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COMPARISON OF SMES AND SCES BASED POWER 
CONDITIONING SYSTEMS

S u m m a ry . T he se lection  o f  the less expensive  P ow er C onditioning System  (PC S) is 
the aim  o f  the w ork  w here tw o  types o f  PC S are taken into consideration. T he first type 
o f  PC S is b ased  on Superconducting  M agnetic  E nergy  Storage (SM ES) w hile the second  
one is based  on  Supercapacito r E nergy  S torage (ScE S). The com parison is based  on 
insta lled  p o w er as the criterion . A n illu stra tive  exam ple is g iven in  the work.

P O R Ó W N A N I E  S M E S  I S C E S  B A Z U J Ą C Y C H  N A  K O N D Y C J O N E R Z E  

E N E R G I I

S tre sz c z e n ie . W  artykule  p rzedstaw iono  porów nanie  kondycjonerów  energii: 
kondyc jonera  zaw iera jącego  cew kę n adp rzew odzącą  (SM ES) z kondycjonerem  energ ii 
z superkondensato ram i (ScE S). G łów nym  kry terium  analizy  porów naw czej 
kondyc jonerów  energ ii (PC S) je s t  m oc za instalow ana. A naliza  porów naw cza m a na  celu  
określen ie , k tó ry  z  om aw ianych  system ów  je s t tańszym  i lepszym  rozw iązan iem  
służącym  do po p raw y  jak o śc i energii.

1. IN T R O D U C T IO N

T he in terest in  P o w er Q uality  (PQ ) issues constan tly  increases due to loads, w h ich  are 
v ery  sensitive  to  PQ  d is tu rbances. T he m ain  causes o f  PQ  reduction  are nonlinear loads and 
also  faults in the grid . O ne o f  the solu tions to  m itiga tion  a PQ  p rob lem  is Power C ond ition ing  
System s (PC S) w ith  Superconducting  M agnetic  E nergy  S torage (SM E S), or S upercapacito r 
E nergy S torage (ScE S). S M E S -based  and ScE S-based  Pow er C onditioning System s are in 
short abbrev ia ted  as PC S-M  and  PC S-C , respectively . The com parison  o f  these tw o types o f  
PC S-M  w ith  PC S -C  is the aim  o f  the w ork.

S uch  com parison  is needed  to  find ou t w h ich  o f  these tw o solu tions is the b e tte r one. T he 
in s ta lled  p o w er is an  essen tia l quantita tive crite rion  because it m akes possible to  estim ate  the 
cap ita l cost o f  PC S that can  be trea ted  as a basis for estim ation  o f  the return tim e w hen  the 
operating  costs are  assum ed  to  b e  neglig ib le. T he installed  pow er is calculated fo r the p o w er 
p art o f  the PC S. T he to tal installed  pow er is the sum  o f  the installed  power o f  each  PC S 
com ponent. T he insta lled  p o w er is ca lcu la ted  fo r the w orst case o f  operation  o f  the PC Ss.



2. P O W E R  C O N D IT IO N IN G  SY S T E M  (PC S)

T he PC S is a  system  that keeps PQ  o f  e lec trica l energy  at the needed  level. It opera tes as: 
i) an  un in te rrup tib le  p o w er source  (U P S) o f  h igh  dynam ics, ii) com pensato r o f  reactive  pow er 
and, iii) a harm onic  filter, iv) ensu res a  sym m etrica l cu rren t that flow s from  the grid.

U PS opera tion  takes p lace  a fte r a vo ltage  d is tu rbance  occurs. D uring  the U PS  operation  
th e  P C S  delivers en erg y  to  the p ro tec ted  lo ad  exc lu s ive ly  from  the energy  sto rage since the 
PC S is d isconnec ted  from  the grid. It ensu res the con tinuous supp ly  o f  p o w er fo r p ro tec ted  
loads ensu ring  norm al opera tion . It is possib le  to  d is tingu ish  severa l k inds o f  vo ltage 
d is tu rbances. T hey  are: i) vo ltage  d ips, ii) vo ltage  harm onics, iii) surges, iv) vo ltage
in terrup tions. W hen  the P C S  opera tes like reactive  p o w er source or harm onic filte r it is 
connec ted  to  the grid . T hese  m odes are  usua lly  easy  to  ob ta in  since the p o w er elec tron ic  
con v erte r be ing  som ew hat m ore  com plica ted  can  o pera te  as a  reactive  source and  at the sam e 
tim e  as a harm onic filter. It m eans tha t it does no t in fluence  the grid tak ing  on ly  the cu rren t 
fu ndam en ta l harm on ic  th a t in  ad d ition  is in  phase  w ith  the g rid  voltage.
T he structure  o f  tw o  types o f  PC S is dep ic ted  in  Fig. 1 and  described  in  the n ex t section .

