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ANALYSIS OF THYRISTOR SWITCH IN POWER CONDITIONING 
SYSTEM WITH SMES

S u m m a ry . E nsuring  h ig h  level o f  p o w er quality  (PQ ) is one o f  the m ost im portan t 
issues in  supp ly ing  industry  loads. T here ex ist som e critical types o f  loads tha t should  be 
p ro tec ted  from  voltage  d istu rbances. I f  a  vo ltage d is tu rbance like a vo ltage  d ip  o r short 
in terrup tion  occurs, an a lternative  energy  source is used to  ensure the constan t vo ltage 
am p litude  across the p ro tec ted  load. In  the described  pow er conditioning system  (PC S), a  
po w er elec tron ic  system  is connected  in  para lle l to a  group o f  protected loads. T he PC S 
toge ther w ith  the p ro tec ted  loads have to be d isconnected  from  the m ains in  the case  o f  the 
vo ltage  d ip  o r short in terrup tion . T h is is necessary , to  p reven t from delivering  energy  to a 
low  im pedance  part o f  the p o w er system  (the m ains in  such case) from energy  sto rage tha t 
is con ta ined  in  the PC S (in  th is situation  -  h igh  tem peratu re Superconducting M agnetic  
E nergy  S torage (S M E S )). In  the described  system  b reak ing  the connection  b e tw een  the 
m ains and the load is rea lized  by  m eans o f  a  thy risto r sw itch  (TS). D isconnection  and  
reconnection  m odes o f  th e  PC S operation  are in detail described and analysed  in  the 
paper. T o  ob tain  a  re la tive ly  low  turn  o f f  tim e o f  the thy risto r sw itch a  n ew  m ethod  o f  
con tro lling  the P C S  is p roposed  that can  assist tu rn ing  o ff  process o f  the T S  and 
decreasing  tu rn  o f f  tim e. T he resynchron isation  o f  the load  voltage and  the m ains vo ltage  
o f  the PC S is also  p resen ted  in  the paper. It is used to  lim it the am plitude o f  th e  m ains 
cu rren t a fter reconnection  process. T he in fluence o f  resynchronisation  and  recom rection  
processes on  the load  vo ltage is also  analyzed. In o rder to  prove the co rrec tness o f  the 
designed  con tro ller sim ulations and  experim ents has b een  carried out. T he ir resu lts  are 
p resen ted  and d iscussed  in  the paper.

A N A L IZ A  Ł Ą C Z N IK A  T Y R Y S T O R O W E G O  W  K O N D Y C JO N E R Z E  E N E R G II Z C E W K Ą  
N A D P R Z E W O D Z Ą C Ą

