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Summary 

The two 4000A, 15OV power supplies for the spec- 
trometer magnet of the Bates Linac have a current reg- 
ulation and stability of better than .OOl% for an S- 
hour period. Current sensing is accomplished by a 
S-volt precision shunt. The output is programmed by a 
stable dc voltage reference with a 6-digit keyboard. 
The rate of current increase or decrease for control- 
ling magnet excitation is adjustable up to a rate of 
4000A per minute. Power dissipation in the 300 pass 
transistors of each supply is limited by automatically 
controlling the emitter to collector voltage with the 
use of a variable voltage transformer. To avoid pos- 
sible conducted or radiated interference with experi- 
mental signals, no silicon-controlled rectifiers are 
used. The major portion of this article is devoted to 
an analysis of the stability. 

Introduction - Specifications 

An accuracy of .Ol% was designated as the design 
goal of the 300-ton spectrometer of the 400 MeV Bates 
Linear Electron Accelerator. To cooperate in this 
achievement, the two 4000.4, 1SOV dc power supplies for 
the magnet were limited to a combined current regula- 
tion and stability of less than +.OOl%. 

The following are the pertinent specifications for 
the output performance of the supplies: 

1) Input voltage: 460 volts, 3 phase, 60 Hz. 
2) Output load: .03511 in series with 0.11 H; 

or a combination of two such loads in series 
or in parallel 

3) Combined current regulation, stability and 
rioole at any load between SOOA and 4000A 
not’ to exceeh ?.OOl% over an S-hour period 
for the following disturbances : 
a) AC input voltage variation: ir7%, slow, 

or x2%, step. 
b) Output load variation: 115% in resistance. 
c) Ambient temperature variation at the power 

cabinet location: +lO°C in the range of 5’ 
to 45Oc. 

d) Rmbient temperature variation at the remote 
control panel location: i2’ in the range of 
213 to 2sOc. 

e) Cooling water available: 3S°C ~1.5’. 
4) Resolution of output current selection: .OOl%. 
5) Output performance and resolution from -4OA to 

SOOA: degraded inversely as the magnitude of 
the current approxinatcly. 

6) Remote control panel to be located at 150 feet 
from the power cabinet. 

7) Rate of current increase or decrease: adjusta- 
ble up to 4000.4 per minute. 

Circuitry and interlocks for the protection of 
personnel and components were also required. Detec- 
tion, and both audio and visual indication of partial 
failures, such as parallel transistors, or rectifier 
diodes, was included. l’hcse failures do not initiate 
a shutdown. 

Circuit Description 

Fig. 1 is the circuit schematic for the current 
regulator and Fig. 2 is the block schematic showing 
power and signal paths through the various circuits. 

In order to focus attention on the performance analys- 
is, only those components that enter into the analysis 
are shown. Conventional circuitry not shown includes: 
1) Transformer-rectifier connections. 
2) Voltage pre-regulator controls. 
3) Relay controls for energization, mode-of-operation 

selection, interlocks, etc. 
4) Auxiliary power supplies. 
5) Circuit breakers and fuses, and load-balancing 

resistors. 
6) Protective clamping circuits for transistor over- 

voltage, reverse voltage, and short circuit. 
7) Reverse current source (-4OA). 

No silicon-controlled rectifiers are used to 
avoid possible radiated or conducted interference with 
experimental signals. 

Pre-regulator 

The circuit of Fig. 1 is a series-regulated, 
solid-state current supply with a variable transformer 
for pre-regulation. The output of the variable trans- 
former is automatically controlled to maintain lo-12 
volts across the pass transistors Ql regardless of the 
magnitude of the output voltage. To limit power dis- 
sipation in the transistors, the voltage is just suf- 
ficient to meet the required transient demands on the 
series regulator. 

Rectifier-Filter 

The transformer assembly operates into a 6-phase 
bridge rectifier, the output ripple of which is fil- 
tered by Ll-C2. A peak-to-peak ripple of one volt is 
considered an economical compromise between cost of 
the filter and excessive power dissipation in the 
series transistors. 

Series Regulator 

The series regulator controls the amount of cur- 
rent supplied to the magnet load RL-LL. The regulator 
consists of 300 transistors Ql in parallel driven by a 
3-stage Darlington circuit, Q?, Q3, 44, containing the 
quantity and type of transistors indicated. The ?N 
2116 power transistor is rated at 30A, SOV, 2SOW, with 
a thermal resistance of 0.4S°C/W up to a junction 
temperature of 175’C, and has a dc current gain of 10. 

Output Filter 

The output filter Cl acts as energy storage for 
load transients, reduces ripple and helps stabilize 
the feedback system. 

