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1
FAST TRANSITION POWER SUPPLY

This application claims benefit of Provisional Applica-
tion Ser. No. 60/091,761 filed Jul. 6, 1998.

BACKGROUND OF THE INVENTION

Prior art power supplies have limitations under conditions
of changing loads or changing output voltage, particularly if
the load is decreased at the same time that the output voltage
is changed to a lower voltage as by an external programming
command. Under conditions where the load decreases sig-
nificantly or goes to zero, and the voltage is commanded to
go to a lower value or zero, a prior art power supply would
very likely have a spike upward in output voltage followed
by a slow decrease to a final value, because of the time
needed to discharge stored energy in the output filter induc-
tor and capacitor.

OBJECT OF THE INVENTION

It is an object of the present invention to teach a power
supply in which the output current can transition arbitrarily
fast between any levels of load current which are less than
the design maximum load current, including zero current,
without significant voltage overshoot or undershoot. It is a
further object of the present invention to teach a power
supply which can transition very rapidly between voltage
levels, including zero, when so commanded, regardless of
the output current or changes thereof.

It is a further objective of the present invention to teach
a power supply which may be a modular power supply
having a “front end” module at one location, and one or
more remote output modules located near the load(s), and
which can change its output voltage and/or its load from
minimum to maximum, or vice versa, without large changes
in the energy in the interconnecting conductors. This can
help to reduce EMI (electromagnetic interference) as well as
facilitate very rapid changes in the output voltage and/or
load.

As in many prior art power supplies, the power supply of
this invention uses control of the current into the output
capacitor as the steady state voltage control, to adjust for
parametric variations and other errors. However, the current
control is implemented so that there is no change in the
current through inductive components (neglecting parasitic
inductances), so the current into the output capacitor can
change very rapidly in response to changes in the output
current so that the capacitor voltage does not droop or
spikevarying Also, the voltage control during transient volt-
age changes requires no change in current through inductive
components (neglecting parasitic inductances). Instead, the
charge on the output capacitor is changed to step the output
voltage up and down, and the control of the current flowing
into the output capacitor needs only maintain the new
correct voltage after the transition.

The principle power source for the power supply of the
present invention is one or more constant current sources.
One skilled in the art of power converters would know how
to design and make a constant current power source that
would be suitable as a front end for this invention. As an
example, not a limitation, a modified buck converter oper-
ated in a constant current mode would be suitable. The
constant current source may be fixed at a current equal to, or
somewhat above, the maximum specified current output.
The current from the current source is then pulse width
modulated to the output capacitor and the output of the
power supply, where the duty cycle of the pulse width
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modulation approximately equals the percent of full load of
the output current. The frequency of the pulse width modu-
lation and the value of the output capacitance determines the
ripple voltage on the output.

Energy stored in the inductors of the power supply of this
invention is not varied (except under special circumstances),
so no time is lost ramping up or ramping down the inductor
currents.

While the output voltage can be adjusted under feed back
control by adjustments in the current control duty cycle, the
fast transition of the output voltage of the power supply of
this invention is accomplished by changing the charge on the
output capacitors. The total output capacitance is fixed in
value, but it comprises a parallel combination of capacitors
which can be switched to transfer charge very quickly. Some
power is lost during the voltage transitions, and a voltage
source supplies this power.

Thus, there are three relatively independent control
mechanisms. First there is a steady state current modulation
to maintain voltage. Second, there is a very fast control of
current, which may respond very quickly to changes in the
load impedance. Third, there is a very fast control of charge
on the output capacitor, to change the output voltage very
quickly when so commanded by an external voltage com-
mand input. The power supply of this invention can transi-
tion from a high voltage at full load to a low voltage at zero
load very quickly, in the order of less than a microsecond,
without significant lag or overshoot.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 is a schematic of a basic power supply of this
invention.

FIG. 2 shows a capacitance voltage divider.
FIG. 3 shows another capacitance voltage divider

FIG. 4 shows a capacitance voltage divider, part of which
is switchable.

FIG. 5 shows the circuit of FIG. 4 with a resistor.