2.1. D e sc rip tio n  o f  P C S -M  a n d  P C S -C

T he P C S -M  is in F ig .la ,  w h ile  the PC S-C  is dep ic ted  in  Fig. lb . E ach  one contains: i) the 
Sw itch , ii) C L  filter, iii) the A C -D C  inverter, iv) the D C -D C  converter and  the energy  storage. 
T he sw itch  d isconnects PC S from  the grid  w hen  the vo ltage  d ip  occurs. It m akes the energy  
flow  from  the sto rage on ly  to  p ro tec ted  load, no t to  the  g rid  that rep resen ts a low  im pedance in 
such a  case.
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Fig. 1. a) Schematic diagram of: a) PCS-M, b) PCS-C 
Rys. 1. a) Schemat elektryczny: a) PCS-M, b) PCS-C
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T he A C -D C  inverte r and the D C -D C  converte r operate as an  interface be tw een  the energy  
sto rage and  the p ro tec ted  load /grid , thus they  should  be  bi-directional. T he A C -D C  inverter 
(P W M , 3 kH z o f  carrier) keeps the grid cu rren ts approx im ate ly  sinusoidal and in  phase  w ith  
the vo ltage  o f  the grid . A  C L  filte r is an  in terface betw een  the AC-DC inverter and p ro tec ted  
load /grid . T he inductance L AC is responsib le  fo r shap ing  its current [1], [2], [3], [5],
T he D C -D C  converte r structure  fo r each  case is d ifferent. In PCS-M the D C -D C  converte r 
(Fig. la )  con tro ls D C  link  vo ltage and the SM ES current.

F or PC S-C  th is D C -D C  converte r (F ig .lb )  also contro ls DC link  vo ltage  and  ScES 
voltage. It opera tes as a b i-d irec tional buck /boost converter [4], [5], The opera tions o f  D C -D C  
converters the fo r bo th  considered  cases are  described  in the nex t chapters o f  th is p ap e r [2], [6].

3. C O M P A R IS O N  C O N D IT IO N S

T he com parative analysis has to  be carried  out for the follow ing assum ptions:
i) tw o  types o f  PC S are com pared , PC S-M  and  P C S-C , ii) bo th  PCSs are connected  to  the sam e 
g rid  o f  g iven  vo ltage  and  frequency , iii) the fo llow ing  parts and param eters are  identical:

■ Sw itch , C L  filter and A C -D C  Inverter, current lim iter, DC-link capacito r,
■ Load,
■ R ated  p o w er o f  charg ing  and  d ischarg ing  energy  storage,
■ R ated  energy  stored.

iv ) D C -D C  C onverters and  energy  sto rages are d ifferent, v) com parison analysis is carried  out 
fo r the w orst case o f  operation , that is:

■ PC S is in  U PS opera tion  m ode w ith  sto rage d ischarg ing  at the p o w er tha t is the rated  
p o w er o f  p ro tec ted  load

■ T he w hole energy  is transferred  from  the storage to  the protected load at its ra ted  
p o w er tha t is constant.

v i) th e  analysis is illu stra ted  w ith  a num erica l exam ple p resen ted  below.

3 .1 . D isc h a rg in g  o f  S M E S

T he insta lled  pow er o f  SM E S and D C -D C  converter can  be ca lcu la ted  basing  on  the 
descrip tion  o f  d ischarg ing  th e  SM ES. T he superconducting  coil Z ,S m f .s  stores the m ax im um  
energy  E L0 tha t is g iven  b y  (1). T he rated  coil cu rren t / Lo, befo re  the b eg inn ing  o f  d ischarg ing , 
flow s th rough  the superconducting  coil w hich  is short-circu ited  by the D C -D C  converter

^LO =  ^SMES ^  • (1)

T he ra ted  co il cu rren t / L0 has to  be  h igh  enough  to  ensure the discharging o f  th e  coil a t the 
assum ed  m ax im um  p o w er P  fo r the assum ed  tim e t\. D u ring  the d ischarg ing  the co il a t the 
constan t p o w er P  the co il cu rren t is decreasing  from  its ra ted  value IL0. T he d ischarg ing  takes 
p lace  until the vo ltage app lied  to  the coil reaches its m axim um  value Vu  = VCDC-  Fig. 2a.
T he energy  o f  the coil eL decreases linearly  due to  equation  (2) (see in Fig. 2a). T he co il 
cu rren t change is g iven  b y  fo rm ula  (3)

e L =E L0~Pt 9 (2 )
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(3)

T he vo ltage  vL increases as g iven  b y  equation  (4). T he vo ltage  is crea ted  b y  the D C -D C  
converter w ith  sw itch ing  p e riod  m uch  sm alle r than  the d ischarg ing  tim e t\

T he p rocess  o f  d ischarg ing  is illu stra ted  in  Fig. 2a by  energy  e L, cu rren t iL and  vo ltage  vL 
tha t are tim e dependen t. In  this figure E L0, I L0 a re  defined  a t the beg in n in g  o f  the d ischarg ing  
p rocess  w hereas Vu  is the value  o f  vL a t the end  o f  the d ischarge.

