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Résumé - Cet article rapporte les essais d'une alimentation de puissance à 
courant continu et d'un système de refroidissement pour des aimants de haute 
puissance à refroidissement par eau. 

Abstract - The design and tes t resu l t s of a DC power supply and a 
cooling system for high-power water cooled magnets at Tohoku 
university are reported. 

1. Introduction 
At the Research Institute for Ion, Steel and Other metals, Tohoku University, a 
hybrid magnet project has been under way since 1981. Toshiba corporation has been 
contributing to this project with the manufacture of hybrid magnets and relevant 
principal facilities. This paper describes the design and the test of a DC power 
supply and a cooling system for high-power water-cooled magnets. Details of this 
project are reported in a separate paper>> . 

2. DC Power Supply 
The DC power supply consists of two identical 4 MW (350°V-11.5 kA) units which may 
be operated either in parallel or separately depending on the load. One of them 
was already manufactured and tested successfully to energize a 3.6 MW water-cooled 
magnet. Another unit is scheduled to be tested at the beginning of 1984 linked 
with the unit already installed. Principal specifications and a circuit diagram 
of the system are shown in Table 1 and Fig. 1, respectively. 

2.1 Circuit Diagram 
As shown in Fig. 1, each unit is fed independently from an AC 6.6 kV power line 
through a transformer - which is followed by a 3-phase rectifier bridge with 60 
thyristers (SCR), resulting in a fundamental ripple frequency of 300 Hz. To 
reduce the ripple, both a passive filter and a two-staged active filter are 
equipped, as described in the next section. 
At the 6.6 k¥ power line, a harmonic filter bank is installed in order to reduce 
the harmonics produced by SCR. The bank consists of 5th and 7th filters, and a 
highpass filter resonant in 11th. It is to be noticed that 5th and 7th harmonics 
are nullified in the case of the parallel operation of two units because the 
connection of transformer is A-A at one unit and X. ~^ at the other unit so as to 
generate the 12-phase AC. This allows for the relatively small capacities of both 
the 5th and 7th filters, 
The polarity of the magnet field can be reversed by means of a reversing switch 
installed at a main busbar, and also a disconnector is installed at each branch 
busbar for the magnet. Aluminum was chosen as the material of the main busbar 
from the viewpoint of cost and easy handling for the installation. The power 
supply can be manipulated by using a remote control panel located at the control 
room. In addition, an automatic sweep and modulation of the magnet current can be 
done by means of a computer control. 

2.2 DC Filter Design 
In the designing of the power supply, the most difficult problem was how to reduce 
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t he  r i p p l e  t o  such a  smal l  va lue  as  1  X 10 rms, whi le  t h e  inductance  o f  t h e  
magnet i s  very  smal l  a s  shown i n  Table 1 .  The conven t iona l  pas s ive  f i l t e r  w i th  LC 
c i r c u i t  i s  advantageous t o  reduce  r e l a t i v e l y  h igh f requency r i p p l e s .  But i t  i s  
not  s u i t a b l e  t o  reduce t h e  r i p p l e  w i th  such low f requency a s  50 Hz, 100 Hz and s o  
on because LC c a p a c i t y  becomes exces s ive ly  l a r g e .  Usual ly  t h e s e  r i p p l e s  a r e  
caused by phase unbalance and/or  unbalanced f i r i n g  t iming  of SCR. To cope wi th  
t h i s  d i f f i c u l t y ,  we used the  so-ca l led  a c t i v e  f i l t e r .  There a r e  two types  of t h e  
a c t i v e  f i l t e r s :  one of them2) connects  many t r a n s i s t o r s  i n  s e r i e s  w i th  t he  l oad ,  
and t h e  o ther3)  i s  t o  c o n t r o l  t h e  r i p p l e  a t  a  main c i r c u i t  by a  t r a n s i s t e r  bank of 
a  smal l  c a p a c i t y  a t  a  s e c o n d a ~ y  c i r c u i t  through a  r eac to r - t r ans fo rmer .  The l a t t e r  
was chosen f o r  t h e  p re sen t  power supply .  
As shown i n  F ig .  1 ,  t h e  t r a n s i s t o r  bank Table 1 Specifications of DC Power Supply 
a m p l i f i e s  a l t e r n a t e  components of t h e  
vo l t age  a s  measured a t  p o i n t  A 1  o r  A2 
which a r e  fed i n t o  t h e  main c i r c u i t  w i th  
oppos i t e  phase v i a  a  r eac to r - t r ans fo rmer  L1 

o r  L2, compensating any d e v i a t i o n s  up t o  
1  X 10-4 rms. The g a i n  r equ i r ed  f o r  t h i s  
a c t i v e  f i l t e r  i s  des igned t o  be about 30 
dB being too  l a r g e  t o  be a t t a i n e d  by a  
one-staged a c t i v e  f i l t e r  wi thout  t h e  
occurrence  of hunt ing  due t o  d e t e c t i o n  
e r r o r s .  Then a  two-staged a c t i v e  f i l t e r  
i s  des igned.  I t  i s  t o  be emphasized t h a t  no t  a  12-pulse,  but on ly  a  6-pulse SCR 
i s  des igned ,  because the  r i p p l e s  w i th  h ighe r  frequency than 300 Hz a r e  no t  so  
dominating f a c t o r s  i n  t h e  DC f i l t e r  des ign  a s  compared wi th  t h e  low frequency 
r i p p l e s  mentioned above. 

