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SUMMARY
 
 

In this work, levitation and guidance forces of superconductor which is being 

used in superconductor maglev trains and linear magnetic bearings. Different 

configurations of permanent magnet guideway (PMG) has been designed in order to 

increase the values of Maglev syste

force and magnetic force stiffness. Developing of the designing PMGs performed by 

modelling made in COMSOL Multiphysics 5.5 program. The effect of PMGs on the 

high temperature superconductors (HTS) is observed by the carrying out simulations 

again in COMSOL Multiphysics 5.5 program. Simulation results verifies that three 

surface levitation PMG (3-S maglev) is better than single surface levitation PMG in 

increasing levitation and guidance forces and decided that 3-S maglev is more 

beneficial in developing the load carrying capacity of maglev systems. Finally to show 

the usability of designed cryostats, a dynamic simulation has been made in MATLAB 

simulink program which includes a one person maglev train that has variant magnetic 

stiffness Dynamic simulations carried out to investigate the curve performance of HTS 

maglev train and results showed that three surface levitation PMG was most efficient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key Words: High Temperature Superconductor (HTS), High Temperature 

Superconductor Maglev Train, Levitation Force, Guiding Force, Magnetic 

Stiffness Coefficient, Finite Element Method Simulation, Curve performance.  
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1 

 

   
1.1. Etkisi 

   

r [Onnes, 1911]. 

-

 

 

c denilen kritik 

 

 

 

 
 

: Meissner etkisi: S . 



2 

mas   

-Ba-Cu-O sis

 

 elde ettiler. 

 

 

 
 

. 



3 

yle 

 

 ir. 

 

1.2.  

 

c), kritik manyetik alan (Hc) 

 dur (Jc). Her malzemeye 

 [Moon, 2004]. 

 

 

1.2.1.  

 

 I. tip 



4 

Hc durumunda 

ihmal e  

 

B = 0 (H + M) (1.1) 

 

moment, 0 

olan kritik manyetik alan Hc 

 < Hc  

manyetizasyon 

- H). 

 

 

 
 

3Sn ve Nb-  



5 

                                (a)                                                          (b) 
 

 
 

c1 < H < Hc2

B 

 0 

c1 II. 

c2

 [Rose-Innes, 

1980]. 

 

 
 

 
 



6 

1.2.2.

 

zellik 

2Cu3O7 

 t    

 

 
 

 
    

 [Ma et al., 2003]. 

  

et al., 1990]. 

   



7 

1.3.

 

 

(LN2)  

 

 

 

manyetik yatak, manyetik 

-

 

 [Werfel et al., 2012]. 

 

 

 

 

 
7: Bir m . 



8 

1.4.

 

Maglev treni; s

maglev trenidir [Lee et al., 2016]. 

 

1.5.  

 

elemanlar y

-

 

 

 
 

8
 PMG. 



9 

 
 

9: (a) , (b) 
. 

 

maglev sistemle

 

 

 
 

 1.10  



10 

ve uyg  

 

 

 

maglev treninin sistem parametreleri 

 

 

 

 
 

11  . 

 
 



11 

2. 
 

 

2.1. Modelleme ve Benzetim 

    

 

 Bu Biot-Savart kanunundan 

 

 ile birlikte iki 

boyutlu  [Sass et al., 2015]. 

 

 
 

 



12 

 (2.1) 

 

 (2.2) 

 

Burada M0 ij = xi  xj ij = yi 

- yj . 

 

 Analitik hesap 

 

 

 
 

2.2 manyetik alan 
 



13 

 

 

 
 

  
 

  

 

 (2.3) 

 

 (2.4) 

 

 (2.5) 

 

H = [Hx, Hy, Hz

ederken E = [Ex, Ey, Ez J = [Jx, Jy, Jx] 

ifade ediyor. Malzemenin elektriksel direnci  

ak Hz , Ex , Ey , Jx , Jy 

denklemler haline indirgenebilir. 



14 

 (2.6) 

 

 (2.7) 

 

 (2.8) 

 

 (2.9) 

 

 

 

 (2.10) 

 

 (2.11) 

 

c terimi kritik , Jc0 

 

Ec ve Jc0 

 

 

Biot-Savart kanunundan elde edilebilmektedir. 

s  

 



15 

 
(2.12) 

 

 
(2.13) 

 

 (2.14) 

 

 (2.15) 

 

  modeli en az bir kez 

 

 Superconducting magnetic bearings 

simulation using an H-formulation finite element model  

)  

. 

