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MINIMIZING LINE VOLTAGE DISTURBANCES GENERATED 

BY 360 kW SCR POWER SUPPLIES 

1. INTRODUCTION 

The 360 kW silicon controlled rectifier power supplies (120 volt x 3,000 amp) 

purchased for the use in the end stations produce sufficient line voltage pertur- 

bations that they mutually interfere with each other. See Fig. 1 for the resultant 

line voltage perturbations during the commutation period of one of these 6 bridge 

rectifiers when operating at 2500 amps. 

Figure 2 shows an expanded view of these two notches one from each of two 

power supplies operating at the same time on the same transformer bank. Note 

that the duration of the interference is a function of operating current. The damped 

oscillation at the beginning and end of the commutation period is approximately 

50 kc with a Q of 4. 

Two or more of these power supplies disturb each other if the firing times 

overlap; sometimes they disturb each other with a firing separation of anything 

less than that shown in Fig. 2. 

The following report describes one possible method of cleaning up the 480 V 

power line to eliminate the cross interference between power supplies; power 

factor correction is added at the same time to aid in maintaining a lab power 

factor higher than 90% as required by the utilities power contract. 

The addition of the recommended power factor correction will increase the 

number of power supplies that can be operated at high power levels on a single 

transformer. 

2. AC POWER SYSTEM 

More than seven power supplies may be fed from a single 3300 kVA transformer 

bank as shown in Fig. 3; therefore, it is very probable that two power supplies 

will be operating with coincident commutation periods. 

The rectifier transformers are divided between Wyc-delta and delta-delta 

connected units, but this will have little effect upon the transients put on the line 

during the commutation periods. 
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There will be several of these transformer banks and other larger silicon 

controlled rectifier power supplies connected to the 12.47 kV bus at the research 

area substation. See Fig. 4 for details of the complete system. This bus has a 

source impedence ranging from (0.04 + j 0.4) to (0.2 + j 1.5) ohms and can be 

expected to have harmonic ripple voltages in excess of those shown on Table 1; 

therefore, care must be taken to avoid a series resonance condition between the 

leakage reactance of Tl, Fig. 3, and any added power factor correction on the 

480 volt lines at the power supplies. 

An inset is shown on Fig. 3 giving the pertinent details of the 360 kW power 

supplies involved. 

3. DC POWER SUPPLY 120 V - 3,000 AMPS 

Each of the power supplies were purchased to meet the SLAC specifications 

PS-900-523-OO-Rl. These units are 3 phase bridge rectifiers with an L-R-C 

filter (see Fig. 3). They are designed for f 0.1% current regulation using SLAC 

supplied firing circuits (see Fig. 5), amplifiers and a transductor modeled from 

similar units at Lawrence Radiation Laboratory, Berkeley, California. 

The open circuit no load voltage is about 147 volts on tap No. 1. The maximum 

voltage on a 0.037 ohm load is 122 volts. Additional taps on the transformer 

primary have been provided for SO%, SO%, and 40% output voltage to give higher 

power factors when operating at decreased outputs (see Fig. 6). 

One half of these power supplies have a Wye-delta rectifier transformer the 

other half are delta-delta; this transformation helps reduce the 5 and 7 harmonic 

currents but is not complctc because the units operate over a wide phase controlled 

range. 

4. MEASURED EFFECT OF ADDED POWER FACTOR CORRECTION 

Figures 7, 8, and 9 show the ac line voltage disturbances for no power factor 

correction, 15 kVAR, and 90 kVAR respectively when added inside of the power 

supply lQ5. A “Twin T” filter has been used to suppress the 60 cps fundamental 

sine wave for these pictures. The fundamental would normally be as shown in 

Fig. 1 without the Twin T. Figs. 10 and 11 show the ac current to the capacitors 

in the 15 kVAR and 90 kVAR banks. A wcston clip-on ammeter reads 105 amps 

and 200 amps respectively. The power supply was operating at 83 volts and 2500 

amps dc output during these tests. 



The damped waves shown in Figs. 8 to 11 correspond to a resonance between 

the leakage inductance of Tl and the added power factor capacitors. 

TABLE I 

12.47 kV Line Voltage Harmonics 

The ac voltage fed to electrical and electronic cyuipmcnt at the Stanford Linear 

Accelerator Center will have different degrees of ac harmonic voltages superimposed 

on the fundamental dcpcnding upon the type of accclcrator operation and loading. 