Current Sensor 

Resistor RS, a precision water-cooled resistor, 
1.25mn approximately, is connected in series with the 
load to measure the current and transform it into a 
voltage Vfb, as the feedback signal. 

Voltage Reference 

The feedback voltage is compared with the ref- 
erence voltage VR, and the difference, the error vol- 
tage 5, is applied to the operational amplifier A. 
The reference voltage which matches the feedback vol- 
tage is derived from a stable dc voltage source with 
a 6-digit keyboard for programming. 
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Amplifier 

Resistance R4 and the input resistance of the 
operational amplifier R act as a voltage divider for 
the error signal. The first stage of amplification is 
performed by a chopper-stabilized operational amplifi- 
er having a high dc gain, low input voltage drift, and 
low input noise. 

The output is connected to a transistor amplifier 
QS> acting as a signal inverter and buffer between the 
amplified signal and the first stage of the Darlington 
circuit 44. 

Both stages of voltage amplification are capaci- 
tor coupled back to the input to reduce the gain at 
higher frequencies and thus achieve feedback stabili- 
ty. 

The 15V auxiliary power supplies are voltage 
regulated to .Ol%. 

Feedback System 

The current regulator is presented as a feedback 
system in Fig. 3 with each block representing a trans- 

fer function. Fig. 4 is a hybrid diagram in which part 
of the system is presented as blocks of a feedback sys- 

tem. The series regulatorQl-3isshown as an emitter 
follower circuit. 
tance RL 

R, combines with the load resis- 
to form a divider for the output voltage Vo. 

The incremental transfer values of the blocks are 
as follows : 

(1) Voltage divider RA K D .75 v/v 

R4+RA 
(2) Operational amplifier A lOa v/v 
(3) Buffer amplifier 
(4) Series regulator, KQ ; 

v/v 

KF v/v 
emitter follower 

(5) Load 1 1 A/V 

“L ,035 

(6) Current sensor RS 1.25x10- 3 V/A 

(7) Feed forward gain, KFF -40 x10’ A/V 

KD :lKQ KF i- 
(8) Loop gain, ’ K FF RS KL - 5 x106 v/v 

From feedback system principles, the transfer 
function of the closed loop system for the incremental 
effect on output current IL due to variations in the 
set point VR is: 

k = feed forward gain _ KFF 
v (1) 

R l+loop gain 

KD AKQ KF L 

l+KL 

RL 
l+KD AKQ KF & RS (2) 

The loop gain is so large that the “1” in the 
denominator can be neglected and (2) reduces to: 

IL = G- ‘jR 
(3) 

S 
Equation (3) shows that the output current vari- 

ation is proportional to the reference voltage varia- 
tion. 

Effect of Drift in Reference Voltage - 
If the variables in equation (3) are indicated as 

increments and both sides arc divided by IL: 

AIL I 

IL 
= - ;v 

RSlL R 
(4) 

RS IL’ vt% = VR essentially 

hence 
AIL .LVR 
-=- 
‘I. “R 

(51 

Thus, the percent change in output current 
equals the percent change in the reference voltage. 

Effect of Variations in Internal Components 

At each of the summation points of the feedback 
diagram Fig. 5, disturbances that may appreciably ef- 
fect the output current are indicated. The effect on 
the output, again neglecting the “1” in the denomina- 
tor, is: 

*IL 
xg= 

feed forward gain (from summation point)(,) 
loop gain 

where AV, is the incremental voltage at the summing 
point. 

If the disturbance enters the loop beyond the 
amplifier A, the maximum effect is: 

*IL 
q-= 

KQ KF & 

KL 
= 12~dA/V (7) 

The stability specification for AIL is 1x10-” or 30ma 
at full load. Equation (7) indicates that no AVx 
between the amplifiers A and KQ will affect the system 
while it is performing properly. 

Drift in Current Sensor 

A variation in the value of RS, which has to dis- 
sipate 5kw and is so located in the circuit that the 
disturbance is multiplied by the loop gain, would ap- 
pear to have the greatest effect on the output current 
IL. 

In (3), if the reference voltage VR is maintained 
constant and we differentiate IL with respect to RS, 
the result is: 

dIL -A- VR 
q= R.7 

S 

(8) 

Essentially: VR = Vfb = IL RS (9) 

Substitution into (8) and replacing the “d” with A, 
yields: 

A1L 
= “L ARs 

RS 
The evolution of the equivalent feedback diagram is 
shown in Fig. 6. Part C of the figure is inserted in 
Fig. 5. 

Normalizing (10) gives : 
AIL ARs 
-=- 

IL RS 
(11) 

This indicates that the output current variation is 
proportional to the variation in the sensing resistor. 

