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The open space inside torus of superconducting magnetic devices, as against a fusion device, may be used for placing 
elements of mechanical support structure. The toroidal systems with O-shaped and racetrack-shaped coils and support 
elements inside torus are investigated in this paper. Two problems are solved proposed magnets configurations: 
elimination of bending moments in the support system and ensuring uniform mechanical stress in all support elements. 
Support system requirements as well as the volume of a superconducting winding and sizes of toroidal system are 
analyzed. The racetrack-shaped torus support system requirements are approximately the same as corresponding 
values for O-shaped torus with spokes and for traditional systems with geometrically more complicated banded D-
shaped coils. The volume of superconducting winding of toroidal system with racetrack coils is considerably lesser in 
comparison with O - shaped coils and approaches to theoretical minimum for D-shaped torus. Also, the toroidal 
magnet with racetrack coils has minimal radial sizes as compared with other researched configurations. References 25, 
tables 2, figures 8. 
Key words: toroidal superconducting magnetic energy storage, support system, spokes inside torus, size and mass 
parameters. 

 
Introduction. Recent studies have explored some of the important benefits that large-scale SMES 

technology could provide to both the electric power industry [1,2,12] including applications in power 
systems with renewable energy sources [3, 4] and industrial end-users of electric power, particularly those 
that critically depend on a supply of reliable, high quality electricity, such as computer chip and 
pharmaceutical manufacturers, and electric arc steel mills. 

Nowadays it is designed SMES with different value of stored energy. The energy of magnets for 
electric power industry has values from 1-10 MJ [11,16,19] up to 103-105 MJ for large-scale devices 
[8,15,17,24]. The mass of the support structure increases proportionally to the magnetic energy [13] and for 
magnets with large accumulated energy its mass constitutes a major fraction of the mass of all structural 
elements. One of the primary challenges in designing suitable SMES devices is to accommodate as efficiently 
and economically as possible the large mechanical stresses arising from the electromagnetic forces. 

Two ways are known to reduce the mass of the magnet support system in toroidal energy storage 
devices: application of a helical winding configuration resulting in reduced forces [5,21,22,25] and 
application of constant tension D-shaped toroidal coils [9], [20]. In both cases, the winding geometry and 
overall design of the magnet systems become complicated in comparison with storage using simpler and 
cheaper circular, O-shaped coils. 

Support systems usually contain clamping belts around coil windings to resist the large forces that 
are developed when the coils are energized. Because tension is not constant and bending moments are not 
zero in toroidal systems with O-shaped coils, the mass of the support structure becomes much greater than 
the idealized value calculated based on average tension and zero bending moments [7]. As developed in 
magnetic fusion research, toroidal systems with D-shaped coils provide a more optimal distribution of 
mechanical stresses than those with O-shaped coils, eliminating bending moments and producing constant 
tensile stress along the length of the coil case. However, these devices are more complicated and expensive 
to fabricate, resulting in preference often given to SMES devices with O-shaped coils. 

Many studies have sought to define and develop the most advantageous method of supporting the 
coils of toroidal fusion devices, however, none of these studies has considered internal spoke supports since 
the center of the torus of a fusion device contains plasma inside a vacuum vessel. SMES devices, however, 
do not have such restrictions, and may take advantage of the open space inside the individual toroidal coils. 
For this reason, the conceptual design of SMES with spokes placed inside of torus has been proposed in [10, 
14, 23]. The main aim of this paper is to investigate toroidal systems with different configurations of coils to 
reach the minimization of both the volume of structural materials and the mass of a superconductor. For this 
purpose the toroidal magnets composed of circular-shaped coils with various support systems and the 
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magnets consisting of racetrack-shaped coils with spokes are considered. In this type of spoke design all 
components of the support system have no bending moments. There are only either tension (spokes) or 
compression (support rings). The main features of proposed SMES spoke support systems and its parameters 
as well as comparisons with more conventional SMES designs are presented below. 

