density, radial component [T]
magnetic flux density, axial component [T]
remanent flux density [T]

viscous damping coefficient of friction [N s
m?

damping coefficient of gas [N s m™]

electric flux density [C m?]
electric field intensity [V m™]
electromotive force [V]

force per unit volume [N m]
electromagnetic force [N]

gas force [N]
thrust force per pole on the mover [N]
peak force amplitude [N]

thrust force [N]

permanent magnet height [m]
magnetic field intensity [A m™]
current [A]

current density [A m?]

source current density [A m?]

induced current density [A m?]



Jo current density, azimuthal component [A m-

]
kspr spring coefficient of flexures [N m™]
K back-emf coefficient
K¢ slot filling ratio
l length [m]
L inductance [H]
M magnetization [A m?]
M, magnetization, radial component [A m™]
M, magnetization, axial component [A m™]
Mpover mover mass [kg]
N number of turns
Peylinder cylinder pressure [Pa]
Py dc copper loss [W]
P, Pointing vector [W m?]
P, eddy loss [W]
P, hysteresis loss [W]
Psyction suction pressure [Pa]
q charge [C]
0 mover inner radius [m]
Tin stator inner radius [m]
Tim permanent magnet outer radius [m]
Tout stator outer radius [m]
Ts gap outer radius [m]
R resistance [Ohm]
Ryer reference resistance [Ohm)]
R, reluctance [H?]
S surface [m?]
T temperature [°C]
Tref reference temperature [°C]
Uy, Uy, Uy unit vectors along the axes x, y, z
U speed [ms?]
|4 potential difference [V]
Vpack back-emf [V]
Wy energy stored in the electrostatic fields [J]
Wy energy stored in the magnetic fields [J]
Z mover displacement [m]
Z mover velocity [m s?]
Z mover acceleration [m s
Z peak stroke amplitude [m]

Greek letters
a thermal resistance coefficient [Ohm °C]



N~ N moQ

pole pitch correction factor
permittivity [F m™]
damping ratio

total flux linkage [Whb]
permeability of free space [H m™]

volume charge density [C m]
electric conductivity [S m™]
magnet pole pitch [m]

pole pitch [m]

magnetic flux [Whb]
magneto-motive force [ampere-turn]
frequency [rad s

natural frequency [rad s
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Chapter 1

ABOUT LINEAR COMPRESSORS

1.1 Overview

Before refrigeration people relied on techniques such as salting, drying or canning to
preserve their food, however, they came to realize that refrigeration was the best way to do so,
because it was the only way to preserve the food and not to have its taste changed. While the
earliest refrigeration techniques were realized through the usage of ice, later mechanical
refrigeration techniques were introduced [1]. Today, a refrigerator is an indispensable part of
daily life. It is the most widely used cooling process in general. According to data taken from
2005, Turkey is the fifth most manufacturer of refrigerators with an annual production number
of 4,867,000. China is first with 29,871,000, followed by United States with 11,639,000, Italy
with 7,201,000 and South Korea with 7,122,000 [2].

Refrigeration is simply the process to force heat transfer from a low temperature region to
a high temperature region. This can be achieved using the so-called refrigeration cycle, which
in turn is based on the reverse Carnot cycle. The basic schematic of the reverse Carnot cycle is
given in Figure 1.1(a). The working fluid in the cycle, known as refrigerator goes through an
evaporator while extracting heat from a colder medium, changing from liquid to gaseous state,
then goes through a compressor where its temperature rises, then goes through a condenser,
becoming liquid again while expelling heat to a warmer medium, then goes through a turbine,
expanding back to the state at the beginning of the cycle. In an ideal Carnot cycle, the
evaporation and condensation phases are isothermal, whereas the compression and expansion
phases are isentropic. In practice, the isothermal parts of the cycle can be achieved very closely,
however, in a Carnot cycle, in order for the isentropic parts to be realizable, the cycle must be
executed in saturation region. This means a compressor and turbine should be used which can
handle two phases at once, which is not possible. Thus, in an actual refrigeration cycle, there
are some slight changes. The schematic for the refrigeration cycle is given in Figure 1.1(b). The
turbine is replaced with an expansion valve or a capillary tube. The refrigerant enters the
compressor as saturated vapor, gets compressed isentropically to superheated vapor, enters the

condenser, expelling heat to the warmer medium and becoming saturated liquid, then gets
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throttled by the expansion valve, becoming a saturated mixture, enters the evaporator,
extracting heat from the colder medium and becoming saturated vapor, completing the cycle

[3].

Condenser

Turbine

Compressor

Evaporator

(a) (b)
Figure 1.1: The refrigeration cycles: (a) reverse Carnot cycle (b) actual refrigeration cycle [3]

As stated above, the compression part in the refrigeration cycle is handled by a compressor.
What a compressor basically does is the conversion of mechanical excitation energy to potential
energy stored in a compressed gaseous medium. Conventional compressors usually employ an
intermediary mechanism which converts the rotational motion generated by the motor to
reciprocating motion which in turn is used for the compression step. The mechanism that is

usually employed here is a slider-crank mechanism which consists of a rotating shaft, crank
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arm and slider. The slider is connected to a piston, which travels inside a cylinder. The cylinder
is connected to a suction and a discharge valve. As the piston moves back and forth inside the
cylinder, suction of low-pressure refrigerant with only the suction valve open and the discharge
of compressed refrigerant with only discharge valve open is accomplished. The schematic for

a common refrigerator compressor is given in Figure 1.2.

CRANKSHAFT

DASCHARGE
OIL MOLES WUFFLER CHAMEBERS

OUTBCANRD BEANING CONNECTING

COUNTERWEIGHT )i ‘ ner——
DISCHARGE TUBE \ FIsTON
(SHOCKLOGP| > s - s VALVE PLATE

DIL GROOVE ' s ’ SICTION-
‘ X VALVE LEAF
WELD SE&

CYLINDER HEAD

INTEANAL
MOUNTING PRING = M TERNAL-
MOUNT ING SPRING
DISCHARGE-VALVE
LEAF ASSEMBLY

MAIN BEARING sﬁ{%‘%s
DISCHARGE TUBE \
SUCTION TUBE
—— BUMPER PLATE
WOTOR STACKING
ISTATOR) TERMINALS
COMPRESION SHELL COMPRESSON SHELL

INSULATION MOTOR-
QILPiCKLp 0IL LEVEL LEAD WIRES
MOTOR (AFPROXINATE)
MAIN WINDING MOTOR OiL-
N COOLEN TUBE
START MINDING

Figure 1.2: Schematic view of a common refrigerator compressor [4]

A linear compressor is an attractive alternative to the conventional rotary compressor due
to the many advantages it offers.
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1.2 Linear Compressor

In a conventional rotary compressor the mechanical excitation is provided by a rotary motor.
In a linear compressor the rotary motor is replaced with a linear motor. The armature of the
linear motor, is connected directly to the piston, and the intermediary crank mechanism is
removed. This is because the motion provided by the linear motor to its armature is already a
reciprocating one, thus the need for a conversion mechanism is eliminated. Such a compressor
introduces many advantages over conventional ones. The main advantage of a linear
compressor is less mechanical parts due to the elimination of conversion mechanism. This
means the force output of the motor is used a lot more efficiently. The force is transmitted only
at the axial direction, this means no side forces occur. Since the conversion mechanism is
eliminated, the friction forces associated with such a mechanism are no longer present. In
addition to this efficient use of force, the noise generated by the friction is also lessened. A
linear compressor also enables oil-free operation, which greatly improves the heat transfer
performance in condensation and evaporation phases in the cycle. One other advantage a linear
compressor offers is the active stroke control. By controlling the thrust generated by the linear
motor, the stroke can be changed easily. This means that the output power of the compressor
can be actively controlled.

An example linear compressor from the literature is given in Figure 1.3. The performance
of this compressor is compared with a conventional rotary compressor in terms of motor
efficiency in Figure 1.4(a), and the thermodynamic and overall efficiencies are compared in
Figure 1.5(b). From Figure 1.4(a) it can be observed that the motor efficiency of a linear
compressor is much higher. In order to generate the same output power, a higher input power
for the conventional rotary compressor is required. As the input power goes higher, the parasitic
losses, which are core loss, copper losses and other minor losses, especially core losses increase

drastically for the induction motor used in the conventional rotary compressor [5].
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Figure 1.3: Schematic of a linear compressor: (a) motor design (b) cross-sectional view of the

compressor [5]
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As mentioned above, compared to a conventional rotary compressor a linear compressor

generates less noise. A comparison made by [6] in terms of noise is given in Figure 1.4. From

the figure it is obvious that the compared linear compressor operates at lower noise levels.
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Figure 1.5: Noise level comparison of a reciprocating compressor and a linear compressor [6].
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Some other linear compressor designs are given in Figure 1.6 to 1.8. As it will be discussed
in Chapter 3, there are three types of linear compressors: moving-iron, moving-magnet and

moving-coil. In the figures, examples for each type are provided.

Linear Motor

Suction
Compressor
valve P
Ps Pb
P
pi |
Discharge \
valve
Piston
Suspension Springs
Figure 1.6: Moving-magnet type linear compressor [7]
Cylinder
To cold finger

Pressure vessel Clearance seal Center line

Flexure springs /

Moving coils

Return irons
Permanent magnet

Figure 1.7: Moving-coil type linear compressor [8]



ABOUT LINEAR COMPRESSORS 26

extension spring | linear actuator I gas compression
assembly : assembly : chamber assembly

spring suction valve

discharge valve

cylinder

BDC' V' TDC
(.

+Xx

Figure 1.8: Moving-iron type linear compressor [9]

1.3 Miniature Linear Compressor

The research presented deals with the miniaturization of linear compressor technology. As
discussed in the previous section, compared to a conventional compressor a linear compressor
has less mechanical parts and consequently less frictional loss, which means that a linear
compressor is much better suited to miniaturization than a conventional compressor, because at
smaller scales friction has a more detrimental effect on the system. On top that the linear motor
in the compressor is designed to work at resonant frequency, which makes the reduction of size
easily realizable.

In the literature many electrostatically actuated linear compressors have been suggested,
because this kind of actuation is easily achievable at small scales, in particular, many MEMS
devices of the sort have been proposed. An example for the electrostatically actuated linear

compressor is given in Figure 1.9.
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Figure 1.9: An electrostatically actuated miniature compressor [10]

Naturally, compared to an electromagnetic actuator an electrostatic actuator offers
comparably low thrust and stroke. This makes an electromagnetically actuated linear
compressor still an attractive candidate for miniature scale application. In Figure 1.10 one such

actuator is presented. It is designed for the purpose of electronics cooling.

Springs
Compression Chamber

iz '71 4 1 .
\V Piston Assembly  Linear Motor

Valve Assembly Housings

Figure 1.10: Cross-sectional view of a miniature-scale linear compressor for electronics

cooling [11]

In short, the miniaturization advantage a linear compressor offers makes it a very strong

candidate for electronics cooling or miniature scale refrigerator applications.
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Chapter 2
QUICK REVIEW OF ELECTROMAGNETICS PRINCIPLES
2.1 Introduction

In this chapter the general concepts associated with magnetism and electromagnetic field
theory will be presented.

The basic laws concerning electromagnetic fields are defined by Maxwell’s equations.
Charged particles, when exposed to electric and magnetic fields, experience a force. The

Lorentz force equation defines this force as
F=q(E+UXB)=Fg+Fpg (2-1)

where q is the charge, U is its speed (m/s), E is the electric field intensity (V/m), and B is the
magnetic flux density (Wb/m?).

The potential difference dV between two points placed at a distance dl is
dV = —E-dl (2-2)
This can be rewritten using gradient V:

fe gy V.V oV (2-3)
= T T Tyt T

with u,, u,, u, the unit vectors along the axes x, y, z, respectively.

The total magnetic flux ¢ through a surface S is defined as

¢=ﬂ3-ds (2-4)
S
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Faraday’s law states that if in a closed circuit the magnetic flux changes with time and
electromotive force (emf) is induced. For a coil closed circuit with N turns for the coil this

relationship can be defined as

emf = —Ni—f (2-5)

Surface

i

Path enclosing the surface

Figure 2.1: Direction of circulation about a closed path according to Lenz’ law [12]

the negative sign indicating Lenz’ law which states the generated emf should create a flux
which opposes the originator flux (Figure 2.1). This emf can also be defined in terms of the

electric field as

emf = f E-dl (2-6)
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Combining the electric field and magnetic flux expressions,

d -
[5-a=-2 [[5-as @
ot
S
Using Stokes theorem, this can be rewritten as
wanzlﬁyxEyds (2-8)
r S

where the surface S is enclosed by the path I". Using (2-8) in (2-7),

OB -
VXE=—— (29)
ot

Taking divergence for both sides in (2-9), and remembering from vector algebra divergence

of a curl is zero,

0B, 0B, 0B, (2-10)
div Ep + 3y + Fpe 0

These equations, of course, do not take the relative motion between the closed circuit and
the magnetic field. If the charge is at a relative velocity U’ with respect to a moving reference

of velocity U the force equation becomes
F=q[E+UXB+ U xB] (2-11)
and (2-9) becomes

5) 4 2-12
|7><E=—E+|7><(U><B) ( )
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The left hand side of (2-12) is the transformer emf and the right hand side is the motional
emf. Ina linear electric machine a mover is present so the motional emf is necessary for force
production.