Drift in Voltage Divider at Amplifier Input 

Because variations in the value of the resistors 
in the voltage divider preceding the operational amp- 
lifier are multiplied by the enormous gain of 

!k = -50x108 
KD 

, the effect on the output current 

is investigated. R,l 
The transfer function is KD = - 

K4+R.k 
The output voltage of the divider 5’ 

Differentiating with respect to R4 while F and RA 

remain constsnt, yields the change in the output vol- 

tage of the divider, due to variations in R4: ” 
RA 

dF’ = Y------ 1 
f.R4fRA12 dR4 

Substituting KD and C: 
r 

AF’ = K 
D GA “lR4 
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From Fig. 3 and feedback system principles: 
5 = vR- vfi (15) 

KL 
Vfb=1+KLVR 

1 - VR _ IL RS IL 
Combining : 5=l+K LVR=q=KL=- 

KFF 

(161 

(17) 

Substituting for 5 in (14): r 

AC’ (18) 

The disturbance AR4 is represented in the feedback 
diagram of Fig. 15. It first passes through the trans- 
fer function R~~RA . The next transfer function J&.- 

KFF 
is common to both AR4 and ARA. From Fig. 5, the 
effect of AR on the output current is: 4 T 

*IL 
‘L 1 

= KFF q Rq+RA AR4 

AIL AR4 

- = R4+RA 
IL 

This relation indicates that 
output current is the change 
percent of the two resistors 
ilarly be shown that a drift 
effect: 

h1I. Rl 1 
- = $Rq+RA ARA 
IL 

(19A) 

(191 

the percent change in 
in R4 represented as a 
in series. It can sim- 
AR* has the following 

Drift in Amplifier Input Voltage 

The drift at the input voltage of the operation- 
al amplifier is inserted directly into the summation 
point as AV,, Fig. 5. The closed loop transfer func- 
tion for the outpuT current is: 

‘4KQ KF k 1 
AIL = 

KL 
AV 

D 
= - AV 

KD RS D 
Then, cI 

’ L 1 AVD -- 
-= KD VR IL 

(22) 

This indicates that the percent variation in output 
current is the variation in drift voltage represented 
as a percent of the reference voltage, divided by the 
voltage divider ratio KD. 

Effect of Variation in Load 

change in load. 

VL+AVL VL IL ARL 
IL=-=- RL RL 

+ - = -!- (VL+IL ARL) (23) 
RL RL 

The summation and transfer function IL represented by 
this equation are inserted in Fig. 5. 

The closed-loop effect on the output current is: 

IL 

“t 
AIL = K AR L 

(24) 
L 

Normalizing: 
LI L 

AR 
1 1 -- 

- = KL RL 
1L 

(25) 

The percent change in output current is equal to.the 
percent change in the outnut load resistance divided 
by the loop gain. 

Effect of Variation in XC Input Voltage 

The equivalent circuit for the series transistor 
Ql and the power section is shown in Fig. 8. To 
facilitate presentation, the rectifier and ripple 
filter C2- Ll are shown as a Thevcnin theorem equiva- 
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lent. Any dc variation in the rectified voltage Vs 
affects the open-loop output current as follows: 

where R is the equivalent collector resistance of the 
transis F or bank. 

The effect shown by this equation is incorporated 
into Fig. 5. K 

3: 
represents B 

represents the voltage divider RL 
he filter which is unity for 

; 
___ 
RC+RL 

The closed-loop effect of AVs on the output cur- 
rent is: 

1 RL -- 

AIL = RL RC+RL 

KL 

*.v 
S 

Normalizing: RL 
RL 

AIL RC+RL AVs RC+RL AVs 
-z--z-- 
IL KL RL IL KL vL 

(27) 

(28) 

“S “ac Since r = ij--- , substitution into (28) yields: 
S ac 

RL 

A1L “S RC+RL “ac -=--- 
IL ‘L KL “ac 

(29) 

This equation indicates that the percentage change in 
output current is proportional to the change in the ac 
line voltage multiplied by the effect of the higher 
rectification voltage VS/VL and the load resistance- 
collector resistance divider, with this product then 
divided by the loop gain. Because of the variable 
transformer preregulator, the series regulator must 
provide for only +l volt of supply voltage, which in 
terms of the ac line voltage is -t.S%. 

