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26,708 
PLURAL-PHASE CONTROLLED RECT FER 
SYSTEMS INSENSTIVE TO LINE PHASE 
ROTATION 

Robert W. Spink, Wauwatosa, Wis, assignor to Cutlers 
Hammer, Inc., Milwaukee, Wis., a corporation of 
Delaware 

Original No. 3,281,645, dated Oct. 25, 1966, Ser. No. 
248,314, Dec. 31, 1962. Application for reissue Jan. 23, 
1968, Ser. No. 702,144 

nt. C. H02m 7/44, 7/68 
U.S. C. 321-5 S Claims 
Matter enclosed in heavy brackets appears in the 

original patent but forms no part of this reissue specif 
cation; matter printed in italics indicates the additions 
made by reissue. 

ABSTRACT OF THE DISCLOSUR, , 
A three-phase solid state rectifier bridge syster sup 

plied from a three-phase A.C. source for controlling a D.C. 
load and including series-connected controlled rectifiers 
in the bridge circuit and firing circuits phase-synchronized 
with their anode voltages to apply simultaneous fast rise 
time firing pulses thereo and to render such system in 
sensitive to line phase rotation. Transistor switching cir 
cuits limit firing pulses to positive anode voltage half 
cycles and RC voltage stretchers afford full 180 degree 
firing. 

CROSS-REFERENCE TO RELATED APPLICATION 

This is a division of my reissue application Ser. No. 
702,145 filed concurrently herewith. 

BACKGROUND OF THE INVENTION 

This invention relates to controlled-rectifier systems 
and more particularly to firing control circuits for con 
trolled-rectifiers. 

While not limited thereto, the invention is especially 
applicable to a three-phase rectifier bridge network sup 
plying an inductive direct current load and having cons 
trolled-rectifiers in series connection in certain branches 
of such bridge network to provide simultaneous very fast 
rise time and narrow width gate pulses successfully to fire 
series-connected controlled-rectifiers with damaging 
voltage transient limitations and to prevent damaging the 
controlled-rectifiers by gating thereof while load counter 
voltage is being applied reversely thereto. 

SUMMARY OF THE INVENTION 

An object of the invention is to provide an improved 
controlled-rectifier system. 
A more specific object of the invention is to provide 

improved firing control circuits for controlled-rectifier 
networks, 
Another specific object of the invention is to provide 

improved fast-firing control circuits for plural-phase con 
trolled-rectifier bridge bridge networks. 

Other objects and advantages of the invention will here 
inafter appear. 
According to the invention, there is provided a three 

phase rectifier bridge network energized from a three 
phase alternating current power supply source and be 
ing controllable to supply adjustable unidirectional elec 
trical energy to a direct current load device such as the 
armature winding of a direct curent motor. The rec 
tifier bridge network is of the static solid element type. 
While the arrangement of solid elements in the rectifier 
network may take various forms, it is preferably of the 
type having at least two series-connected controlled 
rectifiers in each of three branches and having one or 
more diodes in each of the other three branches there 
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of. Each of these controlled-rectifiers is provided with 
an anode and a cathode forming a main current con 
duction path therethrough and a gate forming with the 
cathode a control current conduction path whereby the 
firing point of the controlled-rectifier is controlled. 
While controlled-rectifier firing control circuits have been 
known heretofore, these known circuits have the dis 
advantages that they permit time lag in the firing of one 
series-connected controlled-rectifier relative to the firing 
of the other, and the firing pulse increases leakage cur 
rent when reverse voltage is applied. A feature of the 
invertion resides in the provision of firing control cir 
cuits which overcome such disadvantage by affording 
simultaneous very fast rise time narrow width gate pulses 
whereby simultaneously to fire series-connected con 
trolled-rectifiers. Three such firing control circuits are 
provided for three respective branches of the rectifier 
bridge. These firing control circuits are supplied from a 
common voltage source and their input control terminals 
are connected together in parallel. Each such firing con 
trol circuit comprises a very fast acting pilot controlled 
rectifier which, when fired, energizes a pulse trans 
former. The latter is provided with a plurality of sec 
ondary windings connected to apply steep wave front and 
very short time firing pulses to the gate-cathode junctions 
of the respective series controlled-rectifiers. An input 
transistor provides capacitor charging current proportion 
all to the input control voltage which in turn controls 
a unijunction transistor to trigger the pilot controlled 
rectifier. A switching transistor is employed to establish 
the charging intervals of the integrating capacitor. The 
switching transistor is provided with a delay circuit or RC 
circuit to stretch its cutoff period a minimum of 30 electri 
cal degrees whereby to afford firing control to the extreme 
end of the 240 electrical degree period during which for 
ward voltage is applied to the series controlled-rectifiers. 
A three-phase transformer is provided to synchronize the 
switching transistor control voltage wave with the for 
ward voltage wave applied to the series controlled 
rectifiers. Other features of the invention reside in the 
incorporation of means to render the system insensitive 
to circuit transients, to line voltage disturbances, and to 
line phase rotation; to afford high gain at low output, 
to afford low power consumption, to afford constant 
amplitude firing pulses over a complete 180 electrical de 
gree control range, to afford simultaneous one micro 
second rise time pulses to the series controlled-rectifiers 
and to electrically isolate the input signal from the power 
supply lines and the rectifier network. 