S tre szczen ie . Z apew nien ie  w ysok iego  poziom u jak o śc i energii e lek trycznej je s t 
jed n y m  z najw ażn ie jszych  zagadn ień  w  uk ładach  zasilan ia  odbiorników  przem ysłow ych . 
D odatkow o is tn ie ją  w ybrane  uk łady  przem ysłow e, k tóre m uszą być zabezp ieczone p rzed  
zaburzen iam i w  nap ięc iu  zasila jącym . W  tym  przypadku , jeżeli nastąp i jak iek o lw iek  
zaburzen ie  (np. zapad  nap ięc ia  luk  k ró tka p rzerw a w  zasilaniu), m usi być uży te  
dodatkow e źród ło  energ ii, aby  zapew nić ciągłość zasilan ia  na zac isk ach  chron ionych
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odb io rn ików . W  p rzed staw io n y m  w  artyku le  kondycjonerze  m ocy , p rzeksz ta łtn ik  
energ o e lek tro n iczn y  je s t  p o łączony  rów noleg le  do ch ron ionych  odbiorn ików . 
K o n d y cjo n er m o cy  i ch ron ione  odb io rn ik i m u sz ą  być w  ty m  w ypadku  od łączone od  sieci 
zasila jące j, co je s t  p o trzebne  ze w zg lędu  na n isk ą  im pedancję  system u  energetycznego  w  
p rzypadku  w y stąp ien ia  zap ad u  nap ięc ia . Z achow an ie  p o łączen ia  z s ie c ią  zasila jącą  
pow odu je , że  energ ia  z  uk ład u  kon d y c jo n e ra  (w raz z  zasobn ik iem  w  postac i 
w ysoko tem pera tu row ej cew ki nadprzew odzącej (S M E S )) je s t  d o starczana  do system u 
en erge tycznego  zam ias t do odb iorn ika. W  przedstaw ionym  system ie  do od łączan ia  
zasto sow ano  łączn ik  zb udow any  z ty rysto rów . S zczegó łow o  om ów iono  i 
p rzeana lizow ano  tryb  od łączan ia  i p o now nego  p rzy łączan ia  odb io rn ików  chron ionych  i 
kondyc jonera  do  sieci zasila jącej. Z ap roponow ano  m etodę w spom agan ia  w y łączan ia  
łączn ik a  ty ry sto ro w eg o  (sk rócen ia  czasu  w y łączan ia  ty rysto rów ) po p rzez  odpow iedn ie  
sterow an ie  k o n d y c jo n e rem  m ocy. P rzedstaw iono  rów nież  p roces ponow nej synchron izacji 
n ap ięc ia  o d b io rn ik a  z  s ie c ią  zasila jącą . P roces ten po zw ala  na  o g ran iczen ie  p rądu  sieci w  
chw ili pod łączen ia  ch ron ionych  odb io rn ików  do sieci zasila jącej. P rzeanalizow ano  w pływ  
ponow nej sy n ch ron izac ji i p o d łączen ia  na  nap ięc ie  i p rąd  w  p rzy p ad k u  różnych  
odb io rn ików  energ ii. P op raw ność  p racy  uk ładu  kondycjonera  w raz  z łączn ik iem  
ty ry sto row ym  zo sta ła  po tw ie rd zo n a  p rzedstaw ionym i w ynikam i bad ań  sym ulacy jnych  i 
labora to ry jnych .

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

Increasing  th e  p o w er quality  (P Q ) is possib le  b y  using  the P ow er C ond ition ing  S ystem  
(PC S) -  F ig .l .  T he  P C S  is a  b id irec tiona l p o w er e lec tron ic  system  w hose m ain  ta sk  is 
ensu ring  requ ired  level o f  se lec ted  param eters  spec ify ing  the p o w er qu a lity  in  d ifferen t 
opera tion  m odes. A  th y ris to r sw itch  (T S) in  the P C S  p lays a crucial ro le. It has to  be  re liab le  
and re la tive ly  fast.

T he PC S is connec ted  to  the load  in  para lle l and con tains Superconducting  M agnetic  
E nergy  S torage (S M E S ) as en erg y  storage. T he p resen ted  system  w as rea lised  in  the p ro jec t 
H IP O L IT Y  financed  b y  the  E U  F ifth  F ram ew ork  P rog ram  (param eters describ ing  the m odel o f  
PC S: n om ina l p o w er SN =  30 kV  A, n o m ina l vo ltage  FN =  400  V , 50 H z, nom inal energy  =  
21 kJ).
In  o rder to  exp la in  the ro le  o f  the T S in  the PC S it is necessary  to  describe  the opera tion  o f  the 

PC S w here  one can  d is tin g u ish  th ree  m ain , steady  sta te  m odes:

•  C om pensa tion  m ode (C M ): the PC S opera tes as an  active p o w er filte r and  com pensates the 
first harm onic  reactive  pow er and reduces h ig h er harm onics o f  load curren ts. A dd itionally , 
it ensu res sym m etry  o f  the m ains cu rren ts  ev en  i f  loads are asym m etrica l.