Primary voltage AC 6.6KV 

Secondary voltage DC 0 - 350V 

Secondary current DC 0 -23 KA (two units in  parallel) 

Secondary power 8 MW (two units in parellell 

Current stability S 1 x 10-~/3hr (at full power) 

Current ripple c. l X lo- lrms (at fu l l  power) 

Linearity of sweep c. 1 X 10-2 (at current of 5% - 95%) 

Magnet parameter R = 15 - 35 rnCl 

L = 0.3 - 1.3rnH 

l I [Phase controller I I I 

11th high-pass harmonic fi lter Fig. 1 Circuit Diagram of DC Power Supply 
1000 kVA (7 = 6) 

2.3 T e s t s  Resu l t s  
The t e s t  r e s u l t s  s a t i s f i e d  t h e  s p e c i f i c a t i o n s  l i s t e d  i n  Table 1 .  The r i p p l e s  w i th  
h ighe r  frequency than 50 Hz were smal l  enough. I n  some case ,  however, r a t h e r  
l a r g e  r i p p l e s  of low frequency (5 % 7 Hz) were observed a s  shown i n  F ig .  2. Such 
low f requency r i p p l e s  were considered  t o  be caused by e x t e r n a l  n o i s e  i n  t h e  AC 
power l i n e  because it always appears  whenever and only  when t h e  same low frequency 
components were found a t  t h e  primary vo l t age .  On t h e  o t h e r  hand, harmonics of  



5 t h ,  7 th ,  l l t h ,  13th  and so  on produced i n  t h e  AC 
l i n e  by t h e  SCR were measured and confirmed t o  be 
wi th in  pe rmi t t ed  va lues .  

3.  Cooling System 
The purpose of t h e  coo l ing  system i s  t o  remove a  
v a s t  amount of J o u l e  l o s s  d i s s i p a t e d  i n  t he  magnet 
and a l s o  t o  cool  a l l  of t h e  DC power s u p p l i e s  used 
f o r  t he  hybr id  magnets. The t o t a l  coo l ing  c a p a c i t y  
of 6MW i s  obta ined by two i d e n t i c a l  s e t s  c o n s i s t i n g  
of a  t u r b o - r e f r i g e r a t o r ,  a  coo l ing  tower and 

H 
200 m= 

r e l e v a n t  pumps. One s e t  was a l r e a d y  manufactured Fig. 2 Photo of Ripple a t  11.5 KA 
and t e s t e d  s u c c e s s f u l l y  t o  cool  the  magnet. Like 
the  DC power supp ly ,  ano the r  s e t  now being manufactured i n  scheduled t o  be t e s t e d  
soon. P r i n c i p a l  s p e c i f i c a t i o n s  and a  c i r c u i t  diagram of t h e  system a r e  shown i n  
Table 2  and F i g .  3 ,  r e s p e c t i v e l y .  I t  i s  t o  be no t i ced  chat  t h i s  system d i f f e r s  
from t h a t  of MIT o r  Grenoble where t h e  J o u l e  l o s s  is  f i n a l l y  t r a n s f e r r e d  i n t o  t he  
r i v e r  water .  I n  t h e  p re sen t  sys tem,  t he  coo l ing  c a p a c i t y  of 6  MW can be 
mainta ined wi th  water  tempera ture  of about 6OC even i n  summer. 

3.1 C i r c u i t  Diagram 
The system i s  composed of a  primary c i r c u i t  w i th  de ion ized  water  which coo l s  t he  
magnets a f t e r  be ing c h i l l e d  by r e f r i g e r a t o r s ,  and a  secondary c i r c u i t  w i th  c i t y  
water  which coo l s  a s  a  condensing c i r c u i t  of t h e  r e f r i g e r a t o r s .  

3.1.1 Primary C i r c u i t  
The deionized water i s  d i r e c t l y  c h i l l e d  below 1 0 ' ~  by the  r e f r i g e r a t o r s  R1 and R 2 ,  
and s t o r e d  i n  a  200 tank DT. Then i t  i s  p re s su r i zed  by fou r  c i r c u l a t i o n  pumps 
P1 % P4 (75 kW each)  up t o  t he  p r e s s u r e  of about  20 kg/cm2, and supp l i ed  t o  t he  
magnets WM1 % WM7. The r e s i s t i v i t y  o f  water  i s  kep t  over 1MO.cm by an ion- 
exchanger I E .  The DC power s u p p l i e s  PS1 % PS5 a r e  cooled i n d i r e c t l y  by t h i s  
c h i l l e d  water  through a  hea t  exc'panger HE t o  avoid dew condensing i n  them 
e s p e c i a l l y  du r ing  t h e  wet and cold  season.  

