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IC FOR CONTROLLING DUAL JNI'BRLBAVED DC/DC CONVERTBRS 

BACKGROUND OF THE INYENTION 

1. Field of the Invention 

The present invention relates to the field of DC to 
DC converters. 

2. Prior Art 

The pref erred embodiment of the present invention 
pertains to DC-DC buck (step-down) converters. These 
are switching regulators that .switch one end of an 
inductor between the input power supply and ground. The 
inductor spends TON seconds connected to the input power 
supply and the remainder of the time connected to 
ground. If T is the total time for one cycle, then the 
output voltage (at the other end of the inductor), if 

TON filtered, will average - x VIN. Filtering normally 
T 

entails connecting a capacitor from the output side of 
the inductor to ground. The amount of ripple voltage at 
the output varies with V1N, T, L, c and VOtJT. 

A dual interleaved converter uses two buck 
converters running in parallel, but switched 180° out of 
phase.. Thus halfway through the first cycle of one 
inductor, the second inductor is switched high (to VIN). 

For given values of L and C, the dual interleaved 
converter bas two advantages: 

1. The ripple at the output is at least four 
times smaller than with the single inductor approach. 
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2. If designed to have the same ripple at the 
output, the dual-:µiterleaved design has a response time 
to load changes that is at least eight times faster than 
the conventional design. 

While dual interleaved converters are known in the 
prior art, such converters have not been realized in 
integrated circuit form because of various problems with 
dual interleaved converters which are not easily 
overcome in integrated circuit form, including but not 
limited to keeping inductor currents balanced. 

BRIEF SUMMARY OF THE INVENTION 

Dual interleaved DC to DC switching circuits 
realizable in an integrated circuit form, capable of 
monitoring individual inductor current using only one 
current sense resistor and providing automatic duty 
cycle adjustment to keep the inductor currents in the 
interleaved DC to DC switching circuits balanced are 
disclosed. The preferred embodiment incluqes a gain 
error amplifier, an integral error amplifier, and a 
differentiator error amplifier and circuits for 
controlling the nominal duty cycle, with the gain error 
amplifier, integral error amplifier and differentiator 
error amplifier being adjustable independently by 

external components. The circuit further includes a 
high speed load regulation circuit that momentarily 
overrides the control circuitry to take over control of 
the interleaved converters during sudden load changes, 
such control also being programmable. The circuit 
further includes a load variation circuit to target the 
output voltage of the circuit to an optimal value with 
load to better keep the output voltage within a targeted 
range in the event of major step changes in the load. 

I I. 
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The disclosed embodiment is for two interleaved buck 
converters, though the principles of the invention are 
applicable to interleaved step up converters and the 
interleaving of more than two converters. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 illustrates the fitting together of 
Figures 2a through 2d to form the overall circuit of 
Figure 2. 

Figures 2a through 2d are circuit portions which, 
taken together, disclose one embodiment, namely the 
preferred embodiment, of the present inv~tion. 

DETAILED DESCRIPTION OF THE INVENTION 

The pref erred embodiment of the present invention 
is intended for use for a buck converter, and 
accordingly, the same will be described in detail with 
respect to such converters. However, it is to be 

understood that the principles of the present invention 
are also applicable to other types of converters, 
including step-up converters, as are also well known in 
the art. 

Now referring to Figure 2, comprised of Figures 2a 
through 2d, a circuit diagram of the preferred 
embodiment may be seen. (Figures 2a through 2d are 
drawn in a proportion allowing the fitting together of 
the Figures in the manner illustrated in Figure 1 to 
form the overall circuit of Figure 2.) In this 
embodiment, the input voltage Vin is provided through 
optional resistor Rin and optional inductor Lin to 
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capacitor Cin and the current sensing resistor Rsense. 
The resistor Rin, the inductor Lin and the capacitor Cin 
provide filtering of the switching noise to reduce the 
feedback of that noise to the power source of the input 
voltage Vin. Also, as shown in the figure, ·the input 
voltage Vin is provided through resistor Rf to provide 
an analog voltage V for powering the analog devices in 

the integrated circuit, more specifically the circuit 
components within the heavier line in Figure 2 
encircling the elements of the integrated circuit 
itself. Resistor Rf and capacitor Cf provide further 
high frequency filtering for the analog voltage, used 
for such purposes.as to power the reference generator 
REF to generate a current proportional to absolute 
temperature IPTAT and a current substantially 
independent of temperature ICONST used by the bias 
current generator BI.AS CURRENTS to provide the various 
bias currents used by the integrated circuit. 