Mathematical model. An ideal model of toroidal system that has a sufficient number of coils is 
considered. The configuration of each filament is the same as the 
configuration of the curvilinear axis of a coil. The following 
parameters define the geometrical sizes and the configuration of 
toroidal system: a large radius R , a relative radial size of torus cross-
section (aspect ratio) ε  and ratio of the vertical size to the radial size 
of torus cross-section λ  (Fig. 1): 

( )1 2 / 2R ρ ρ= + , ( ) ( )2 1 2 1/ε ρ ρ ρ ρ= − + , ( ) 1
max 2 12zλ ρ ρ −= − .   (1) 

The magnetic field confined within the torus and the induction 
B has only an azimutal component, which is inversely proportional to 
the distance from the z-axis 

( ) 1
0 2B INμ πρ −= ,                                              (2) 

where N is the total number of coils in the torus, I is the current per 
coil (NI is the total of ampere turns in the current sheet or the total 
poloidal current of the torus). 

Equation for energy stored in magnetic field is determined by 
integration with respect to the volume of torus V  and can be written as 

W
V

kRNIdVBW
42

22
0

0

2 μ
μ∫ == ,                                                       (3) 

where Wk  is a dimensionless parameter. 
Each incremental length dl of the coil experiences an electromagnetic force dld fF =  which is 

perpendicular to the surface. The distribution of linear force density, f  along the perimeter of each coil, is 
given by 

/ 2f IB+= ,                                                                        (4) 
where +B  is magnetic fields inside the torus near its surface. 

The total electromagnetic force RF  that acts on each coil is non-zero and it is directed to vertical z-axis 
dllfF

l
R θcos)(∫= .                                                                (5) 

Superconducting magnets with support structure inside torus. The toroidal magnets with circular 
and racetrack shaped coils and support structure inside of torus are investigated below. These toroidal 
configurations have some similar elements and its main parameters are the same while as relative vertical 
size of torus is equal to 1=λ . At first more simple configuration with support structure placed inside 
circular coils (Fig. 2) is examined. Then it is examined the magnets with racetrack shaped coils ( 1>λ ) that 
have some additional elements (Fig. 3). 

1. Toroidal magnets with circular coils and support rings outside of torus. Toroidal system with 

circular coils of radius a  has geometrical parameters 2 1

2 1

a
R

ρ ρε
ρ ρ

−
= =

+
 and 1=λ . The energy stored in the 

magnetic field of torus is given by [20] 
2 2

00,25 WW I N Rkμ= ,                 ⎟
⎠
⎞⎜

⎝
⎛ −−= 2112 εWk                                (6) 

and the linear density force is 

( )θπ
μ

cos42
1 2

0
aR

NIIBf
−

== .                                                         (7) 
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Instead of clamping belts, each circular coil is supported by a number of internal spokes. The spoke 

system aims to solve two mechanical problems: to eliminate the bending moments in the support system and 
to ensure a uniform mechanical stress in all spokes. 

The main components of toroidal SMES and support rings arranged outside of torus are shown in 
Fig. 2. All radial spokes are connected at one central unit. As the central unit has no additional support, the 
sum of forces in the spokes must be equal to zero. For this reason the radial spokes are absent in the sector 
with an angular size 2 0θ  as it is seen in Fig. 2. 

The value of the angle θ0 is determined by           ∫ =
π

θ
θθθ

0

0cos)( df .                                               (8) 

Combining (7) and (8) the following equation to determine the angle 0θ  is given as 

1 1 0
0 2

2 1tan tan 0
1 21

θεπ θ
εε

− −⎡ ⎤− ⎛ ⎞− − =⎢ ⎥⎜ ⎟+ ⎝ ⎠− ⎣ ⎦
.                                                (9) 

The electromagnetic forces distributed along the arc 00 θθθ −≤≤−  must be resisted by additional 
components, support rings, of the support system. The forces arising in the support rings compensate for the 
radial component of magnetic forces and, therefore, the support rings are in compression. The z-directed 

forces that act on the support rings are equilibrated by vertical 
spokes, which are in tension.  