3.2. D ischarging o f ScES

A  d escrip tion  o f  d ischarg ing  ScE S and  the D C -D C  converte r is n ecessary  fo r ca lcu la tions 
o f  the in s ta lled  p o w er fo r ScE S  and  the D C -D C  converter. T he supercapac ito r tank  
charac te rized  b y  the capac itance  C sc sto res the m ax im um  energy  E sco th a t is exp ressed  b y  (5). 
B efo re  the beg in n in g  o f  d ischarg ing  the cap ac ito r is charged  to  the ra ted  vo ltage FSco w h ich  
shou ld  b e  as h igh  as poss ib le  b u t n o t exceed ing  the D C  link  vo ltage

T he su percapac ito r tank  d ischarge  is described  as a func tion  o f  tim e w ith  su percapac ito r energy  
esc. its vo ltage  vSc and  cu rren t isc, c f  (6), (7), (8) and  Fig. 2b

T he su percapac ito r cu rren t exp ressed  b y  (8) is con tro lled  by  the D C -D C  converte r 
opera tin g  at a  re la tiv e ly  h ig h  sw itch ing  frequency . O ne can  observe  the increasing  o f  the 
supercapac ito r cu rren t up  to  the m ax im um  value  7Sci w here  the p rocess has to be  fin ished  
because  o f  the assu m ed  d ischarg ing  tim e t\. T h is  va lue  o f  the cu rren t /sc is a  ra ted  current. 
T he am oun t o f  en erg y  is  the sam e as that in  case o f  SM ES.
T he analysis o f  the d ischarg ing  o f  energy  sto rages is illu stra ted  b y  an exam ple  g iven  in  the nex t 
subsections.

3.3. Num erical description o f discharging SM ES and ScES

P P
(4)VL =

(5)

esc -  -̂ sco (6)

(7)

P P
(8)

T he num erica l ana ly s is o f  PC S -M  and  P C S -C  is p e rfo rm ed  fo r the fo llow ing  param eters: 
superconducting  co il inductance  ¿ smes =  12 H , supercapac ito r tank  capac itance  Csc =  86.3 m F 
(348  supercapac ito rs o f  30 F, 2.3 V  connec ted  in  series [7]), m ax im um  con tinuous p o w er
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draw n from  the coil du ring  the tim e t\ =  1 s is equal to  P  =  20 kW . The rm s line-to -line  vo ltage 
in the m ains is VLL= 400  V  ( VLLm =  1.41 VLL =  5 6 5  V ), load  is resistive-inductive w ith  phase  
angle  o f  cp =  45°. T he D C -link  capacito r vo ltage  and  the maxim um  vo ltage  across the 
supercapacito r tank  are  set to  VDC = Vu  =  Fsco=  750 V . The inductance o f  the choke L nc o f  
the D C -D C  converte r in  PC S-C  is chosen  1 m H  and the sw itch ing  frequency o f  th is con v erte r 
is set to / s c = 2 5  kH z [5],

time t [s]

Fig. 2. Energy eL, ego current iL, ¿sc and voltage vL, vsc during discharging: a) for PCS-M, b) for PCS-C 
Rys. 2. Energia eL, esc, prąd iL, z'sc i napięcie vL, vsc podczas rozładowania: a) dla PCS-M, b) dla PCS-C

For PC S-M  at the b eg inn ing  o f  the d ischarg ing  p rocess  the rated energy  E L0 and  cu rren t 
7L0 can  be  ca lcu la ted  b y  substitu ting  the fo llow ing  data: vL =  VL, =  Foe, t = t ,  in to  (4). F o r the 
com parison , under the sam e cond itions the rated  co il energy  is also  the sam e fo r the 
supercapacito r tan k  o f  PC S-C  and is g iven  b y  (9)
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— E sc0 — 2 +  P t x — 2 4 .2 7  kJ . (9)
LI

T he m ax im um  and  m in im um  value  o f  the co il cu rren t (from  (3)) are equal to 
Tlo =  h c \  ~  63 .6  A  and  I L, =  I SCo =  26 .67  A. T he m in im um  vo ltages across the co il and  across 
the su percapac ito r tank  are g iven  b y  (4) and  (7), respectively . T hey  are  VL0 =  Vsct =  314.5 V. 
In  F ig . 4  energy , cu rren t and  vo ltage  are  p resen ted  fo r PC S -M  and  PC S-C .