The current sense resistor Rsense is connected.to 
the sources of p-channel devices Pl and P2, with the 
drains of those devices being connected to the drains of 
n-channel devices Nl and N2, respectively, and to one 
lead of inductors Ll and L2, respectively. The other 
connections of inductors Ll and L2 are connected in 
common to form the output voltage Vout, with output 
filter capacitor Cout providing filtering of the output 

for output noise reduction. 

The gates of transistors Pl and Nl, and P2 and N2, 

are controlled by gate drivers DRVl and DRV2, 

respectively. These two gate drivers are identical, 
though as shall be subsequently seen, are driven out of 
phase with each other to provide the dual interleaved DC 
to DC switching. Ref erring specifically to gate driver 
DRVl, input signals A and B are signals representing 

11 
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test modes from load variation circuit 20. In normal 
operation, these signals will be low. Similarly, assume 
that the startup and overload circuit 22 is holding the 
reset signal RESET low. Thus, when the input to the 
driver Pon goes high, the output of NOR gate 24 will go 
low and the output of NOR gate 26 will go high. This 
drives one input of NAND gate 28 high and also one input 
of NOR gate 30 high. Driving one input of NOR gate 30 
high drives the output of the NOR gate 30, and thus the 
input to inverter 32 low, driving the input to inverter 
34 high, thus driving the output of inverter 34 low to 
turn off n-channel transistor Nl. This low output of 
inverter 34 is also fed back as input to inverter 36, 
now driving the second input of NAND gate 28 high to 
drive the output thereof low, with inverters 38 and 40 
inverting that signal twice to drive the gate of p­
channel transistor low to turn on transistor Pl. The 
low output of inverter 40 drives one input of NOR gate 
30 high through inverter 42, which in effect holds the 
gate of transistor Nl low, regardless of the output of 
NOR gate 26. Thus it may be seen that the feedback of 
the output of inverters 40 and 34 through the circ~it 
controlling the input to inverters 34 and 40, 
respectively, prevents the output of inverter 40 from 
going low when the output of inverter 34 is high, and 
similarly prevents the output of inverter 34 from going 
high when the output of inverter 40 is low. This then 
prevents transistors Pl and Nl from being turned on at 
the same time, even momentarily. 

The· voltage across the sense resistor Rsense is 
applied to the emitters of pnp transistors Q8 and Q9, 
with resistors RS and R9 and capacitors C4 and CS 

providing high frequency filtering of that voltage. 
Transistor Q9 is diode connected with the base and 
collector of the transistor coupled through current 
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source I3 and resistor Rll to ground. While the sense 
resistor Rsense will typically be a very small resistor, 
still the voltage of the emitter of transistor QB will 
slightly exceed the voltage of the emitter of transistor 
Q9 in an amount proportional to the current through the 
sense resistor. Accordingly, the current through 
transistor QB will generally exceed the current through 
transistor Q9 because of the common base connection 
between transistors QB and Q9. 