If there is an electric current already present, Ampere’s law states that there is a relationship

with it and the resulting magnetic field intensity H (A/m):
[nai=1 @19

The current can be defined as enclosed by a path of integration:

Izﬂjww (2-14)
S

with J being the surface current density (A/m?). Using Stokes’ theorem,
VxH=] (2-15)

Taking the divergence for both sides in (2-15) should yield zero, however the divergence of

the right hand side is in relation with the volume charge density p by the continuity equation:

ap (2-16)
V . = -
J ot
In order to counter this inconsistency the term dD/dt that is also known as the displacement
current density is added to (2-15):

oD ;
VXH=]+— (2-17)

The inconsistency is now removed, considering V- D = p, which is actually, Gauss’ law
with D being the electric flux density.

Maxwell’s equations are thus:
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7)1
VXE=—-——+VXx(UXB)

Jat
oD
VXH= — 2-18
I+ (2-18)
V-B=0
V-D=p

Material constitutive laws Ohm’s law,

] = oE (2-19)

permittivity law,

D =¢E (2-20)

and permeability law,

B =uH (2-21)

define the relationship between E, B, J, D and H. Electric conductivity o (S/m), permittivity &
(F/m), and permeability 4 (H/m) can be considered scalar for isotropic materials, but for
anisotropic materials they should be considered as tensors.

There is also one important thing that should be considered for linear electric machines: in
their case there are no free charges, the motion of charges constitutes the current flow. So,

Lorentz force can be expressed as

f=JxB (2-22)

with f being force per unit volume (N/md).
For the solution of electromagnetic field distribution equations, a general tool can be
defined. In order to do this, a quantity that can be called the magnetic vector potential A can be

defined where



QUICK REVIEW OF ELECTROMAGNETIC PRINCIPLES 33

B=VxA (2-23)

again considering that the divergence of a curl is zero. Thus:

|7><H:|7><Ez|7><<1|7><A>:] (2-24)
H H
V2A=Vx(VxA) =y (2-25)

(2-23) is the Poisson equation. The Laplacian V24 is

0%4, 0%4, 0%A, 0%4, 0%A, 0°A,
V2A = <6x2 o7t 622>”"+ oz Ty T oz )W

(2-26)
0%24, 0%A, 0%A
VA + zZ + zZ uz
d0x?  dy?  0z*
For the case where J becomes zero in a domain, (2-24) becomes
VA= 0 (2-27)

(2-26) is the Laplace equation.
If H and J are sinusoidals and u and o are considered uniform, J is actually the sum of

source current density J¢ and the induced current density J; with J; being

0A o (2-28)

So, (2-24) becomes

VA — jwcA = pj (2-29)

(2-28) is the Helmholtz equation.

Poisson, Laplace and Helmholtz equations are particular cases for a general equation:
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L(¢(P.0) = f(P,1) (2-30)

where L is a differential operator and ¢ is a general function, becoming A in this case. P is the
position in space.
For electrostatic fields, ¢ becomes a scalar potential V. Electrostatic fields are irrotational,

SO

E=-VV (2-31)
—V-(VV)=p

In order to find a solution, boundary conditions are also needed. Considering (2-29), the
value ¢ (P, t) gets on a boundary I' is the boundary condition.
Energy relations can also be defined. The energy stored in the field for electrostatic fields

can be written as

1 -
WEzsz (D - E)dV (2-32)
14
For magnetic fields it becomes
1 -
WMzszf(B-H)dV (2-33)
14
Power density is defined by the Poynting vector P, (W/m?):
P,=EXxXH (2-34)

Wy and W,, are used to find the thrust in a linear electromagnetic machine whereas P, is for
the steady state and the losses.

For a coil with N turns the total flux linkage A can be expressed as
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/1=NﬂB-dS=NBS (2-35)
S
The inductance L can be expressed as
L _A_uSN? _N?
| ln  Rp (2-36)
I
Ry = —

Here, [, is the flux path, and the expression R,,, introduced above is the so-called magnetic
reluctance. The reason for the introduction of this expression is to liken it to electric resistance
R in order to make an analogy between the magnetic circuit and an electric circuit.

Finally, the stored magnetic energy W,,, and the stored electric energy W, can be expressed
as
i i
. . L?
W, = j/’ldl =](Ll)dl ==
° ° (2-37)

14 %4
CV?
VVe = ]pdV =f(CV)dV =T
0 0

2.2 Materials
2.2.1 Ferromagnetic Materials

Within the permeability law (2-21) the quantity p called the permeability should be
considered according to the medium being dealt with. Thus, this quantity can be expressed as

1= lokig (2-38)

Uo = 4m1077H /m is called the permeability of free space. ujy is the so-called relative

permeability, and it is a nondimensional, material specific constant. There are three major
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classifications for materials in terms of their magnetic behavior: a material is considered
paramagnetic if its relative permeability is slightly greater than 1.0, diamagnetic if it is slightly
less than 1.0, and ferromagnetic with much larger values for the relative permeability. One other
thing to consider is the isotropy in a material. The permeability in a material can be considered
scalar only for homogeneous and isotropic (same properties regardless from direction). If not,
permeability should be taken as a tensor. Furthermore, the relationship in (2-21) is not always
linear, as u changes with B. In such a case, the relationship between B and H should be

demonstrated graphically in a so-called B-H curve [12].

B(T)

Figure 2.2: B-H curve for a magnetic material [12]

A typical B-H curve can be seen in Figure 2.2. There are three regions of importance. A
ferromagnetic material consists of domains of a few micrometers in size where all dipole
moments are aligned. For a fully demagnetized material, these domains all have a random
orientation, so the net flux density is zero. If an external magnetization force H is applied, the
domains align themselves in the direction of increasing H. This results in an increase of B. For

region | this change is abrupt as more and more domains participate in the alignment. In region
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Il the trend becomes stable and around region Il almost all domains have taken part in the
alignment with only a few remaining yet to be aligned, resulting in a slowed increase in B. The
increase is slowed down until all domains are aligned and B reaches the saturation density B;.
At this point, magnetic saturation is reached. In order to obtain the permeability at a certain
level, the slope of this B-H curve should be calculated.

One other factor that should be considered is the hysteresis that occurs between
magnetization and demagnetization of a material. During a continuous magnetization and
demagnetization of a material, there is a hysteresis between the B-H behavior of magnetization
and demagnetization. Such a curve is given in Figure 2.3. The area inside the hysteresis loop is
called the hysteresis loss, because that represents the energy required to reverse the magnetic
domain walls with the reversal of magnetizing force [12]. The loop area increases if the
magnetization-demagnetization sequence occurs at higher frequencies [13]. This is a very
important criterion to be considered when designing linear electric machines because of their
specific excitation frequencies, and material selection must be done according to the calculated
losses.

As stated above, there are three types of materials in terms of magnetic behavior. For both
paramagnetic materials with relative permeability slightly higher than 1.0 and diamagnetic with
slightly lower than 1.0 the value can be taken as 1.0 for practical purposes. Examples for
paramagnetic materials are magnesium, molybdenum and lithium, and some diamagnetic
materials are copper, silver and gold. Ferromagnetic materials, as the name suggests, are usually
ferrous materials, such as iron, cobalt and nickel. In linear machines, they are used as magnetic
cores. Stainless steel is the widely preferred type of ferromagnetic material. Steel 430FR, 431,
and silicon steel are among steel types with very high relative permeability. When designing an
electric machine, the parts which will not require to have ferromagnetic capacity, nonmagnetic
materials such as aluminum or polymers can be selected to reduce the overall weight of the

machine.
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Figure 2.3: Hysteresis loop with changing frequency [13]
2.2.2 Permanent Magnets
Permanent magnets are hard magnetic materials with a very large hysteresis loop. When

analyzing their characteristics, usually the second quadrant of their B-H curve is used. Such a

graph comparing several magnet types is given in Figure 2.4.
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Figure 2.4: (a) B-H curves of several permanent magnets (b) Field strength increases going up

at B axis (c) Coercivity increases going left at H axis [14]
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At the graph given in Figure 2.4(a) for the point at which H = 0, the corresponding value
of B is called remanent flux density (B,.,,). This is the magnetic flux density that remains in
the material even after the external magnetizing force is removed, which is a key point for
permanent magnets. Going up at the B-axis, the remanent flux density increases (Figure 2.4(b)).
For the point at which B = 0, the corresponding value of H is called the coercive field (H,).
This is the external magnetizing strength needed to bring the magnetic flux density remaining
inside the material back to zero. Going left at the H-axis the coercivity values increase (Figure
2.4(c)). The negativity for H, values indicates a reversal in the magnetization (demagnetization)
in order remove the remanent flux. The pull-force of a permanent magnet is proportional to the
area under the B-H curve for a permanent magnet.

Ambient temperature also has an effect on magnet performance. Usually at lower
temperatures a wider hysteresis loop is observed. The B-H curve comparison for N42 grade

NdFeB (Neodymium-Iron-Boron) magnet at different temperatures is given in Figure 2.5.
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Figure 2.5: B-H curve for N42 grade NdFeB magnet for different temperatures [15]
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Figure 2.6: Magnetization directions for different types of magnets (a) Disc (cylinder)
magnets (b) Block magnets (c) Ring magnets (d) Spherical magnets (e) Arc magnets [16]

There are several types of permanent magnets differing in their magnetization direction.

This is naturally dependent on the magnet shape. For a cubical magnet three directions are
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possible for magnetization, each direction corresponding to one of the three axes defining the
cube. So, for a cubical (block) magnet, the magnetization is through the thickness. Disc magnets
or cylindrical magnets can be either axially or diametrically magnetized and spherical magnets
can only be axially magnetized. One very interesting magnet type is the ring magnet. This is
basically a disc magnet with a hole in it, so like disc magnets they can be axially or diametrically
magnetized. In addition to that, the hole in the middle makes radial magnetization a possibility.
However, this is a very difficult process to overcome, so arc magnets are used instead, several
of them being radially magnetized and put together in order to form a complete ring for
operations where radially magnetized magnets are needed. Of course, flux lines are straight
lines and do not curve around the geometry, so a perfectly radial magnetization is not possible
even for arc segments, which means that the more arcs (arcs of lesser degrees) are used, the
closer the closed ring will approximate a radially magnetized magnet. Same goes for the
circumferential magnetization of an arc magnet. The possible magnetization directions are
given in Figure 2.6 and the flux lines appearing in an arc magnet are demonstrated in Figure
2.7. Inside the material the flux lines go from south pole to north pole, which also shows the

direction at which the magnetizing force is acting.

f

(@)
)

(b)
(d)

Figure 2.7: Flux lines in an arc magnet (a) Desired flux lines for a radially magnetized arc

(c

magnet (b) Actual flux lines for a radially magnetized arc magnet (c) Desired flux lines for a
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circumferentially magnetized arc magnet (d) Actual flux lines for a circumferentially

magnetized arc magnet

2.2.3 Stator Core

Solid cores of high permeability are used as the stator in order to further enhance the
magnetic field generated by the stator windings. In an electric machine, two designs are usually
employed. The most preferred design is the slotted type where the windings are placed around
stator teeth. In this configuration the air gap is small, therefore the torque/force and the
acceleration is strong. In order to remedy the eddy current losses, laminations of silicon steel
are usually employed. The laminated stack and windings make the stator assembly. The return
path that completes the magnetic circuit are the slots and the motor housing. Since the teeth
help the stator to be closer to the armature, the air gap is very small and the magnetic circuit is
efficiently closed. This results in a stronger thrust output. However, slotted stators are subject
to very large cogging forces, which occurs when the armature tries to align itself with the stator
teeth instead of the windings. This causes ripple effects and consequently reduces motor
efficiency. For a smoother operation, slotless designs are proposed. Here windings take a
cylindrical shape and held together with epoxy resin. In this configuration cogging is
completely eliminated and smooth and quiet operation is obtained. One other advantage the
slotless design offers is the reduction of eddy losses, because the back iron-armature distance
is greater in a slotless motor. Ripple is greatly reduced magnetic saturation is lowered. This
enables the motor to operate at higher values than the rated power for short intervals. Moreover,
the teeth in a slotted motor increase the inductance, so the absence of it helps to improve current
bandwidth, since the current dragging is reduced. In order to remedy the thrust problem in a
slotless motor, strong permanent magnets such as SmCo (Samarium-Cobalt) or NdFeB
(Neodymium-Iron-Boron) are employed [17]. The schematic comparison of a slotted and

slotless brushless motor can be seen in Figure 2.8.
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Figure 2.8: Comparison of a slotted motor and its slotless counterpart [17]

In summary, a slotted motor offers high thrust and acceleration, whereas a slotless motor
offers smooth operation with low ripple and an almost linear motor constant.

The core losses are divided in two categories, the first being the hysteresis losses

w 2-39
Ph — kthm15 to 2.5 I:@:I ( )

and the second eddy losses

P = kef By [%] (2-40)

where k;, is a constant, k. is a constant, f is frequency, and B, is the maximum flux density
[12].

Especially for slotted designs, the eddy current losses are reduced by using laminations of
silicon steel. This divides the core into thin sheets where a very thin layer of insulator is added
in-between the sheets. The sheets are oriented parallel to the flow of magnetic flux (Figure 2.9).
The eddy loss is proportional to the square of lamination thickness and conductivity of the
material. Laminations increase the total volume, and efficient methods of stacking are important

for keeping this increase at tolerable levels. The so-called stacking factor, which is a measure
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for this matter, important for calculating the flux density, is the ratio of the volume actually
occupied by the material to the total volume. It increases with thicker lamination sizes,
approaching 1.0 [12].