•  L oad  overcu rren t m ode (L O M ): the PC S opera tes as an ac tive pow er filte r and  add itionally  
lim its the m ax im u m  value  o f  the m ains cu rren t (active cu rren t com ponen t o f  the m ains 
current).

•  V o ltage  fau lt m ode (V FM ): the  PC S  opera tes as an  un in terrup tib le  pow er supp ly  (U PS) 
and  recovers the p ro tec ted  load  vo ltage. T h is m ode w ill tak e  p lace  i f  a  m ains vo ltage dip 
o r sh o rt in te rrup tion  occurs.

In the co m p en sa tio n  m ode (C M ) and load  overcu rren t m ode (L O M ) the PC S is connected  
to  the m ains and  opera tes  as a con tro lled  cu rren t source. In  the vo ltage  fau lt m ode (V FM ) 
b reak ing  connec tion  be tw een  the m ains and  p ro tec ted  load  is needed. T he PSC  opera tes in th is 
m ode as a  v o ltage  source  due to  inpu t L C  filte rs  in  PE S  (F ig . 1). T he th y ris to r sw itch  (T S) is a
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d isconnec ting  device. O ther possib ilities o f  rea lising  dev ices, d isconnecting  the load  from  the 
m ains have  b een  taken  in to  account, such as a m echanical sw itch  and switch bu ild  o f  IG B T  
transis to rs bu t the T S  seem s to  be  the b es t solution. T he m echan ica l sw itch has a  re la tiv e ly  
long  tu rn  o f f  tim e (10 m s o r longer) and has the lim ited  num ber o f  switching cycles. H igh  
cu rren t and  h igh  vo ltage IG B T  m odules have a  re la tive ly  h igh  vo ltage drop that causes pow er 
losses and  they  requ ire  using  series d iodes. T hese d iodes increase conduction p o w er losses. 
T hyris to r rea lisa tion  o f  the sw itch  has been  chosen  because  o f  the re la tive ly  low p o w er losses, 
re la tive ly  short tu rn  o f f  tim e, re liab ility  and low  costs. T he m ax im um  turn  off time o f  the T S  is 
10 m s (the no tion  “tu rn  o f f  tim e” differs from  tha t defined  and  used fo r thyristors).

THE
M AINS

M

Fig. 1. Scheme o f Power Conditioning System (PCS)
Rys. 1. Schemat prezentowanego kondycjonera mocy

T he goals o f  the p ap er are as follow s: i) analysis o f  the th y ris to r sw itch  (TS) opera tion , in 
d isconnec tion  and  reconnec tion  m odes o f  the P C S , ii) syn thesis o f  the PCS control a im ing  at 
decreas ing  the TS turn  o f f  tim e. T he m ethods fo r PC S contro l in  case o f  one and th ree phase 
system  are presen ted .

T he PC S allow s delivering  energy  to  the p ro tec ted  loads no t longer than fo r 1 second. 
Such short vo ltage d is tu rbances predom inate  in  the m ains. A fter the voltage d istu rbance , the 
p ro tec ted  loads and  the PC S shou ld  be  reconnec ted  to  the m ains. In o rder to lim it th e  m ains 
cu rren t a t a reconnection  m om ent the resynchron iza tion  p rocess is needed. T he rea lized  
resynch ron iza tion  p rocess and  its in fluence  on  the p ro tec ted  loads vo ltage in transient state are 
p resen ted  in the paper. T he tim e o f  resynch ron iza tion  p rocess  is a  trade-off be tw een  the 
am oun t o f  energy  sto red  in  the SM E S and need  fo r lim itation  o f  the mains cu rren ts a t the 
reconnec tion  m om ent.

T he analysis w as perfo rm ed  using  M atlab -S im ulink  program . F inally , the experim en t w as 
ca rried  out. It p roved  the correc tness o f  contro l in  d isconnec tion  and  reconnection m ode.