The current through transistor QB provides a 
voltage V2b dependent upon the relative value of 
resistors Rll and Rl3. Resistors Rll and Rl3 are equal 
so that the difference between the voltages V2a and V2b 
is proportional to the current through the sense 
resistor. The voltages V2a and V2b are compared by 
comparator 44 after a small offset voltage VOS is added 
to the voltage V2a ~ Consequently, when the current 
through the sense resistor Rsense becomes excessive, the 
voltage V2b will exceed the voltage V2a by more than 
VOS, driving the output of comparator 44 high. This 
drives one input of NOR gates 46 and 48 high, holding 
the outputs thereof low, and thus the outputs of NAND 

gates 50 and 52 high and the outputs of NAND gates 54 

and 56 low, the other two inputs thereto normally also 
being high. As herein before described, holding the 
input to NOR gate 24 low will hold p-channel output 
devices Pl and P2 off and will turn on n-cbannel devices 
Nl and N2, thus terminating the excessive current 
through the sense resistor, typically until the next 
pulse width modulator cycle. Also, the voltage on the 
collector of transistor QB is coupled to switches Sl and 
S2 of the sampling circuit. This voltage is 
proportional to the current through the sense resistor 

Rsense. 

I I 
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The voltage output of the converter is controlled 
by digital inputs on control input lines DO through DS. 
The address input on these terminals address a read only 
memory 58, which provides a digital output as the input 
to the multiplying digital to analog converter (MDAC} 
60. The analog output of the MDAC is provided as a 
positive input to a transconductance amplifier 62, the 
negative input to which is connected to the output 
voltage Vout. Thus, the transconductance amplifier 62 
provides a current output proportional to the 
differential voltage input thereto with a gain set by 

external resistor Rgain, the differential input being 
the error between the output voltage Vout and the 
voltage commanded by the output of ROM 58 as a result of 
the digital input DO through D5. The output current of 
transconductance amplifier 62 is provided to node 64, 
which is maintained at one Vbe above the 1.22 volt bias 
on the base of PNP transistor Q2 • Also providing 
current to node 62 is a current source Il, which is 
proportional to the target voltage divided by the input 
voltage V. 

The output voltage Vout is also fed back through an 
external resistQr Rint as the negative input to 
amplifier 66. The positive input to amplifier 66 is 
maintained at the desired output voltage by the output 
of the MDAC. With feedback capacitor C3, amplifier 66 
acts as an integrator, with an integration time constant 
of Rint * C3. Thus, the voltage across resistor R7, and 
consequently the current through R7 to node 64, 
represents integral feedback of the error between the 
output voltage Vout and the commanded output voltage. 

Further, the output voltage Vout is fed back 
through external capacitor Cdiff to form the negative 
input of amplifier 68, which amplifier includes a high 
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frequency filtering capability. The positive input to 
amplifier 68 is held constant by an internal voltage 
source Vs. With the capacitive coupled input through 
capacitor.Cdiff, and with the resistive feedback through 
resistor 78, this part of the circuit acts as a 
differentiator, the output thereof being proportional to 
the rate of change of the output voltage Vout. 

The output of amplifier 68 is coupled to the 
negative input of comparators 80 and 82, and to the 
positive input of transconductance amplifier 84. The 
negative input of the transconductance amplifier 84 is 
coupled to the analog voltage V/2 so that the output of 
the transconductance amplifier 84 is an additional 
current component into node 64 proportional to the rate 
of change of the output voltage Vout. 

The pulse width modulators in the embodiment shown 
are driven by an oscillator 86 which may be externally 
controlled through the integra~ed circuit pin FREQ. 
Normally, with pin FREQ grounded, the oscillator will 
provide a 4 MHZ output, though other frequencies may be 
chosen by connecting the FREQ pin to the input voltage 
v, by allowing the pin to float or by actually forcing 
an external frequency through the FREQ pin. At start­
up, when Vout is very low, the output of comparator 100 

will cause the controllable divider 88 to divide the 
frequency output of the oscillator by 4, though in 
normal operation where Vout is at near the intended 
regulated voltage, the output of oscillator 86 will not 
be divided down by divider 88. In the discussion to 
follow, it will be assumed that the oscillator 86 is 

providing a 4 MHz output and that divider 88 is not 
dividing that output down. 