Flux. ¢

Figure 2.9: A lamination segment [12]

2.2.4 Electric Conductors

The electrical conductors used in an electric machine are copper wires that are insulated
from each other with insulation coating and from the magnetic core with insulation sheets.
Sometimes aluminum wires can also be used instead of copper ones due to aluminum’s lesser
density contributing to weight reduction and aluminum being a cheaper material.

One important physical quantity when analyzing a conductor performance is the electrical
resistivity, which is a measure of how strongly a wire opposes the applied electric current. A
low resistivity points to a wire that allows easy passage of electrical charge. Copper with a
resistivity of 0.0171 Ohm - mm?*m is one of the best conductors of electric current (slightly

behind pure silver). Resistivity can be extracted from the resistance formula

l (2-41)
R = P Z



QUICK REVIEW OF ELECTROMAGNETIC PRINCIPLES 46

where R is the resistance, p is the resistivity of the conductor, [ is the length of the conductor,
and A is the cross-sectional area of the conductor.

The resistance of a conductor increases with temperature according to the relationship

Rr = Ryef[1 + a(T — Trep)] (2-42)

where « is the thermal resistance coefficient, R, the resistance of the conductor at a reference
temperature T,.., (usually 20 °C), and Ry the resistance of the conductor at the temperature T.

The conductor can either be fed dc or ac. The current density distribution is uniform if the
current is dc, non-uniform if it is ac. Conductors with circular cross-section are usually up to 3
mm in diameter, for larger cross-sections, rectangular cross-sections are used to increase the
slot filling ratio. This is a measure of the effective filling of a conductor coil its designated slot

and can be roughly defined as

Kf _ Acond (2'43)

Atotal

where A_,nq 1S the total cross-sectional area of the conductor, and A¢,¢4; 1S the total area of the
slot.

The copper loss for dc is
Py = Rdcldc2 (2-44)

In the case of ac, penetration depth of a single copper wire is much larger than its diameter,
however coils are placed in slots of laminated core. The current density in the single conductor
decreases in amplitude along slot depth. Therefore, with increasing frequency, the resistance
increases and the inductance decreases.

The frequency and slot height therefore contribute to decrease in penetration depth,
introducing skin effects during conduction. This can be countered by introducing layers or

breaking the conductor down to thinner wires.

2.3 Magnetic Circuit Analogy
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As stated in Section 2.1, the reluctance R,,, can be used in order to make an analogy of an

electric circuit to the magnetic flux. In this approach the so-called magnetic potential

F = fH-dl (2-49)

is used analogous to the potential in an electric circuit, with the its special case, the
magnetomotive force (mmf) acting as the source. The magnetic flux ¢ is analogous to the
current flowing through an electric circuit, and the reluctance R,,, replaces the resistance.

The analogy is demonstrated for a magnetic circuit in Figure 2.10. Applying Ampere’s law

to this circuit,

¢H +dl = NI = Hyl; + Hylg = ¢ (Rpn; + R ) (2-46)

Here the index i represents iron and the index g represents the air gap. In this magnetic circuit

analogy, saturation, leakage flux or fringing effects are neglected.
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Figure 2.10: Magnetic circuit analogy [18]

The same analogy can be applied when dealing with more complicated circuits where flux
paths are divided. In such cases (2-46) can be applied just like using Kirchhoff’s Voltage Law
or Kirchhoff’s Current Law and considering individual nodes of importance or meshes where

a certain part of the divided total flux “flows” through.
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Chapter 3

TYPES OF LINEAR OSCILLATORY MACHINES

3.1 Introduction

In applications where linear motion is needed, linear electromagnetic machines offer a great
alternative to systems where a conventional rotary motor is coupled to a rotary to linear motion
conversion mechanism. A linear machine in principle operates under the same principles as the
rotary machine. Both convert electrical excitation energy to mechanical work (motor), or the
other way around (generator). In the case of rotary machines the mechanical work shows itself
in the form of torque and angular displacement, whereas for linear machines it is force and axial
displacement.

A linear motor basically uses electromagnetic forces according to the laws described in the
previous chapter, to produce linear motion. Depending on the topology of the motor, this motion
may be progressive or oscillatory. In general the topology of the progressive machines is
different from that of the oscillatory machine; progressive machines are usually three-phase
brushless ac machines, whereas oscillatory machines are single phase machines. Progressive
machines can be operated at variable voltage and frequency, but oscillatory machines usually
operate at a fixed frequency, because it is common practice to design oscillatory machines to
operate at resonance, that is, to excite them at a frequency that matches the mechanical

eigenfrequency (mode) of the moving part. This results in a higher efficiency.
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this line
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Figure 3.1: (a) Unrolling to receive a flat topology (b) Rerolling to receive a tubular topology
[20]

The working principle is, thus, very similar to a regular induction motor. The moving part
has windings on it, which, when energized create a magnetic field. This traveling magnetic field
induces current on the windings on the stationary plate due to relative motion, and this current
interacts with the original magnetic field, producing thrust.

The synchronous linear machine topology is obtained the same way as illustrated in Figure
3.1. The difference here is that the synchronous machine topology is used as a template. Similar
to a conventional synchronous machine there is a DC excited or permanent magnet moving part

placed on a track with three phase winding. Just like in the rotary case, linear synchronous
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motors offer more efficiency over linear induction motors. They have more initial cost, but the
relative simplicity of the mover enables weight reduction and lower maintenance costs.

The energy efficiency of the linear induction motor is lower than its counterpart and the
synchronous induction motor. Especially in the case of MAGLEV applications, the air gap
between the mover and the stator is much larger for an induction motor, which reduces the
efficiency even further. Compared to a synchronous motor the mover is usually heavier which
limits the speed capability. However, the simplicity in design and low initial cost makes the
induction motor attractive [21].

The low weight of the mover in a linear synchronous motor enables fast acceleration and
high speeds. However, similar to the case of rotary synchronous motor the exact position of the
mover is needed to ensure synchronous operation. The position and velocity sensing equipment
is essential and adds to the total cost. The track structure of linear synchronous motor is much
more complicated than the linear induction motor. This results in an overall rise in the initial
cost and the motor must be very carefully designed to meet the given criteria, since design
flexibility is not offered [22].

(@)
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(b)

(©

Figure 3.2: Some commercial progressive motors (a) Linear induction motor by H2W Tech
[23] (b) Linear synchronous motor by System Management Welfare [24] (c) Tubular

permanent magnet linear synchronous motor by Oswald Motors [25]
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Linear oscillatory machines produce a limited thrust in an oscillatory back-and-forth
manner. This kind of movement is useful in applications such as vibrators, speakers,
compressors, pumps and linear generators. The basic idea behind an oscillatory machine is that
a magnetic field generated by a permanent magnet piece interacts with an air-core coil that is
excited by a current, producing thrust according to the force law. Oscillation is achieved and
augmented with the help of a mechanical element, which is usually a mechanical spring
assembly. In applications where continuous oscillations are not needed, plunger solenoids are
usually used. Some examples of these applications are electronic locks, relays, and magnetic
suspension systems. In plunger solenoids, permanent magnets can be replaced by iron plungers
to reduce cost. The electromagnetic effect pulls the plunger inside the air-core coil, and once
the coil current is cut, the spring connected to the plunger pushes it back to its original position.

A schematic for a plunger solenoid is given in Figure 3.3.
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Figure 3.3: Schematic for a plunger solenoid [26]

As previously mentioned, linear oscillatory machines use a fixed frequency to generate a
continuous oscillation. In applications such as pumps, compressors, linear vibrators and
speakers a linear oscillatory motor is used. These are single-phase excited motors which employ
permanent magnets. Used the other way around they act as single-phase linear oscillatory
generators. A Stirling engine uses such a generator. In both cases the oscillatory machine offers
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simplicity in design with elimination of conversion mechanisms, and high efficiency (as a result
of both compactness and operation at resonance frequency).

There are three main types of linear oscillation machines:

e Moving-coil,

e Moving-magnet,

e Moving-iron.

Just as progressive machines, oscillatory machines can be either flat or tubular. Tubular
ones offer the advantage of more surface area being involved between stator and armature,
enabling higher thrust and better heat dissipation. They are also better at dealing radial forces
due to being circular, whereas in flat configurations those forces become a serious problem.
Double-sided flat machine topologies are suggested in order to deal with this issue.

The linear oscillatory motors will be investigated in more detail, because they are the

preferred choice of linear actuator for the use of linear compressors.

3.2 Moving-Coil Linear Oscillatory Motors

Moving-coil linear motors can either come as single-coil or multiple-coil configurations
which are placed on the moving part with the permanent magnets placed in the stator. Single-
coil types are used for high force outputs or as voice-coil speakers. Multiple-coil types are used
for weight reduction in the core, because such an arrangement leads to multiple permanent
magnet poles in the core in return, which reduces the weight. Usually in single coil topologies
the length of permanent magnet is larger than the coil by stroke length ly;,-oxe. FOr multiple-coil
cases, the coils can be designed to be longer than the permanent magnets by ls;,oxe OF the other
way around. It all depends on the design criteria, of which the overall weight is the most

important one. Both topologies are demonstrated schematically in Figure 3.4.
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Figure 3.4: Moving-coil linear oscillation motor topologies (a) Single-coil [27] (b) Multi-coil
[28]
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The low inductance in the coils leads to a low thrust density. In order to overcome this
problem, multiple-coil solutions are proposed. As mentioned above, this means multiple
permanent magnet poles in the stator core, reducing its weight, however the multiple-coil
configuration in the mover may lead to an increase in weight. In order to get the same resonant
frequency, the spring coefficient should also be increased, further adding to the overall cost and
still not getting a considerable increase in thrust force.

3.3 Moving-Iron Linear Oscillatory Motors

Essentially, plunger solenoids that operate at a fixed frequency to generate oscillatory
motion can be classified as moving-iron linear oscillatory motors. Oscillatory motion is
achieved by using on-off supply, that is, a PWM square wave with a designated duty cycle. At
“ON” electromagnetic force propels the mover forward and at “OFF” the mechanical spring
pulls it back. Doing this continuously at a fixed frequency generates an oscillating motion in
the moving part. As with the other oscillatory motors, operation at resonance frequency is

targeted in order to obtain higher efficiency.
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Figure 3.5: PWM square wave generated by Arduino [29]
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Compared to the other oscillatory motors, the moving-iron type uses a mover of larger

weight for the same frequency and thrust. This is especially prominent for the case of mover

that is not a permanent magnet. In order to decrease the reluctance through the mover a magnetic

material must be employed, and magnetic materials are high density materials. The single-pole

coil introduces a rather large inductance, reducing response speed and power factor. Bouncing

of the mover and non-uniformity in back emf leads to unwanted vibrations.

The schematic for a novel hybrid-flux-path moving-iron linear oscillatory machine is given

in Figure 3.6.
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Figure 3.6: Schematic for a hybrid-flux-path moving-iron linear oscillatory machine [30]

3.4 Moving-Magnet Linear Oscillatory Motors

Moving-magnet linear oscillatory machines employ a moving part that consists of
permanent magnets. Thrust is achieved by their interaction with the coils in the stator. Either
the coils or the magnets or both can be single-pole or multi-pole. Flat or tubular configurations
are available with tubular type usually preferred for compactness and larger power factor.
Multiple-pole topologies are preferred if the machine size (diameter in tubular case) is desired
to be kept small.

There are many moving-magnet motor designs in the literature that are used in compressor
and pump applications. As mentioned above, the tubular type offers a compact, circular design
where flexures can be employed to act as springs all the while also offering the possibility of
serving as linear bearings for the mover. A tubular single-pole design from the literature is given
in Figure 3.7. The resonance frequency for this motor is 100 Hz and at 10 W input power it

generates a stroke slightly over 2 mm [31].
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Figure 3.7: Small single-coil tubular moving-magnet linear oscillatory motor [31]

A single-pole coil design that incorporates a Halbach array permanent magnet configuration
with radially and axially magnetized magnets stacked together is given in Figure 3.8. 10.5 mm
stroke is achieved at 50 Hz in this configuration [32].

SMC core

Figure 3.8: Tubular linear oscillating machine with single-pole coil stator and permanent

magnet mover with the magnets in Halbach array configuration [32]

A tubular linear oscillatory motor used as a directly-driven hydraulic servo pump in electro-
hydrostatic actuator (EHA) is presented by [33]. This design has a multi-pole configuration for
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both the stator coils and the permanent magnet mover. It has 8 stator poles and 3.5 permanent
magnet pole pairs. The permanent magnets are again placed in Halbach configuration. A
resonance frequency of 20.5 Hz and 10 mm stroke is achieved at a current density of 7 A/mm?.
The self-shielding capability of Halbach configuration enables for a hollow mover design which
greatly reduces the mover weight, enabling higher operating frequency and easier attachment

of resonant springs to the mover assembly.