In this proposed support structure design, all 
components of the support system have no bending moments. 
They are either in tension (radial and vertical spokes) or 
compression (support rings). 

To determine the required volumes of the structural 
materials, radial and vertical spokes as well as support rings, it 
is assumed that all spokes have equal stresses σt in tension and 
all support rings have equal stresses σc in compression. 

All spokes are assumed to have equal stresses in tension 
σt. The support ring has stress in compression σc. 

If the radial spokes are located densely enough, the 
mechanical stress in each spoke can be approximated as 

( )/ /t dF dS f l dl dSσ = = , where dS is the area of the radial spoke cross section (Fig. 4, a). 
The volume element of the spoke is given by ( ) ( )/t tdV adS a f l dlσ= = . For circular coils the 

elemental length of perimeter is θaddl = . The total volume of the spokes is determined by the integration 
for θ  gaping from 0θ  to 02 θπ − . The volume of the radial spokes of all N coils is given as 

  

 z Radial spokes 

Support rings 

a θ0 

Vertical spokes Winding

 ρ 

R 

Fig. 2 Fig. 3 

 

dl

- dF= fd l

f

I

dF

dl

dFsin∪

dFR= dF cos∪

a) b)
Fig. 4 



 

16                                                                                    ISSN 1607-7970. Техн. електродинаміка. 2013. № 4 

( ) ( )0
2

22
0

2

1 2
2

0

θπε
πσ

μ
θθ

σ

π

θ
−== ∫

tt
t

RNIdfNaV .                                        (10) 

The volume of the vertical spokes is determined in the condition of equilibrium in the z-direction. In 
this case, as shown in Fig. 4b, ( )2 2/ sin /t zdF dS f ad dSσ θ θ θ= = , where dS2 is the area of the vertical spoke 
cross section. The length of the spokes is not constant, ( ) θθ sin22 al = . After integration, the volume Vt2 of 
vertical spokes of all coils is given as  

( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+−+

−+
== ∫

−
0

0
2

2
22

0
222

sin

112

0

0

θπ
ε
θ

ε

πε
πσ

μθ
θ

θ t
t

RNIdSlNV .                       (11) 

Note that the volume of the vertical spokes is very negligible and these spokes may have a rather 
theoretical interest as, in practice, they may be replaced by an unbroken non-straight cylinder as the 
compression structure [10]. 

The total volume of the structural materials that are in tension will be the sum of the radial and 
vertical spoke volumes, 21 ttt VVV += . Utilizing a RNI 22

0μ  factor appearing in the equation for stored 
energy W in (6), the volume of spokes is as follows: 

1
t t tV W Qσ −= ,       where    ( )1 2 1

01 (1 1 ) sintQ π ε ε θ− −= + − − .                    (12) 

The volume of the support rings that are in compression can be easily defined taking into 
consideration the fact that each support ring is under the action of the uniformly distributed forces, which are 
directed to the center of the ring. Each of the N coils presses down with force θcosdFdFR =  on a ring 
element with length dl (Fig. 4, b). In this case, the ring is in compression with stresses / 2c R cdF N dSσ π= , 
where cdS  is the area of a ring cross section element. The volume of each ring element will be 

( ) ( )12 cos cosc c cdV dS f Na R a dπρ σ θ θ θ θ−= = −  and the volume of all rings is given by  

( ) 0

22
0 sin
2

cos
0

0

θε
πσ

μθθρθ
σ

θ

θ cc
c

RNIdfaNV == ∫
−

.                                         (13) 

Using (6), the volume of the structural materials in compression is 
1

c c cV W Qσ −= ,       where     1 2 1
0(1 1 ) sincQ π ε ε θ− −= − − .                       (14) 

The comparison of (14) and (12) gives 
1+= ct QQ .                                                                       (15) 

A similar equation is valid for toroidal solenoids with momentless constant tension coils. The 
equation is also valid for magnets with O-shaped coils and support belts around the coils, but only if tσ  is 
the average stress value and the bending moments are not taken into consideration [6]. The research has 
shown that equation (15) has a more general application; it is appropriate for toroidal magnet systems with 
spokes as the tension structure. 