BRIEF DESCRIPTION OF THE DRAWING 
These and other objects and advantages of the inven 

tion and the manner of obtaining them will best be under 
stood by reference to the following detailed description of 
an embodiment of the invention taken in conjunction 
with the accompaning drawings, wherein: 
FIGURE 1 diagrammatically depicts a controlled-recti 

fier system and firing control circuits therefor constructed 
in accordance with the invention, and 

FIG. 2 graphically depicts operating characteristics of 
the system of FIG. 1. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring to FIG. 1, there are shown power supply 
lines L1, L2 and L3 supplied from a three-phase alter 
nating curent power supply source and being connected 
to the three input terminals of a three-phase rectifier 
bridge network indicated generally as RN. The positive 
and negative output terminals of network RN are con 
nected across a direct current load device L. The input 
terminals to which lines L1, L2 and L3 are connected are 
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in turn connected through gating type power controlling 
devices such as pairs of controlled-rectifiers 1, 2 and 3, 
respectively, to the positive output terminal of network 
RN. The negative output terminal of network RN is 
connected through pairs of unidirectionally conducting 
diodes 4, 5 and 6 to the input terminals to which 
respective lines L1, L2 and L3 are connected. 
Three firing control circuits 8, 10 and 12 are pro 

vided for pairs of controlled-rectifiers 1, 2 and 3, re 
spectively. Since firing control circuits 10 and 12 are 
identical to firing control circuit 8, only the latter has 
heen shown in detail to avoid complicating the drawing. 
A group of three transformers PT is provided to afford 

supply and control voltage to the three firing control cir 
cuits Transformers PT are provided with a set of 
primary windings and two sets of secondary windings. 
Primary windings P1, P2 and P3 are connected in star 
relatio such that first ends thereof are connected to a 
common neutral point and the other ends thereof are 
connected to lines L1, L2 and L3, respectively. The first 
set of secondary windings S1, S2 and S3 are magnetically 
coupled to primary windings P1, P2 and P3, respectively, 
and are individually connected to firing control circuits 
8, 10 and 12, respectively, to supply synchronized con 
trol voltages thereto as hereinafter more fully described. 
The second set of secondary windings S4, S5 and S6 are 
connected to one another in delta relation and are mag 
netically coupled to primary windings P1, P2 and P3 
respectively. These delta-connected secondary windings 
serve to stabilize the neutral connection of the primary 
windings and thereby prevent distortion of the voltage 
sine waves induced in the first set of secondary windings 
S1, S2 and S3. The three junctions of secondary wind 
ings S4, S5 and S6 are connected, respectively, to the three 
input terminals of a three-phase rectifier bridge RB. The 
positive and negative output terminals of the latter are 
connected to a voltage regulator WR. The positive and 
negative output terminals of the voltage regulator are 
connected to common supply conductors 14 and 16, 
respectively, whereby the supply regulated unidirectional 
operating voltage to the three firing control circuits. 
A pair of input terminals 18 are provided for applying 

a direct current input signal to the three firing control 
circuits, the positive input terminal is connected to 
common conductor 14 and the negative input terminal 
is connected to a common conductor 20 which is con 
nected to the three firing control circuits in parallel. A 
resistor R and a unidirectional current conducting diode 
D1 are connected in series in that order from conductor 
14 to conductor 16. The junction of resistor R1 and 
diode D is connected in parallel to firing control cir 
cuits 8, 18 and 12 for purposes hereinafter described. 

Firing control circuit 8 is provided with means for 
developing a linearly increasing triggering voltage. This 
means comprises a constant current conducting semi 
conductor device such as an input transistor T1 for con 
trolling current flow to an electrical energy storage device 
such as a capacitor C. Transistor T1 is of the P-N-P 
type and its emitter is connected through a resistor R2 
to conductor 14 and through the latter to the positive 
input voltage terminal. The base of transistor T1 is con 
nected to conductor 20 and through the latter to the 
negative input voltage terminal. The collector of tran 
sistor T1 is connected through capacitor C1 to common 
conductor 16 and through the latter to the negative out 
put terminal of voltage regulator VR. 