, KM 

 

 

Tablo 2.1:  
 

 Boyut (x, y, z) (mm) Merkez konumu (x, y, z) (mm) 

YSS (34, 14, 67) (0, 17, 0) 

KM (50, 50, 100) (0, -25, 0) 

Hava (150, 150, 0) (0, -10, 0) 



16 

 

 
 

 
 

parametreler     

 

 
 

Sembol   Birim 

B0 Kim model parametresi 0.37 T 

Jc0 

-

 
1.5 x 108 A/m2 

Ec  1 x 10-4 V/m 

n - ) 21  

Hr KM gidergenlik kuvveti 780x103 A/m 

hava Hava direnci 1  

0  -7 H/m 



17 

 

 

c olarak 

hava 

deformasyon (prescribed deformation) 

2

0.5 

hareke

2

 

 

 

 
 

  



18 

2

10.0 saniyeye getirmemiz gerekir. 

diferansiyel denklem (kdd) 

 

 

Tablo 2.3:  
 

 Boyut (x, y, z) (mm) Merkez konumu (x, y, z) (mm) 

YSS (34, 14, 67) (0, 0, 0) 

Hava (36, 16, 69) (0, 0, 0) 

 

(Dependent variable quantity) olarak manyetik alan birimi yani A/m, kaynak terim 

 

 

 

genel kdd ve Flux) 

z, -Ez, 



19 

 

 

 (2.16) 

 

 (2.17) 

 

 (2.18) 

 

Condition x

y

(2.14) ve (2.15) 

 

 

 

Tablo 2.4:  
 

Sembol   Birim 

H0 Model parametresi 1.8e5 A/m 

Jc0  3.7 x 108 A/m2 

Ec  1 x 10-4 V/m 

n - ) 21  

Hr KM gidergenlik kuvveti 780 x 103 A/m 

0 Hava/YSS  -7 H/m 

K  M0/4/pi A/m 

R  M0/2/pi A/m 



20 

  

 

Tablo 2.5: Yer  ve m konumu. 
 

Dy tri1(t[1/s])*5[mm] 

x2 -25[mm] y2 -50[mm] + y3 

x3 -25[mm] y3 -17[mm] + Dy 

x4 25 [mm] y4 -50[mm] + y3 

x5 25[mm] y5 -17[mm] + Dy 

 

 ((2.11)-(2.15)) 

program dili halinde  

 

 
 

 
 

 Birim 

Hava Rho 1[ohm*m]  

YSS 

Rho (Ec/Jc)*(abs(Jz)/Jc)^(n-1)  

H sqrt(Hx^2+Hy^2)  A/m 

Jc Jc0*exp(-H/H0) A/m2 

model 

Jz Hyx-Hxy A/m2 

Ez Rho*Jz V/m 

 
K*log((((y[1/m]-y3[1/m])^2+(x[1/m]-x3[1/m])^2)*((y[1/m]-

y4[1/m])^2+(x[1/m]-x4[1/m])^2))/(((y[1/m]-y2[1/m])^2+(x[1/m]-

x2[1/m])^2)*((y[1/m]-y5[1/m])^2+(x[1/m]-x5[1/m])^2))) 
A/m 

Hx_yss 
-intop1(Jz*(dest(y)-y)/ 

((dest(x)-x)^2+(dest(y)-y)^2))/2/pi 
A/m 

 
R*(atan((y[1/m]-y2[1/m])/(x[1/m]-x2[1/m]))-atan((y[1/m]-

y3[1/m])/(x[1/m]-x3[1/m]))+atan((y[1/m]-y5[1/m])/(x[1/m]-

x5[1/m]))-atan((y[1/m]-y4[1/m])/(x[1/m]-x4[1/m]))) 

A/m 

Hy_yss 
intop1(Jz*(dest(x)-x)/ 

((dest(x)-x)^2+(dest(y)-y)^2))/2/pi 
A/m 



21 

integrasyon fonksiyonudur. 

2

sonucunda elde edilen  grafiklerinin 

 

 

 
 

 . 
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2.2.

    

  

 

 

 (2.19) 

 

yss  

levitasyon kuvveti Fy 

 

 

 
 

 
 

(kalan mesafe) levitasyon kuvveti 

100 mm 95 mm (5 mm)  

30 mm 25 mm (5 mm)  

20 mm 15 mm (5 mm)  

10 mm 5 mm (5 mm)  



23 

 i

 

 

 
 

 
 

2.3.  

 

vete denir. Maglev tren sisteminin 

 



24 

 (2.20) 

 

Levitasyon kuvvetinde yss 

 [Li et al., 2020]. 

 

 
 

 
 

  

hareke

 



25 

2.4. M

 

gerekmektedir.  

loop) 

  

i

 

 

2.4.1.  

 

 

 

 
(2.21) 

  

 

  

2.4.2.  

 

 



26 

 
(2.22) 

 

-

mesafesine  

 

2.5.  