3.1.2 Secondary C i r c u i t  
The coo l ing  towers CT1 and CT2 of so-ca l led  open type  a r e  t o  coo l  t h e  c i t y  water  
which i s  once s t o r e d  i n  a  tank WT and c i r c u l a t e s  through t h e  condensors of t h e  
r e f r i g e r a t o r s .  The J o u l e  l o s s  o f  t he  magnet i s  once conver ted  thermodynamically 
i n t o  t h e  en tha lpy  of Freon i n  t h e  r e f r i g e r a t o r s  and f i n a l l y  d i s s i p a t e d  a s  t h e  
evapora t ion  hea t  of water  i n  t he  coo l ing  towers.  

3.2 C h a r a c t e r i s t i c s  o f  t h e  System 
R e f r i g e r a t o r s :  They can c h i l l  t h e  deionized water  d i r e c t l y  so  a s  t o  improve t h e  
coo l ing  e f f i c i e n c y  of t h e  system. Each r e f r i g e r a t o r  has two compressors i n  
p a r a l l e l ,  and t h e i r  c a p a c i t i e s  a r e  a u t o m a t i c a l l y  c o n t r o l l e d  t o  keep t h e  water  
tempera ture  between 6OC Q 10°C wi thou t  f requent  s t a r t / s t o p  o p e r a t i o n s .  
Deionized water  tank: I t s  c a p a c i t y  of 200 m3 enab le s  us  t o  e n e r g i z e  t h e  magnet 
w i th  t h e  power over 6  MW ( r a t e d  coo l ing  c a p a c i t y )  f o r  a  s h o r t  t ime .  I t  i s  t o  be 
noted  t h a t  r a t e d  DC power i s  8 MW. 
Cooling towers:  They a r e  des igned t o  be  low-noise type  and moreover a  sound proof 
b a r r i e r  of about  11  m he igh t  was cons t ruc t ed  around them. To reduce  the  no i se  
f u r t h e r  a t  n i g h t ,  t h e i r  f a n s '  speed i s  changed from 1000 rpm t o  750 rpm by means 
of pole-change of t h e  motor;  t h e  coo l ing  c a p a c i t y  a t  n i g h t  i s  not  so  d i f f e r e n t  
from t h a t  o f  dayt ime,  because of lower tempera ture  a t  n i g h t .  Also they a r e  
designed t o  suppress  t he  fog t o  be  produced i n  t h e  a i r .  
C i r c u l a t i o n  pump: One o f  fou r  pumps i s  speed-contro l led  by t r a n s i s t o r  i n v e r t e r  i n  
o r d e r  t o  a d j u s t  t h e  flow r a t e  con t inuous ly  and a l s o  t o  make an a i r -ven t ing  
o p e r a t i o n  of t h e  primary c i r c u i t  smoothly.  
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Table 2 Specification of Cooling System 

Priman/ circuit Secondary circuit 

Flow rate for magnet 350 m3/hr Cooling capacity of cooling tower 

Delivery pressure o f  pump for magnet 20 kg/cm2 at wet bulb temperature of 25'C 7.4 MW 

Inlet temperature for magnet 6°C - 10°C Capacity of city water tank 100 m' 

Resistivity of cooling water > 1Mn.cm Flow rate of supplied water 12 m3/hr 

Cooling capacity o f  turbo-refrigerators 6MW 

Capacity o f  deionized water tank 200 m3 

Flow rate for DC power supplies 36 m'lhr 

Inlettemperaturefor DC power supplies 25-C 
p~ - 

P, -P, : Circulation pump for magnet 
P, -P,, : Other pump 

1100 mesh) CT, , CT, : Cooling tower INV : Transistor inverter 
WT : City water tank PV : Pressure control valve 
HE : Heat exchanger DT : Deionized water tank 
PS, - PS, : DC powersupplier TV : Temperature control valve 
F : Filter IE,, IE, : Ion exchanger 

Fig. 3 Diagram of Cooling System 

3.3 Test Results 

The cooling capacity of the refrigerator and the cooling tower were confirmed to 
satisfy specifications in the test where the magnet was energized with 3 MW 
continuously for a sufficiently long time. Also they could be controlled to 
starttstop periodically in several ten minutes, maintaining the temperature of the 
inlet water to the magnet between 6OC and 10°C. The noise produced by the cooling 
tower was confirmed to be much less than the permitted value. 
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