Firing control circuit 8 is also provided with switch 
ing means for determining the charging periods of capac 
itor C1 in synchronism with the periods during which 
forward voltage is applied from the power supply lines 
to controlled rectifiers 1 in the associated branch of recti 
fier bridge network RN. This means comprises a switch 
ing or resetting transistor T2 of the P-N-P type having 
its emitter connected to the junction between capacitor 
C1 and the collector of transistor T1 and having its col 
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4. 
lector connected to the other side of capacitor C1. This 
means also comprises a control voltage source for tran 
sistor T2 including primary winding P1 connected br. 
tween power supply line L1 and the transformer neutra 
point and secondary winding S1 coupled to primary wik 
ing P1. Secondary winding S1 provides a 180 degree 
voltage half-cycle in synchronism with the 240 degree 
forward voltage applied to controlled rectifiers 1, as her. 
inafter more fully described, and because its phase re'?- 
tionship is such that its positive voltage starts 30 degrees 
after the start of the forward voltage and terminates 3 in 
degrees before the end of the forward voltage, the systein 
is insensitive to phase rotation. Because this positive 
voltage starts 30 degrees ahead of the earliest needed 
firing pulse for maximum output, complete required 180 
degree firing control can be obtained by stretching this 
trailing end of this positive voltage half-cycle by 30 ner 
degrees. This stretching means comprises a unidirec. 
tional diode D2 and an RC circuit comprising a capac. 
itor C2 and a resistor R3. One end of secondary wind 
ing S1 is connected to the emitter of transistor T2 and 
the other end thereof is connected through diode D2 in 
its forward, low impedance direction to the base of tran 
sistor T2. Resistor R3 is connected across diode D2. 
Capacitor C2 is connected between the emitter and base 
of transistor T2. 

Firing control circuit 8 is further provided with means 
for applying firing pulses to the gates of controlled recti 
fiers 1 and triggering means for such firing pulse applying 
means under the control of the aforementioned linear 
voltage developing means, 

This firing pulse applying means comprises a very fast 
acting gating type pilot device or pilot controlled-rectifier 
SCR and a pulse transformer PLT. Controlled-rectifier 
SCR may be a silicon controlled-rectifier and may be 
similar to controlled rectifiers 1, 2 and 3 in network RN 
except that it is smaller and has a much smaller voltage 
and current rating. The anode of controlled-rectifier 
SCR is connected through primary winding P of pulse 
transformer PLT to the junction between capacitor C1 
and the collector of transistor T1. The cathode of con 
trolled-rectifier SCR is connected to the common junction 
between resistor R1 and diode D1. The gate of controlled 
rectifier SCR is connected through a resistor R4 to the 
junction between capacitor C1 and common conductor 
16. Secondary winding SW1 of transformer PLT is con. 
nected to the gate and cathode of the first controlled-recti 
fier of pair 1 thereof and secondary winding SW2 of 
transformer PLT is connected to the gate and cathode 
of the second controlled-rectifier of such pair in like 
later. 

The aforementioned triggering means comprises a uni 
junction transistor UT arranged to respond to the voltage 
on capacitor C1 to trigger or fire controlled-rectifier SCR. 
Base B2 is connected through a resistor R5 to positive 
voltage conductor 14 and base B1 is connected through 
the aforementioned resistor R4 to negative voltage con 
ductor 16 whereby to supply regulated inter-base voltage 
to the unijunction transistor. The junction between 
capacitor C1 and the collector of transistor T1 is con 
nected through a resistor R6 to the emitter of unijunction 
Eator UT whereby to apply control voltage to the 
atter. 
Although the details of firing control circuits 10 and 

12 have not been shown since they are similar to the de 
tails of firing control circuit 8 just described, the external 
connections thereto are the same as shown in FIG. 1. 
That is, positive voltage conductor 14 and negative volt 
age conductor 16 are connected to each of circuits 10 and 
12 in the same manner as described in connection with 
circuit 8. Negative input signal voltage conductor 20 is 
connected in the same manner to the base of a similar 
input transistor in each of circuits 10 and 12. The junc 
tion between resistor R1 and diode D1 is connected 
through a conductor 22 to the cathode of a controlled 
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rectifier similar to controlled-rectiii. SR in each of cir 
cuits 10 and 12. Secondary windings Si and S3 are con 
nected through pairs of conductors 24 and 25 to circuits 
19 and 12 in the same manner as secondary winding S1 
is connected to circuit 8. Moreover, the pairs of sec 
of dairy windings of pulse transferries in circuits 10 and 
12 similar to pulse transferriner PST in circuit 8 are con 
rected in like manner is rough ites of foug conductors 
18 and G to pairs 2 and , i. illed-rectifiers in the 
gather is 3 controlled brarches of bridge network RN, re 
spectively, 