4. O P E R A T IO N  O F  T H E  D C -D C  C O N V E R T E R  IN  PC S-M

4.1. Operation o f the DC-DC converter in PCS-M

In the case  o f  analysis p e rfo rm ed  in  th is p ap e r the cu rren t iDC (F ig. 3a) is assum ed as a  
constan t o f  I qq =  E \  =  26 .6  A.

h \  Charging

© m „ © [

SdciS dc4 - 1 1 SdciSdc4= 1 0 

Discharging

S dciS dc4 -  0 0  S dciS dc4 -  1 0

Racdc

Sdci

Charging 
Buck operation

3 3  @ S
Retaining
Energy

S Dci and diode of SbC2 = 1 ( ¿ )

Discharging 
Boost Converter

©  r r i —  ©

S dc2 and diode of S b ti =  1

Fig. 3. DC-DC converters: a), b) -  PCS-M; c), d) -  PCS-C; a), c) -  topologies, b), d) 
equivalent circuits

Rys. 3. Przekształtnik DC-DC: a), b) PCS-M; c), d) PCS-C; a), c) -  topologia, b), 
d) -grafy

T o  m ain ta in  th is constan t cu rren t the D C -D C  converte r shou ld  m odu la te  the coil curren t 
b y  vary ing  the du ty  cycle  o f  th e  D C -D C  converte r D *  (10). M o du la tion  p rocesses  o f  charg ing
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and d ischarg ing  are  expressed  by  four equ ivalen t circu its p resen ted  in Fig. 3b. T he resisto r 
^ acdc connected  in  para lle l w ith  the capacito r CDC substitu tes the A C -D C  converter

D* =-
f eq3 T - f eq4 DC ( 10)

w here: t  eq3 and  t eq4 are  du ra tions o f  the equ ivalen t c ircu its 3 and 4.
For the assum ed  I Li =  26 .6  A  du ty  cycle  at the beg inn ing  o f  the discharging coil, /  =  0 is 
D  o =  0.42 w hile fo r the tim e t \ , D  i =  1. T he tim e dependent duty  cycle  D  is the sam e as the 
no rm alized  vo ltage  v-J VDC as in  Fig. 2a.

4.2. Operation o f the DC-DC converter in PCS-C

T he D C -D C  converte r in PC S-C  opera tes as a classica l b i-d irec tional buck or boost 
converter (depend ing  on the d irec tion  o f  cu rren t flow ). It is depicted  in Fig. 3c, 3d. It operates 
as a boost converter w hen  the cu rren t z'sc flow s from  supercapacito r ScES (zSc < 0). T he duty 
cycle o f  sw itch ing  is described  by (11)

£>**=-
t* eq4 T - f eq5 KSC

KDC
(H)

w here: t eq4 and t  eq5 are durations o f  the equ ivalen t circu its 4 and 5. A t the beg inn ing  o f  the 
d ischarg ing  ScES its vo ltage is o f  vsc =  Vnc = 750 V  and the duty  cycle D  0 =  0, w hile  at the 
end  o f  d ischarg ing  (t =  /,)  the duty  cycle  reaches the value o f  D  i =  0.42.

5. IN S T A L L E D  P O W E R

T he com parison  o f  PC S -M  w ith  PC S-C  is based  on calcu lation  o f  the to ta l in sta lled  
pow er. T his p aram eter g ives in fo rm ation  abou t the cap ita l cost o f  a given PC S. T he to tal 
in stalled  p o w er o f  PC S is the sum  o f  the in stalled  p o w er o f  each passive and active com ponen t 
the PC S is consisted  of. T he installed  pow er o f  a sing le  com ponent is calculated as a p roduc t o f  
the vo ltage  tha t is across its te rm inals and the curren t that flow s th rough  it [3]. T he installed  
po w er o f  the coo ling  system  is no t included  in  the to tal installed  pow er o f  PCS. It should  be 
no ted  that the re la tio n  betw een  the in sta lled  p o w er and p rice is different fo r d ifferen t 
com ponents. H av ing  th is in form ation  one can derive the p rice  o f  a  g iven  com ponent an d  the 
p rice  o f  the w hole system . T herefo re  the installed  pow er can  be  used  as an  approx im ate  
criterion  fo r com parison  o f  PC Ss. C alcu lation  o f  the installed  pow er is explained as fo llow s. It 
is assum ed that ca lcu la tions are  carried  out for steady  state and average and also rm s va lues are 
taken  over the m ains vo ltage  period . T he fac to r o f  safety  is no t taken  into consideration. 
Switching devices. T he installed  pow er o f  sw itch ing  dev ices like diodes or IG B T s is a 
p roduc t o f  the m ax im um  value  o f  the vo ltage across the com ponent VSimx, and average  value  o f  
the conducted  curren t 7Sav.
Capacitors. In the case o f  capacito rs the in sta lled  pow er is a  p roduc t o f  the rm s value  o f  the 
capacito r voltage, Fcrms and  rm s value o f  the current, Terms-
Inductors. For inductors the in stalled  pow er is a  p roduct o f  the m axim um  poss ib le  vo ltage  
betw een  the inducto r te rm inals VLljmx and rm s value o f  the inducto r current, / Lrms.