FIG. 6 shows the circuit of FIG. 5 with an inductor.

FIG. 7 shows a capacitor divider with four switchable
capacitors.

FIG. 8 shows the circuit of FIG. 1 with a switchable
capacitor and modified to have four switchable current
sources.

FIG. 9 shows a current control power circuit of this
invention.

FIG. 10 shows a voltage control power circuit of this
invention used with a prior art buck converter.

FIG. 11 shows a switching circuit for the circuit of FIG.
10.

FIG. 12 shows a modular power supply employing cur-
rent and voltage control of this invention.

FIG. 13 shows a current control circuit for output voltages
of either polarity.

DESCRIPTION OF THE PREFERRED
EMBODIMENT OF THE INVENTION

Most power supplies are voltage sources having a low
output impedance. The output voltage may be fixed, or it
may be variable, responsive to an external voltage program-
ming command. The low output impedance is usually
achieved by using an output capacitor. The output current of
the power supply is usually dependent upon the load
impedance, which is usually a varying load impedance, and
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the power supply control circuits must react to variations in
the varying load impedance, by increasing or decreasing the
current into the output capacitor so as to maintain the desired
output voltage.

Ideally, if the load impedance changes, causing a change
in the output current, the current into the output capacitor
would change instantaneously to an equal value current. In
that case, the current into the capacitor and the current out
of the capacitor would be equal at any instant, leaving the
stored charge on the output capacitor unchanged, so the
output voltage would be unperturbed. This is not achieved in
prior art power supplies for two reasons: First, most control
circuits do not measure output current, but rather react to a
change in the output capacitor voltage caused by the change
in output current. Thus there is an inherent lag, and the
circuit must “catch up” after an error is detected. Second, in
most cases the current into the output capacitor is dependent
upon the current stored in an inductor, and that current
cannot change instantaneously. Therefore, even in those
circuits that do sense and respond to changes in the output
current, there is still a lag due to the time constant of the
inductor circuit.

In a typical prior art power supply, a decrease in the load
impedance will cause an increase in current, which will be
supplied initially by removing charge from the output
capacitor, causing its voltage to drop. The voltage will
continue to decrease until the current into the output capaci-
tor can be increased sufficiently to equal the output current,
and it will have to increase even more to restore the charge
on the capacitor to return the output voltage to its correct
value. The current must then decrease to equal the output
current to maintain the correct voltage, or an “overshoot”
will occur. A similar, but opposite sequence of events occurs
if the load impedance increases. If the change of the output
impedance is large, and the circuit responds slowly, the
output voltage may transition out of an acceptable range, too
low or too high. The former may cause loss of function, the
latter may be destructive.

In a typical prior art power supply with a programmable
output voltage, the same circuit elements can cause a sig-
nificant lag in achieving a new steady state output voltage
following a command to change the output voltage. To
increase the output voltage, the current into the output
capacitor must be increased and maintained for the correct
time to transfer more charge to the output capacitor, then the
current must decrease to equal the output current. Likely, the
output current will be higher than it was before the voltage
change, though, due to the higher voltage. Regardless, there
is a lag because the current into the output capacitor cannot
change instantaneously in the inductive components. To
respond to a command to a lower output voltage is even
more problematical. The current into the output capacitor
must be reduced, and the voltage will bleed down due to the
current into the load. If the load impedance is high, this may
take a long time.

An even worse case would be a simultaneous command to
a lower voltage (or zero volts) and an increase in the load
impedance (or an open circuit). Likely, the voltage would
increase first, then trail off slowly to the lower value.

It is quite common to use modular power supplies in
which a front end power supply interfaces with commercial
power or telecommunications power and provides partial
power conditioning to power one or more output power
modules. If the output load has very fast changes in load, as
is common with newer microprocessors, there may be severe
transients in the conductors between the front end module
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4

and the output modules. These transients can compromise
stability, and may cause EMI. Often a large number of filter
capacitors must be used in the output module to moderate
the transients.