2. Toroidal magnets with racetrack shaped coils. The toroidal systems with the racetrack coil 
configuration also allow the usage of spokes as a support structure, and systems with O-shaped coils make a 
particular case of this configuration. Each coil has upper and lower semicircular parts with radius a  and a central 
straight part with length h  (Fig. 3). 

The geometrical parameters which characterize the toroidal magnet configuration with a racetrack-
shaped system include a aspect ratio of torus Ra=ε  and a ratio of the vertical to the radial sizes of the 
torus cross-section ( ) aha 22 +=λ . In comparison with an O-shaped torus the racetrack-shaped coil system 
has additional elements, namely, a central spoke, horizontal spokes, a backing cylinder. As well as for O-
shape torus, all construction elements have no bending moments, additional spokes have constant stresses in 
tension and the backing cylinder has constant stresses in compression. 

Equation for dimensionless parameter Wk  of the magnetic field energy ( )2 2
0μ , / 4WW I N Rk ε λ=  is  

                                    ( ) ⎟
⎠
⎞

⎜
⎝
⎛

−
+−

+−−=
ε
ε

π
λεελε

1
1ln)1(112, 2

Wk .                                              (16) 



 

ISSN 1607-7970. Техн. електродинаміка. 2013. № 4                                                                                    17 

The sum of forces in the radial spokes must be equal to zero. So, the radial spokes are absent within 
the angles 00 θθ ≤≤ , where 0θ  is the same as for O-shaped coils (14). The electromagnetic forces here, as 
well as at the straight part, are balanced by the reaction compression forces in the support rings and the 
backing cylinder. 

The choice of the permissible mechanical stress in vertical spokes allows to determine their cross 
section ( )1

2 sintdS f a dσ θ θ θ−= . Taking into account the fact that the lengths of vertical spokes are 
)2/sin(2)(2 hal += θθ , after the integration for θ  from 0 to 0θ  the volume of all vertical spokes will be the 

following:    2

2
0

2 2 t
t

t kRIV
σ

μ
= , where ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
−−

+−++
−+

=
ε

θε
ε

λπθ
ε
θ

ε

π
π
ε

1
cos1ln)1(sin

11
0

0
0

2

2

2tk .      (17) 

The horizontal spokes compensate the electromagnetic forces at the straight part of the winding on 
the external side of torus as shown in Fig. 5 a. If the spokes are located densely enough, their volume is  

3

22
0

3 2
2

t
tht

t kRNIfdlaNV
σ

μ
σ

== ∫ , where 
)1(
)1(2 2

3 επ
λε
+

−
=tk .                                (18) 

The volume of the central spokes 44 hSVt =  is determined in the condition of equilibrium in the z-
direction. The cross-section of all central spokes 4 /z tS F σ=  is defined as the total force zF  that acts on the 
upper-half torus in the sector with the angular size πθθ <<0 (Fig. 5b). Therefore, this volume is given by 

4

22
0

4 2
sin

0

t
tt

t kRNIdlfhNV
σ

μθ
σ

π

θ
== ∫ ,      where      

0
4 cos1

1ln)1(
θε

ε
π

λε
−

+−
=tk .               (19) 

The total requirements of the 
structural materials that are in tension is the 
sum of the radial, vertical and central spoke 
volumes 4321 ttttt VVVVV +++= . Utilizing 

the factor RNI 22
0μ  appearing in the 

equation for the stored energy W in (16), 
the volume of spokes is as follows: 

 

t
t

t QWV
σ

= , 
W

tttt
t k

kkkkQ 4321 +++
= .  (20) 

The volume of the support rings and 
the backing cylinder comprises the volume 
of the structural materials in compression.  