Stator core Winding groove

Halbach PMs arrays

Hollow core
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Stator core Winding coils
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Figure 3.9: Tubular linear oscillatory motor used as a hydraulic servo pump (a) Overall pump

assembly (b) Schematic for the stator and permanent magnet mover poles [33]
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Among the peculiarities the moving-magnet machines show is the fringing and the
permanent magnet leakage flux in single-pole solutions. These effects are lessened in multi-
pole designs. Moving-magnet linear oscillatory motors offer a very good thrust density
compared to the other types, but the stroke is rather limited. The maximum stroke that can be
obtained is equal to the length at which the permanent magnet assembly changes the polarity,
i.e. the pole pitch, which is also equal to the length of a coil. In practice, strokes nearing that
value are achieved at oscillatory operation, with the highest achieved stroke being at resonance

frequency.
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Chapter 4

MINIATURE LINEAR COMPRESSOR DESIGN AND MAGNETIC CIRCUIT
ANALYSIS

4.1 Introduction

In this chapter the components of the novel miniature linear compressor assembly are
investigated in detail. The very first component that is investigated is the valve assembly. Every
part of the miniature compressor is custom made with the exception of the valves used for the
compression operation. The valve type that is considered for usage is the check valve, so a quick
overview of commercially used check valve types is presented first. Then the commercially
available miniature valve types are presented and the selection criteria for the valve type that is
incorporated into the design is discussed. Once the selection is done, the chamber and valve
housing assembly is manufactured according to the specifics of the selected valves. Next, the
chamber and valve housing designs are presented. Basically, the linear compressor consists of
this chamber-valve housing part and the linear oscillatory motor that is used to excite a piston
that is directly connected to mover of the motor. The piston moves back and forth inside the
chamber, with the valves at the end of the chamber providing suction and discharge at one
cycle. In the section that follows, the linear oscillatory motor design with its individual
components is presented.

Finally, a magnetic circuit analysis for the proposed motor is demonstrated to show the
magnetic flux and the electromagnetic thrust force generated by the coil-magnet interaction.
The geometric parameters of the back iron, permanent magnets and coils is demonstrated. The
reluctances of each component is modeled and the corresponding equivalent magnetic circuit
is generated according to the principles presented in Chapter 1. The calculated flux and thrust
force values are compared to the FEM analysis results.

A more detailed analytical calculation for the motor will be presented in Chapter 5. There

the analytical results will be compared with experiments carried out with the prototype motor.

4.2 Linear Compressor Concept
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The linear compressor is a type of reciprocating compressor where the reciprocating action
of the piston is provided by a linear actuator, which is usually a single-phase linear oscillatory
motor. It can be divided into two major parts, namely the linear motor part and the compression

chamber part, where the valve assembly is located.

Linear oscillatory
motor

) Cylinder
Footing for

cylinder

Footing for
linear motor

(b)

Figure 4.1: The proposed miniature linear compressor design (a) Overall CAD model (b)
Exploded view
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The oscillatory motion of the motor is backed up by mechanical springs, and the motor is
excited at a frequency that matches the resonance frequency of the piston-spring system, which
results in maximum electrical efficiency and largest stroke. This piston compresses the gas
trapped in a cylinder, which at the other end is connected to a check valve duo, one being the
intake valve and the other the outtake valve. Leakage through the piston-cylinder interaction
can be prevented by using a clearance seal placed either on the piston or the cylinder.

The selection of suitable check valves is especially tricky in a miniaturized operation. In the
next section, a review of check valve types is provided and the design steps which led to the
selection of the appropriate valve type is demonstrated. Following sections will discuss the

motor components.

4.3 Check Valve Types

Valves are used in hydraulic or pneumatic systems to regulate the flow and the pressure of
the fluid. Starting and stopping, controlling flow rate, diverting or preventing flow, controlling
or relieving pressure are among the functions of valves. All valves have a closure member inside
which can be adjusted to get the desired effect. This can be done either manually or
automatically. Manually controlled valves are used to control flow rate and start, stop and divert
the flow, whereas automatically controlled valves are used to prevent backflow (check valve)
and relieve pressure (relief valve) [34].

In pump and compressor applications the valve type that is used is the check valve. Check
valves allow flow only in one direction, so they are used to prevent backflow in pump and
compressor applications. The check mechanism can be accomplished with flap, disc, or ball
configurations.

Swing type check valves (Figure 4.2) use a hinged plate. Tilting disc check valves (Figure
4.3) use a profiled disc that is counter weighted and tilts in one direction of the flow, allowing
it, and preventing it altogether at the other direction. The disc is balanced in such a way that at
low flow it tilts back to the closed position. Lift-type disc check valves (Figure 4.4) have a disc
or plug that is lifted by flow in one direction and shutting back in its seat in reverse-flow. Piston
check valves (Figure 4.5) have a dashpot included in the check mechanism in order to generate
a damping effect during operation. Ball check valves (Figure 4.6) incorporate a ball as the check

mechanism that is lifted with forward flow and pushed back to its seat with reverse flow, making
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this valve particularly suitable for viscous fluid flow. Metal, plastic, or ceramic balls can be
used. Foot check valves (Figure 4.7) are pushed to the end of a suction pipe and prevent the
total emptying of the pump. A flap or membrane can be used as well as ball-operating systems.
Spring-loaded check valves (Figure 4.8) are lift type check valves where the check mechanism
is connected to a spring for faster call-back. This enables closing of the valve even before the
flow is fully stopped. One other advantage they offer is their ability to operate in any position.
Wafer check valves (Figure 4.9) use a leaf that is connected to a torsion spring in one end. The
leaf opens at forward flow and shut back by the spring when the flow stops [35].

B2\
‘ ] B

I L1 L2
Buttwelding End

Figure 4.2: Swing check valve [35]

At fi it

Full flow Low flow Reverse flow

Figure 4.3: Tilting disc check valve [35]
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Figure 4.5: Piston check valve [35]
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Figure 4.7: Foot check valve [35]
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Figure 4.8: Spring loaded check valve [35]

Figure 4.9: Wafer-type check valve [35]

Positive leak-tight sealing is typical for check valves that are used in hydraulic and
pneumatic applications especially at high pressures. Ball-type and leaf type with spring action

are among the most preferred types of check valves for these applications.
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4.4 Valve Selection for the Miniature Compressor Application

Perhaps the only criterion for selecting the correct valve for the miniature compressor is the
size. There are unfortunately not many valve types commercially available for miniature-size
applications. The smallest check valves that are available have a diameter of 2.5 mm. These
valves are generally designed for medical applications.

The most important miniature valve manufacturer is miniValve. Among the valves the
company manufactures are duckbill valves (Figure 4.10(a)), umbrella valves (Figure 4.10(b)),
duckbill-umbrella combination valves (Figure 4.10(c)), x-fragm valves (Figure 4.10(d)) and

mini valve balls (Figure 4.10(e)).

(©)
(d)

Figure 4.10: Valve types manufactured by miniValve (a) Duckbill valve (b) Umbrella valve

(€)

(c) Duckbill-umbrella combination valve (d) X-fragm valve (e) Mini ball valve [36]
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As seen from the schematics given in Figure 4.10, duckbill valves act as check valves where
they prevent reverse flow but allow forward flow. These are cost effective valves which also
allow easy installation. Umbrella valves are a type of lift valves discussed in Section 4.3, which
also act as one way valves where the umbrella part allows forward flow after there is enough
pressure to lift it. This means that they allow forward flow at a predetermined pressure and
prevent reverse flow. Just like duckbill valves they are cost effective and easy to install. The
duckbill-umbrella combination valves have the functionality of both duckbill and umbrella
valves, and they can be used either in a 2-way or a 3-way configuration. In 2-way configuration
they do not prevent back flow, but in one direction, the umbrella part ensures that flow occurs
at a higher predetermined pressure than the other direction. In 3-way configuration they do the
job of two check valves, i.e. in a compressor application they allow suction from one port that
is opened by the umbrella at a certain pressure level, then close that port and guide discharge
through the other port which is opened by the duckbill part almost immediately. X-fragm valves
open at a certain pressure and close right after extracting the pressure surplus. They are thus
used for dispensing purposes. Ball valves act like the ball check valves discussed in Section
4.3, with the company manufacturing valve balls as small as 3 mm in diameter. The materials
used for these valves are various elastomeric material, such as medical and food-grade silicone

and hydrocarbon-resistant fluorosilicone rubber [36].
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Figure 4.11: Technical drawing of the 8.2 mm duckbill-umbrella combination valve [36]

The very first considered valve type for the miniature linear compressor was the duckbill-
umbrella combination valve. The smallest available size is the 8.2 mm valve which suggests a
housing of at least 9.5 mm. The advantage this valve offers is naturally the combination
behavior. When used as a 3-way valve, one single valve is capable of both regulating suction
and discharge. However the housing that must be designed accordingly is somewhat complex
and not easily achievable at miniature dimensions. For trial purposes this valve housing was
produced.
The technical drawing of the 8.2 mm duckbill-umbrella combination valve is given in Figure
4.11. The manufactured valve housing on which this valve is placed on and its cross-sectional

view is given in Figure 4.12.
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Figure 4.12: The manufactured valve housing for the duckbill-umbrella combination valve (a)

CAD model (b) Cross-sectional view
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This valve housing was manufactured using 3D printing and is made of ABS polymer. The
piston of the motor was designed to reciprocate inside a chamber of 6 mm diameter (the reason
for this dimension will be explained later) which opens up to an area of larger diameter, namely
9.5 mm on which the valve is placed (Figure 4.12 (b)). The major problem that is faced here is
this sudden expansion of the diameter where naturally, a relatively large dead zone is
introduced. Another problem is the surface quality of the valve housing. The surface on which
the umbrella part of the combination valve sits must have very good quality which often is
suggested to be achieved by polishing. Since the valve housing is a 3D printed part this is rather
difficult to achieve.

Thus, this idea was abandoned in favor of check valve pairs, one responsible for suction,
and the other for discharge. There are two candidates which are suitable for the job: the 1.5 mm
duckbill valve by miniValve and the 2.5 mm check valve by The Lee Company. The latter is a
spring assisted ball check valve that is available at several cracking pressures. This valve is
designed for plastic housings and installation is accomplished simply by pushing the valve
inside a groove of 2.5 mm diameter.

The schematic for 2.5 mm check valve is given in Figure 4.13 and the technical drawing for

1.5 mm duckbill valve is given in Figure 4.14.
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Figure 4.13: Schematic of the 2.5 mm check valve by The Lee Company [37]
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Figure 4.14: Technical drawing of the 1.5 mm duckbill valve by miniValve [36]

From Figure 4.14 it is seen that the 1.5 mm duckbill valve should be placed in a sealing of
2.5 mm diameter at minimum. This means that for both cases a groove of 2.5 mm must be made
available for each member of the valve pair for both valve types. In order to face both suction
and discharge valves directly along the axis of motion, a chamber diameter must be selected
which covers both valves, and in this case the chamber diameter is 6 mm. Piston diameter is
also selected to be of the same diameter.

The 2.5 mm check valves by The Lee Company are naturally more robust, however they
are not leak tight at reverse flow direction and compared to duckbill valves by miniValve they
have a relatively large cracking pressure. They are also more vulnerable to contamination than
the duckbill valves. In the light of these reasons the duckbill valve was selected, however,
measurements were also carried out with the check valve. The CAD model for the housing
designed for the 2.5 mm check valves is given in Figure 4.15 and the CAD model for the

housing designed for the 1.5 mm duckbill valves is given in Figure 4.16.



MINIATURE LINEAR COMPRESSOR DESIGN AND MAGNETIC CIRCUIT ANALYSIS

74

Inlet Outlet 10

(@)

Cylinder

Valve Housing

Inlet Chamber

Outlet

(b)

Figure 4.15: Valve housing CAD model for the 2.5 mm check valves by The Lee Company

(a) Valve housing CAD model (b) Exploded view of the valve housing with the cylinder
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Figure 4.16: Valve housing CAD model for the 1.5 mm duckbill valves by miniValve (a)
Valve housing CAD model (b) Exploded view of the valve housing with the cylinder

The dynamics associated with the gas compression will be investigated in Chapter 6, where
the motor-chamber assembly will be revisited.

4.5 Linear Oscillatory Motor Components

Next, the components that make up the linear oscillatory motor are presented. The motor is

a moving-magnet type with multi-pole coils placed in the stator and the permanent magnets
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placed on the mover in Halbach configuration. The reason for selecting multi-pole
configuration is that the multi-pole configuration reduces fringing and flux leakage losses and

enables higher thrust at the cost of increased mover weight.

4.5.1 Coil Housing

First a tube that holds the coils is manufactured. This tube does not take any part in the
magnetic circuit, it only serves as a guidance for the coils holding them in place. Aluminum is
used as a material for this part because of it having a relative permeability close to air. The part
has an inner diameter of 15 mm and an outer diameter of 30 mm. It has 5 slots of 6 mm length
and the coils are placed inside these slots up to the outer diameter of 30 mm. The CAD model

is shown in Figure 4.17.

|6

Figure 4.17: Coil housing made of aluminum
4.5.2 Stator Back Iron

The stator back iron is the outer cover the coil housing is put inside. It provides a return path
to the flux, closing the magnetic circuit. For this reason a highly permeable material must be
selected, which in this case, is 430F steel. The outer diameter of the back iron is 40 mm. Six
holes at 60° distance from each other are opened to hold the side plates. The CAD model for

the back iron is given in Figure 4.18.
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Figure 4.18: CAD model for the stator back iron

4.5.3 Side Plates

The side plates close the magnetic circuit from the sides. Therefore 430F steel is again
selected as raw material for them. The plates are of 40 mm outer diameter with six M2 holes
opened on them at 60° distance from each other. These holes serve as the connection with the
back iron and also the flexures are screwed to the side plates through these holes. The CAD
model for the side plates is given in Figure 4.19.