2. D IS C O N N E C T IO N  M O D E  (D M )

D isconnection  m ode (D M ) o f  the PCS is a  transien t m ode tak ing  place be tw een  the 
com pensation  m ode (C M ) and  the vo ltage fault m ode V FM . In the C M , the PCS com pensates 
the reactive  p o w er and  reduces h igher harm onics in  the m ains currents. S im ultaneously, the 
PC S  m onitors the m ains vo ltage  space vecto r am plitude and  i f  any voltage disturbance occurs 
(fo r tim e longer than  1 m s), the contro l system  cancels gate  thy risto r signals in  the T S  and 
starts  opera te  in  DM .
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2.1. O ne-phase system

A  on e-p h ase  m odel o f  the PC S w ith  the p ro tec ted  load  and  the m ains is p resen ted  in Fig.
2. T he m a in  ta sk  in  C M  is reac tive  p o w er co m pensa tion  w here  the P C S  vo ltage  (V PCs), is in  
phase  w ith  the  lo ad  vo ltage  (V load) and  the m ains vo ltage  (V line) (Fig- 3a). I f  vo ltage  dip 
occurs, the P C S  cancels the th y ris to r gate  signals and  changes con tro l stra tegy  from  C M  to 
V FM .

Fig. 2. One-phase model o f  the PCS
Rys. 2. Model jednofazowego kondycjonera mocy

In th is m o d e  the PC S genera tes a  load  vo ltage  (V LOad) tha t fo llow s the reference  vo ltage  
from  the co n tro lle r (C N T ) [8] (Fig. 3b). In  such  a system  the inheren t vo ltage  (F inh) ¡s low er 
than  the load  one ( F Load= Fline) and  vo ltage  drop across the line inducto r C line causes decrease 
in  the line cu rren t IL[NE to  zero  and  ensures reversing  vo ltage  p o la risa tio n  across the thy risto rs 
(F switch), resu ltin g  in  tu rn in g  th e  thy risto rs off. It can  be  observed  th a t the ensu ring  p ro p er 
value o f  Fload b y  the PC S increases the line cu rren t decay. O w ing  to  tha t the tu rn  o f f  tim e can 
be v e ry  sho rt d ep end ing  on  the m om en t o f  the d is tu rbance  occurance  and  its depth.

Fig. 3. Idea o f one- phase PSC operation in compensation (a) and voltage fault mode (b)
Rys. 3. Jednofazowy kondycjoner mocy PSC -  praca w trybie kompensacji (a) i zapadu napięcia (b)

In o rder to  observe  the p rocess o f  d isconnection , the sim ula tion  w as perform ed. T he 
resu lts  a re  p resen ted  in  F ig .4  (fo r the fo llow ing  sim ula tion  param eters: FLine= 230  V , 

A .ine= 0T  m H , 7?line= 0.1 id , /?load=  15 id , ¿ load- 47 .7  m H , C pilter- 10 p.F, A n  ier 1 m H ). 
A fte r th e  v o ltage  d ip -  a t 0 .205 s, the PC S cancels the gate  signals o f  thy risto rs and  changes its 
con tro l s tra tegy  from  C M  to  V F M  w h ich  resu lts in  tu rn ing  the thy risto rs off. F rom  this 
m om en t the load  vo ltage is con tro lled  exclu sively  b y  the PC S using the energy  sto red  in  a H TS 
coil. In  tran sien t from  C M  to  V FM , the load  vo ltage  o scilla tions can  be observed . T hey  are
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m ain ly  caused  b y  a filte r capac ito r and  inducto r (C FiLTer, LFILter)- To reduce osc illa tions a 
dam ping  res is to r connected  in  series w ith  th e  capacito r can  be  used. The dam ping  res is to r 
increases p o w er losses. T hey  are caused  no t on ly  b y  the A C  curren t component com ing  from  
the m ains b u t a lso  b y  the A C  com ponen t o f  the current, genera ted  b y  PWM shape PC S voltage.