The following sets of data are given as a typical distribution of the RMS har- 

monic voltage that may be present on the 12 kV supply line. Care should be given 

in the application of electronic circuits that depend upon a constant ratio of peak to 

RMS voltage or in circuits that may have resonances in the regions involved. 

Harmonic Frequency 
Number CPS 

2 120 
3 180 
4 240 
5 300 
7 420 

11 660 
13 780 
17 1020 
19 1140 
23 1380 
25 1500 

Percent RMS of Fun- 
damental Voltage (3) 

Condition (1) Condition (2) 

0.47 

Harmonic ‘1, RMS 

Limit on P. F. 

0.17 
0.11 
0.34 0 55 . 

34. 3 0. I;VA 
26. 1,imitcd 

0.23 0.46 22. 
0.16 0.40 18. 
0.12 0.20 16. 

0.20 0. 90 1 :i. 0.14 0 . 55 12. 1 Current 
0.18 0.55 10. 1,imitc:tl 
0.16 0.50 !f . 

These harmonics may result in a 7% peak to peak voltage dislurbancc on the 

12 kV system or a total of 14% peak to peak disturbance on some sclcctcd 470 

volt distribution systems. 
1. The accelerator operating at a pulse rate of 60 pulses per second. 

2. The accelerator operating at a pulse rate of 360 pulses per second. 

3. Other harmonics may be present because of the operation of other 

large magnet power supplies. 

4. This table shows the RMS voltage limit on harmonics on a power factor 

capacitor for a single harmonic applied simultaneously with lOO’%, fun- 

damcntal as limited by a maximum of 1X’%, kVA (total) or 250’% total ol’ 

rated lundamental RMS current. The peak ac voltage must also I)(: 

less than 1.51 times the rated RMS I’untlamcntal voltage; this IUS a 

limit of 7% harmonic with 100% fundamental (see Nema Stantl:lrd 1’111)- 

lication No CPl - 1965). 
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5. NECESSARY PRECAUTIONS 

It is essential that certain precautions bc taken when adding power factor 

capacitors to systems such as shown in Fig. 3; some of these precautions arc as 

follows: 

1. Capacitors for transient suppression must bc added at each power supply. 

(See Fig. 3). Capacitors at lQ5 power supply arc only 50X1 effcctivc in tlccrcasing 

transients from lQ6 and not effcctivc for transients from lD6. Capacitors may 

also be added very close to the power distribution panel. 

2. Any capacitors added must be critically damped for the inductances 

involved, otherwise a build up of oscillation may occur when several similar 

power supplies are operating on one bank at random phasing. 

3. The leakage inductance of Tl and power factor capacitors Cl forms a 

series resonance as looked at from the 12 kV bus, and could lead to dcstructivc 

currents if not damped out. This must bc avoided for all possible numbers of 

power supplies and loading on one transformer bank. 

4. The ac harmonic currents in the capacitors must bc within their capabil- 

ities for all possible conditions. 

5. Care must be taken so as not to incrcasc the di/dt currents in thr: silicon 

controlled rectifiers beyond their ratings by lowering the lint impctlancc with the 

addition of thcsc capacitors, or to allow the rate ol‘ rccovcry voltage LLCtcr conduc- 

tion to be excessive. 

6. POWER SUPPLY CROSS INTERFERENCE 

The interference noted when two power supplies without power Factor corrcc- 

tion have their commutation period coincident can amount to a jitter of the width 

of at least the commutation period 0.19 ms at 3,000 amps or about 0.4%. ‘l’hc 

addition of 90 kVAR power factor correction on one power supply causes a 

resonance at about the 12.5th harmonic (see Fig. 9) and 15% voltage. I can 

demonstrate a phase shift in firing corresponding to 6% output voltagct when the 

phase of this harmonic is varied. 

I bclicvc then that the jitter in firing is a result of low frcqucncics on 1.1~: 

power feeding the firing signals and is not directly the result ol RI<1 or fast I inc 

transicnts,exccpt that thcsc power transients may cxcitc rcsonanccs in thca systcrn. 

The step in the 470 volt supply to the main translormcr (SW Fig. 1) rcprctscnts 

a discontinuity in the total avcragc current out versus phase angle of I’iring and 
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and causes an effective change in loop gain for small deviations. The notch may 

bc rcduccd with the addition of small amounts of capacitors, but provisions must 

bc made to prevent excessive ringing. 

A filter must be added on the ac power lines supplying the firing signals with- 

out introducing variable phase shifts and locally resonant systems (it will have to 

cut off sharply above 100 cps), but I believe that WC: should also clean up the 480 

volt ac power lines with the application of power factor correction capacitors. 