The volume of the support rings is the same as for circular coils (13) and can be written as follows: 
( ) 1 2 2

1 0 12c t cV I N Rkσ μ−= , where 1
1 0sinck επ θ−= .                                        (21) 

The backing cylinder is under the action of the uniformly distributed forces, which are directed to the 
center of the cylinder. This support element compensates the difference between the forces 21 FFFR −= , 
acting on the straight part of the winding: 1F  at 1ρρ =  and 2F  at 2ρρ =  of the torus. The backing cylinder 

is in compression with stresses ( ) 12c R cF N Sσ π −= , where cS  is the cross-section area of the backing 
cylinder wall. From this equation the volume of the backing cylinder is given by 

2

22
0

12 2
2 c

c
cc kRNISV

σ
μπρ == ,     where     

)1(
)1(2 2

2 επ
λε
+

−
=ck .                                     (22) 

The total volume of the structural materials being in compression is the sum of the support rings and 
the backing cylinder volumes 21 ссс VVV += . Using (16), the volume of the structural materials in 
compression is   

                                   1
c c cV W Qσ −= ,             where       ( ) 1

1 2c c c WQ k k k −= + .                                    (23) 

-dF=fdl
f

b)a)
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The comparison of (20) and (23) gives the same condition 1+= ct QQ  as for O-shaped coils and in 
this case for racetrack-shaped coils it may be written as  

Wct kkk += ∑∑ .                                                                  (24) 
3. Comparison of Support System Requirements. If the permissible mechanical stresses in tension 

and compression are equal, a general dimensionless parameter characterizing the requirements of the 
structural materials can be applied. As the volume of the structural materials is determined by 

( )1
t c t cV V V W Q Qσ −= + = + , general parameter is the sum  

ct QQQ += .                                                                      (25) 
The values of the Q  parameter for toroidal magnet systems with spokes at different aspect ratios of 

torus ε are presented in Table 1. The factor Q is compared for torus with spokes inside O-shaped coils and 
racetrack-shaped coils at 89.1=λ , and traditional configuration systems with support belts for O-shaped 
coils and D-shaped coils. 

The results (Table 1) show that for the racetrack-shaped coils the Q  parameter practically does not 
depend on λ  and the volume of the support system requirements does not exceed the values for D-shaped 
toroidal system at the same ε  as well as for O-shaped coils with spokes and support rings outside of torus. 

Size and volume of superconducting materials. The total cost of superconducting magnets 
depends on the geometrical configuration which determines the size and the mass of storage. The 
superconducting winding consists of expensive materials so finding an optimal configuration is important. 
Table 1 

The maximal induction of the magnetic field mB  on 
the superconducting winding takes place on the 
internal side of torus at 1ρρ =  

    ( ) ( )1
0 2m BВ IN R kμ π ε−= , where ( ) 1( ) 1Bk ε ε −= −   

                                                                               (26) 
Expressions (6) and (26) give a system of 

equations for large radius R and the total ampere turns 
IN  of coils as functions of initial SMES parameters: 
energy W and the maximal value of the magnetic field 
Bm. Using (6) and (26) the required parameters are the 
following: 

( )εμ
Rk

B
WR 3/2

m

3/1
0

3/1
= ,  where ( )ε

μ I
m kBWIN 32

0

3131
= .  (27) 

Here dimensionless parameters are 
                                       2 3 2 3 1 3

R B Wk k kπ − −= ,                     where ( ) 1/ 31 32I W Bk k kπ
−

= .                                  (28) 

Now let us determine the equations to define the volume of the superconducting winding of all coils 
with constant cross-section  

NSlVsc = .                                                                     (29) 
The area of coil cross-section is mjIS = , where mj  is a permissible maximal density current of the 

superconducting winding. The length of the coil curvilinear axis can be written as Rkl l= , where a 
dimensionless parameter lk  connects the length of a coil with a large radius of the torus, R. 

The combination of (28) and (29) yields 

Vsc
mm

l
m

sc k
Bj
Wk

j
IRV 3/1

0
3/1

3/2

μ
== ,                                                     (30) 

where the dimensionless parameter is 1/ 3 2 / 32Vsc l B Wk k k k −= . 
In the general case parameter lk  is [ ])1(22),( −+= λπελεlk  and other dimensionless parameters for 

the racetrack-shaped coil system are determined according to the equations (16) and (26) above. 