The 4 MHz output from the controllable divider 88 
is coupled to NANO gate 94, NAND gate 96, flip-flop 90 

Ii 
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and to the start-up and overload circuit 22. Flip-flops 
90 and 92 are both edge triggered flip-flops, toggled to 
the opposite state on the trailing edge of a pulse 
provided thereto. With the connections shown, flip-flop 
90 divides the 4 MHz input thereto down to 2 MHz on the 
Q output thereof, and flip-flop 92 divides the 2 MHz 
signal from flip-flop 90 down to 1 MHz, providing 
complementary outputs on the Q and Q outputs. Since all 

three inputs to NAND gate 94 must be high for the output 
to go low, the output of NAND gate 94 will only go low 
when the 4 MHz signal, the 2 :MHz signal and the 1 MHz 
signal are all high. This will occur at a 1 MHz rate, 
each low pulse having a duration of the half period of 
the 4 MHz signal, namely 0.125 microseconds. The output 
of NANO gate 96 will have the same characteristics, 
though because one of the inputs to NANO gate 96 is the 
Q output of flip-flop 92 rather than the Q output, the 

0.125 microsecond pulses from NANO gate 96 will also be 
at 1 MHz, but will be shifted one-half of a l MHz cycle 
with respect to the output of NANO gate.94. Thus the 
low pulses from NAND gates 94 and 96 are directly out of 
phase with each other. 

Each pulse width modulator PWM has a current source 
I4 charging a capacitor 98, with an n-channel transistor 
QlO connected across each capacitor 98 to controllably 
discharge the capacitor. Thus, when the output of NANO 
gate 94 pulses low, the output of inverter 104 will 
pulse high for 0.125 microseconds, turning on transistor 
QlO for a sufficient length of time to discharge the 
capacitor 98. 

The current from node 64 representing the nominal 
signal, the output gain error signal, the integral of 
the error signal, and the rate of change of the output 
voltage Vout, is provided through transistor 02 to the 
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common connection of the emitters of transistors QS and 
Q6. Because the bases of these two transistors are 

connected in common to a reference voltage, the current 

will divide equally through the two transistors, so that 

half the current will flow through resistors R4a and R4b 

and the other half will flow through resistors RSa and 

RSb. In the preferred embodiment, these four resistors 

are all of the same value, so that by way of example, 

the voltage at the junction between the resistors R4a 

and R4b will be one-half the voltage at the collector of 

transistor QS. 

Also connected to resistors R4a and RSa are the 
collectors of transistors Q3 and Q4, respectively. The 

emitters of transistors Q3 and Q4 ~e connected in 
common to current source I2, with the bases of 

transistors Q3 and Q4 being connected to capacitors Cl 

and C2. Assuming for the moment that the voltages on 

capacitors Cl and C2 are equal, the current I2 will also 

divide evenly between transistors Q3 and Q4. Under 
these conditions, the voltages on lines 106 and 108 will 

be equal. 

When the output of NANO gate 94 pulses low, turning 

on transistor QlO to discharge capacitor 98, the output 

of NANO gate 110 will necessarily be high. Because of 
the discharge of capacitor 98, the negative input to 

comparator 112 will be greater than the positive input, 

driving the output of the comparator low. Assuming the 

other two inputs to NOR gate 46 are low, both inputs to 

NANO gate 50 will now be high, driving the output of 

NANO gate 50 low and the output of NAND gate 54 high to 

turn on p-channel output transistor Pl through the 
output driver DRVl. When the output of NAND gate 94 

goes high again,·transistor QlO will be turned off, 

allowing capacitor 98 to start charging. However, 

11 
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because the output of NAND gate 50 is low, the output of 
NAND gate 110 will be high, independent of the return of 
the output of NANO gate 94 to the high state. 