It is obv ious th a t in  a one-phase system  there  is no  n eed  to  apply any ad d itiona l con tro l 
stra tegy , apart from  sw itch ing  C M  to  V FM , because  thy risto rs are switched o f f  au tonom ously  
ow ing  to  the load  vo ltage  V Load w h ich  is h igher th an  the inheren t one V inh-

Fig. 4. Simulation o f voltage dip at time 0.205 s -  one phase PCS
Rys. 4. Jednofazowy kondycjoner mocy -  badania symulacyjnie zapadu napięcia (t = 0,205 s)

2.2. A n a ly s is  o f  a  th r e e -p h a s e  sy s tem

T hree con tro l m ethods o f  th ree  phase PC S are p resen ted  in  the section:

•  M ethod  I -  D irec t M ethod , based  on  d irec t tran sien t from  C M  to VFM (as described  fo r a 
one-phase  system )

•  M ethod  II -  W ait S tate M ethod , based  on  inserting  no  opera tion  state be tw een  C M  and  
V FM , w aiting  fo r natural tu rn  o f f  o f  the thyristo rs.

•  M ethod  III -  A ctive  M ethod , based  on ac tive  tak ing  over the load  current from  the m ains 
by the PCS.

In all these m ethods a fter vo ltage  d is tu rbance is de tec ted  the controller (C N T ) cancels gate 
signals o f  thyristo rs.

M ethod  I (idea  p resen ted  in  section  2 .1 ) has been  tes ted  in  three phase  system . T his 
m ethod  assum es d irec t tran sien t from  C M  to  V F M  after de tec tion  o f a vo ltage  d ip  o r short 
in terrup tion . U nfo rtunate ly , th is m ethod  does no t operate  p roperly  in three phase , th ree  w ires 
system s. T his is because  at the beg inn ing  o f  tu rn ing  o f f  p rocess, the thyristor in one phase  is 
tu rned  o f f  qu ick ly  leav ing  tw o  o thers still conducting . B ecause  the PCS con tro l is b ased  on 
space vec to r approach , the opera tion  w ith  thy risto rs conducting  in tw o phases re su lts  in 
incorrec t operation  o f  the PC S (nonsym m etrica l supply ing  w ith  low  im pedance o f  the m ains 
connected  in  p ara lle l w ith  the load). T he tu rn  o f f  p rocess can  take even m uch  m ore tim e  than  
10 m s. T he sim ula tion  resu lts  o f  th is  d isconnection  m ethod  are depicted in Fig. 5a. It should



be n o ted  tha t the tu rn  o f f  tim e  is longer than  10 ms. In  o rder to  reduce  the tu rn  o f f  tim e in the 
TS tw o o th e r th e  PC S con tro l m ethods can  be app lied

In  M ethod  II, a fter d e tec tion  o f  a vo ltage  d istu rbance , the P C S  decreases its inpu t cu rren ts 
to  zero  and  w aits  10 m s w h en  the natu ral tu rn  o f f  o f  thy risto rs takes p lace . A t that m om en t the 
PC S starts opera ting  in  V F M  m ode. T he re la tive ly  long  tu rn  o f f  tim e  cause tha t th is m ethod  is 
no t a  sa tisfac to ry  so lu tion  (the s im ula tion  resu lts o f  M ethod  II a re  p resen ted  in Fig. 5b). T he 
load vo ltage  in th is m ethod  is equal to  the line vo ltage un til the m om en t o f  sw itch ing  o f f  the 
thy risto rs and  after th a t equa ls zero  up  to  the m om en t the P C S  starts V F M  m ode. I t is a lso  
unaccep tab le . In  M ethod  III the P C S , a fter de tec tion  o f  a vo ltage  d is tu rbance , starts to  supp ly  
the load  w ith  the req u ired  ac tiv e  and  reac tive  cu rren t com ponen ts (such  as befo re the vo ltage  
d is tu rbance). T his causes reduc ing  the line cu rren ts to  zero . T he PC S runs th is opera tion  m ode 
fo r a  few  m illiseconds (abou t 2 m s) in  o rd e r to  ob ta in  firm  o f f  sta te  o f  the thy risto rs. Ju s t a fter 
tha t P C S  starts to  opera te  in  V F M , w h ich  m eans th a t PC S con tro ls the v o ltage  across the load. 
T his m ethod  g ives the best resu lts  (see Fig. 5c). T he to ta l tim e from  the start o f  de tec ting  the 
vo ltage  d is tu rbance  till the start the PC S V F M  m ode is abou t 3 m s and  it is the w orst case.
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Fig. 5. Simulation results o f different disconnection methods: (a) -  method I, (b) -  method II, 
(c) -m ethod III