R e s is to rs . T he insta lled  p o w er o f  resisto rs is equal to  th e  p o w er that can  be d issipated  by  a 
res is to r and is k now n  as the re s is to r ra ted  pow er. It is ca lcu la ted  as a  square o f  the rm s value  o f  
the cu rren t / Rrms m u ltip lied  by  its resistance.
Breakers S B. T he in s ta lled  p o w er o f  b reakers u sed  in  P C S s is a  p ro d u c t o f  the  m ax im u m  rm s 
value  o f  the conducted  cu rren t / Brms and  m ax im u m  voltage  VLmax across its term inals.

5.1. Installed power of SM ES

T he in s ta lled  p o w er o f  the superconductive  coil, SM E S, is a  p roduc t o f  the m ax im um  
voltage  th a t can  be  app lied  to  the co il and  the rm s value  o f  the co il curren t. T he m ax im um  
voltage  across S M E S is the VDC, tha t is vL =  VDC. T he cu rren t ripp les in  SM E S are sm all 
enough  to  be  n eg lec ted  and  the rm s value  o f  the co il cu rren t is approx im ate ly  equal to  the 
average  value  o f  th is curren t. T he insta lled  p o w er o f  the superconductive  co il is as fo llow s 
( 12)

^LSM E S =  ^D C ^L O  =  ^ - 3 8  ' 0 ^ )
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5.2. Installed power o f ScES

F or find ing  the in sta lled  p o w er o f  a supercapac ito r tan k  it is n ecessary  to  spec ify  the rm s 
va lue  o f  th e  cu rren t th a t flow s th rough  the tank . T he rm s value  o f  the cu rren t w h ich  is a sum  o f  
the  tr ian g u la r co m p o n en t and  average  value  can  be g iv en  by  fo rm ula  (13). T he g rea test value 
o f  th is cu rren t appears at the end  o f  d ischarg ing  p rocess ( / =  1 s)

^ s c r m s  + -^a v

1 SCI

/ s c ^

SCI

SCO J ) SCO

(13)

T he installed  p o w er o f  ScE S  tank  is exp ressed  by  (14)

^ sc  — ^sco^scrm s — 2 .3 8  VDC/ DC • (14)

5.3. Installed power of DC-DC converter in PCS-M

T he installed  p o w er o f  sw itches such  as IG B T s o r d iodes is a  p ro d u c t o f  the m ax im um  
con tinuous vo ltage  across the sw itch  and  the m ax im um  average  va lue  o f  the sw itch  cu rren t 
o ver the sw itch ing  period . T he vo ltage  across each  o f  sw itch  as in  the D C -D C  converte r is 
equal to  CDC but th e  sw itch  cu rren t average  value  is d iffe ren t and  depends on  the du ty  cycle  
and  the o p era tion  m ode. F rom  Fig. 3b it appears that in charg ing  m ode sw itch  SDCi is still 
c lo sed  and  conducts the co il curren t. T he m ax im um  average  value o f  th is sw itch  cu rren t is 
equal to  the ra ted  co il cu rren t I L0. S im ilar situa tion  is fo r d io d e  £>3,fo r d ischarg ing  m ode. F o r 
d iode  D 2 and  tran sis to r S D C 4  the  m ax im um  average  cu rren t is equal to  the m ax im u m  average  
value  o f  D C -lin k  cu rren t / DC. T he in s ta lled  p o w er o f  the D C -D C  converte r sw itches P d c d c  is 
g iven  b y  (15)

^dcdc — ^dc (2 / Dc + 2 / lo ) -  6.77 FDCIDC . (15)
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5.4. Installed power o f DC-DC converter in PCS-C

T he vo ltage across each  sw itch  in  the D C -D C  converter is equal to FDC and  the cu rren t 
m ax im um  average  values o f  sw itch  SDC1 and  Sdc2 a re  described  by (16) and  (17), respectively

SDCl

SDC2

II

»- 
d

* A rc ’

p
(

1 -
V

^sci

^SCl A rc
= 1.387,

(16)

(17)

