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COAXIAL TRANSFORMER FOR POWER ELECTRONICS -  
TECHNOLOGY OF PROTOTYPE AND ITS CHARACTERISTICS

S u m m a ry . T he coax ia l tran sfo rm er fo r h igh  p o w er conversion  is the aim  o f  th is w ork. 
T he p ap e r contains an id ea  o f  the transfo rm er, its novel techno logy  and  characteristics. 
T he coax ia l tran sfo rm er is a system  o f  coax ia lly  arranged  p ipes d iv ided  b y  a  th in  layer o f  
e lec trica l insu lation . T he tran sfo rm er has h igh  effic iency  o f  98%  w ith in  the b road  range o f  
load , h igh pow er density , approx . 75 kW /kg , good  coup ling  and  sm all leakage inductances 
(FE M ). T he experim ental tran sfo rm er is a  p rac tica l verifica tion  o f  th is idea. The novel 
m ethod  o f  m anu fac tu ring  techno logy  is developed  fo r the p resen ted  transform er. The 
characteristics o f  the p ro to type  tran sfo rm er p resen ted  in  this p ap e r are p rim arily  effic iency  
and p o w er density . T he transfo rm er p roperties are determ ined  on the basis o f  FEM  
sim ula tions and  m easurem en ts. T he experim en ta l resu lts a re  com pared  w ith  those 
ob ta ined  from  F E M  analysis.

WSPÓŁOSIOWY TRANSFORM ATOR ENERGOELEKTRONICZNY -  
TECHNOLOGIA W YKONANIA I JEGO CHARAKTERYSTYKI

S tre sz c z e n ie . P rzedm io tem  p racy  je s t  tran sfo rm ato r energoelek tron iczny  dużej m ocy. 
W  p racy  op isano  ideę transfo rm ato ra , zap roponow ano  n o w o czesn ą  technologię  je g o  
w ykonan ia  o raz  op isano  podstaw ow e w łaściw ości. T ransfo rm ato r w spó łosiow y  je s t 
uk ład em  w spó ło s iow ych  ru r p rzedz ie lonych  w ars tw ą  izo lacji. T ak i układ  zapew nia  dobre 
sp rzężen ie  m iędzy  uzw ojen iam i o raz  m in im alizu je  stra ty  m ocy  w  uzw ojeniach . 
O p isyw any  w  p racy  tran sfo rm ato r charak teryzow ał się sp raw n o śc ią  pow yżej 98%  
w  szerok im  zakresie  obciążeń  o raz  gęsto śc ią  m ocy oko ło  75 kW /kg  (FE M ). W  celu 
po tw ierdzen ia  ko rzystnych  w łaśc iw ości tran sfo rm ato ra  zbudow ano  je g o  prototyp. 
W  p racy  zaproponow ano  no w o czesn ą  techno log ię  w ykonan ia  transfo rm ato ra , po leg a jącą  
n a  odpow iedn im  nanoszen iu  c ienk ich  w arstw . P odstaw ow e charak terstyk i transfo rm ato ra  
op isyw ane w  p racy  to sp raw ność i gęstość  m ocy. W ynik i pom iaró w  porów nane zosta ły  z 
w yn ikam i sym ulacji kom puterow ych  M ES.
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1. IN T R O D U C T IO N

T he h igh  frequency  p o w er co n v ers io n  requ ires th a t the transfo rm ers should  have  b e tte r 
p erfo rm ances th an  the standard  ones. T he fo llow ing  param eters: pow er/m ass [kW /kg], 
p o w er/vo lum e [W /cm 3], e ffic iency , coeffic ien t o f  coup ling  and  frequency  dependen t vo ltage 
ratio  a llow  estim atin g  these  perfo rm ances. A  coax ia l tran sfo rm er has b een  exam ined  m any  
tim es, e.g. [2] to  [6]. It has b een  p roved  th a t tran sfo rm ers p roposed  in  [4, 5] and  [6] exh ib it 
b e tte r  p ropertie s  than  m u ltitu m  so lu tions described  in  [2] and  [3], In  p rev ious w orks the 
au thors o f  th is  p ap e r w ere  m ain ly  concen tra ted  on th e  sy stem atic  com puta tional analysis o f  the 
coax ia l tran sfo rm er o f  th e ir design  [4, 6], It is based  on  a p rim itive  tran sfo rm er w here  p rim ary  
and  secondary  are  o f  one tu rn  and bo th  are  m ade o f  tube . P rim ary  p ip e  is inside the secondary . 
T he p ap er is d evo ted  to experim en ta l exam ina tion  o f  th is tran sfo rm er (w ith  m agnetic  core). 
T he spiral and  linear fo rm s o f  the tran sfo rm er are  d iscussed  a t the  beginn ing . T hen  techno logy  
o f  its fab rica tion  is p resen ted . A fte r tha t, an  experim en ta l linear tran sfo rm er is specified . The 
resu lts  o f  FE M  ana ly s is o f  the experim en ta l linear tran sfo rm er are  g iv en  in  the subsequent 
section . N ex t step  delivers the descrip tion  o f  th e  experim en ta l se t up (H F inverter, ca lo rim eter, 
e tc .). O ne befo re  last sec tio n  con ta ins m easu rem en ts  resu lts . C onclusions are  th e  last p art o f  the 
paper.