Voltage regulator VR shown schematically in the lower 
left-hand portion of FIG. 1 is provided to afford a D.C. 
voltage of constant magnitude to common conductors 14 
and 16 and through the latter to firing control circuits 
8, i? and 12. Voltage regiatrri, if this type are well 

and a sailable (n the ris a kg i. While voltage regu 
if it is type may faks vari Yus forms, a preferred 

f' is u2t2g in this systerri is k is "st as the Cutler-Hammer 
Reference Regulator Module. For example, if three-phase 
delta-connected secondary windings S4, S5 and S6 pro 
vide a voltage such that full-wave rectification thereof by 
bridge RB provides 37 to 45 volts D.C. to regulator VR, 
the latter provides 35 volts regulated D.C. to conductors 
4 and 6. 
a suitable source of input signal voltage may be con 

n:rted to input terminals 18. This source may consist of 
any known D.C. voltage source having a selectively and 
continuously adjustable magnitude sufficient to control 
current conduction in transistor T1 or may be obtained 
from voltage regulator VR through a continuously ad 
justable potentiometer or the like. 

Secondary windings SW1 and SW2 of pulse transformer 
PLT are wound of resistance wire to provide each of these 
windings with 5 to 6 ohms of resistance which functions 
to limit the gate currents of controlled rectifiers 1. This 
secondary resistance is desired because the impedance of 
controlled rectifier SCR when conducting is very small 
:::, therefore, the circuit of primary winding P does not 

. grough impedance to limit such gate current when 
capacitor C1 is discharged therethrough. 
The operation of the system of FIG. 1 will now be 

sferriiri ...ith reference to the carves in FIG. 2 showing 
irrating characteristics thereof. Since firing control cir 
cits 0 and 12 operate controlled-rectifier pairs 2 and 3 
in the same manner as firing control circuit 8 operates 
controllied-rectifier pair 1, only the latter operation will be 
it: Sibed in detail. It will be apparent that, depending 
(in the phasc sequence of the A.C. power supply, one 
so it. Yi coreduction will be controiled-rectifier pairs 1, 2 
ar: 3 is sequence in that order whereafter the conduction 
would be similarly repeated. That is, current will flow 
sh, tigh cost roiled-rectifier pair and load L and then 
irst through diodes 5 and then through diodes 6. When 
controlled-rectifiers 2 are fired next in the sequence, cur 
rent will flow there through and through the load and then 
first through diodes 6 and then through diodes 4. When 
controlled-rectifiers 3 are fired last in the sequence, current 
will flow therethrough and through the load and then 
first through diodes 4 and then through diodes S. This 
order of current flow is illustrated in FIGS. 2(a) and (b) 
wherein line L1 is shown as being first positive relative 
to tine L2 and being then positive relative to line L3. Al 
though not shown in FIG. 2(b) to avoid complicating the 
curves therein, it is apparent in FIG. 2(a) that line L2 
is first positive relative to line L3 and is then positive rela 
tive to line L. Next in sequence, line L3 becomes posi 
tive first with respect to line L1 and then becomes positive 
with respect to line L2. Thereafter this same sequence is 
repeated. 

Referring to FIG. 1, it will be apparent that a forward 
voltage is applied to controlled-rectifiers for a 240 elec 
trical degree period according to the curve in FIG. 2(b) 
from lines L., L2 and L3. The line voltage is also applied 
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to the primary Ficit, gs . 
secondary windings S. S2 as £rgized and a 
voltage according to 1 he ?urve (c. is 
induced it wind in: S: , ) { ... the directiich in it: it's 
ondary winding SS : 
P1, the voltage developed across seconday wint 
is in synchronist as shutyn in FiG. 2 c : ); 
ward voltage aigies to the is: C, is feti conti oieti-ret' 
1 as shown in FG. 2 (h). It is the star connie ' '.' ' 
the transformer primary windings, the wolf age devci.si.e : 
in secondary winding S1 persists before reversal for 
180 electrical degrees, that is, it lags the forwari vii; ; , 
of the associated controlled-rectifiers by 30 degrees and 
decreases to zero 30 degrees ahead of the forward volt 
age as shown in FGS. 2(b) and (c). In other wors, 
the voltage wave in FIG 2 c) is in phase with the viii. 
age wave L1 in FIG. 2(a). Simiai voiagi's : Fe it in 
in secondary windings S2 and S3 in Syrich faii; it '. 
the forward voltages on controlled-rectifier ::ii is 2, 2.; 
respectively, in sequence. 
The aforementioned energization of the primary wind 