We need them any way to obtain a better’ power factor and besides I do not believe 

that the 470 volt lines feeding other equipment should have the magnitude of 

transients shown in Fig. 1. 

7. RECOMMENDED SOLUTION 

I recommend that at least 100 1VAR of P. 1’. Correction be added to each 

power supply; this value will help eliminate the cross interference. 100 IcVAR 

will correct a 200 kW 70% power factor load (a possibility) to a power factor of 

about 90% with a scrics resonance al the 10. H harmonic with 1’1 Fig. 3. Other 

resonances with Tl for different numbers of power supplies on the line are shown 

in Table II with the required scrics resistances for critical damping. 

TABLE II 

No. of Power Supplies Resonance Critical Damping Rcsistancc 
(100 kVAR in each) Harmonic N (ohms) R, .= WL1 

1 10.8 0.21; (9.0 kW total) 

2 7. 7 0.15 

3 6.3 0.12 

4 5.4 0.11 

5 4.9 0.10 

6 4.5 0. 09 

7 4.1 0. 08 

8 3.7 0. 07 

9 3. G 0.07 

10 3.4 0. OGH 
A comparison of the data in this table: and the data in ‘I’ablc 1 shows 

that it will bc almost impossible to avoid SOII~C critically resonant con- 

dition with the tolcranccs ol’ stantlartl cotr1l)otlcnt.s. 1 Idicvc that WC’ 

should start with lhcsc! v:~luos but clsl)cc:t lo atltl at)out 1100 kVAli on c~ch 

trarisformcr bank as a base correction wIic:Ii more clmpjrical (Iala is 

available on the complctc systcrn. 
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It should not be necessary to design a system that will present the exact 

critical damping resistance for the resonance frequencies represented by all 

possible combinations of power supplies. A practical solution would bc a rcsis- 

tancc of about 0.2 ohms for the 100 kVAR in each power supply; this may bc under 

damped with only one power supply turned on, but it will be more exact for a 

larger number of units in parallel. It is rcalizetl t.hat thcrc is a considcrabk 

difference whcthcr or not the various power supplies arc! delivering current to a 

load, but the system must bc designed to be reasonably safe from a series 

resonance coupling with most harmonics on the 12 I<V lint when all conncctcd 

power supplies are adjusted to zero current. 

8. WARNING 

A word of caution should be mentioned at this time regarding the application of 

Power Factor Capacitors to power lines at SLAC. Please refer to Table I. Note 

that columns 3 and 4 arc the expected amounts of harmonic voltages on the SLAC 

power lines per Paul Edwards. Note that Column 5 shows the maximum pcrrnis- 

sable single harmonic that can exist simultaneously with 100% ratctl funtlamcntal 

voltage without damage to standard capacitors. It is readily apparent that il 

Paul’s numbers are correct, then standard rated capacitors can be used in large 

banks to help rcducc the line harmonics. Resonant traps must have Q’s of I(>ss 

tha.n 100 to prcvcnt cxccssivc single-harmonic currents. 

9. LOCATION OF POWER FACTOR CORRISC’l’ION 

It is possible to connect the P. F. Capacitors on either the line or loacl sitlc 

of the main contactor. 

I prefer these capacitors to be on the load side of the contactor. In this 

position they will help to m.inimizc voltage transients on the silicon controllctl 

rectifiers when the contractors are turned oU at zero dc current and causc~l to 

break the transformer magnetizing current. The capacitors will also ring down 

when truncd off, thus aiding in setting the transformer flux to zero for lower 

turn-on voltage transients. The step start relays should aid in cncrgizing the 

capacitor lxmlcs with minimum inrush currents. 

The overall ac power systctn 1na1.y rcquirc: more power I’actor corrccl.ion than 

is rcprcscntcd by 100 I<VRR in each ~)owcr sul)l)ly. I’urthcr stutlic:s ant1 systc~111 

chccl<s must k made to tlctcrrninc whcrc such c;ll)acjtor banks shoultl 1x> c:onnoc:l.c:cl 

to the system when all of lhc: m:ljor lo:~tls :LI’C: (-onnc~ctc~l antI oI)c~r;ll.ing:‘. 
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10. POWER SUPPLY AC LINE CURRENTS 

Figure 12 shows the 470 V ac line currents required by a 360 kW power supply 

versus the dc current to a typical load for various primary taps on the rectifier 

transformer without power factor capacitors. 