T he average  value  o f  SDC] cu rren t is independen t o f  the vo ltage across the supercapacitor 
tank. T he average value o f  sw itch  SDC2 cu rren t is the h ighest at the end o f  discharging p rocess 
(t = /¡). T he installed  pow er o f  D C -D C  converte r sw itches is described  by form ula (18)

Ac'DCDC — ^DC ( AdCI + AdC2 ) — ^.38 V D C I DC (18)

5.5. Installed power of inductor L DC in PCS-C

T he rm s value  o f  the cu rren t in  the in d u c to r L oc  equals the average value o f  the ScE S 
current. Its m ax im um  vo ltage is the sam e as the m ax im um  voltage across the capacitor ScES. 
T herefo re  the in stalled  p o w er o f  the inducto r is the sam e as tha t o f  ScES.

5.6. Installed power o f DC-link capacitor in PCS-M

T he vo ltage across the D C -link  cap ac ito r is constan t and  is equal to  VDC. The installed  
pow er in case  o f  the D C -link  cap ac ito r is a p roduct o f  the m ax im um  rm s value o f its cu rren t 
fcLrms and  vo ltage VDC. T he  rm s value  o f  the D C -link  capac ito r current in  PCS-M  is expressed  
by  (19) and its w avefo rm  is p resen ted  in  F ig . 4. T he m ax im um  rm s value o f the capacito r 
cu rren t occurs a t tim e r = 0 s  w h en  the co il cu rren t is equal to  I L o fo r the duty  cycle D  0 =  0.42

tim e  t [s]

Fig. 4. The rms value o f DC-link capacitor current during for discharging coil 
Rys. 4. Wartość skuteczna prądu w obwodzie pośredniczącym DC-link podczas 

rozładowania cewki
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^CLrm s =  J ( i L ~  ihD ' f  D '  + ( iLD ' f  ( l  -  D * )  . (19)

S ubstitu ting  (10) in to  (19) one ob tains (20)

/ CL n n s ( 0  =  / D C Af 7 ® - l .  ( 2 0 )
V yDC

T he m ax im um  rm s value  o f  the capac ito r cu rren t /cLrmsm is equal to  1.18 / DC and  appears 
at t =  0 s. T he insta lled  p o w er o f  the DC link  capac ito r is g iven by  (21)

^ C L  =  (’DC^CLrm sm  = 1 - 1 8  VDC/ DC . (21)

5.7. Installed pow er o f  DC-link capacitor in PCS-C

S im ilar analysis  is carried  ou t fo r the D C -link  capac ito r in PC S-C . T he rm s value  o f  the
cap ac ito r cu rren t is ca lcu la ted  from  equation  (22). C on trary  to  P C S -M  the cu rren t m ax im um
rm s va lue  occurs at the end  o f  the d ischarg ing  (t = t\) th e re fo re  /cscrmsm is equal to 1.18 / DC. 
T he vo ltage  across the cap ac ito r is equal to  VDC■ T he  insta lled  pow er o f  the D C -link  capacito r 
is the sam e as in  case  o f  P C S -M , g iven  b y  (23)

CSCrms SCI - v ) 2
SCI

DC

+  /, 'S C I
DC

Vr
= 1 . 1 8 / ,DC ’

(22)
d c  y

•^CSC — ^DG^CSCrms —1-18 VDC / [)C . (23)

5.8. Installed pow er o f AC-DC converter

T he in s ta lled  p o w er o f  the A C -D C  converte r is a  sum  o f  the in s ta lled  pow ers o f  all six 
sw itches (e.g ., IG B T ). T he vo ltage  across each  sw itch  is equal to  VDC. B ecause  o f  the in ternal 
body  d iode  o f  the sw itch , the sw itch  w ith  its d iode is b i-d irec tional. T herefo re  the abso lu te  
value o f  th is cu rren t is tak en  fo r ca lcu la tion  o f  its in s ta lled  pow er. T he A C -D C  converter 
opera tes u nder the P W M  strategy , w h ich  resu lts  in  sinuso idal A C  curren ts. T he m ax im um  
instan t va lue  o f  the sw itch  cu rren t I Sm (am plitude) occurs w hen  the PC S opera tes in  U PS m ode 
and  is g iven  b y  eq ua tion  (24) w here  / RL is the load  cu rren t

-^Sm =  ^ R L m  =  ^  nr 7  T =  2.16 / DC . (24)
v 3  VLL c o s ( tp )

In Fig. 5 one ph ase -leg  o f  the A C -D C  con v erte r is dep icted . F rom  th is figure it can  be seen 
th a t A C  curren t iAC is a  sum  o f  the sw itch  cu rren ts isl and  iS2.