 

zaman 

 

gerekmektedir

 

nde 

   sayesinde hareket 

isten
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2.5.1.

 

manyet

 

 

 

 
 

  



28 

2.5.2.

 

 

 

 
 

 



29 

in nu ni  

 

 
 

 
 

2.6.   Optimizasyonu 

 

 

  

 

kuvveti 



30 

tiler. Bu 

 

 

 

 
 

F  
tek 

hallbach. 



31 

  

 (1- tasyon, 3-

levitasyon.) 

 

 
 

3 -S, 
(b) tek kutup 3- - -S.  



32 

ch ray 

levitasyon 

aki 

v  

2  (Boyutlar mm cinsindendir.) 

 

 
 

 
 

 (40x40x13 

mm3) 

 

 



33 

 

5 

 

 

.  

 

T  
 

Optimizasyon 
 

- 5 mm kalana 
kadar PMG, 

 

Optimizasyon 
 

-  
-  
- 10  

 

 

 
 

3-S . 



34 

elde edilen 

  (Boyutlar mm cinsindendir.) 

 

                           (a)                                                                    (b) 
 

6: -S PMG, (b) Tek kutup 3-S PMG. Optimizasyon 
ve  

 

2.7.  

 

sayede maglev sisteminin hem levitasyon kuvveti artacak hem de levitasyon kuvvetine 

 

 

2.7.1.  

 



35 

 

turulan kodlar 

 

 

 
 

7  
 
 

                                                                                                      

                          
                                                                                                   



36 

 
                               

8
 

 

20 

 

 

2.7.2. Manyetik K   

 

 



37 

s  

 

 
 

9  
 

 MATLAB 

  

   

 

                                                                      (2.25) 

 



38 

 
 

20  
 

Tablo 2.9: Levitasyon kuvvet  

      

-S  4.707e+08 -2.585e+07 7.794e+05 -1.097e+04 -43.45 

-S 1.329e+09 -3.898e+07 2.126e+05 -181.3 -24.04 

Tek kutup 3-S -1.827e+08 -8.024e+06 8.507e+05 -1.796e+04 -17.91 

Tek kutup 1-S 5.965e+08 -2.573e+07 5.282e+05 -8292 -15.3 

 

2.7.3. Manyetik   

 



39 

 

 

 
 

21 kuvveti  
 

fonksiyon 1. dereceden bir polin

-S 

 

 

                                             (2.26) 



40 

 
 

2.22 -  
 

hareket mesafesi ir. Deplasman 

. 

 

2.7.4.  

 

 



41 

 

 

 
 

3: -
 

 

                                  

 (2.27) 

 

2.7.5.  

 

ile tem

 



42 

 

 

 
 

4 -
sabiti grafikleri. 

         

        (2.28) 

 

Tablo 2.10  
 

 -S -S Tek kutup 3-S Tek kutup 1-S 

Manyetik yatay 

 
18290 8975 11160 11640 

 
 
 
 
 
 
 
 
 



43 

 
 

periletken maglev 

  

10 adet YSS olacak 

  

 

 

 
 

PMG Tipi 
 (N/m) sabiti (N/m) 

 

sabiti (N.s/m) sabiti (N.s/m) 

-S) 
 

(10970-127800) 
18290 52 13 

-S) 
 

(181-167000) 
8975 52 13 

Tek kutup (3-S) 
 

(17960-64120) 
11640 52 13 

Tek kutup (1-S) 
 

(8292-120200) 
11160 52 13 

 

 

 



44 

bir maglev 

derecesine sahip 

daki hareketi dahi 

  

 Buna benzer olarak Guilherme 

 

 

 

 
 

 
 



45 

Tablo 3.2: YSS maglev treninin parametreleri. 
 

Parametre (birim)  

m (kg) 100 

Ix (kg.m2) 8.09 

Iy (kg.m2) 9.695 

Iz (kg.m2) 10.15 

Lz (m) 0.4 

Lx1 (m) 0.335 

Lx2 (m) 0.335 

Ly1 (m) 0.235 

Ly2 (m) 0.235 

 

sisteminin x, Iy ve Iz 

tasarlanan 

treninin 

  meydana 

gelmektedir. 