2. O V E R V IE W  O F T H E  S U B JE C T

T he coax ia l tran sfo rm ers rep o rted  in  lite ra tu re  are designed  fo r h ig h  frequency , bu t 
p red o m in an tly  fo r low  p o w er app lica tions, i.e. in  te lecom m un ica tions [1], T he coaxia l 
tran sfo rm ers are  k n o w n  a lso  fo r h ig h er p o w er app lica tions, [2, 3 , 5] bu t they  opera te  w ith in  a 
low  frequency  ran g e  (10 to  100 kH z). T he tran sfo rm er p resen ted  in  [2] d ed ica ted  to  contac tless 
energy  tran sfe r w as ex p erim en ta lly  verified  at 10 kW . Its p ropertie s are  p resen ted  in  T ab le  I 
u n d er the nam e "U niversa l" . T he tran sfo rm er p resen ted  in  [3] - "A ctively  coo led" is o f  sim ilar 
construction . B ecause  o f  w a te r coo ling  it has re la tiv e ly  h igh  ou tpu t pow er, 120 kV  A. A  th ird  
coax ia l tran sfo rm er rep o rted  in  literatu re  [5] is a  p ro d u c t o f  A B B  C o rpo ra tion  designed  for 
m u ltileve l converters. Its p ropertie s  are  b e tte r in  com parison  w ith  such  p ro p ertie s  o f  a  
conven tional tran sfo rm er [9] opera ting  a t 50 Hz. B esides, p ropertie s o f  o th er h igh  frequency  
tran sfo rm er are  p resen ted  in  T ab le  1.

T ab le  1
P roperties o f  p o w er tran sfo rm ers repo rted  in  literature

T ra n s fo rm e r  type F req u en cy E fficiency O u tp u t
po w er

Pow er/m ass
density

P o w er/vo lum e
density

kHz % kW kW/kg W/cmJ
Universal [2] 77 99.0 10 5.8 -

Actively cooled [3] 20 99.6 120 24.8 59.5
ABB [5] 10 99.3 350 7 -

Payton Group [8] 5 0 -  1000 =98 0.01 - 2 0 6.67 -
Product Center [7] high =98 - - 36.6
Tabtronics [9] 0.05 92.7 0.3 0.11 0.42
Tabtronics [9] 0.05 96.3 1.9 0.16 0.68
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The transformers presented in Table 1 can be treated as a representative sam ple for this 
class. This overview  allow s stating that such a coaxial transformer has not been analyzed in 
such a w ay as is proposed in this work.

3. IDEA OF THE C O A XIA L TRA NSFO RM ER

The concept o f  an ideal coaxial transformer is given  in Fig. 1, where windings are in the 
form o f  straight tubes. The inner tube is the primary w inding, the m iddle one is the secondary  
and the outer forms a ferrom agnetic core. A  thin layer o f  insulation is placed betw een the 
primary and secondary w indings. The transformer is supplied by AC voltage and loaded. The 
flux and current density along the circum ference o f  the cross-section o f  the w indings and the 
core are uniformly distributed. It is illustrated in Fig. 2.

Fig. 1. Idea o f coaxial transformer
Rys. 1. Idea transformatora współosiowego

.034023 .039323 .044623 .049923 .055223

Fig. 2. Magnetic flux distribution in the magnetic core o f ideal coaxial transformer
Rys. 2. Rozkład strumienia magnetycznego w  rdzeniu idealnego transformatora współosiowego

In order to have the series inductance o f  the transformer as sm all as possible it is 
necessary to bind the tubular coaxial w indings to get the form depicted in Fig 3a. This is the 
spiral transformer. Another approach results in the linear transformer - Fig. 3b. The series 
inductance is com posed o f  the inductance o f  relatively long connecting wires and leakage 
inductances o f  the transformer.