Rys. 5. Badania symulacyjnie różnych metod odłączania: (a) -  metoda I, (b) -  metoda II,
(c) metoda III
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O peration  o f  the PC S in tran sien t from  C M  to V F M  is p resen ted  in  diagram in  Fig. 6. T he 
d iag ram  p resen ts  all opera tion  conditions. B ecause  o f  its advantages, Method III has been  
rea lised  in a rea l system . Its advan tages have  b een  confirm ed  b y  experiments re su lts  o f  w h ich  
are p resen ted  in S ection  4.

T he m eth o d  being  su itab le  fo r linear loads does n o t g ive very  good results fo r strongly  
non linear loads (like thy risto r b ridge rectifiers). F o r such loads active and reactive  current 
com ponen ts vary  in  tim e and  M ethod  III resu lts in  a d is to rted  load  vo ltage in transient.

Fig. 6. Method III (the best one) - operation o f PCS in transient from CM to VFM
Rys. 6. Przejście kondycjonera z trybu kompensacji do trybu zapadu napięcia dla metody III

3. R E C O N N E C T IO N  M O D E  (R M )

R econnection  m ode (R M ) o f  the PC S is the tran sien t m ode, taking p lace be tw een  the 
vo ltage  fau lt m ode (V FM ) and com pensation  m ode (C M ). Just a fter a voltage d is tu rbance 
decays, the load  and the PC S have to  be reconnec ted  to  the m ains. In  such a case the PC S 
starts opera tion  o f  C M  and at the sam e tim e superconducting  co il starts to  be recharged . I f  any  
phase sh ift be tw een  the load  and  the m ains vo ltages occurs du ring  reconnection p rocess it w ill 
cause a cu rren t peak . To reduce  th is p eak  -  reconnection  should b e  m ade after 
resynch ron iza tion  process. B ecause o f  the lim ited  am oun t o f  energy  stored in  the SM E S coil 
the resynch ron iza tion  p rocess has to  be as short as possib le  (it was assum ed  that 
resynch ron iza tion  p rocess takes 10 m s). T he idea  o f  resynchron iza tion  process and  operation  
o f  the PC S in  reconnec tion  m ode (R M ) is p resen ted  in  d iag ram  in Fig. 7. At th e  b eg inn ing  the 
PC S opera tes in  V F M  m ode constan tly  m on ito ring  the m ains voltage. If the  m ains vo ltage 
space vec to r am plitude  is h igher th an  90 percen t o f  its nom inal value for the tim e  longer than  
20 m s, the PC S starts resynch ron iza tion  p rocess. T he tim e o f  20 m s prevents from  a one phase  
vo ltage dip. T he resynch ron iza tion  p rocess  takes 10 m s and  a fter that the PSC tu rn s on  the TS 
and  starts C M  operation .

I f  any  phase  sh ift be tw een  the vo ltages V LINE and  V LOa d  exists at the beg inn ing  o f  
resynch ron iza tion  p rocess (A<p -  in  Fig. 7b) the load  vo ltage frequency is changed  to  value 
resu lting  in  zero  phase  sh ift at the end  o f  resynchron iza tion .