A ssum ing  tha t P W M  stra tegy  resu lts in the sym m etrica l sinuso idal cu rren t iAC as in  
F ig . 5b, the average  sw itch  cu rren t is described  b y  (25). T he insta lled  p o w er o f  A C -D C  
converte r sw itches is exp ressed  b y  (26)
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^SAV — ^Sm  — ^ . 6 9  I  DC ’ 
71

^ACDC _  ^ D c h m  -  4.13 VdcIqC ■ 
7t

(25)

(26)

a)

1

*S2 
h .. L.

—n r

l

Fig. 5. One phase leg o f AC-DC converter: a) topology, b) gating signal vgall. with AC current iAC, c) and
d) switches currents ;S1 and iS2 respectively 

Rys. 5. Pojedyncza gałąź przekształtnika AC-DC: a) topologia, b) sygnał sterujący vgatc z prądem AC ;AC, 
c), d) prąd przełączania ;S1 i iS2 odpowiednio

5.9. Installed power o f CL filter inductors L AC

T he m ax im um  voltage across line inductors is a h a lf  o f  the sum  o f  the D C -link  vo ltage  
VDC and  the am plitude o f  the line-to -line  vo ltage VLLm. T he  m ax im um  rms value o f  the line 
inducto r cu rren t is the rm s value o f  the load current w ritten  in  (27)

RLrms
V 3 F l l  c o s ( tp )

= 1.53 / DC '

Thus, the in sta lled  p o w er o f  the line inductors is as follow s:

f r r  , 1 7  \

LAC = 3
V  + vDC ^  LLm R̂Lrms _ 4-03 Fdc/ dc •

/

(27)

(28)

5.10. Installed power o f CL fdter capacitors CAC

T he reason  w hy  capacito rs CAc are  p laced  in para lle l to  the load is to sm o o th  the vo ltage  
in U PS m ode. T he fundam ental com ponent o f  the capacito r current should be  m uch sm aller 
than  the fundam ental cu rren t o f  the load. A ll the h igher current harm onics genera ted  by  the 
A C -D C  converte r should  be  co n duc ted  by  C AC. F o r ca lcu la tion  o f  the in stalled  p o w er o f  filte r 
capacito rs M atlab -S im ulink  sim ula tion  w as used. In o rder to  assum e a  re la tive ly  sm all cu rren t
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flow ing  th rough  the cap ac ito r som e ite ra tio n  w as m ade. T he resu lts  o f  the exem plary  
ca lcu la tions are CAC =  20  pF , I cACrms/ fin.mis =  0.03 (1 .75 A  a t 2 .4  kH z). T he installed  p o w er is 
exp ressed  by  eq ua tion  (29)

•^CAC =  3 -^CACrms =  ̂ ’̂ 5  ¡ D C ^ D C  > (^9)

5.11. Installed power o f  current lim iter 5 B

T he insta lled  p o w er o f  the cu rren t lim ite r .5b is a p roduct o f  the m ax im um  value o f  the 
vo ltage  across it and  the rm s value  o f  the cu rren t th a t is conducted  b y  the breaker. The 
m ax im um  vo ltage  occurs befo re  the cap ac ito r CDC charg ing  starts. It equals the m ax im um  line- 
to -line  vo ltage , V n m. T he  insta lled  p o w er o f  the b reak er S B is ca lcu la ted  from  (30).
T he  insta lled  p o w er o f  the re s is to r R c l  is no t ca lcu la ted  here  because  o f  the fac t tha t th is 
re s is to r lim its cu rren t on ly  d u ring  a  short tim e  (one o r a few  periods o f  the grid) and the 
insta lled  p o w er o f  th is com ponen t com pared  to  o th er com ponen ts is neg lig ib le

= L̂Lm̂ DC = -̂75 FDC/DC • (30)

5.12. Installed power o f  the switch

T he insta lled  p o w er o f  th e  sw itch  is a p ro d u c t o f  the m ax im um  value  o f  the vo ltage  across 
it, w h ich  is equal to the g rid  phase  vo ltage, and  rm s value  o f  the load  cu rren t ac tive  com ponent. 
T he insta lled  p o w er o f  the sw itch  is expressed  b y  (31)

^LLm P

V3 v/3 F ll 3
7 r  — t t z : — ~ ^dc-^dc — FDC/ DC. (31)

6. T O T A L  IN S T A L L E D  P O W E R  O F PC S

T he resu lts o f  ca lcu la tions o f  the in s ta lled  p o w er fo r each  specified  p art o f  the PC S are 
gathered  in  T ab le  I. T here  is a lso  g iven  the to ta l in s ta lled  p o w er fo r the  bo th  PC Ss.