Summary of Effect of Disturbances 

Each of the foregoing disturbances that have been 
investigated have a normalized effect AIL on the out- 
put current as indicated in Column 1. f- 

COl.L1 Cal. 2 - - 

1) Reference-voltage drift A”R - ~1x10-6/“c 
vR 
AR 

2) Current-sensor drift $ r25x10-6/°C 
S 

3) Voltage-divider drift AR4 - Cl .oxlo-~/“c 
R4+RA 

AL’ 
4) Op-amp input voltage drift - --!t i.O6~10-“/‘~C 1 

KD ‘R ir . 2x10d6/day 
AR 

5) Load variation 1 L -- 
KL RL 

~.015xlo-~ 

6) AC input voltage 
1 Vs RL CVac 

- T- - I 
variation KL ‘L RL+RC Vat 

I .06~10-~ 

The following are the maximum values for constants 
which have not already been given: 

AvR 1 x 10-6/Oc 

ARS 25 x 1o-“/Oc 

AR4 3 x 10-.6/“C 

AV D 0.25 x 10-6V/oC and 1 x 10s6V/day 

AR L .I5 RL 

VS/VL 1.15 



When the constants are inserted into the symbols of 
Column 1, the results are those shown in Column 2. It 
is seen that the only appreciable effects are those 
created by drifts. 

Excluding the effect of the current-sensor drift, 
should all the disturbances occur unidirectionally and 
simultaneously, the specification of +1x10m5 would be 
satisfied by a factor of two. The temperature coef- 
ficient of 25 ppm for RS is the maximum value guaran- 
teed by the manufacturer. Most times it is appreci- 
ably less. 
fications. 

A value of 10 ppm would meet the speci- 
Should the material have a high tempera- 

ture coeificient or the water temperature vary up to 
about 10 C, a voltage divider, as shown in Fig. 9, may 
be used. A copper resist;z;;s.,irel”, is placed in 
the water well with R 
ficient of 3 ppm. WI h a constant ou put ,5’ % 

has a coef- 

is adjusted to maintain V 
current, RV 

.f$ 
nearly constant as the 

water temperature is varie . 

Ripple Reduction 

The ripple after rectification is reduced by a 
combination of the Ll-C2 filter, the R -RL-Cl output 
filter, the inductance L in the magneg, and the gain 
in the loop at 60 Hz. andL360 Hz. Theoretically, there 
should be no 60 Hz ripple, but it inevitably appears 
due to unbalances in the line voltage, the transform- 
er, and the rectification diode voltage drops. A 
value of 1% rms is a reasonable value to assign. 

The following table presents calculated and 
measured values of ripple and ripple reduction fac- 
tors : 

360 Hz 60 Hz 
Factor Meas Factor Meas 

1) Rectification 

(Ca;c) G)(Calc) (p-p) 

-18V 0 ,057 .SV 

2) Ll-C2 filter 60 .3V 1 .sv 
3) RC-RL-Cl filter 2 - 2 - 

4) Ri.pple at VL - 1OOmv - 25mv 

5) Item 2 x Item 3 
or 120 180 2 20 

Item 1 
Item 4 

6) Loop gain= <5) meas. 1.5 10 
(5) talc. 

7) Current ripple in . lxlo-6pp .15x10-6pp 
magnet 

Item 4 1 OIL 
m.-=- 4OOOA IL 

Item 7 indicates that the ripple current is well 
within specifications. 

Stability Tests 

Both power supplies were tested with a water load 
at the manufacturer’s facility by the manufacturer. 
One supply was additionally witness-tested. At 4000A, 
the stability as recorded on a strip chart over an 8- 
hour period was about 1x10w6, well within specifica- 
tions. At 500,~ the stability was 1.2~10-~. 

Tests at the accelerator facility with only the 
coils of the magnet as the load indicated a similar 
value of 1x10-” at JOOOA. The current was measured 
every half hour. A test at IOOOA, using an NMR in- 
strument for magnetic field measurement, showed a 
variation of 1x10-*. 

With such a large power unit, no easy way of 
controlling the multitude of variables was available. 
Hence, none were intentionally varied. 

Conclusion 

The foregoi.ng analysis and tests indicate that a 
large current power supply can be constructed with a 
stnhility in the range of 1~10~~ to 1x10-“. The most 
difficult component to develop is a temperature 

stable current sensor. No attempt has been made to 
analyze the dynamic characteristics of the feedback 
system, an even greater task than the dc analysis. 
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Fig. 1. Circuit Schematic 
Current Regulated Power Supply. 

Fig. ‘2. Block Schematic. 

Fig. 3. Simplified Block Diagram 
Feedback System (dc 1. 
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Fig. 4. Hybrid Block Diagram 
Power Supply as an Emitter Follower. 

I, 

“lb 

Fig. 5. Feedback System 
Distrubances on Output 
Current. 

bk, 
(A) CIRCUIT (8) FEEDBACK DIAGRAM (C) EQUIVALENT FEEDBACK 

DIAGRAM 

Fig. 6. Effect of Variation in Current Sensor. 

Fig. 7. 
Variation 
in Load. 

J 
Rc~lOWTRANSISTOR 
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Fig. 8. 
Equivalent Circuit 
Power Section. 

IL 
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In 

Fig. 9. 
Temperature 
Free Feedback 
Circuit. 
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