W hen the frequency range is relatively low  (up to a few  M H z), the ferromagnetic core for 
a transformer is needed. At a frequency above this lim it coreless solution could be more 
reasonable. Tubular w indings make it possib le to use water cooling.
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Fig. 3. Two solutions o f the coaxial transformer - spiral (a) and linear (b), tum-to-tum ratio 2:1
Rys. 3. Dwa rozwiązania transformatora współosiowego -  spiralny (a) i liniowy (b), przekładnia 

zwojowa 2:1

4. T E C H N O L O G Y  O F M A N U F A C T U R IN G

T he tech n o lo g y  o f  m anufactu ring  w as e labo ra ted  to  ob ta in  the sm allest possib le  leakage 
inductances and  the h ig h es t p o ss ib le  coeffic ien t o f  coup ling , and  also  m in im ized  losses. F irst 
tw o requ irem en ts  can  be  ob ta ined  w hen  the in su la tion  layer th ickness is as sm all as possib le . In 
o rder to  m in im ize  w ind ing  losses one has to  assum e the th ickness o f  w ind ing  tubes equal to 
doub le  sk in  dep th  [3].

F o r the assum ed  frequency  o f  1 M H z the sk in  dep th  fo r co p p er is 67 pm . It p roduces very  
sm all th ickness o f  tran sfo rm er w ind ings (a round  0.15 m m ). Such a th in  in n er tube  w ithou t any  
add itional fo rm er is too  d elica te  to  be  the tran sfo rm er support. T herefo re  m uch  th icker than  
doub le  dep th  o f  pen e tra tio n  inner tube  w as assum ed  (0.5 m m ). In  o rd e r to  ob ta in  very  sm all 
in su la tion  layer and  sm all th ickness o f  w ind ings special techno log ica l p rocess  w as used.

T he tran sfo rm er in su la tion  is m ade o f  PT F E  (P o ly te trafluoroethy lene). M any  d ifferen t 
m ateria ls  o f  in su la tion  layers w ere  tested  i.e. A120 3, T i0 2, C e 0 2, M gF 2 and  S i0 2. T he P T F E  
p ropertie s  w ere the m ost advan tageous from  elec trica l and  m echan ica l p o in t o f  v iew . T he 
th ickness 100 p m  o f  th is layer w as chosen  to have insu la tion  w ith s tand ing  500 V  D C. It w ou ld  
be sligh tly  th in n e r b u t it is n o t m echan ica lly  accep tab le . B ecause o f  low  adhesiv ity  betw een  
co p p er deposited  o n  P T F E  th e  add itional layer o f  T itan iu m  w as deposited . Its th ick n ess  w as 
100 to  400  nm . N ex t layer w as ou ter w ind ings o f  copper. T he th ickness o f  th is layer is around  
140 pm . F o r p ro tec tio n  o f  m echan ica l defec ts and  ox ida tion  o f  o u te r co p p er layer, the 
add itiona l m ost o u te r lay e r o f  P T F E  w as p laced . F orm ing  inner tube  as a  sp ira l w as the first 
step  in  th e  m anufactu ring , n ex t th in  layers w ere  p laced . T he d im ensions o f  such  design  are 
show n in Fig. 4. T he tran sfo rm er w ind ings p rep a red  fo r 2:1 o f  tu rn -to -tu m  ratio  and 
tran sfo rm er d im ensions are d ep ic ted  in  F ig . 5. T he d iam eters are as fo llow s: D  =  50 m m , 
H  =  10 m m , dc =  10 m m , d00 =  5 m m , djj =  4 .2  m m .

T he construc tion  o f  c lam ps and  in te rw ind ing  connections is the serious prob lem . It is 
because  th e  c lam ps and  in terw ind ing  connections have to  be robust and  a ttached  to  a delicate  
ou ter w ind ing . T he so lu tion  is g iv en  is F ig . 6 w here  c lam ps and  in te rw ind ing  connections are 
connec ted  e lec tro ly tica lly . B ecause  the construc tion  o f  c lam ps and  in te rw ind ing  connections is 
n o t ready  fo r m anu fac tu ring  on ly  the th ick  v a rian t o f  the linear tran sfo rm er is labora to ry  tested .
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A x is  o f tubu lar