ings of transformers PT also causes energization of the 
second set of delta-connected secondary windings S4, S5 
and S6. As a result, current flows therefrom through 
rectifier bridge RB to voltage regulator VR. II turn, a 
regulated D.C. voltage is applied from the positive : ' ' 
negative output terminals of the voltage regulator to con 
ductors 14 and 6. This causes current flow through re 
sistor R1 and diode D1. The forward voltage drop of diode 
D1 is about one-half volt and is sufficient to nullify any 
voltage effect on the gate-cathode junction of controlri 
rectifier SCR which might be caused by interbase rurrent 
flow through unijunction transistor UT and resistor R. 
That is, any tendency on the part of such interbase cur 
rent to trigger controlled-rectifier SCR into its conduct 
ing state will be offset by the forward voltage drop across 
diode D1 and the latter will bias the gate of controlic 
rectifier SCR slightly negative relative to the cattsode 
thereof to maintain the same non-conducting. 

Interbase voltage for unijunction transistor it is sup 
plied from conductors 4 and 16 through resistors 35:i5: 
R4. Operating voltage is also supplied from conductors 
14 and 16 through resistor R2 and capacitor C to the 
emitter-collector junction of transistor T. 

Application of control input voltage to input ter'?..." 
18 of the polarity shown thereat renders the base of tr. in 
sistor T1 negative relative to the emitter thereaf. As a re 
sult, transistor T is rendered conducting and tricini iws 
from conductor 14 through resistor R2 and the gri 
collector junction of transistor Ti. This current then flows 
either through switching transistor T2 when it is rendered 
conducting or through capacitor C to charge the later 
when transistor T2 is rendered non-conducting as herein 
after more fully described. 
The aforementioned voltage on transformer secondary 

winding S1, that is, the positive half-cycle thereof shown 
in FIG. 2(c) causes current flow through diode D2 in its 
forward, low impedance direction to charge capacitor C2 
to the polarity depicted thereat. This charge on capacitor 
C2 renders the base of switching transistor T2 positive 
relative to the emitter thereof to render the switching 
transistor non-conducting. As a result, instead of flowing 
through transistor T2, the aforementioned current flow 
ing through input transistor T1 now charges capacitor Cl 
linearly as shown by the upward slope of the curve in 
FIG. 2(e). The charging of capacitor C1 is linear because 
current of constant magnitude flows through input tran 
sistor T. The slope of this charging curve, that is, the 
charging rate, can be increased by increasing the mag 
nitude of the input signal voltage at terminals 18. This 
slope can be increased from the minimum shown in 
FIG. 2(e) past that shown in FIG, 2(f) to a maximum 
hereinafter described when the system is adjusted to 
maximum power output to the load. 
The charge on capacitor C controls application of 

s is ; ; ; ; eitive to primary waii. s. 
S. 
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firing pulses to controlled-rectifiers 1. When the voltage 
on capacitor C1 increases to a predetermined magnitude, 
for example, 20 volts, which voltage is applied through 
resistors R6 and R4 to the emitter-base B1 junction of 
unijunction transistor UT, it renders the unijunction tran 
sistor conducting. As a result, capacitor C1 starts to dis 
charge and causes current flow through resistor R6, the 
emitter-base B1 junction of the unijunction transistor 
and resistor R4. The voltage drop on resistor R4 is of 
opposite polarity to the forward voltage drop on diode 
D1, overcomes such forward voltage drop and renders 
the gate of controlled-rectifier SCR positive relative to 
the cathode thereof to cause current flow through the 
gate-cathode junction and diode D1 to trigger this pilot 
controlled-rectifier into its conducting state. Capacitor 
C1 then quickly discharges completely through primary 
winding P of pulse transformer PLT, the anode-cathode 
junction of controlled-rectifier SCR and diode D1. This 
causes very fast rise time, 1 microsecond, narrow width 
gate pulses to be applied simultaneously from secondary 
windings SW1 and SW2 to the gate-cathode junctions of 
controlled-rectifiers 1. These gate pulses fire the con 
trolled-rectifiers to cause current flow therethrough to 
load L for the remainder of their 240 electrical degree 
forward voltage period shown in FIGURE 2(b). These 
gate pulses have a very fast rise time due to the rapidity 
with which controlled-rectifier SCR can be triggered, and 
have a very narrow pulse width or short duration of about 
50 microseconds due to the rapidity with which con 
trolled-rectifier SCR discharges capacitor C1. 
The RC circuit comprising resistor R3 and capacitor C2 