D uring  re synch ron iza tion  the phase  o f  V LOa d  i s  com puted  by  the increm ental a lgorithm , 
equation  (1):

<PvLOAD ( £  +  ! )  =  V v L O A D  W  +  ' T i +
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w here:
(pvLOAD(k) -p h a s e  a t tim e  (k),
27if-T¡ -  p h ase  increm en ta tion  (frequency  m u ltip lied  by  com puta tion  tim e),

A  (p

0.01
• T i  - phase  co rrec tion  ensu ring  zero  phase shift a fter 10 m s

a) b)
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Fig. 7. Operation o f  PCS in reconnection process (a) and idea o f resynchronization process (b) 
Rys. 7. Proces ponownego podłączenia kondycjonera do sieci (a) idea resynchronizacji (b)

T he m ax im um  phase  d ifference  Atp appears i f  the line and  the load  vo ltage  are  in 
opposition . It causes, tha t fo r 10 m s resynch ron iza tion , frequency  change is 50 H z. T he 
frequency  change has no  e ffec t w hen  th e  p ro tec ted  load  is passive  (fo r exam ple  R L  load). F or 
o th er loads (like squ irrel cage induc tion  m ach ines) tha t frequency  change can  cause  short 
o p era tion  d is tu rbances. F o rtuna te ly  these  d is tu rbances are  sm aller than  those  caused  b y  a 
sudden  vo ltage phase  change tha t can  occur w ith o u t re synch ron iza tion  p rocess. A dd itionally , 
the P C S  is designed  fo r e lim in a tio n  vo ltage  d is tu rbances sho rte r than  1 second  and  th an k s to 
th a t the phase  sh ift be tw een  th e  v o ltages V L0Ad and  V Li n e  a t the end o f  d is tu rbance  is re la tive ly  
sm all. Som e experim en ta l resu lts  o f  the reconnec tion  m ode are p resen ted  in  S ection  4.

4. E X P E R IM E N T A L  R E S U L T S

T he p resen ted  m ethod  o f  d isconnec ting  the p ro tec ted  load and the PC S from  the m ains as 
w ell as re synch ron iza tion  and reconnec tion  p rocess  w ere tes ted  in  a laboratory . T he PC S 
param eters  are  as fo llow s: nom inal p o w er S N=30  kV -A, nom inal vo ltage  FN= 400  V , nom inal 
energy  £"N=  21 kJ. T he signal con tro lling  the th y ris to r sw itch  T S  w as genera ted  b y  a PC S 
con tro ller, b ased  on  a  D PS  m ic rocon tro lle r T M S 320F 2812 . T w o types o f  loads w ere used, 
connec tion  o f  re s is to r and induc to r in  series and  a  3 kW  asynchronous m otor.

T he vo ltage d is tu rbance  response  o f  the PC S is p resen ted  in  Fig. 8. It can  be  no ted  tha t 
a fter the line vo ltage  d is tu rbance , the line cu rren t sm ooth ly  decreases to  zero  and  thy ris to rs  are 
sw itched  off.