ε  *1 2 3 4 

 

    

0.1 2.812 2.81 2.813 3.01 
0.2 2.643 2.638 2.649 3.041 
0.3 2.488 2.481 2.5 3.097 
0.4 2.345 2.338 2.362 3.182 
0.5 2.21 2.204 2.232 3.309 
0.6 2.081 2.079 2.104 3.5 
0.7 1.953 1.958 1.976 3.801 
0.8 1.823 1.836 1.838 4.333 
*1 − Racetrack Coils, 2 − O-coils with spokes and support rings 
outside of torus, 3 − D-coils, 4 − O-coils with support belts 
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This allows to give the following expressions: 
 

    
1 3

2 2 2 ( 1) 1( , ) 2 (1 ) 1 1 ln .
1Rk ε λ εε λ π ε ε

π ε

−
⎡ ⎤− +⎛ ⎞= − − − +⎜ ⎟⎢ ⎥−⎝ ⎠⎣ ⎦

 

                                                                                        (31) 
( , ) 4 ( 2( 1))Vsck ε λ ε π λ= + − ×      

       
1 32

2 ( 1) 14 (1 ) 1 1 ln
1

ε λ επ ε ε
π ε

−
⎡ ⎤− +⎛ ⎞× − − − +⎢ ⎥⎜ ⎟−⎝ ⎠⎢ ⎥⎣ ⎦

.   (32) 

 
The results of the Vsck  parameter calculation is 

plotted in Fig. 6 as a function of two geometrical 
parameters ε  and λ . The dimensionless parameter Vsck  
has a minimum value ( ) 99.11, minmin =λεVsck  at 

0.63min =ε , 89.1min =λ . The defined ( )minmin ,λεVsck  
value is approaching to the minimum of analogous 
parameter for D-torus that equals  

                                 ( ) 70.11, minmin =DDDVsck λε  at 0.68min =Dε , 75.1min =Dλ   
and corresponds to the theoretical minimum for toroidal system [18]. 

The calculated results in Fig. 7 indicate that the minimal volume of superconducting materials for 
system with racetrack coils is practically the same as for D-shaped coil torus at aspect ratio 6.0≈ε  for both 
configurations. On the contrary, the racetrack-shaped coil system ( minλλ = ) has a considerably lesser 
volume of superconducting winding in comparison with the usual O-shaped coils ( 1=λ ). 

Fig. 8 illustrates the influence of the relative size of the torus cross-section on the value of the large 
radius. As indicated in the figure, the lower values of the dimensionless parameter Rk  have magnets with the 
racetrack-shaped coils. The parameter Rk  has a minimum value at 52.0=ε  for O-torus, at 53.0=ε  for 
racetrack torus, and at 6.0=ε  for D-torus. 

Example of SMES. The calculated size and volume 
parameters of SMES are given in Table 2 as an example for the 
following initial parameters: 4,0=ε , 2,2=λ , 350== ct σσ  

MPa, 450=W MJ , 5=mB Т, 7104 ⋅=mj  А/m2. 
In Table 2 2ρ  is a maximal radial size of torus 

)1(2 ερ += R  (Fig. 1); ΣV  being the total volume of the 
support system and V1 being the volume of the spokes or 
support belts. For momentless constant tension systems V1 is 
equal to Vt (D-shaped torus and coils with spokes). For O-
shaped coils with the support belts the volumes V1 (upper 
values) are calculated with regard to the bending moments 
and the non-uniform tension along the coil perimeter. In this 
case, the belt of the constant cross section calculated at the 
maximum mechanical stress has been chosen, and position of 
the support rings corresponds to the minimal value ΣV  for 
such designs. The data under the line for volumes V1 and ΣV  
are calculated at average values of stresses and without the 
bending moments. These data are, probably, a theoretical 
limit for the volume of this support structure. 