Figure 4.19: CAD model of the side plates

4.5.4 Mover Assembly
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The mover is made up of four separate parts. The largest one is a hollow tube-like part which
serves as a housing for the permanent magnets (Figure 4.20(a)). The long cylindrical part goes
inside this tube-like part through the holes of the permanent magnets, and gets connected to the
bottom (Figure 4.20(b)). The other two parts are the end parts to which the flexures are attached
at the center (Figure 4.20(c)). One of the two serves as the piston (Figure 4.20(d)). A groove is
placed on it where the gasket is put on. The exploded view of the mover is given in Figure 4.21.

(b)

lo~

(d)

Figure 4.20: Mover parts (a) Magnet housing (b) The in-connector (c) End parts (d) Piston
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Figure 4.21: Mover assembly

4.5.5 Permanent Magnets

The permanent magnets that are put inside the tube part of the mover are arranged in
Halbach array configuration. This configuration results in the magnetic field strengthening on
one side and almost elimination on the other, and for a cylindrical configuration this means
strengthening on the outer side and weakening in the other. Resulting effect corresponds to a
stronger linkage with the coil magnetic field and almost no magnetic flux through the mover,

enabling design flexibility such as hollow or non-magnetic movers.

Figure 4.22: Halbach array schematic [38]
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In order to generate a Halbach array effect, axially as well as radially magnetized permanent
magnets should be utilized. In a tubular topology, the permanent magnets used are ring magnets.
As explained in Chapter 2, axial magnetization of ring magnets is a relatively easier endeavor,
and in order to obtain a ring magnet that is radially magnetized, the ring magnet is built up from
arc shaped magnets that are individually magnetized through their diameter. The axially
magnetized ring magnets have an inner diameter of 6 mm, and outer diameter of 12 mm, with
a thickness of 3 mm. The radially magnetized arc magnets are 60° arcs with the same inner
diameter, outer diameter and thickness, so six of them make up a complete ring. The schematic

of the permanent magnet assembly is given in Figure 4.23.

Figure 4.23: Permanent magnets placed on the mover in Halbach array configuration

4.5.6 Flexures

Disc shaped flexures serve as both resonant springs and linear bearing for the mover. The
idea behind this arrangement is that a thin disc shaped metal is given grooves of certain shapes
to produce flexure spring action. The deformation is within the elastic limits of the flexure, so

such bearings are suitable only for operations of low load and displacement.
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For the selection of accurate flexure type, [39] was used as a reference. Here various flexure

bearing geometries were investigated in terms of maximum stresses appearing at the same

loading conditions. The investigated geometries were,

Helical arm,

6 legs Archimedes spiral,
Tangential 3 legs,
Staggered arm,

3 legs Archimedes spiral.

Each geometry has a thickness of 0.3 mm, an outer diameter of 69 mm, and twelve 6 mm

holes for clamping along the periphery. The performed ANSYS analysis suggests helical arm

geometry to be superior to the others in terms of stress under the same load conditions. The

results are compared in Figure 4.24 to 4.28.

R —"
e P,
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Figure 4.24: Helical arm geometry results [39]
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Figure 4.25: 6 legs Archimedes spiral geometry results [39]
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Figure 4.26: Tangential 3 legs geometry results [39]
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Figure 4.27: Staggered arm geometry results [39]

Figure 4.28: 3 legs Archimedes spiral geometry results [39]
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Thus, for the miniature linear oscillatory motor a helical arm geometry was selected. The
thickness of each flexure is 0.2 mm with the outer diameter of 40 mm and six 2 mm holes along
the periphery for clamping. Laser engraving on stainless steel plates of 0.2 mm thickness is

applied in order to produce the grooves. The CAD model is given in Figure 4.29.

Figure 4.29: Flexure geometry used for the motor

The theoretical stiffness of the flexure geometry was determined using FEA simulation in
COMSOL by applying a load in the center and calculating the displacement. The force vs
displacement curve given in Figure 4.30 was obtained. The curve suggests an almost linear
behavior and by calculating its slope an estimate for the flexure stiffness was obtained, which
turns out to be 1.076 N/mm. A stress analysis similar to the one in [39] was conducted to the
flexure geometry in COMSOL. The results suggest stress on the flexure to be at acceptable
levels (Figure 4.31).
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Figure 4.30: Force vs. displacement curve for the flexure obtained in COMSOL
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Figure 4.31: Stress analysis for the flexure conducted in COMSOL
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The exploded view of the linear oscillatory motor assembly is given in Figure 4.32. There
are four flexures in total, two at each side, and by knowing the total mover mass the resonance

frequency can be calculated. A detailed analysis of the motor is provided in Chapter 5.

Flexures

Coil housing

PM housing

Piston Mover end

Back iron

Side plates

Figure 4.32: Exploded view of the linear oscillatory motor assembly

4.6 Magnetic Circuit Analysis of the Linear Oscillatory Motor

As discussed in the previous section, this kind of actuator operates under the principle of
electrodynamic actuation, which means the thrust force and the back-emf generated are the
result of the flux appearing in the air gap between the coils and the magnets. In order to define
this relationship, a magnetic field analysis is needed, which will be shown next.

The back-emf and the thrust force are both a function of the magnetic flux density generated
in the air gap between the coils and the permanent magnets (B;). In order to come up with an
expression for it, the magnetic circuit model will be investigated according to the actuator

parameters. The geometric parameters are shown in Figure 4.33.
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Figure 4.33: Geometric parameters of the linear oscillatory motor
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Figure 4.34: Lumped magnetic circuit model

The magnetic circuit for the actuator assembly is given in Figure 4.34. Here the reluctance
of the stator back-iron is considered zero. For the magnetic circuit in a Halbach configuration,

the approach presented in [40] and [33] will be used. The contribution of the axially magnetized
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magnets on the radially magnetized ones can be shown as an axial penetration which is

calculated by:

- — Rmo2 - (Rmo - ahm)z — (Rmo - ahm)z - (Rmo - hm)z
m 2Rmo 2(Rmo - hm) (4-1)

Tmz = Tm — 2Tm1

Here, « is the correction factor.

From the circuit, the following relationships can be written:

20,1 + Uy — @4 (2R, + 2R,1) — PR, =0
20,3 — Py (ZERgZ + zmrz) — @' R =0

Ug =207 = PRy — @' 2R + @' R = 0
Py = Dpq + (D,rl

4-2)
’ P 2 ’ (
Dy = Tr — Py

The axial and radial magnet magneto-motive forces are given by
UTl == Hcahm
Uy, = Hchpy
U,rl =H.(1- a)hm (4'3)
U, =H.t,

with H_being the permanent magnet coercivity. The reluctances are given by

ERgl = g
Uo2Tt(R; — g/2)Tm1

_ g

a Uo2Tt(R; — g/2)Trms

Ry
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R - ah,,
" oty 21 (R; — g — @hyy [2) Ty
hom
Ry, =
Hotr 2Tt (R; — g = hin/2) Tz (4-4)
. 1 - )hy,
" por2n(Ri — g — (1 — @)hy/2) Ty
T
Ry = 2 = 2
tottrT(Rimo” — (Rmo — a@hi)?)
T oMy TRy

Using these relationships, the fluxes @, and @,., can be calculated which in turn will be

used for the calculation of air-gap flux densities By, and B, at the axial widths 7,,; and 7,,, :

()
_ rl
By =
27-[Tml (Rs - 9/2)
B _ (prz
g2 —
ZﬂTmZ (Rs 4 g/Z)

(4-5)

Using the air-gap flux density the back-emf and thrust force can be calculated. For a very

small displacement Ax the flux linkage is given as
Ajax = 4NB,2mR Ax (4-6)

where N is the number of turns for each coil. Using the flux linkage the back-emf coefficient is

calculated as

Ajax (4-7)

K == =8mNByR,

Therefore, the back-emf is given as

Vback = Ku(t) = 87TNBgRSu(t) (4'8)
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where u(t) is the velocity. Finally, the thrust force is given as

Fy, = Ki = 8nNB,Ri (4-9)

where i is the current.

The air gap flux density B, calculated using the reluctance method approach is calculated

as 0.47 T, which, at 0.5 A applied current corresponds to a thrust force (F;,) of 10.44 N. The

thrust force vs applied current graph is given in Figure 4.35.

() 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Current [A]

Figure 4.35: Force vs. applied current curve obtained from the reluctance method

4.7 Conclusion

In this chapter, the design parameters of the miniature size linear compressor with its slotless

tubular moving magnet linear actuator and the chamber-valve topology were presented. The
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piston diameter is miniaturized down to 6 mm and not further, because the smallest
commercially available valves have a housing diameter of 2.5 mm. After considering other
miniature valve types, duckbill valves that serve as check valves are chosen as a pair with one
serving as the inlet valve and the other as the outlet valve. The valves provided by miniValve
company have a very low cracking pressure at the level of some minibars and leak-tight against
reverse flow. This enables fast response.

A slotless multi-pole tubular moving magnet linear motor is selected as the actuator because
a slotless configuration eliminates cogging which can be detrimental at miniature sizes. As
mentioned in the previous chapter a multi-pole configuration helps with the reduction of
leakage flux and fringing effects and produces a good thrust density, for that reason a five pole
coil configuration in the stator is selected. The permanent magnets placed in the mover are
arranged in a Halbach array configuration in order to increase the flux in the air gap and
decrease the flux that is on the mover itself. This self-shielding capability of Halbach magnets
enables selection of non-magnetic or hollow mover designs, reducing mover weight for high
frequency operations and offering design flexibility.

As mentioned in the previous chapter, the linear oscillatory motor operates at resonance
frequency for enhanced efficiency. The most common member utilized to produce a mechanical
resonance effect is the mechanical spring. In linear oscillatory motor applications several types
of springs, such as compression or extension springs can be employed. One other type is the
flexure spring, which also serves as a bearing for the motor. There are many flexure geometries
encountered in the literature such as Archimedes spirals, triangular arms, staggered arms or
helical arms. For the miniature linear oscillatory motor flexures possessing a helical arm
geometry were selected because of their relatively low operating stress behavior. 0.2 mm thick
stainless steel sheets were given grooves using laser cutting to produce the desired geometry.
Six holes of 2 mm diameter were also cut into the sheet through which the flexures are clamped
to the side plates of the stator. Another hole, again of 2 mm diameter was opened at their center
where the mover is fastened with the piston and the back-end part, and this way the flexures
serve as linear bearings for the mover. Using COMSOL, a finite element analysis was
conducted on the flexure geometry to find out the stresses acting and to produce the applied
force vs. flexure displacement behavior in order to find an estimate for the stiffness coefficient.
A nearly linear behavior was obtained from the curve with a calculated slope of 1.076 N/mm

taken as the estimate for the coefficient.
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As it will be discussed in the next chapters, the spring coefficient of the flexure is important
for the determination of mechanical resonance frequency at which the coils are excited to
produce resonant oscillation, producing the same thrust with less pulled current, which in turn
increases efficiency.

The next chapter will deal with a detailed analytical and experimental analysis of the
miniature linear oscillatory motor that is used as the actuator in the miniature linear compressor
prototype. Its design parameters will be revisited and for no load condition the resonance
behavior will be demonstrated. In the following chapter the dynamic analysis of the entire
compressor with the electromagnetic excitation and the resulting gas compression will be

presented. The efficiency of the prototype will be discussed.
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Chapter 5

DETAILED ANALYSIS OF THE MINIATURE TUBULAR LINEAR ACTUATOR
EXCITED AT RESONANCE FREQUENCY

5.1 Introduction

In this section a detailed analysis for the magnetic flux and thrust generation along with the
resonance behavior of the miniature-size resonant moving-magnet linear actuator design to be
used in miniature linear compressor applications is demonstrated. The miniature linear actuator
has a slotless stator and a tubular topology. It utilizes moving magnets in which the magnets
are lined up in the Halbach array structure. Finite element and analytical analyses of the actuator
are performed to determine the flux density and thrust force. Experimental thrust force behavior
at the resonant frequency is determined. It is shown that the FEM simulation, analytical and

experimental results agree with each other.