Fig. 4. Dimensions o f layers o f thin construction o f spiral and linear transformer (given in pm) 
Rys. 4. Wymiary cienkościennej konstrukcji transformatora współosiowego (dane w pm)

Fig. 5. Windings o f the spiral transformer (clamps excluded) and dimensions o f the transformer with 
ferromagnetic core

Rys. 5.Uzwojenia transformatora spiralnego (wyprowadzenia zdemontowane) i jego wymiary wraz 
z rdzeniem ferromagnetycznym

Fig. 6. Cross-section o f the clamps and interwinding connections, 1 , 2 -  copper tubes, 3, 4 - PTFE 
layer, 5 - copper connecting muff, 6 - clamp welded to muff, 7 - electrolytically deposited 
copper

Rys. 6. Przekrój przez uzwojenia wraz z wyprowadzeniami, 1 , 2 -  rurki miedziane, 3 , 4 -  warstwy 
PTFE, 5 -  miedziany pierścień łączący, 6 wyprowadzenie, 7 -  elektrolitycznie naniesione 
połączenie miedziane
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5. S P E C IF IC A T IO N  O F P R O T O T Y P E  L IN E A R  T R A N S F O R M E R

T he p ro to type  coax ia l linear tran sfo rm er w as m anufac tu red  fo r labora to ry  tests. It is linear 
th ick  type  described  add itionally  la te r in  the sec tion  “R esu lts o f  F E M  ana ly s is” . T he 
d im ensions o f  the tran sfo rm er are  show n in  Fig. 7. It is com posed  o f  fou r sec tions tha t are 
ind ica ted  on  the left hand  side in  F ig . 7. E ach  section , b eg inn ing  from  the center, is m ade  o f  
in n er co p p er tube , insu lation , ou ter tube  and the tube  m ade o f  m agnetic  core.

Fig. 7. Dimensions o f the prototype coaxial linear transformer 
Rys. 7. Wymiary prototypowego transformatora liniowego

T he in su la tion  m ade o f  g lass fib re  has th ickness o f  0.5 m m . T he to ta l n u m b er o f  core 
rings, T N 13 .5 /7 /5 -3F 3  - each  5 m m  w id th , is 48. It p ro d u ces the tran sfo rm er leng th  o f  60 m m  
th a t is one h a lf  o f  the circum ference  o f  one tu rn  o f  the sp iral transform er. It is so because  it 
g ives certa in  equ iva lency  be tw een  the sp iral and  linear construction . T he pho tograph  o f  the 
experim en ta l tran sfo rm er is show n in  F ig . 8. T he in te rw ind ing  co p p er connections are  so ldered  
w ith  tin  b u t it is p lanned  to  bond  th em  w ith  laser in  fu ture

Fig. 8. The prototype coaxial linear transformer (tum-to-tum ratio 2:1)
Rys. 8. Prototypowy transformator liniowy (przekładnia zwojowa 2:1)

6. R E S U L T S  O F  FE M  A N A L Y S IS

F o u r va rian ts  o f  the coax ia l tran sfo rm er w ere analyzed . T w o o f  them  are sp iral w hile  tw o 
o th er are  lin ea r ones. T he first v a rian t o f  the spiral tran sfo rm er is ca lled  "thin" because  the 
w alls  o f  w in d in g  o u te r tube  and  the insu la tion  b e tw een  w ind ings are th in  (around  100 pm ). T he
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second  varian t o f  the sp iral tran sfo rm er is nam ed  "thick" since the w all o f  the ou ter tube and 
the in su la tion  be tw een  w ind ings are  th ick  (around  500 pm ). S im ilar descrip tion  can  be g iven 
for tw o linear varian ts o f  the transform er.

T he coaxial tran sfo rm er described  in  the p rev ious section  -  “T echno logy  o f  
m anu factu ring” - w as analyzed  basing  on F E M  (A N SY S softw are [10]). T he energy 
param eters are  the resu lts  o f  th is analysis. T he se lected  characteristics o f  the  coaxia l 
transfo rm er ob ta ined  by  FE M  (A N SY S so ftw are) are  p resen ted  below . T he tran sfo rm er energy 
param eters defined, are: effic iency , ou tpu t pow er and  pow er density  (pow er/m ass and 
pow er/vo lum e ra tio ). T hese p aram eters are ca lcu la ted  a t the assum ed p o w er losses (20 W ) that 
can  be  ex trac ted  by  coo ling  system . T he resu lts  fo r 1 M H z are p resen ted  in  T ab le  2.