is provided to afford adjustment of the firing angle of 
controlled-rectifiers 1 to the extreme end of their forward 
voltage wave shown in FIG. 2(b). Since the voltage on 
transformer secondary winding Si reverse polarity as 
shown in FIG. 2(c) 30 degrees before the end of the 
controlled-rectifier forward voltage shown in FIG. 2(b), 
this reversal would cause switching transistor T2 to con 
duct and would terminate charging of capacitor C1 unless 
some means are provided to modify this action. For 
this purpose, the RC circuit is provided. When the volt 
age of secondary winding S1 decreases through zero to 
a negative value as shown in FIG. 2(c), capacitor C2 
discharges through resistor R3. However, while capaci 
tor C2 is discharging, the voltage thereon maintains tran 
sistor T2 non-conducting for at least an additional 30 
electrical degrees. In other words, capacitor C2 and 
resistor R3 stretch the trailing end of the positive half 
cycle of voltage from that shown in FIG. 2(c) to that 
shown in FIG. 2(d). Consequently, when the input sig 
nal is adjusted to its minimum magnitude, this stretched 
voltage will maintain transistor T2 non-conducting for an 
additional 30 degrees whereby voltage integrating capaci 
tor C1 will continue to charge to the extreme end of the 
forward voltage on controlled-rectifiers 1 before the volt 
age on capacitor C1 reaches a value sufficient to trigger 
the unijunction transistor. In this manner, by adjusting 
the input control voltage, the firing angle of controlled 
rectifiers 1 can be adjusted anywhere from zero load 
current to a full 180-degree firing angle because 30 de 
grees is the minimum lag from the start of charging of 
capacitor C1 required for firing of controlled-rectifiers 1. 
A substantially 165-degree firing angle is approximately 
97 percent of maximum load current is depicted in FIG. 
20f). As shown in FIG. 2(f), at a large value of output 
to the load, capacitor C1 charges to a triggering value at 
75 degrees, that is, 240 minus 75 equaling a firing angle 
of 165 degrees. After capacitor C1 discharges and fires 
controlled-rectifiers 1, the latter continue to conduct for 
the remainder of their forward voltage period. As shown 
in FIG. 2(f), capacitor C1 recharges and discharges a 
number of times during the remainder of such 240 degree 
forward voltage period. However, such recharging will 
have no unwanted effect on controlled-rectifiers 1 as they 
have already been fired. 
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During the succeeding negative half-cycle of the voltage 
of transformer secondary winding S1 depicted in FIG. 
20c), capacitor C2 discharges completely as shown in 
FIG. 2(d). At the end of such complete discharge the 
voltage reverses polarity whereby the emitter of tran 
sistor T2 is rendered positive relative to the base thereof. 
Thus, the current flowing through resistor R2 and tran 
sistor T1 is diverted through transistor T2 to prevent 
charging of capacitor C1 until 30 degrees after forward 
voltage is again applied to controlled-rectifiers 1 when 
transistor T2 again resets the charging of capacitor C1 

In a manner similar to that just described, input con 
trol voltage is applied to firing control circuits 10 and 12. 
Also, control voltages are applied thereto from secondary 
windings S2 and S3 to operate firing control circuits 10 
and 12 in sequence after each operation of circuit 8. 
In this manner, controlled-rectifier pairs 1, 2 and 3 are 
fired in sequence to energize the load. 

Resistor R5 in FIG. 1 provides temperature compensa 
tion and limits the wattage dissipation in unijunction 
transistor UT to prevent thermal runaway. Resistore R6 
limits the voltage that can be applied to the gate of con 
trolled-rectifier SCR to less than its maximum voltage 
rating. Since the emitter-base B1 impedance of the uni 
junction transistor decreases to a small value when con 
ducting, the voltage of capacitor C is applied across 
resistor R6 and R4 is in series. These resistors function 
as a voltage divider to limit the maximum gate voltage 
of controlled-rectifier SCR. 
The system shown in FIG. 1 incorporates a plurality 