5.2 Literature Review

Linear actuators are very attractive components to be used for compressor applications
where they provide better efficiency, better dynamic performance, and smoother operation.
These devices may operate under two different mechanisms [41]. The first one is
electromagnetic actuation, i.e. the principle of magnetic field alignment, where the magnetic
field generated by the stator makes the iron translator move to the position where the flux lines
are aligned. The second mechanism is electrodynamic actuation where the magnetic field in
one component interacts with the other under Ampere’s force law. Here there might be three
configurations; in the first one both the stator and the mover have coils, so they have both their
fields generated electromagnetically, in the second one there are coils on the stator and
permanent magnets on the mover, and in the third one the magnets are on the stator and the
coils on the mover. The moving magnet type is superior to the others in terms of low inertia,

thrust density, fast response and loss in energy [41].
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Figure 5.1: (a) Assembly of the proposed actuator (b) The cross-sectional view of the actuator
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In this study, the actuators investigated are moving magnet type, i.e. they have permanent
magnets in their mover. For its compactness and ease of assembly, the tubular configuration is
selected. It is of oscillating nature because it is to be used for miniature linear compressor
applications. In the literature, there have been several tubular linear oscillating permanent
magnet actuator designs. [42] developed a six phase linear pulse motor as linear oscillatory
actuator where the six phase operation is reported to provide thrust regulation and therefore a
stable operation. This actuator was proposed for the assisting of an artificial heart. [43] designed
a single winding oscillatory actuator with a large stroke and low-frequency operation and made
an improvement on its starting thrust characteristics for artificial heart application in [44]. [45]
laid out a design methodology for moving-magnet actuators and investigated selection criteria
for a cryocooler with given parameters. [46] applied a design similar to [43] to a liquid hydrogen
pump with a slightly larger operating frequency. [47] developed another single winding moving
magnet linear actuator and investigated its dynamic performance for gas compression. [48] laid
out a general framework for the design and analysis of linear permanent magnet machines,
where analytical and simulation analyses were performed for different slotted and slotless
topologies. [49] investigates the influence of magnetization pattern on a linear actuator with
two-pole coils and radially magnetized moving magnets where the employment of radially
magnetized magnets composed of arc segments are compared to a full circle magnet in terms
of performance, demonstrating almost full performance for the segmented magnets. [50] did an
analytical field and thrust force computation for a slotless multi-pole actuator where radially
magnetized magnets are placed on the mover. [51] proposed a Redlich type linear motor for a
linear compressor which has 95% efficiency. [52] designed a slotless linear actuator with
multiple stator poles, which uses a Halbach array on the mover. Here, arc segments were
employed for the radially magnetized magnets. They also investigated the addition of
mechanical resonance in the system [54]. [53] developed a single coil, slotted type linear
actuator and applied lumped magnetic circuit model to define the motor constant and
investigated its effect on actuator performance. [55] developed a linear oscillatory actuator
which employs gas springs and is designed for drilling applications. Thanks to the gas springs
high-frequency oscillations and large strokes can be obtained even with a heavy piston. [56]
presented a two-pole, slotted type actuator where the performance of two topologies, one being

radially magnetized moving magnets and the other quasi-Halbach magnetized are compared.
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Here it is reported that the quasi-Halbach magnetized topology shows better performance. Then,
[57] did analysis on an E-core interior permanent magnet linear oscillating actuator and in [40]
they made an analytical determination of the optimal split ratio of surface mounted, Halbach
surface mounted and interior permanent magnet configurations. Apparently, the salient mover
structure of the interior magnet actuator greatly contributes to the oscillation by generating a
reluctance force. [32] investigated a short-stroke, single phase motor for refrigeration
applications. This is a slotted design with Halbach array magnets on the piston and a single pole
coil on the stator. Here it is stated that the compressed gas greatly changes the input impedance
and is an important design parameter. [58] developed another magnetically-driven actuator for
linear compressor application. This is a slotless design with a Halbach array magnet structure
which employs active magnetic bearings. [59] starts from a design which uses interior
permanent magnets and employs Halbach magnetized magnets instead to report the
improvement on the previous design. They employ three arc segments for the radially
magnetized magnets with silicon steel placed in-between. Then they use a genetic algorithm to
optimize the Halbach array parameters to increase the thrust force while obtaining a lesser
volume for the yoke. [60] developed a novel permanent magnet transverse flux machine.
Laminations in this actuator are unlike conventional linear actuators and similar to a rotating
motor, enabling easy stacking. [64] integrated this actuator in a linear compressor where
mechanical springs are used. [33] developed a tubular motor for EHA pump. This is a slotted
type actuator with Halbach array magnets on the piston. The employment of Halbach array
magnets enables the usage of a hollow piston which reduces mover mass and facilitates the
installation of resonant springs. [61] developed a high efficiency 3-phase linear motor for
compressor applications which introduced magnetic springs to the design, enabling a more
compact design and larger strokes. [62] did an improved design over their previous work in
[33], where an improved Halbach array, a nonmagnetic mover and different connection types
for stator slots are tried for improved performance. [63] again proposed an improved Halbach
structure with dual array and investigated its performance analytically.

The linear actuator presented in this study is a single-phase, tubular, moving magnet actuator
intended for miniature size compressor applications. In the next sections, the design will be
presented with geometric parameters. Then, a theoretical analysis will be shown for this
particular topology from the perspective of generated magnetic field and thrust force. Finally,
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FEM simulations for the flux density and experimental results for the no load resonance

condition will be presented.

5.3 The Actuator Design Revisited

The actuator is a moving magnet type, i.e. the magnets are placed in the mover and coil
windings are placed in the stator. The CAD model of the proposed actuator and its cross-
sectional view is given in Figure 5.1. In order to counter the radial and cogging forces,
especially disturbing at miniature sized configurations, a slotless structure is selected. The coils
are wound around an aluminum casing with 5 EM poles present. In order to remedy the
diminished thrust force capability due to the slotless stator, N52 grade NdFeB magnets are
placed in Halbach configuration on the mover. Each consequent coil is wound in opposite
directions to each other so that when a DC current to alternating direction is employed, the coils
push and pull the magnetic piston and an oscillatory motion is achieved. There are four flexures
in total, two on each side, and they act as bearings as well as springs. Using the spring action
the actuator operates at a frequency which matches the mechanical resonant frequency, so that
desired displacements can be achieved at lower currents, thereby increasing the efficiency. The

geometric parameters of the actuator assembly are given in Table 5.1.

Table 5.1: Linear actuator parameters

Symbol Quantity Value
N Number of turns per coil 200
Tout Stator outer radius 20 mm
Tin Stator inner radius 15 mm
Tp EM pole pitch 6 mm
T, PM pole pitch 3 mm
hn PM height 3mm
T PM outer radius 6 mm
To Mover inner radius 3 mm
Ty Gap outer radius 7 mm

For the piston diameter size, the selected value did not go below 6 mm because this actuator

is used for linear compressor application and the smallest commercially available valves have
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a seating diameter of 2.5 mm. The Halbach configured magnet assembly consists of axially and
radially magnetized magnets with 12 mm outer and 6 mm inner diameter with 3 mm thickness.
Since it is very difficult to manufacture a full circle radially magnetized magnet, 6 arc-shaped
magnets are used in its place. The coil housing is placed inside a steel cover which serves as
stator back iron and the flexures are fixed on it. The flexures serve as bearings for the mover
which facilitates the assembly of the components and a lot of space in the axial direction is
saved, allowing for a more compact design.

As discussed in the previous section, this kind of actuator operates under the principle of
electrodynamic actuation, which means the thrust force and the back-emf generated are both
due to the flux appearing in the air gap between the coils and the magnets. In order to define
this relationship, a magnetic field analysis is needed, which will be shown in the next section.

5.4 Analytical Modeling of Magnetic Fields and Thrust Force
The magnetic field analysis will be done in two parts: the first part will deal with the
magnetic field analysis due to the permanent magnets, and the second part will deal with the

magnetic fields due to the currents. For the analysis, the approach presented by [50] will be

used as the basis. The geometric parameters are shown in Figure 5.2.

Stator back iron Coil

Region I (Air gap) ——
Region II (PMs) | s 2 R_|R
rL | Tp | ' Tm | ‘ RO
z \

Mover

Figure 5.2: Schematic structure of the linear actuator for the analytical model
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For the permanent magnet field analysis, infinite iron permeability and infinite motor length
will be assumed. As seen from the figure, there are two regions, region | which is comprised of
the air gap and region Il which is comprised of the permanent magnets. For these two regions

the magnetic field equations can be written as:

VZA=0 (Region I)
VA= —pu,VxM (Region 1) (5-1)

Here, A is the magnetic potential defined as V x A = B, and M is the magnetization which
is null in region I and in region Il it can be expressed in terms of radial and axial components

as:
M=M,+M, (5-2)

The radial and axial components can be expressed by Fourier series:

M, (z) = Z Myysin(ky,z)
n=1,3,5,...
oo (5-3)
M) = ) Mycos(ky2)
n=1,3,5,...

where

4B . nm_ . nm
M, = nnr;:)n sm(7)sm(T)
_ 4Brem

nm
My, = in(- (5-4)

with B,..,being the remanent flux density and k,, = nm/7,, with t,, being the pole pitch.

The equations given in (1) are Poisson’s equations which have both the same type of

homogenous solution of the form
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Al(r,z) = Z [akl,(k,T) + bLK,(k,7)] - [cLsin(k,z) + d}cos(k,z)]
n=1,3,5,... (5'5)

A= ) el Uer) + By (knr)] - [l sin(lnz) + Al cos(ln)]
=1

Here, I, and K, are the modified Bessel functions of zero order, of the first and second kind,
respectively. The coefficients al,, by, cl, df, all, bil, cll d!l are determined from the boundary
conditions.

In addition to the homogeneous solution, region Il should have a particular solution A%,
however this does not exist in explicit form. Using the approximation approach presented in

[10], the following expression is found for the particular solution:

All(z) = —2¢, Z Mnr sm(an) (5-6)

n=1,3,5,..

and the following boundary conditions

H} (ry,2) = 0

HI (1, z) = HL (1, 2)

B} (1, 2) = B} (1}, 2) (5-7)
Hy(15,2) = 0

lead to the following solutions for flux density in both regions:

HIW) = ) kal=Ablolknr) = BiKo (k) ]cos (kn2)

n=1,3,5,...

2¢c,M
HIGn2) = ) kal=Allo(kar) = Bl Kolenr) + =25 Jc05(lr2)

n=1,3,5,... n

Bl(r,z) = u, z k,[—ALIL (k,7) + BLK, (k,7)]sin(k,,z)

n=1,3,5,...
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11 I 11 ! (5-8)
B; (T‘, Z) = Uolr Z kn|—Anl (knr) - B K, (knr) + (7
n=1,3,5,...

M
+ c,1) k—”’] sin(k,z)
n

Here I; and K; are the modified Bessel functions of first order, of first and second kind

respectively. The coefficients c; and c, are given as

To"m
C1 =
7o + T 59
1
Cry =
S
The coefficients A, = al,cl, BL = blck Al = qllcll| BII = pI Il gre given as
Al =alcl = al B}
Bl = plcl = 5X01P + U[Ko(wntn) = Tlo(@ntin)] 2c,M,
o PXoy (T + a}) Pun?
Al — gl — anSXogy — TU (5-11)
" T X (T + ad)
SXoy + U
Bl — pll oIl —
n =0t =y T+ ab)
where
I — KO(wan)
" Io(wnrs)
pP= afllo(wnrm) + Ko (wnTn)
Q = aply (W) — Ky (wnhipn)
_ 2c, M,
wy %l (wnTo) (5-12)
B Ky (w, 1)

T =
Iy(wy1o)
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oo Be(te0 )

Wnp \ Wy

Xo1 = Ko(wnrm)ll((‘)nrm) + Kl(wnrm)lo((‘)nrm)

For the analysis of the magnetic fields due to the currents, the electric current at the EM
poles is assumed to be on an infinitesimally thin surface on the interior surface at r = ;. The

current density J has only the azimuthal component J, (z) which can be expressed as

Jo(2) = Z.MWMQ (5-13)

n=1,3,5,...

with J, = 4N,i/nmt,, N, being the number of conductors per pole and i the flowing current.

The following boundary condition holds:
Hj(ry, 2) = Jo(2) (5-14)
Since the current is assumed to be on an infinitesimally thin surface and the PMs are

considered inert, i.e. M = 0, region | and Il can be considered together and the following

solution for magnetic fields are:

HD) = )k llo(knt) + BuKo (k) W nsinGenz)

n=1,3,5,...
oo (5-15)
Br) =t ) kn [l (kyt) + Buy Gy lnJncos(ln)
n=1,3,5,...
with the coefficients g,, and y,, given as

_ Io (knro)

B =~y
Ko (kn1o) (5-16)

1
Y eallo (knTs) + BrKo(knts)]
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The axial thrust force appears due to the interaction of PMs’ magnetic flux and the current

density and is calculated as

dF,(z) = —2m15]a(2)B; (15, 2)dz (5-17)

Integrating this along the motor length F, is obtained which is on the current sheet. The thrust

per pole on the mover F,, is opposite to this. So, for E,, the following solution is obtained:

- N
Fu= ) 8mn—pol—Abl (knty) + BLK, (knry)Jcos(knze)i (5-18)
n=135,.. p

5.5 FEM Simulation

Using FEM analysis, a simulation was conducted in order to find the flux density
distribution and thrust force for the given assembly parameters. The FEM analysis was
conducted as a 2D axisymmetric model using Comsol Multiphysics. After applying material
properties to each respective zone, each permanent magnet is defined as a separate zone
assigning them a remanent flux density of 1.43 T in their respective axial and radial
magnetization directions. The corresponding B-H curves for NdFeB magnets are also applied
under material properties. Once the material assigning is done, a user-controlled mesh is applied
where zones with lesser sharp corners and larger dimensions coarser meshes and zones with
smaller dimensions finer meshes are assigned.