Table 1

Results o f the calculations o f installed power

C o m p o n en t
In s ta lled  P o w er |kVA ]

PC S -M P C S -C
AC-DC converter 82.7 82.7
DC-DC converter 135.4 47,7
DC inductor — 47.7
DC-link capacitor 23.5 23.5
Energy Storage 47.7 47.7
Filter inductor 80.6 80.6
Filter capacitor 1.0 1.0
Current Limiter 15.1 15.1
Switch 15.1 15.1
T o ta l in sta lled  pow er 395.4 355.4
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In ca lcu la tion  o f  the in stalled  p o w er on ly  a  bare  co il w as taken  into accoun t w ithout cryo- 
and  v acuum  facilities. It m akes som ew hat un realistic  com parative  estim ation , especially fo r 
PC S -M  o f  sm all ra ted  p o w er and  energy. T he to ta l in sta lled  pow er is h igher for PC S-M . It 
essen tia lly  stem s from  the d ifference o f  the in sta lled  pow er o f  D C -D C  converters.

7. G E N E R A L  C O M P A R IS O N  B E T W E E N  SM E S A N D  SC ES

C om parison  reflects certa in  real PC S-M  and PC S-C  system s tha t w ere built in  the 
labora to ries o f  D epartm en t o f  P o w er E lectron ics , E lec trica l D rives and  Robotics (K E N E R ). 
T he PC S -M  is a system  w here  SM E S co il is p laced  inside the cryosta t (F ig. 6a), to w h ich  a 
co ldhead  (Fig. 6c) is connected .

Fig. 6. a) Cryostat with SMES inside, b) pancake o f SMES coil, c) FITS coil 
Rys. 6. a) Cewka SMES z kriostatem, b) pancake cewki SMES, c) cewka HTS

T he SM E S coil m ade o f  H TS w ire (h igh  tem peratu re  superconductor) is suspended by  
copper bars connected  to  a tripod  that, in turn , is fixed  to  the coldhead . The coil is com posed  
o f  15 pancakes (F ig. 6b and  6c). H T S  w ire is o f  B i 2223. The vacuum  inside the cryosta t and  
betw een  the w alls  o f  the vacuum  cham ber insu late  therm ally  the coil from  the environm ent. 
Param eters o f  th is  PC S -M  to ge ther w ith  param eter o f  H T S  co il are g iven in subsection  
“N um erica l descrip tion  . . . ” T he  tem perature  o f  the H TS coil is 25K  to 77K . The rated vacuum  
o f  the c ryosta t is 1 O'8 bar. H eat genera ted  in  H TS coil flow s to  the co ldehead  via copper bars -  
see Fig. 6c.

S upercapacito r energy  storage w as designed  fo r the sake o f  com parison  analysis. It is 
bu ilt o f  348 cells connected  in  series. E ach  one o f  30 F and  2.3 V  (N essC ap [7]) o f  th e  ra ted  
voltage. It g ives 86.3 mF. In o rder to  have un iform  d is tribu tion  o f  the voltage across the tank  
o f  supercapacito rs Z ener d iodes are used. T he supercapacito r tank  d im ensions are 200  m m  x 
210 m m  x 250 m m . T hey  are com parab le  w ith  those o f  bare H TS coil.

8. C O N C L U S IO N S

F rom  the com parison  analyses one can  draw n  the fo llow ing  conclusions: i) T he P C S -M  
insta lled  p o w er is som ew hat h igher th an  the PC S-C  installed  pow er of. It is the result o f  h igher 
insta lled  p o w er o f  D C -D C  converters, ii) In ca lcu la tion  o f  the in stalled  pow er only a b are  coil
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w as tak en  in to  accoun t w ithou t cryo- and  vacuum  facilities. It m akes som ew hat unrealistic  
com parative  e stim atio n  espec ia lly  fo r P C S -M  o f  sm all ra ted  p o w er and  energy , iii) In  PC S-M  
the co o lin g  sy s tem  w ou ld  increase  the in sta lled  p o w er w h ils t in  PC S-S  the ba lanc ing  c ircu its, 
iv )T he  in s ta lled  p o w er does n o t re flec t the  energy  consum ption  fo r cooling . T his issue should  
be inc luded  in  tho rough  analysis, vi) L ive tim e o f  SM ES case is m uch  h igher than  th a t o f  
ScE S , v )T he q u a lity  fac to r o f  SM E S co il is m uch  h ig h er than  th a t o f  ScE S, vii) U n til n o w  the 
SM E S has b een  m ore expensive  than  ScE S, v iii) T he resu lts  w ere ob ta ined  fo r a re la tive ly  
sm all ra ted  p o w er and  ra ted  energy . P C S -M  is m ore advan tageous in  case o f  the n eed  for 
e lec trica l en erg y  o f  the h ig h est quality .
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