When capacitor 98 is discharged, the negative input 
to comparator 114 will be lower than the positive input, 
holding the output of the comparator high and switch Sl 
open. When the capacitor charges to a point where the 
voltage on the negative input to comparator 114 exceeds 
the voltage on the positive input of the comparator, the 
output of the comparator will be pulled low, momentarily 
closing switch Sl to readjust the voltage in capacitor 
C2 to be proportional to the present voltage across the 
sense resistor Rsense. As the capacitor 98 continues to 
charge, the positive input to comparator 112 will 
ultimately become higher than the negative input, 
causing the output of comparator 112 to go high. This 
drives the output of NOR gate 46 low, the output of NAND 
gate 50 high, and the output of NANO gate 54 low (the 
output of comparator 82 normally being high), turning 
off the output power transistor Pl and turning on the 
output power transistor Nl . If, on the next cycle of 
the pulse width modulator, the output voltage Vout is 
lower than the commanded voltage, the transconductance 
amplifier 62 will increase the current through 
transistor Q2, which in turn will increase the voltage 
on lines 106 and 108 so that on the interleaved cycles 
of the dual converter, the p-channel power output · 
devices will stay on longer before being turned off and 
the n-channel devices turned on. 

Because resistors RSa and RSb are equal, the 
voltage on line 116 will be half the voltage on line 
106. Accordingly, switch Sl will close after one-half 
the ON period of output power transistor Pl. Because of 
the interleaving of the operation of the two pulse width 
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modulators, the salli)le of the voltage across the 

resistor Rsense taken by the closing of switch Sl will 

occur only when output power p-channel device P2 is 

turned off. In a similar way, switch S2 will sample the 

voltage from the collector of Q8 only when power 

transistor P2 is turned on and power transistor Pl is 

turned off. Thus, the voltages on capacitors Cl and C2 

represent a measure of the current in power transistors 

P2 and Pl, respectively. When the current in power 

transistor Pl is higher than the current in power 

transistor P2, the sampled voltage will be higher when 

power transistor Pl is on than when power transistor P2 

is on. Thus, when this voltage is sanq:>led by the 

alt.ernate closing of switches Sl and S2, the voltage on 

capacitor C2 will exceed the voltage on capacitor Cl. A 

higher voltage on capacitor C2 than on capacitor Cl will 

reduce the current flow through transistor 04, and 

increase the current flow through transistor 03 by the 
same amount, reducing the voltage on line 106 and 

increasing the voltage on line 108. This will have the 

effect of reducing the ON time of power transistor Pl 

during its next cycle and increasing the ON time of 
transistor P2 during its next cycle, thereby adjusting 

the relative duty cycles between power transistors Pl 

and P2 to balance the current in the interleaved 

converters in spite of circuit differences between the 

two inverters, particularly differences in the power FET 

ON resistances. 

The circuit shown in Figure 2 includes a load 

variation circuit 20 which, among other things, responds 

to the differential voltage output V2A,V2B from the 
current sense amplifier to adjust the current Io to the 

MDAC to adjust its output based upon the voltage across 

the sense resistor Rsense, which in turn is responsive 

to the load on the output Vout. In particular, when the 

11 
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load on the output is low, the load variation circuit 20 
boosts the output voltage of the MDAC 60 slightly, 
putting the converter output near the high end of the 
allowed converter output range. This helps reduce the 
extent to which the converter output drops below the 
nominal converter output on the sudden imposition of a 
large load. Similarly, the load variation circuit will 
somewhat reduce the MDAC output when the interleaved 
converter is operating into a heavy load to help reduce 
the overshoot upon the sudden reduction of the output 
load. In general, this intentional output voltage 
variation with output load is known in prior art 
converters. However, the present invention further 
incorporates additional circuitry overriding the normal 
operation of the interleaved converter·upon an 
extraordinary rate of change of the output voltage 
indicative of an extraordinary change in the load on the 
converter, either as an increase or as a decrease. In 
particular, operational amplifier 116 has its negative 
input connected to the emitter of transistor Ql and its 
output connected to the base of the transistor. The 
positive input to the amplifier is connected to a 
reference voltage. With this connection, the base of 
the transistor is driven to a voltage such that the 
emitter of transistor Ql will be at the reference 
voltage.. Thus, the current through transistor Ql may be 
set by the external resistor R16, the current being 
equal to the reference voltage divided by the value of 
the external resistor. 