The radial flux densities due to the PMs are compared in Figure 5.3 to 5.5 for both analytical
and FEM results.
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Figure 5.3: Radial flux densities due to the PMs at the gap outer radius (r = Ry)
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Figure 5.4: Radial flux densities due to the PMs at the PM outer radius (r = R,,,)
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Figure 5.5: Radial flux densities due to the PMs at the mover inner radius (r = R)

For an applied current of 0.5 A, the thrust force per pole is compared in Figure 5.6 for

analytical and FEM cases.
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Figure 5.6: Thrust force on the mover for 0.5 A



DETAILED ANALYSIS OF THE MINIATURE TUBULAR LINEAR ACTUATOR EXCITED AT 106
RESONANCE FREQUENCY

5.6 Experimental Setup

According to the geometric parameters given in Section 5.3, a prototype moving magnet
linear actuator was manufactured.

The 6 mm piston size was a limiting factor for the miniaturization due to the valve sizes
used in the compressor. In order to use a current output ranging around and not exceeding 0.5
A, a 26 AWG wire is employed with 200 windings at each pole (5 poles in total). The total
length of the actuator is 58 mm with an overall diameter of 40 mm. The actuator is driven with
an H-bridge driver using DC current. A mini-dynamometer is used to measure the force output
and a laser displacement sensor is used to measure the displacement generated by the oscillatory

motion. The entire test setup can be seen in Figure 5.7.

Power supply

Laser sensor Actuator

Figure 5.7: Test setup for the miniature linear actuator

In this study, the force output and resonant characteristics are shown for the actuator only.
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When considering the entire compressor, the pressure force should also be investigated and the
gas has a spring constant, becoming a part of resonance behavior.
The measured average thrust output for given current values is shown in Figure 5.8.

I j T T T T

—&— Analytical
FEM
=——@— Experimental

[

—
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T

Force [N]

() ' ' ' '
0 0.1 0.2 0.3 0.4 0.5

Current [A]

Figure 5.8: Thrust force vs. rated current

Finally, the resonant frequency was investigated in order to operate at a lower current to
improve the efficiency. For this matter, the stiffness constant for the flexures were calculated
using both simulation and experimentation. The found stiffness for a single flexure (there are

four in total) is 1.076 N/mm. The resonant frequency for the no-load condition is given as

fn=1/2n)\/k/m (5-19)

The piston mass is 54.52 g, therefore the resonant frequency is at around 45 Hz. The actuator

is driven at frequencies around these values and the currents generated are plotted against their
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respective frequencies, which is shown in Figure 5.9. It can be seen that the lowest current value

appears at 45 Hz. The measured displacement is the highest at that frequency with +2mm.
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Figure 5.9: Variation of current with frequency for two different voltages

5.7 Conclusion

In this chapter, the miniature size slotless tubular moving magnet linear actuator design was
analyzed for miniature linear compressor applications. The configuration is selected to be
tubular for increased power factor and compactness. A slotless stator is selected to eliminate
cogging forces. Flexure bearings were proposed to enhance the compactness of the design even
further. N52 grade NdFeB magnets are employed to cover for the reduced force capabilities
associated with slotless designs. The magnets were placed in Halbach array configuration, for
self-shielding capability. Using this property, low density, nonmagnetic or hollow mover

structures can also be selected to enable design flexibility and the utilization of movers with
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lower mass. Analytical calculations were presented to find expressions for the back-emf and
thrust force. FEM simulation is performed to find the magnetic flux density and thrust force.
Finally, the prototype actuator is driven at different frequencies to view the current used up by
it, and the force and displacement measurements were conducted. It was shown that at the
resonant frequency which is calculated to be 45 Hz the current value is at its lowest. The

measured force output is in good agreement with the analytical and FEM simulation results.
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Chapter 6

DYNAMIC ANALYSIS OF THE MINIATURE LINEAR COMPRESSOR

6.1 Introduction

In this chapter the components of the novel miniature linear compressor are presented. It
consists of a moving-magnet linear actuator which uses flexure springs and a mini chamber and
valve assembly. The analytical model for the system dynamics for such an actuator is presented
and this model is compared with the experimental results. It is shown that the best efficiency
for the compressor is achieved at the natural frequency, which is investigated through

experimental means. Also shown is that, at resonance, 80.4% electrical efficiency is achieved.

6.2 Literature Review

Linear compressors offer many advantages over conventional compressors, where for the
conventional case the crank mechanism that is usually employed to convert rotational motion
to reciprocating motion introduces additional friction to the system, thereby reducing the
efficiency. Linear compressors are not subject to this problem because the motion generated by
the actuator is already a reciprocating one, thus the need for a conversion mechanism is
eliminated. This also means that the entire assembly consists of less parts in total, which in turn
leads to a more compact design. Moreover, the employment of linear actuators leads the way
to efficient stroke control methods.

While linear compressor technology is not new, the miniature linear compressor is a recent
favorite. The aforementioned compactness in linear compressor design combined with the
smallness in scale makes this type of compressor a very interesting candidate for many practical
applications, for example in the cooling of electronic equipment or in building mini
refrigerators.

Linear actuators can come as several types. The most commonly used type for linear
compressor applications is the electromagnetic actuator. However, different types such as
electrostatically actuated ones can also be encountered. For example, the compressor introduced
by [10] employed one such actuator, which is intended for miniature-scale use like the one

presented in this article. [65] performed a resonant frequency analysis for the Stirling
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cryocooler, which is a very commonly encountered type with a moving magnet actuator. Here
simulation and experiment results were presented to show that the resonant frequency for
moving magnet case depends on the spring coefficient of the mechanical springs, the gas and
the magnets, and the mover mass, whereas for the moving coil case it depends on the spring
coefficient of the mechanical spring and gas and the mover mass. [11] introduced a miniature
linear compressor intended for electronics cooling applications. Aside from the linear motor
and the mechanical springs the compressor is custom made with an appropriate valve assembly.
Then they improved on their model using a sensitivity analysis for leakage gap and overall
friction [66]. [67] utilized capacity modulation for their moving magnet linear compressor for
a guaranteed efficient operation instead of active stroke control. They compared the capacity
modulated compressor to the electrical resonance compressor and claim the potential energy
saving capabilities for the capacity modulated version [68]. Then they investigated the dynamic
response of the compressor to supply voltage disturbances [69]. [70] presented a moving-
magnet linear compressor with clearance seals and flexure springs. They applied a test loop to
determine the compressor efficiency and coefficient of performance using R134a. In another
study [5] they compared the linear compressor to a conventional crank-drive compressor and
showed that the linear compressor has a much higher motor efficiency, however, the volumetric
efficiency of the linear compressor is yet to surpass the conventional one. In a further study,
they employed a search coil for piston position sensing [71] and compared the operation of the
compressor with a fixed clearance to zero DC offset operation [72]. [73] used linearization for
the non-linear gas spring model and utilized this for a moving-magnet linear compressor,
analyzing the system as a linear time varying one. [74] investigated the dynamic and
thermodynamic characteristics of a moving coil Stirling-type cryocooler. [9] used a solenoid
actuator for their linear compressor and investigated the system dynamics and natural frequency
of their system. [75] introduced a moving-magnet Stirling-type with a cold compression
capability, which improves the effectiveness in reaching lower temperatures. [76] divided a
linear compressor to control volumes and performed heat transfer analysis for each control
volume. Then they used calorimetric test and defined thermal network and introduced a
software tool for its analysis.

In this study, the dynamic analysis will be shown for a miniature-scale, moving-magnet type
linear compressor. The force model and the natural frequency analysis will be presented and
the model will be compared with the output from the experimental setup. The entire assembly

is custom-made with the exception of off-the-shelf miniature valves.
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6.3 Linear Compressor Design

The proposed linear compressor is comprised of two parts: the linear actuator and the
chamber assembly. The linear actuator is a moving-magnet type and it uses multiple poles in
the stator. The magnets are placed inside the piston in a Halbach configuration in order to
increase the magnetic force output. At the two ends of the piston, four flexure springs are
attached which were manufactured from stainless steel. The employment of springs helps with
the resonant behavior of the actuator. The coils at the stator are energized at a forward-backward
sequence using DC current and the piston moves back-and-forth accordingly in order to align
the magnetic fields of the coils and the magnets. If the excitation frequency matches the natural
frequency of the actuator, which is determined by the total mover mass and the spring constant
of the flexure springs, the used-up current decreases and large piston displacements are
obtained.

The chamber assembly consists of a stainless steel cylinder with a bore diameter of 6 mm
and an inlet-outlet valve pair placed at the end. Using 3-D printing, a housing for the valves
was manufactured and this was attached at the end of the cylinder. The valves are commercially
available mini-valves used usually for medical applications. They have an outer diameter of 2.5
mm. The schematic diagram of the entire assembly is presented in Figure 6.1.

flexures coils magnets piston

cylinder —\

discharge valve

suction valve

back iron

Figure 6.1: Schematic view of the linear compressor
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In a linear compressor, the forces acting on the moving body are the inertia, the
electromagnetic force, the mechanical spring force, the friction force and the gas force. In

Figure 6.2, the free body diagram for the mover is presented. The dynamic equation is given as

MmoverZ + ksprz + CfrZ + fgas(t) = fem (1) (6-1)

Where my, e is the mover mass, z is the displacement, kg, is the spring coefficient of

flexures, cy,- is the viscous damping coefficient of friction.

MonoverZ (Inertia) < z

fem ———

— —
ksprz mover f gas

7 —

Cfr

Figure 6.2: Free body diagram for the mover

The gas force f;,5(t) can be determined using the cylinder pressure P.yinger(t) and the

suction pressure Pg,ction:

fgas () :(Pcylinder ) — Psuction)Acp (6'2)

where A, is the cross-sectional area of the piston.

In order to accurately model the system dynamics, the nonlinear model of the

electromagnetic force and the gas force must be realized.
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6.3.1 Electromagnetic Force Model
6.3.1.1 Analytical Model

The magnetic force provided by the actuator is generated by the interaction between
magnetic fields of the permanent magnets inside the piston and the coils in the stator. The
schematic structure of the actuator is given in Figure 6.3. Assuming infinite iron permeability
and motor length, two regions can be observed from the figure, the first being the air gap, and
the second the permanent magnets. Writing the magnetic field equations for these regions:

ViA=0 (Region I)
VZA = —u,Vx M (Region I1) (6-3)

with A the magnetic potential defined as V X A = B. M is the magnetization which is null in

region | and in region Il it is given in terms of radial and axial components as:
M=M,+M, (6-4)

The radial and axial components can be expressed by Fourier series:

M@= ) Mysin(k,2)
n=1,3,5,...

0 (6_5)
M) = ) Mycosly)

n=1,3,5,...

where

4B .onm. . nm
M, = n;;;n sm(T)sm(T)

(6-6)
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4Brem

M, =
nz N,

. nm
sin( 2 )

with B,..,,,being the remanent flux density and k,, = nr/7,, with 7,, being the pole pitch.

Stator back iron Coil

Region I (Air gap) i

Region IT (PMs)

Figure 6.3: Schematic view of the moving magnet linear actuator

Solving the equations given in (6-3), the axial and radial magnetic flux densities for both

regions are given as

HIn ) = ) kal=AbloUnr) = BiKo (k) ]cos(kn?)

n=1,3,5,...
— 2¢,M

HiG2) = ) deal=Alllonr) = B Kollenr) + =25 c0s(ky2)
n=1,3,5,... n

Bl(r,z) = po Z K [—ARL (k1) + BiKy (kyr)]sin(ky,z)
n=1,3,5,...

o

2 : 1
B;I (T‘, Z) = Uolr kn [_Aillll (knr) - B1{LIK1 (knr) + (7
n=1,3,5,...

(6-7)

M
+ c,1) %] sin(k,z)
n
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with I, and K, the modified Bessel functions of zeroth order, of first and second kind
respectively, and I; and K; the modified Bessel functions of first order, of first and second kind
respectively. The coefficients ¢; and c, are correction coefficients appropriately selected to

reduce the modification of radial component M,. and are given as

_ Tofm
T
0 m (6-8)
1
C =
2 o+ T

Magnetic fields due to the currents are modeled by assuming the electric current at the EM
poles to be on an infinitesimally thin surface on the interior surface at » = r,. The current

density J has only the azimuthal component J,(z):

Jo@ = ) Jusin(ky2)

n=1,3,5,...

(6-9)

with J, = 4Nsi/nmt,, Ns being the number of turns per pole and i the current. The current

density appears according to the boundary condition:
Hj(r5,2) = Jg(2) (6-10)

Thus,

HD) = )k llo(knt) + BuKo (k) nsinGenz)

n=1,3,5,...

o (6-11)
Ber,2) =po D o [=hUeur) + s () YnJnCosen2)

n=1,3,5,...

with the coefficients g,, and y,, given as
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_ Io(knro)
Ko(knro) (6-12)
1
n = kn[lo(knrs) + .BnKO(knrs)]

Bn =

The axial thrust force is the result of the interaction of the magnetic flux of the PMs and the

current density:
dF,(z) = =214 (2)BL (13, 2)dz (6-13)

E, is obtained by integrating this along the motor length. The thrust per pole on the mover E,,

is opposite to this, thus:

o)

N
Eover = z 8y T_S/'lo [_Aall(knrs) + BéKl(knrs)]cos(anc)i

n=13,5,... p (6-14)

6.3.1.2 FEM Simulation

The flux density distribution and thrust force was also investigated via FEM simulation. A
2D axisymmetric model using Comsol software is considered for this matter. The metallic parts
of the actuator are taken as stainless steel, with 430F used as the back iron. NdFeB is assigned
to the permanent magnets with a remanent flux density of 1.43 T. The magnetic material
naturally has a specific B-H curve, which is also assigned accordingly.