 
 
 

 

0.2 0.4 0.6 0.8 

12 

14 

16 

18 

0 

1
2

3

Fig. 7 
ε

Vsck

0.2 0.4 0.6 0 0.8

1 

1.5 

2 
1 

3 

2 

Rk  

Fig. 8 

 

Fig. 6 



 

20                                                                                    ISSN 1607-7970. Техн. електродинаміка. 2013. № 4 

Table 2 
Conclusion. The internal volume of 

toroidal coils of SMES devices can be used for the 
placement of the support system components, to 
minimize the volume and the cost of the structure 
material. The proposed systems, with spokes 
placed inside each simple O-shaped and racetrack-
shaped toroidal magnet coil, solve two mechanical 
problems: the elimination of the bending moments 
in the support system and ensuring a uniform 
mechanical stress in all the spokes and the 
supporting structure. 

The toroidal magnetic system composed 
of racetrack-shaped coils with spokes inside 
torus has a considerably lesser volume of a 
superconducting winding in comparison with O-
shaped coils and is close to the theoretical 

minimum which is realised for toroidal magnets with D-shaped coils. The volume of the support system 
requirements of racetrack-shaped torus is approximately the same as the corresponding values for O-shaped 
torus with spokes and for geometrically more complicated traditional D-shaped toroidal system. Thus, the 
toroidal SMES with spokes and racetrack-shaped coils could provide attractive alternatives to conventional 
coil systems in the development of SMES devices. 
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Розглянуто тороїдальні магнітні системи, внутрішній об’єм яких використовується для розміщення там елементів механічної утри-
муючої системи. Досліджено системи з котушками круглої і рейстрекової форм. Запропонованo утримуючу систему, у якій відсутні 
згинаючі моменти і забезпечено однакові значення механічних напруг в елементах конструкції. Проведено аналіз розмірів тороїдальних 
соленоїдів і об’ємів надпровідної обмотки та матеріалу механічної утримуючої системи. Показано, що об’єм утримуючої системи 
практично однаковий для соленоїдів із стяжками для котушок як рейстрекової, так і круглої форм, а також для більш складних за 
геометрією D-подібних котушок, для яких необхідним є механічний бандаж навколо периметру котушок. Об’єм надпровідної обмотки 
для накопичувачів з рейстрековими котушками є значно меншим, ніж з круглими і наближається до теоретичного мінімуму, який 
мають тороїдальні соленоїди з D-подібними котушками. Показано, що тороїдальні магнітні системи з рейстрековими котушками 
мають найменші радіальні розміри порівняно з іншими досліджуваними конфігураціями.  Бібл. 25, табл. 2, рис. 8. 
Ключові слова: тороїдальний надпровідний індуктивний накопичувач енергії, механічна утримуюча система, масогабаритні параметри. 
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Рассмотрены тороидальные магнитные системы, внутренний объем которых используется для размещения там элементов ме-
ханической удерживающей системы. Исследованы системы с катушками круглой и рейстрековой форм. Предложена конфи-
гурация удерживающей системы, у которой отсутствуют изгибающие моменты и обеспечены одинаковые механические на-
пряжения в элементах конструкции. Проведен анализ размеров тороидальных соленоидов и объемов сверхпроводящей обмотки и 
материала механической удерживающей системы. Показано, что объем удерживающей системы практически одинаковый для 
соленоидов со стяжками для катушек как рейстрековой, так и круглой форм, а также для более сложных по геометрии D-об-
разных катушек, для которых необходим также механический бандаж вокруг периметра катушек. Объем сверхпроводящей об-
мотки для накопителей с рейстрековыми катушками является значительно меньшим, чем с круглыми и приближается к теоре-
тическому минимуму, который реализуется в тороидальных соленоидах с D-образными катушками. Показано, что торо-
идальные магнитные системы с рейстрековыми катушками имеют наименьшие радиальные размеры по сравнению с другими ис-
следованными конфигурациями.  Библ. 25, табл. 2, рис. 8. 
Ключевые слова: тороидальный сверхпроводящий индуктивный накопитель энергии, механическая удерживающая система, 
массогабаритные параметры. 
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