 

  

3.1. Sistemin Lagrange Hareket Denklemleri ile 
modellenmesi 
 

 

Lagrange denkleminin qi  



46 

 

 (3.1) 

 

fonksiyonunu, Qi sistem i sistemin 

pozisyon  

x y ve z hareketleridir. 

etmektedir. 

kaynaklanan  

 

 
(3.2) 

 

 

 

 

(3.3) 

 

 

 

 

(3.4) 

 

 

 

): 



47 

 

 

 
(3.5) 

 

): 

 

 + ( ) 

 

 

 

(3.6) 

 

): 

 

 

 

 

 

 

 

(3.7) 

 

): 

 

 

 

 

 

 

(3.8) 

Tren ): 

 

 

 
(3.9) 
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3.2. Sistemin Durum Uzay Modelinin elde edilmesi

 

tar

a ve 

 

 

  (3.10) 

 

                                                     (3.11) 

 

                                        (3.12) 

 

                       (3.13) 

 

                             (3.14) 

 

                                (3.15) 
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      (3.16) 

 

     (3.17) 

 

-  Q matrisi 

 

 

 
 

a11= 8*ky;                  
a12= 0;                         
a13= -8*ky*Lz;                                        
a14= 0;                                                   
a15= 4*ky*Lx1-4*ky*Lx2; 
a21= 0;                     
a22= 4*kz;                      
a23= -2*kz*Ly1+2*kz*Ly2;                               
a24= 2*kz*Lx1-2*kz*Lx2;                                   
a25= 0; 
a31= -8*ky*Lz;              
a32= -2*kz*Ly1+2*kz*Ly2;        
a33= 
8*ky*Lz*Lz+2*kz*Ly1*Ly1+2*kz*Ly2*Ly2;           
a34= -Lx1*Ly1*kz+Lx1*Ly2*kz+Lx2*Ly1*kz 
-Lx2*Ly2*kz;        
a35= 4*Lz*Lx2*ky-4*Lz*Lx1*ky; 
a41= 0;                     
a42= 2*kz*Lx1-2*kz*Lx2;         
a43= -Lx1*Ly1*kz+Lx1*Ly2*kz+Lx2*Ly1*kz-
Lx2*Ly2*kz;    
a44=2*kz*Lx1*Lx1+2*kz*Lx2*Lx2;                          
a45= 0;   
a51= 4*ky*Lx1-4*ky*Lx2;     
a52= 0;                         
a53= 4*Lz*Lx2*ky-4*Lz*Lx1*ky;                        
a54= 0;                                                   
a55= 4*ky*Lx1*Lx1+4*ky*Lx2*Lx2; 

b11= 8*cy;                  
b12= 0;                         
b13= -8*cy*Lz;                                        
b14= 0;                                                   
b15= 4*cy*Lx1-4*cy*Lx2; 
b21= 0;                     
b22= 4*cz;                      
b23= -2*cz*Ly1+2*cz*Ly2;                               
b24= 2*cz*Lx1-2*cz*Lx2;                                   
b25= 0; 
b31= -8*cy*Lz;              
b32= -2*cz*Ly1+2*cz*Ly2;        
b33= 
8*cy*Lz*Lz+2*cz*Ly1*Ly1+2*cz*Ly2*Ly2;           
b34=-Lx1*Ly1*cz+Lx1*Ly2*cz+Lx2*Ly1*cz-
Lx2*Ly2*cz;        
b35= 4*Lz*Lx2*cy-4*Lz*Lx1*cy; 
b41= 0;                     
b42= 2*cz*Lx1-2*cz*Lx2;         
b43=-Lx1*Ly1*cz+Lx1*Ly2*cz+Lx2*Ly1*cz-
Lx2*Ly2*cz;    
b44=2*cz*Lx1*Lx1+2*cz*Lx2*Lx2;                          
b45= 0;   
b51= 4*cy*Lx1-4*cy*Lx2;     
b52= 0;                         
b53= 4*Lz*Lx2*cy-4*Lz*Lx1*cy;                        
b54= 0;                                                   
b55= 4*cy*Lx1*Lx1+4*cy*Lx2*Lx2; 
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Tablo 3.4: Kt ve Ct matrislerinin  
 

c1  =  

c2  =  

c3  =  

c4  =  

c5  =  

c6  =  

c7  =  

c8  =  

c9  =  

c10=  

c11=  

c12=  

d1  =  

d2  =  

d3  =  

d4  =  

d5  =  

d6  =  

d7  =  

d8  =  

d9  =  

d10=  

d11=  

d12=  

 

 (3.18) 

 

 
(3.19) 

 

 (3.20) 

 

 (3.21) 

 

simulinkte 

 C matrisi 5x5 lik birim 

matris ile 5x5 lik 

 

 

3.3. Sistemin Yer-  G  
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bulunurken MATLA

 matrisi serbestlik derecesinin iki 

 

 

Tablo 3.5: Yer-  
 

-0.1890  17.4977i -0.1890 + 17.4977i 

-1.0400  39.4831i -1.0400 + 39.4831i 

-0.5749  40.9534i -0.5749 + 40.9534i 

-1.2039  42.4775 -1.2039 + 42.4775 

-2.0694  72.6097i -2.0694 + 72.6097i 
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