The current through transistor Ql flows through 
diode connectec;l p-channel transistor Qll, which mirrors 
that current top-channel transistors Q12 and Q13. The 
current through transistor Q13 is mirrored by n-channel 
transistor Q14 to n-channel transistor QlS. Since the 
negative input to transconductance amplifier 84 is equal 
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to V/2, the voltage to the positive inputs of 
comparators 80 and 82 will equal V/2 decreased by the 
voltage drop across resistor RlS, and increased by the 
voltage drop across resistor Rl4, respectively. The 
voltage drops across resistors Rl4 and RlS depend upon 
the current mirrored there through by transistors Q12 
and 015. Thus the voltage at the positive input to 
comparators 80 and 82 is adjustable by the external 
resistor Rl6 coupled to the terminal TSET. 

The negative input to comparators 80 and 82 is 
provided by the output of amplifier 68, which as 
previously described, provides an output proportional to 
the rate of change of the output voltage Vout, more 
specifically, an increasing output voltage for 
increasing rates in the drop of the output voltage vout 
and a decreasing output voltage for increases in the 
rate of increase of the output voltage Vout. Asswne for 
the moment that a large load is suddenly imposed on the 
converter, causing the output voltage Vout to begin to 
rapidly drop. This will drive the output of amplifier 
68 sufficiently high to force the output of comparator 
82, which is normally high, to go low. This forces the 
output of NANO gate 54 high, turning off n-channel power 
device Nl if it was on, and turning on p-channel power 
device Pl, independent of the state of the respective 

pulse width modulator. Similarly, n-channel power 
device N2 will be t\irned off if it was on, and p-cbannel 
power device Pl will be turned on, independent of the 
state of that pulse width modulator. Of course, once 
the rate of drop of the output voltage Vout reduces, the 
output of comparator 82 will again go high, allowing the 
interleaved pulse width modulators to reswne control of 
the output devices. 

11 
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Similarly, if a large load is suddenly removed so 

that the output voltage Vout starts to rapidly increase, 

the output of amplifier 68 will drop sufficiently so 

that the output of COil\Parator 80 will go high. This 

forces the output of NOR gate 4_6 to go low, the output 

of NANO gate 50 to go high, and the output of NANO gate 
54 to go low (the other input thereto normally being 

high), turning off p~channel power device Pl if the same 

was on, and then turning on n-channel power device Nl. 
In a similar manner, the high output of comparator 80 

will simultaneously turn off p-channel power device P2 
if the same was on, and turn on n-channel power device 
N2. Thus, in no:cmal operation the converters operate in 
an interleaved fashion to provide, in an integrated 

form, all the herein before stated advantages of 

interleaved converters. However, in the event of 
extraordinary rates of change in the converter output 

voltage Vout, the converters switch to act in unison to 

respond to the extraordinary conditions, independent of 
the state of the interleaved pulse width modulators, to 
minimize the converter output voltage swing with 

extraordinary changes in load. 

Also shown in Figure 2 is a circuit for monitoring 

the error between the output of the MDAC and Vout, and 

for controllably reading the MDAC output. More 
specifically, the output of the MDAC and Vout are 

applied as the two inputs to window comparator 120, 

which provides a high output Voutok whenever the output 
voltage is within acceptable limits. This signal is 

applied as one input to NAND gate 122. The second input 

to NAND gate 122 is the input signal output-

enable/ shutdown OUTEN/SHDNB. When the output enable 

signal is low, the output of inverter 124 will be high, 

providing the shut down signal SHDN to shut down the 
rest of the circuit (the details of shut down circuitry 
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in general are well known in the prior art and not part 
of the invention claimed herein) . When the output 