T able 2
Pow er p ropertie s o f  the coax ia l tran sfo rm er (F E M ) at 1M H z (at m ax im um  efficiency)

T ransfo rm er type n UlN P2n I2N AP«., R|oad
[%] [V] [kW] [A] [W] [Q]

Spiral thin 99.5 109.8 4.28 78.2 20 0.7
Spiral thick 99.2 108.5 4.16 77.5 20 0.7
Linear thin 99.5 112.1 4.36 80.0 20 0.73

Linear thick 99.3 110.8 4.21 79.2 20 0.72

T he first im portan t energy  param eter is the effic iency . O ne can  observe that the effic iency  
is n ear the sam e fo r all fou r varian ts o f  the transfo rm er. T he characteristic  o f  the effic iency  vs. 
secondary  cu rren t fo r the sp iral th in -w alled  tran sfo rm er a t 1 M H z is dep icted  in  F ig  9. The 
m ax im um  value  o f  the e ffic iency  is reached  in  the reg ion  o f  100 A.

Fig. 9. Efficiency vs. load current [A] o f spiral thin-walled transformer at 1 MHz 
Rys. 9. Sprawność transformatora cienkościennego jako funkcja prądu przy 1 MHz

F o r 1 M H z th e  ratings o f  the sp iral th in -w alled  tran sfo rm er are: P out =4.28  kW , U] = 1 10 V, 
tj =  99.5% . T he to ta l pow er losses in  the tran sfo rm er are a  sum  o f  the pow er losses in w ind ings 
and in  the m agnetic  core. A t the m ax im um  effic iency  the pow er losses in  w indings are 11.1 W , 
w hile  in  the m agnetic  core they  are o f  8.9 W . V ery  h igh  pow er density  is a lso  im portant 
advantage o f  the coax ia l transform er. T he pow er/m ass ra tio  o f  the analyzed  transfo rm er 
(volum e perm itted  b y  d iam eter 40  m m  and  heigh t 20 m m ) is 75 kW /kg, w hile the 
pow er/vo lum e ratio  is around  200 W /cm 3. It is necessary  to  em phasize tha t the m ore in tensive 
cooling  causes the h igher pow er/m ass ratio . In  the exam ined  case the in tensity  o f  cooling  is 
ra ther low . It m eans th a t it is poss ib le  to  increase  the pow er/m ass ratio  by  im proving  the 
cooling  system .



26 B. G rzesik , M . S tępień , Z . K aczm arczyk , M . Z ygm anow sk i. E  M aciak

7. E X P E R IM E N T A L  SE T -U P

A  labo ra to ry  u n it w as bu ilt specia lly  fo r th is w ork. It is com posed  o f  a C lass E  inverter, 
ex am in ed  tran sfo rm er, load  and w ater coo ling  system  - Fig. 10. T he C lass E inverte r (F ig. 11) 
o pera tes  a t 1 M H z w ith  m ax im um  ou tpu t p o w er o f  1 kW  being  supplied  from  D C  source  o f  
110 V  (E ). T he o u tp u t p o w er is con tro lled  by  an  ad justab le  vo ltage source E. T he load  is 1 Cl 
w ith  th e  sm all paras itic  inductance  o f  500 nH  and  it is com pensated  w ith  the series C0 
capac itance  in o rd e r to  lim it the vo ltage across the p rim ary  w inding. T he effic iency  o f  the 
tran sfo rm er is m easu red  using  a  ca lo rim eter since it is the  m ost accura te  m ethod . W ate r is a 
coo ling  ag en t in  the tran sfo rm er and  the load. M easu rem en ts w ere  carried  ou t in  the steady  
state. T he tem pera tu re  o f  th e  in le t and  ou tle t w ate r w as m easu red  w ith  a  m ercu ry  therm om eter. 
F o r th e  tran sfo rm er the th erm o m eter is o f  (16  -  25 )°C  range w ith  reso lu tion  o f  0 .01°C . The 
the rm o m ete r fo r the load  tem pera tu re  has the (0 -  50)°C  range and  its reso lu tion  is 0.1 °C . The 
re so lu tio n  o f  flow  m easu rem en t is 0.1 cm 3/m in .