Points B and C show the ac current that should be required when 100 kVAR 

or 200 kVAR of power factor correction is connected in parallel with the primary 

of the rectifier transl’ormcr. Actually the amount of current reduction to a power 

supply when 100 IiVAR is added may bc less than expected bccausc of the harmonic 

currents involved unless steps arc taken to affect a critically dampctl circuit. 

In one test with two diffcrcnt power supplies fckding the same type load, there 

WZLS no difference in the primary ac current at a load of 2500 amps tic whc~n one 

unit was without PF correction and the other had 90 kVAR conncctcti without 

damping resistors. The resultant power factor for these curves can bc approxi- 

mated by the relationship between kW and kVA. This is shown in Fig. 6. 

Note that it should be possible to run only 7 fully loaded power supplies on a 

single 3,300 kVA bank with no power factor capacitors added, but 9 power supplies 

with 100 kVAR of capacitors per power supply providing that harmonic currents 

do not increase the effective RMS current in the lines. Adding 220 kVAR of 

capacity would allow 10 power supplies per main transformer with a fully loaded 

power factor of 95’&, but does not seem worth the added expcnsc. 

A study should bc made to see if it is possible to shorten the commutation 

time by changing the values of the R-C surge protection across the main S(:li’s 

or by adding an R-C network across the secondary windings of the rcctil’iclr 

transformer. Indiscriminate changes or addition of this type of circuit can 

easily destroy the SCR’s because of exccssivc di/dt at turn off, thcrcforc care 

must be taken in this study. A shorter commutation time will help mini rnizcb 

energy in the transients on the power lines. 

11. AC HARMONIC LINE CURRENTS 

The ac current to a 6 pulse rcctificr circuit is comprised of the I’undamcntal 

60 cps current and the various harmonic currctnt dctcrmincd by the type 01 

rectifier circuit, load parameters, and the transl’ormcr commutation rcactancc. 
I 

---___ -. 
1. Rcctil’icr Circuits ‘I’hcor3i_antl I)cs i&11, ,Ioh;Lnncbs Sch;l.cbl’c:r ( I!XT,). _I__-__.- _ -- .--.__ 
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The relative values ol’ the harmonic cur’rcnts for an it&l 6 puIsc> l*c:ctil’icar, 

i. c. ; regular bridge connection, incluclivc load, no I’roc wheeling action, :lij(l 

zero commutation rcactancc is given by, 

IN Harmonic current at the Nth 
harmonic. 

IO = Fundamental Line current 

N = Harmonic Number 

The ac line harmonics (N) to be expected for this ideal case are: 5, 7, 11, 

13, 17, 19, 23, 25, etc, N = n6 + 1. These harmonic currents will flow - 
through the reactance of the main power system transformer or through any added 

shunt capacitors if their reactance is less than that of the transformer. 

The practical rcct;ificr will normally have less higher order harmonics 

present than the ideal case; (if we ignore system resonances) and will normally 

have other harmonics present bccausc ol’ system irrcgularitics, unbalanced 

firing, free wheeling diode action, etc. 

A 100 kVAli bank of power factor capacitors added without tuned induclatmx 

or damping resistors might be expected to absorb most of thcsc currcntz above 

the 12th harmonic; the 5th and 7th harmonic would still pass i;hrough the power 

transformer and could cause a voltage perturbation of: 

E ripple = F (0.02N) 

= 10. ti volts or 4% for each harmonic 

This may be some of the reasons for the voltage perturbations in Ipig. !), 1~11 is 

not the cause of the damped wave of Fig. X, bccausc the pcrmitlctl Iw.rtuonics 

can not add up to a damped wave train. 

Any capacitor banks added must be able to hantllc thcsc hartnoni( cur~c~nls 

or be appropriately trapped to keep thcsc currents under control. 

12. CONCLUSION 

This report has pointed up sornc ol’ the problems and possible solulions to the 

cross interference cxpcricncc when thcsc units wcrc first turnd on. ‘I’ho ortlcr 

in which those involvctl s11ou Id find final solutions should 1~: 
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1. Add traps to the 470 volts feeding the firing circuits to climinatc the 

harmonics and high frequency transients. 

2. Check desirability of dccrcasing the comn~utation time with circuits on 

the secondary of the rcctificr transformers. 

3. Add power factor correction to the powcbr supply to dccrcaso a(* Ijrimary 

currents and minimize transients on the 470 volts. 

4. Check interrelationship of added power factor correction and the rest of 

the power system. 

5. Take a new set of power data similar to Figs. 6 and 12 with accurate 

instruments. The data in this report was a survey type investigation 

using a weston clip on ammeter and no watt meters. 
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