·enable signal is high, both inputs to NANO gate 122 will 
be high if the error signal is within acceptable limits, 
making the output of NANI> gate 122 low, holding the 
output of AND gate 126 low and holding transistor Ql6 

off. Under these conditions, inverter 130 provides a 
high signal to the startup and overload circuit 22, 

indicating that the error signal is within acceptable 
limits.. If the error signal moves out of acceptable 
limits, the signal Voutok will go low, driving the 
output of NAND gate 122 high. Since the high state of 
the output enable signal is substantially equal to the 
analog voltage V, transistor Q7 will be off so that the 
resistor Rl6 will pull the input to inverter 134 low. 
This forces the second input to AND gate 126 high also, 
turning on transistor Q16 to indicate to the system 
connected thereto that the error signal between the 
commanded output voltage and the then existing output 
voltage is excessive. 

For test purposes, the output enable signal may be 
driven above the analog voltage V so as to turn on 
transistor Q7. This pulls the input to inverter 134 

high, driving the output of the inverter low, in turn 
making the output of AND gate 126 low and holding 
transistor Q16 off. The high voltage on the input to 
inverter 134 also controls a multiplexer 136 to couple 
the output of the MDAC to the output pin PWRGD. Thus, 
the output pin PWRGD can be used for test purposes, to 
monitor the output of the MDAC to verify that the MDAC 

and the control thereto is working as intended. Driving 
the output enable signal above the analog voltage v, of 
course, does not otherwise affect the operation of the 
circuit, so that normal circuit operation will continue 
without interruption. 

11 
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The pref erred embodiment of the present invention 
has been disclosed with respect to interleaved buck 
converters for purposes of specificity in the 
illustrative embodiment. The principles of the 
invention.ar~ not limited to such inverters,. however, 
and may also readily be adapted to boost or step up 
converters by one of ordinary skill in the art. 
Similarly, while a dual interleaved inverter has been 
disclosed, the principles of the invention may be 
applied to interleaved converters having more than two 
converters being interleaved. Thus while a certain 
exemplary embodiment has been described in detail and 
shown in the accompanying drawings, it is to be 
understood that such embodiment is merely illustrative 
of and not restrictive on the broad invention, and that 
this invention is not to be limited to the specific 
arrangements and constructions shown and described, 
since various other modifications may occur to those 
with ordinary skill in the art. 
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CLAIMS 

What is claimed is: 

1. A DC to DC switching circuit for controlling 
power switching devices in a DC to DC converter having 

first and second interleaved converter circuits 
operating into a conunon load comprising: 

a current sense circuit sensing the vo-ltage across 
a sense resistor in series with the power supply 

supplying power to the power switching devices; 
a first pulse width modulator controlling the power 

switching devices of the first converter circuit; 
a second pulse width modu1ator controlling the 

power switching devices of the second converter circuit; 

a feedback circuit responsive to the voltage across 

the common load; 
control circuits for controlling the first and 

second pulse width modulators responsive to the feedback 

circuit and a commanded output voltage; 

the control circuits also being responsive to the 

difference in the voltage across the sense resistor when 

the first converter is drawing power from the power 

supply through the sense resistor and the second 

converter is not, and when the second converter is 
drawing power from the power supply through the sense 

resistor and the first converter is not, to adjust the 

relative duty cycle of the first and second converters 

to tend to minimize the difference in the voltage across 

the sense resistor; 
the current sense circuit, the first pulse width 

modulator, the second pulse width modulator, the 

feedback circuit and the control circuits being in a 

single integrated circuit. 

11 
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2 . The DC to DC switching circuit of claim 1 
wherein the sense resistor is external to the integrated 
circuit. 

3. The DC to DC switching circuit of claim 1 
further comprised of an integrator having an output 
responsive to the integral of an error signal, the error 
signal being responsive to the voltage across the common 
load and a desired voltage, the control circuits also 
being responsive to the output of integrator. 

4. The DC to DC switching circuit of claim 3 
wherein the time constant of the integrator is 
adjustable by the selection of at least one component 
external to the integrated circuit. 

5. The DC to DC switching circuit of claim 3 
further comprised of a differentiator having an output 
responsive to the rate of change of the voltage across 
the common load, the control circuits also being 
responsive to the output of differentiator. 