of other features hereinbefore mentioned. The system 
is insensitive to electrical transients because they are 
averaged when capacitor C1 is charged, that is, when 
capacitor C1 integrates the current with respect to time 
flowing through input transistor T1. The application of 
a regulated direct current voltage supply to conductors 
14 and 16 renders the system insensitive to line voltage 
disturbances. Capacitor C2 absorbs transients on trans 
former secondary winding S1 when such secondary wind 
ing voltage goes through zero value whereby such tran 
sients will not affect the starting point of charging of 
capacitor C1. The system provides high gain at the 
low power end of its adjustable range of operation. This 
high gain is obtained by a non-linear characteristic; that 
is, the charging time of capacitor C1 is inversely propor 
tional to the value of charging current to afford a 
hyperbolic gain curve for a range of values of input 
signal voltage. The firing control circuits consume a 
relatively small amount of power; that is, only a little 
over one watt of power, easily controls a 75-horsepower 
load when the latter is the armature winding of a direct 
current shunt-wound motor. Due to the connection of 
the primary windings of transformers PT in star relation 
whereby line to neutral voltage, FIG. 2(c), becomes 
available for controlling switching transistor T2, the sys 
tem is rendered independent of supply voltage phase rota 
tion. That is, if the three-phase power connections to 
lines L1, L2 and L3 are transposed or reversed, this will 
not affect the operation of the system because the order 
in which controlled-rectifier, pairs 1, 2 and 3 are fired is 
immaterial to proper functioning of the system. Re 
gardless of which power supply phase is connected to 
in L1, for example, the voltage on secondary winding 
S1 will always be in synchronism with the forward volt 
age on controlled-rectifiers 1. The system can be con 
trolled to provide constant amplitude firing pulses over 
a full 180 degree firing angle or control range. A 30 
degree lag from the leading end of the half-cycle of 
voltage on secondary winding S1 to the time for de 
veloping the earliest firing pulse provides for increased 
linearity between controlled input and power output. 
The use of a pulse transformer PLT affords electrical 
isolation of the input signal circuits from the power 
supply lines and the rectifier bridge network. 

If one of the series-connected controlled-rectifiers fires 
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be applied to the second te? , the dia:Rag 
ing voltage transien limita 3 if a. It air is ri?; ; leg 
rectifiers are such that they cargot wit said such 
wit age if the forward : rection 3 are aire y to be 5 
drinaged uniess they are gates'. f case, when corr 
irrilled-rectifiers are giate; in is a SA, i? dia:tion, the fes 
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3. 

series-connected controlled-rectifiers so that they fire 
sinuitaineously, he firing co-troi circuits hereinbefore 
described have been devised to provide simultaneously 
occurring, very fast rise time or steep wave front pulses 
k; the series gonnected con arbled-rectifiers to fire the 15 

tranctad confirled-rectifiers will be re 
| list. 

in fi : ly: circuit of the syster of FIG. I having 20 
3, three-phase rectifier bridge network RN with con 
iroiled-rectifiers 1, 2 and 3 in three legs thereof, forward 
'fitage is applied on the controlled-rectifiers in each 
*:: for 4 electrical degrees. To provide D.C. output 
", Lag is the ad from Zern to the theoretical maximum 25 

.3i girles the three-phase RMS value, the gating of 
**t, cilii cited-rectifiers inst he advanced from the end 

i the 240 degree forward voltage period 180 degrees. 
When the armature winding of a direct current motor 
is used as the load device and a transition is made into 30 
and out of a slow-down operation, motor counter-voltage 
appears as a reverse voltage on the controlled-rectifiers. 
That is, although the line voltage is applied to the con 
trolled-rectifiers in the forward direction, such slow 
down operation causes a motor counter-voltage to be 35 
applied in the reverse direction on the controlled-recti 
fiers which counter-voltage exceeds in magnitude the 
forward voltage on the controlled-rectifiers. It will be 
apparent that firing pulses will also be applied to the 

of the controllied-restifiers during such reverse 40 
Tase firing pulses is a ring reverse voltage sub 

& far fally increase the reverse leakage currents of the 
trad-rectifiers unless some means are provided to 

- is. While years to reduce reverse leakage 
... Eiffer is have been know he retofore, these means are 45 
costly and create other problems such as greater suscepti 
bility to electrical transients. The firing control circuits 
hcrtis before described have been devised to limit the 
- rtises to a very narrow pulse width of about 50 
*icro-seconds. While such very narrow pulse width is 50 

efit to fire the controlled-rectifiers, it is short enough 
a five to Eine to avoid significant heating due to re 

verse leakage current and thereby to avoid damage to the 
firiniied-Electifiers. 

systern here before described is effectively 
adapted to fulfill the objects stated, it is to be understood 
that I do not intent interid to confine my invention to 
the particular preferred embodiment of controlled-rectifier 
systern disclosed, inasmuch as it is suceptible of various 
modifications without departing from the scope of the 60 
appended claims invention. 

cairn: 
1. In combination with a plural-phase controlled recti 

fier system comprising input terminals connectable in any 
sequence to the phases of an alternating current power 5 
source and a controlled rectifier connected between each 
input terminal and one side of a load device and a uni 
directionally conducting device connected between the 
other side of the load device and each input terminal, and 
a firing control circuit for each controlled rectifier for 70 
producing firing current pulses in controlled sequence; 
the improvement comprising: 
means for rendering said system insensitive to phase 

rotation to avoid having to reconnect improperly 
sequenced power connections comprising: 75 

re: 