T he advan tage  o f  th is m ethod  is tha t there  are no  load  vo ltage  o r cu rren t d is tu rbances in  
transien t. T he load  vo ltage  am p litude  a fter vo ltage  fau lt is low er (the effect o f  lack  o f  h igher 
vo ltage  harm on ics in the line vo ltage in  the labora to ry ). T he PC S con tro lled  w ith  m ethod  III 
opera tes co rrec tly  w ith  b o th  k inds o f  loads. Som e cu rren t osc illa tions and  rip p les  can  be 
observed  in  Fig. 8. R ipp les are  caused  by  the PC S sw itch ing  frequency . T he re la tive ly  long 
reco rd  tim e (low  oscillo scope sam pling  frequency) resu lts in osc illa tions in  the line cu rren t
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w avefo rm  w hile  they  do no t exist. T he long reco rd  tim e w as needed to cap tu re  the transien ts.. 
T he  experim ental resu lt o f  resynchron ization  procedure  is show n in Fig. 9. A fte r the vo ltage  
d is tu rbance  decays (10 m s), the system  detec ts the end  o f  the voltage d is tu rbance  fo r 
20 m illiseconds (p reven tion  from  a one phase  vo ltage d ip) and then starts synch ron iza ting  the 
load  w ith  the m ains. It w as assum ed  that resynch ron iza tion  shou ld  not be  longer than  10 ms. 
It can  cause increase  in  the load  cu rren t am plitude  in  case  o f  supplying an  induction  m o to r 
(e lec trom agnetic  fie ld  transien t) bu t has no effec t on an R L  load  (Fig. 9).

Fig. 8. Experimental results o f disconnection o f three phase PCS (RL load)
Rys. 8. Wyniki eksperymentalne dla procesu odłączania trójfazowego kondycjonera 

obciążenie RL)

Rys. 9. Wyniki eksperymentalne dla procesu podłączania trójfazowego kondycjonera 
(obciążenie RL)

T he dep icted  resynch ron iza tion  p rocess is close to  the w orst case w ith  th e  vo ltages V L O a d  

and V l i n e  i n  opposition . In  o ther experim en t fo r the vo ltage  d ip  that las ted  abou t 1 second  -  
the phase  sh ift be tw een  the vo ltages w as c lose  to  zero. A fter resynchronization  gate signals are 
app lied  to  the thy risto rs and the PC S generates vo ltage  that is in phase w ith  the m ains voltage. 
B ecause  it is im possib le  to  contro l the exact m om ent o f  tu rn ing  on the thy risto rs it is assum ed  
that the PC S opera tes as a vo ltage  source fo r 10 m s (it w as neglected in  d iag ram  7 to  ensure 
be tte r sim plicity ). A fter tha t the PC S starts operating  in  CM . Because the sm all phase shift 
be tw een  the vo ltages V L i n e  and  V LOa d  still ex ists, caused by  delays in the contro l system  and
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PI con tro lle rs u sed  in  V F M  m ode [8], a  cu rren t p eak  occurs a t the m om en t o f  reconnection .
T h is p eak  has a  lim ited  value.

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

1. T he d isconnec tion  and  reconnec tion  o f  the p ro tec ted  loads together w ith  the PC S  from  the 
m ains w ere  ana ly sed  separately .

2. A m ong  the ana ly sed  PC S con tro l m ethods in  d isconnec tion  m ode the m ethod  III p roved  to 
be  the best one.
2.1 It g ives the fastest sw itch  o v e r the p ro tec ted  load  from  the m ains to  th e  P C S  w ith  the 

sm allest d is rup ting  o f  the opera tio n  o f  the p ro tec ted  loads.
2 .2 It is su itab le  fo r linear loads. It cou ld  be  a lso  used  fo r n o n linear loads, (like thy risto r 

b ridge  rec tifie rs) g iv ing  sligh tly  w orse  results .
3. T he p ro p o sed  reconnec tion  m eth o d  inc lud ing  re synch ron iza tion  m eets requ irem en ts.

3 .1. It lim its a  cu rren t p eak  a t th e  reconnec tion  m om en t using  resynchron iza tion .
3.2. It g ives as fas t as p o ss ib le  sw itch  over the p ro tec ted  load  from  the P C S  to the m ains 

w ith  the sm allest d isrup ting  o f  the opera tion  o f  the p ro tec ted  loads.
3.3. F o r such  loads like asynch ronous m oto rs the re synch ron iza tion  p rocess can  influence 

its operation .
4. T he p roposed  con tro l m ethod  o f  the PC S in  d isconnec tion  and  reconnec tion  m odes w as 

tested  in a real PC S. T he experim en t resu lts verified  its advantages.
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