6. The DC to DC switching circuit of claim 5 
wherein the time constant of the differentiator is 
adjustable by the selection of at least one component 
external to the integrated circuit. 

7 • The DC. to DC switching circuit of claim 1 
wherein the control circuits are also responsive to 
rapid decreases in the voltage on the common load to 
turn on the first and second converter circuits 
independent of the phase of the first and second pulse 
width modulators. 
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8. The DC to DC switching circuit of claim 7 
wherein the control circuits are also responsive to 
rapid increases in the voltage on the conunon load to 
turn off the first and second converter circuits 
independent of the phase of the first and second pulse 
width modulators. 

9. The DC to DC switching circuit of claim l 

further comprised of a load variation circuit coupled to 
the control circuits to decrease the voltage on the 
common load for higher voltages across the current sense 
resistor and to increase the voltage on the common load 
for lower voltages across the current sense resistor. 

10. DC to DC switching circuit for controlling 
power switching devices in a DC to DC converter having 
first and second interleaved converter circuits 
operating into a coimnon load comprising: 

a first pulse width modulator controlling the power 
switching devices of the first converter circuit; 

a second pulse width modulator controlling the 
power switching devices of the second converter circuit; 

a feedback circuit responsive to the voltage across 
the common load; 

control circuits for controlling the first and 
second pulse width modulators responsive to the feedback 
circuit; 

the control circuits also being responsive to the 
difference in current through the first converter and 
the second converter to adjust the relative duty cycle 
of the first and second converters to tend to minimize 
the difference in the voltage across the sense resistor; 

the current sense circuit, the first pulse width 
modulator, the second pulse width modulator, the 



, f 111111 lff lff lllff If Ill ff f llf 
* C L M S * 

W099/19975 PCT/US98121348 

-21-
:.:' · .. 

feedback circuit and the control circuits being in a 
single integrated circuit. 

11. The DC to DC switching circuit of claim 10 
wherein the cormnanded output voltage is controllable 
through an input to the integrated circuit. 

12. The DC to DC switching circuit of claim 10 
wherein the commanded output voltage is controllable 
through a digital input to the integrated circuit. 

13. The DC to DC switching circuit of claim 12 
further comprised of an integrator having an output 
responsive to the integral of an error signal, the error 
signal being responsive to the voltage across the common 
load and a desired voltage, the control circuits also 
being responsive to the output of integrator. 

14. The DC to DC switching circuit of claim 13 
wherein the time constant of the integrator is 
adjustable by the selection of at least one component 
external to the integrated circuit. 

15. The DC to DC switching circuit of claim 13 
further comprised of a differentiator having an output 
responsive to the rate of change of the voltage across 
the common load, the control circuits also being 
responsive to the output of differentiator. 

16. The DC to DC switching circuit of claim 15 
wherein the time constant of the differentiator is 
adjustable by the selection of at least one component 
external to the integrated circuit. 
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17. The DC to DC switching circuit of claim 12 

wherein the control circuits are also responsive to 

rapid decreases in the voltage on the common load ~o 

turn on the first and second converter circuits 

independent of the phase of the first and second pulse 
width modulators. 

18. The DC to DC switching circuit of claim 17 

wherein the control circuits are also responsive to 

rapid increases in the voltage on the common load to 

turn off the first and second converter circuits 

independent of the phase of the first and second pulse 

width modulators. 

19. The DC to DC switching circuit of claim 12 

further comprised of a load variation circuit coupled to 

the control circuits to decrease the voltage on the 
common load for higher currents through the converters 

and to increase the voltage on the common load for lower 

currents through the converters. 

20. The DC to DC switching circuit of claim 12 

wherein the commanded output voltage is controllable 

through an input to the integrated circuit. 

21. The DC to DC switching circuit of claim 12 

wherein the commanded output voltage is controllable 

through a digital input to the integrated circuit. 

1 ·1. 