5 
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and nearly ferrapiently corner firg 
'ottage producing nearly lar he ir 
of the gorapoled recifier syster it 
Pespective phose f-f trigg FM f is is fi : 
apnode of agick coy freited fret A 3." As 
to develop in said confrf village it." 
means a line-to-neutral contref vitage 
firing control circuit associated sif the feiffs' 
tive controlled rectifier thereby to insure ry'. 
chronization between the firing current pig it. . 
and arrode voltages of the respiriff's . 
rectifiers regardless of the set 2 fest: 
power show Fre phases are correst."frc is : " .. , , , 
ferreiras, 

2. The invention defined in claim , 4 freira igriffs', 'i' 
responsive to the plural-phase alternating voltage for 
producing control voltages comprises: 
a plural-phase transformer having primary wir; if " 

connected between the input terminals if the co 
trolled recifier system and a connar fier frit i? , i. 

and individual recondary windings coufrief to fis' ". . ." 
tive primary windings and connected to the "esperft if 
firing control circuits in an order such that ach 
transformer section controls the firing of the con 
trolled rectifier that is connected to the same input 
terminal as the primary winding of said transfor - 
section. 

3. The invention defined in claim , wherein said, - . (.. 
phase controlled rectifier system is a three-phase crit 
trolled rectifier system comprising: 

three controlled rectifiers between the respective input 
terminals and the load device arranged to Corr?' r 
current in one direction with respect to the lot.' 
device 

and three uncontrolled rectifiers betweet, i. 
and the respective inpur terri its cre" ar. . . ." 
duct current in the other direction with respect to 
the load device. 

4. In a plural-phase controited rectifier sys; ' 'ri. A virg 
a plurality of input terminals correctal in air fir.'" 
through power supply lines to the respective pits ris 'f 
an alternating current supply source arid a ..." ". 
rectifier connected between each stich is pit is 
one side of a load device arid a unidirectionai's fisfia cf. 
ing diode connected between the other side of the load 
device and each such input terminal, and iri. i.i.ding an 
equal plurality of firing control circuits far applying 
firing current pulses to the respective controlled rectifiers 
in repetitive sequence; the improvenert comprisin. 

means for rendering said syster irise Fjei, i.e is fire 
phase rotation so that the firing current pulses will 
always be synchronized with the positive a node volt 
age periods of the controlled rectifiers regardless 
of the order in which the power supply lines are 
connected to said input terminals, said means com 
prising: 

voltage translating means having irpur terminals 
for deriving line-to-neutral voltages eqital in 
number to the number of phases in said system, 

means for applying said line-to-neutral voltages to 
said firing control circuits for rendering the lat 
ter operative to develop said firing current 
pulses; 

and means permanently connecting the input ter 
minals of said voltage translating means to the 
input terminals of the controlled rectifier system 
in an order whereby the respective phase of 
voltage that is applied to the anode af each con 
trolled rectifier also develops iri said voltage 
translating means a line-to-neutral voltage for 
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spective controllied recifis is that the firing 
current pulsey are applied to the cop trailed rect . 
fiers during their positive anode voltage periods 
regardless of the seguerre ire which he gover 
supply phase are connessed to the firs; pre 
ticipied input terminals. 

. It rorination with iE figree. Eise polar test of 
* c reprising three trip, is a pads corateffable is 

g its rice i? the ihree phase is a falternating careers 
frts 5tyrce grid a gaing ye toil state power controi 
flirij frt corrected betwee: eac input terminal and one 
side of a load device and a diode connected between 
the of her side of the load device and each such input 
terriral, and a firing cartroi circuit for each solid state 
element for producing firing current pulses in controllable 

:* - Figi's 'fier copf is are: 
fir Pieride fig said systers insensitive to input 

' ' tase fixiation i? avoid the necessity of re i 

icon: firstry 
reans responsive to the three-phase source voltage 

for producing three cyclic line-to-neutral control 
voltages for controlling the firing control circuits 

O 

t!: gig trig irroiré city sequenced power connections 20 3,134,068 

inu means connecting said control voltage pro- 25 
dirig reary to the irpus terminals of the power 

circ syster is a hit ... is site kits; - vir 
Said syster is discreted from ared recan 
Pected to a pawa solice aux in a teguience to 
itsere thef the firing arre a pulses are pitiat. 
inder the fire typichronizing control of sta 
cyclic control voltages in a properly phased refa 
ior with respect to the put power phases ag 
plied to said solid state eterrer is regardiess : 
the sequence in which he is it geria; is a re' 
corrected to the Esterce. 
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