Class E Inverter Transformer Load

Fig. 10. Schematic diagram o f the set-up for measurements 
Rys. 10. Schemat ideowy stanowiska pomiarowego

Fig. 11. Photograph o f  the Class E Inverter 1kW, 1 MHz, DC source o f 110 V (E)
Rys. 11. Zdjęcie falownika klasy E 1 kW, 1 MHz zasilającego transformator, wejście 110 V DC
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8. M E A S U R E M E N T S

O nly  th e  linear tran sfo rm er o f  th ick  type w as m easured . T he ou tpu t p o w er and  pow er 
losses w ere  m easu red  and  e ffic iency  w as ca lcu lated . T hese m easurem ents w ere carried  out for 
the o u tp u t p o w er up to  about 500  W  due to  the lim ited  perfo rm ance  o f  the C lass E inverte r that 
w as a t the d isposal. T he m easurem en ts w ere taken  at frequency  1 M H z. T he m easured  
effic iency  is h ig h er than  98%  and  is in  good agreem ent w ith  theo re tica l ones ca lcu la ted  fo r th is 
range o f  ou tpu t pow er. The resu lts are ga thered  in  T able  3.

T able 3
E nergy m easurem en ts using  ca lo rim eter (1 M H z)

P o w er losses in tra n s fo rm e r O u tp u t p o w er Efficiency
Flow S in i AP,„, Flow & in l O m n i R id lt 0

cmVmin ° c °C W cnrVmin ° c ° c W %
Measurements calorimetric method) FEM

17.4 19.72 20.39 0.80 113 16.8 31.3 112.75 99.29 99.38
17.2 19.82 21.42 1.89 188 16.8 32.8 206.08 99.09 99.31
16.6 19.93 22.61 3.05 245 16.6 33.6 285.35 98.93 99.26
16.2 20.12 23.96 4.26 323 16.6 33.8 380.62 98.88 99.22
23.0 19.40 23.58 6.59 330 16.6 38.0 483.82 98.64 99.18
23.0 19.56 24.47 7.74 412 16.6 36.6 564.53 98.63 99.16

T he transfo rm er effic iency  cu rves versus the ou tpu t p o w er ob ta ined  by  FE M  com puta tion  
and by  m easurem ents under the sam e opera tion  cond itions are  d isp layed  in  Fig. 12. B ecause 
the load  resistance (R |oad =  1 £2) is h ig h er than  the op tim um  value the e ffic iency  decreases 
sligh tly  w hereas the ou tpu t p o w er increases. T he h ig h er p o w er losses ob ta ined  from  the 
m easurem ents are due to  the resistance  o f  the in terw ind ing  connections (neg lec ted  in  num erical 
analysis).

Fig. 12. Efficiency of coaxial transformer vs. output power obtained from FEM analysis and 
measurements ( R |0ad =  1 O)

Rys. 12. Charakterystyka sprawności transformatora współosiowego jako funkcja mocy wyjściowej 
otrzymana na drodze symulacyjnej MES oraz na drodze eksperymentu laboratoryjnego
( R o a d  =  1
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9. C O N C L U S IO N S

1. T he fo llow ing  p aram eters o f  the linear coax ia l tran sfo rm er have b een  ob ta ined  from  
FE M  analysis a t 1 M H z: e ffic iency  99 .5% , ou tpu t p o w er 4 .28  kW , pow er/m ass density  
75 kW /kg.

2. T hese  param eters  are m ore advan tageous than  those  repo rted  in  literature.
3. T he m easu red  linear th ick  tran sfo rm er has the e ffic iency  o f  over 98%  a t abou t 500 W  o f  

ou tpu t pow er. T h is  tran sfo rm er has a lm ost the sam e pow er/m ass density  as the 
theo re tica l po w er/m ass den sity  o f  75 kW /k g  bu t in  th is case the in tensity  o f  coo ling  is 
ra th er low . It m eans th a t th is  perfo rm ance  could  be  im proved  b y  crea ting  the b e tte r 
cooling .

4. T he p ro p o sed  techno logy  o f  the tran sfo rm er m anu fac tu ring  is expected  to  be  im proved  
because  a  v e ry  th in  lay e r o f  the secondary  w ind ing  is d ifficu lt fo r m anufactu ring  m ore 
robust c lam ps.

5. T he linear tran sfo rm er is m uch  easie r fo r m anu fac tu ring  and  cheaper than  the sp iral one.
6. F u rther resea rch  shou ld  be  focused  on  the im provem en t o f  m anu factu ring  techno logy  

and  ana ly s is o f  its costs in  com parison  w ith  costs o f  lo w  frequency  transfo rm ers .
7. F u rther ex perim en t shou ld  be  a im ed  a t developm ent o f  C lass E inverter o f  6 kW  output 

pow er.
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