A user controlled mesh is used with finer meshes assigned to sharp corners and coarser
meshes assigned to areas with larger dimensions.

The FEM results for magnetic flux density is given in Figure 6.4 and the thrust force per

pole is compared in Figure 6.5 for analytical and FEM cases for an applied current of 0.5 A.
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Figure 6.4: Magnetic flux density distribution for 0.5 A
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Figure 6.5: Thrust force on the mover for one coil at 0.5 A
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6.3.2 Gas Force Model

The gas force is the force generated by the compressed gas and acts on the piston in the

opposing direction. It can be modeled in terms of the following nonlinear relationship:
fgas(t) = kgasz + CgasZ (6-15)
Here, kg4 is the gas stiffness and ¢, is the gas damping coefficient. These coefficients

can be estimated by interpolation. In this case, a Fourier interpolation is suitable with its
parameters given as

fgas = o + a; sin(wt) + a, cos(wt) (6-16)
a, = kgasZ
Ay = CgasZw? (6-17)

where Z is the peak stroke, a, is the gas force at the point where the suction valve is closed.
6.3.3 Resonance Model

The linear compressor operates most efficiently at its resonant frequency, so a resonance
model is required in order to find that particular operating point. Starting with the governing
dynamic equation,

MipoverZ + (kspr + kgas)Z + (Cfr + Cgas)z = Fosin(a)t + @) (6-18)
where F, is the amplitude of the electromagnetic force. Dividing by m,,,oper

(6-19)

7+ 2{wyztw,’z = cos(wt)

mover
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with ¢ = ——{22%0)__ the damping ratio, and v, = /M the natural frequency of
ZJ(kSPT+kgaS)mm0ver Mmover

the system. The solution to (6-16) and (6-17) is given as

z = Zsin(wt) (6-20)
with
Fo
7 = (kszor + kgaS) .
212 2)2
{[l ~(@) ] 42 () } (6-21)
Y
¢ = tan~! Z((—wn)

1= ()

where w is the operating frequency. From (6-19) it can be seen that the maximum stroke
amplitude is obtained at w = w,, and and substituting (6-18) for (6-16) again for w = w,, it can
be seen that the inertial and stiffness forces cancel each other out, leaving only the damping

forces as the effective contributors to power loss at resonance.
6.4 Experimental Setup

According to the geometric parameters given in Section 2, a prototype moving magnet linear
compressor was manufactured.

The 6 mm piston size was a limiting factor for the miniaturization due to the valve sizes
used in the compressor. In order to use a current output ranging around and not exceeding 0.5
A, a 26 AWG wire is employed with 200 windings at each pole (5 poles in total). The total
length of the compressor is 75 mm with an overall diameter of 40 mm. The actuator is driven
with an H-bridge driver using DC current. A mini-dynamometer is used to measure the force
output and a laser displacement sensor is used to measure the displacement generated by the
oscillatory motion. A miniature pressure sensor is employed inside the gas chamber for real-

time pressure sensing. The compressor absorbs the ambient atmospheric air during suction and
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the compressed air is transferred via the discharge valve to the higher pressure medium. The
entire test setup can be seen in Figure 6.6 and the prototype specifications are given in Table
6.1.

laser sensor actuator chamber pressure sensor

Figure 6.6: Experimental setup

Table 6.1: Prototype specifications

Total length of the compressor [mm] 75
Overall diameter of the compressor [mm] 40
Piston diameter [mm] 6
Mover mass [g] 54.52
Number of turns per coil 200
Stroke [mm] 4
Applied current [A] 0.502
Input power [W] 7.53
Max. discharge pressure [bar] 3.3
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Two tests were performed to validate the dynamic characteristics of the system. First an

impact hammer test was performed to identify the system characteristics. Figure 6.7 shows the

modal analysis results of the test. The mode at 50.05 Hz has a comparably higher magnitude of
1.923 mN* with a damping ratio of 0.0142, system modal stiffness of 3.3708E+002 Nm™* and

system mass of 3.4087E-003 Kkg.
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Figure 6.7: Real and imaginary parts of the frequency response function

In the second test a frequency sweep was performed in order to see the stroke to current
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ratio, starting from 30 Hz to 60 Hz. The obtained graph in Figure 6.8 shows that the maximum
value is achieved at 45 Hz.

stroke/current [mm/A |
+a o

[§]

[] 1 1 1 1 1
30 35 40 45 50

frequency [Hz]

60

Lh
n

Figure 6.8: Stroke to current ratios shown from 30 Hz to 60 Hz

The gas force is experimentally validated for one cycle and it is compared with the Fourier

interpolation, which can be seen in Figure 6.9. Using this interpolation a resonance frequency
of 43.17 Hz is obtained.
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Figure 6.9: The measured gas force for one cycle and its Fourier interpolation

The generated P-V diagram for the compressor is given in Figure 6.10. There is a dead
volume of 15 mm?® which contributes negatively to the work done by the gas, which is calculated
to be 8.6 mJ. The input power is 7.53 W, and at resonance frequency an electrical efficiency of
80.4% is achieved.
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Figure 6.10: The generated P-V diagram for one cycle
6.5 Conclusion

In this chapter, the miniature size linear compressor design was analyzed in its entirety along
with the linear actuator and the gas compression mechanism in the chamber-valve assembly.
As mentioned in the previous chapter, the compressor owes its compactness to its tubular
configuration and the employment of flexure bearings which serve as both resonant springs and
linear bearings for the mover. One other contributor to the compactness is the employment of
N52 grade NdFeB magnets in order to cover for the reduced force capabilities associated with
slotless designs, where the magnets are placed in Halbach array configuration, for self-shielding
capability and using this property, low density, nonmagnetic or hollow mover structures can
also be selected to enable design flexibility and the utilization of movers with lower mass. The
governing dynamic equation during compressor operation is introduced and each force
contributor to this equation is demonstrated. Analytical calculations and a FEM simulation are
performed to find the magnetic flux density and the thrust force generated by the linear actuator.
The gas force model was introduced with a Fourier approximation for the calculation of
nonlinear gas parameters. Finally, the prototype compressor is driven at different frequencies

to view the stroke to current ratio, and the efficiency of the system. At the resonant frequency
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which is found to be 45 Hz the stroke to current ratio and the system efficiency is at the highest.
At this frequency, an electrical efficiency of 80.4% is achieved.
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Chapter 7

CONCLUSION

Linear compressors are a very good alternative to conventional rotary compressors where
the rotary-to-linear motion conversion mechanisms, which in the case of the rotary compressor,
usually are the crank mechanisms, are eliminated, which in turn enables noise reduction and
force losses such as friction and radial forces, and paves the way for a lot more compact designs.
While this greatly enhances the overall efficiency of the compressor, it is further improved by
the manipulation of the actuator mechanism that is employed for this operation, i.e. the linear
oscillatory motor. This member of the compressor is excited at its resonance frequency where
the mechanical resonance effect is usually realized by the employment of resonant springs. At
resonance the pulled current by the motor at the same input voltage is reduced, thus the input
power is reduced, which in turn means an increase on the efficiency.

A linear compressor consists of two main members: the aforementioned linear oscillatory
motor which serves as the actuator for the compressor, and the chamber-valve assembly where
the gas compression occurs. In a compressor, gas compression is accomplished by the piston-
chamber interaction and in the case of a linear compressor the piston is directly connected to
the moving part of the linear motor, which only generates motion in the axial direction. As with
the conventional compressors, the piston-chamber interaction is important; an efficient sealing
between those components must be accomplished all the while trying to eliminate the occurring
friction during operation as much as possible. The valves used at the end of the chamber should
be selected as quickly responsive and leak-tight to reverse flow.

Just like the conventional rotary motor, motion in a linear motor is generated by the
interaction of the magnetic fields between that of the stationary part, i.e. the stator, and of the
moving part, i.e. the mover or the armature. The magnetic fields can be generated by either
electromagnets, i.e. coils, or permanent magnets. The motors can be induction motors,
synchronous motors, plunger solenoids, or oscillatory motors. The linear motor type that is used
for linear compressor application is the linear oscillatory motor. While many linear motor types
are three phase motors, linear oscillatory motors are single phase motors which oscillate back
and forth at relatively smaller displacements, which in the case of linear compressor application
can be called the stroke. There are mainly three types of linear oscillatory motors: moving-coil,

moving-iron and moving-magnet. In a moving-coil linear oscillatory motor the coils are placed
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on the moving part and the permanent magnets are placed in the stator. Moving-iron linear
oscillatory motors are basically plunger solenoids operated at a fixed frequency continuously.
In this configuration the coils are placed in the stator and the mover is a magnetic iron.
Permanent magnets can also be put on the stator to further enhance the magnetic fields. In a
moving-magnet linear oscillatory motor the coils are placed in the stator and the mover includes
permanent magnets in it. While the linear oscillatory motors are single phase, especially for the
moving-coil and moving-magnet type motors multiple-pole configurations are available both
for the coils and the permanent magnets. Such configurations are preferred to remedy the low
coil inductance problems and leakage flux and fringing losses, however one downside to this is
that the mover weight might significantly increase, and the mechanical spring cost must go
higher in order to generate resonance at the same frequency. As with the other types of linear
motors, tubular and flat-type configurations are available for linear oscillatory motors, however,
tubular types have the advantage of more surface area between stator and mover, which leads
to higher thrust and enhanced heat dissipation and better dealing with radial forces due to
circularity. Of the three linear oscillatory motor types, the moving-magnet linear oscillatory
motor offers the best thrust density with a relatively limited stroke.

For the miniature linear compressor application, the moving-magnet type linear oscillatory
motor is selected as the actuator due to the thrust advantage and compactness it offers. Multiple-
coil and permanent magnet configuration is selected to further improve the thrust capability and
deal better with electromagnetic losses. NdFeB permanent magnets are selected as permanent
magnets for their superior remanent flux density and on the mover they are placed in Halbach
array configuration to further enhance the flux density in the air gap between the coils in the
stator and the permanent magnets. The axially magnetized magnets in the Halbach array are
selected as ring magnets. Since it is very difficult to produce radially magnetized ring magnets,
arc magnets are employed which are used to form a complete ring of radially magnetized
magnet in the Halbach array. As resonant springs, flexure bearings are proposed which are
produced by opening grooves on thin steel plates, and they also have the functionality of serving
as linear bearings for the mover. The employment of such members as resonant springs helps
with the ease of assembly as well as the reduction of the overall length of the motor, which
enhances the compactness even further. In order to come up with an estimation for the stiffness
coefficient of the flexures, an FEM simulation is conducted to find out the applied force vs.
displacement curve, from which the coefficient is extracted. The simulation also gives an idea

on the stresses generated on the flexure under axial load. The estimation of the stiffness
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coefficient helps with the analytical determination of the resonance frequency of the linear
oscillatory motor.

On the chamber-valve assembly side, duckbill valves by miniValve company are chosen as
check valves to be put at the end of the chamber. These are the smallest commercially available
valves with a housing diameter of 2.5 mm. The piston and chamber diameter miniaturization is
thus kept at 6 mm and not further down in order to house both the inlet and the outlet valve.
These valves have the advantage of having a very low cracking pressure and being leak-tight
to backward flow, enabling very fast response during gas compression.

The moving-magnet linear oscillatory motor is a slotless configuration, selected this way in
order to eliminate cogging forces. For the motor, a magnetic circuit analysis is presented to
come up with an estimation of magnetic flux generated and the thrust force acting on the mover.
Then, a detailed analysis using Maxwell’s equations is conducted for these quantities and an
FEM simulation is carried out for comparison. For no load condition, i.e. only considering the
excitation of the motor and not the gas compression part, the motor is operated at several
frequencies and current inputs, to show that the motor is most efficient at its resonance
frequency, pulling the least amount of current at that frequency, and the thrust force
measurements agree with the analytical and the FEM simulation results. The force and stroke
measurements are carried out using a mini-dynamometer and a laser displacement sensor
suitable for this kind of application.

The actuator is then connected with the chamber-valve assembly to build the linear
compressor. The chamber is a stainless steel cylinder with a bore diameter of 6 mm. The valve
housing for the valves is manufactured using 3D printing and attached at the end of this cylinder.
A dynamic analysis is then presented for the entire assembly at resonance excitation. The
governing equations of motion have this time the component of gas force where the components
of this force contain the stiffness of the gas and the damping coefficient of the gas. This means
that there is a nonlinearity for the total stiffness and damping of the system. The gas coefficients
can be estimated by interpolation. There are several approaches for this matter including the
linearization method. For this study a Fourier interpolation is selected. Two tests are performed
to find out the system dynamics. The first one is an impact hammer test to identify the system
characteristics. The second one is a frequency sweep test where the compressor operates at
several frequencies to determine the stroke to current ratio corresponding to each frequency.
Using these two tests, an estimate for the resonance behavior of the system is obtained. The

resonance frequency values obtained from these two analyses are then compared with the one
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calculated from the Fourier interpolation of the gas force. The resonance frequency values
obtained from these three approaches are in close proximity with each other. Next, the P-V
diagram is generated for one cycle of the compressor. There is some dead volume contributing
negatively to the work generated by the gas, despite this a very good efficiency is achieved at
resonance frequency for a considerably low input power. This shows that linear compressors
are very suitable for miniaturization and become very suitable candidates for applications such
as electronics cooling and miniature scale refrigerator prototypes.
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