The power supply of this invention solves these and other
problems, as will be described below. The circuit will be
developed incrementally, with several partial circuits being
described. The preferred embodiment of the invention uti-
lizes all of the several partial circuits, but there will be
applications in which some of the partial circuits may be
used alone or with fewer than all of the other partial circuits,
depending upon the specification of the power supply being
designed. As an example, not a limitation, the circuit which
accomplishes very fast transitions of the output voltage
could be used with an otherwise usual power supply of prior
art without the fast current transition circuits, or the fast
current transition circuits could be used without the fast
voltage transition circuits.

FIG. 1 shows a basic power supply 1 of the present
invention. A current source 5 is the principal power source
driving an output current lo. A switch S1 15 pulse width
modulates the current I from the current source 5. The
current source 5 has a constant current I equal to the
maximum specified output current Io of the power supply. A
second switch S2 17 can change the charge very quickly on
an output capacitor C2 to cause a very rapid step in the
output voltage Vo. A control A 19 may sense the output
current Io using an output current sensor 18 and may also
sense the output voltage Vo using a voltage sensor 16 to
implement a control algorithm to control the timing of the
switches S1 15 and S2 17. The control A 19 may also have
an external voltage command input v 14. An optional second
output capacitor C1 7 helps control the initial state of the
output voltage when power is applied. At steady state
conditions, it is in parallel with the output capacitor C2 9 for
analytical purposes, and a recitation in this specification or
the claims of “output capacitance” or “output capacitor”
includes these capacitors which are in parallel for AC circuit
analysis, as would be known by one practiced in the art of
power supplies and AC circuit analysis.

If the output current Io is less than the specified maximum
current, the switch S1 15 operates so as to bypass the current
I from the current source 5 to ground during part of time. If
the duty cycle of the switch S1 15 is defined as the
percentage of time that it is in position a, then the duty cycle
is approximately equal to the percentage of the output
current Jo to the maximum current I.

As an example, not a limitation, let us assume that the
maximum output current I of the power converter 1 is 10
amperes. Let us further assume that at some instant, the
output Io is 6 amperes. The output current is 60% of the
maximum output current, and the duty cycle of the switch S1
15 would be approximately 60%. Usually, the output current
is determined by the output voltage Vo and the impedance of
the load, which can vary. There are several ways in which
the duty cycle of the switch S1 15 could be controlled. One
would be to use feed forward of the output load current Io.
An output current sensor 18 may sense the output current lo,
and the control A 19 may determining its percentage of the
maximum load I, and immediately reset the duty cycle of the
switch S1 15 to new values as the output current Io changes.

Further, an output voltage sensor 16 may sense the output
voltage Vo, and a slower feedback circuit in the control A 19
may compare the output voltage Vo to its desired value so as
to fine tune the duty cycle, to compensate for losses and
parametric errors. However, control of the duty cycle of
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switch S1 15 is not the principle method of voltage control
when the output voltages steps rapidly under external volt-
age program control, as will be explained below.

Another way to control the duty cycle of switch S1 15
would be to sense the voltage on the output capacitor C2 9.
A hysteretic control in the control A 19 could compare the
value of the output voltage Vo against its desired value. If it
is too low, the switch S1 15 can be closed (put in position
a). If it is too high, the switch S1 15 can be opened (put in
position b). Some small hysteresis should be used, to keep
the switch S1 15 from cycling too fast. This method has
inherent control to adjust the output voltage Vo, to compen-
sate for losses and parametric errors. However, control of the
duty cycle of switch S1 15 is not the principle method of
voltage control when the output voltages steps rapidly under
external voltage program control, as will be explained
below.

As an example, not a limitation, consider a power supply
having a nominal 2 volt output Vo with a maximum ripple
voltage of 20 mV peak to peak. Consider further that the
maximum output current I is 10 amperes, and the present
output current Io is 6 amperes due to the present impedance
of the load impedance. As the output current is 60% of
maximum, the duty cycle of the switch S1 15 would be
approximately 60%. When the switch S1 15 is in position b,
the net current out of the output capacitors would be 6
amperes. When the switch S1 15 is in position a, the net
current into the output capacitors would be 4 amperes, the
instantaneous difference between the current I of the current
source 5 and the output current lo.

Given the allowed ripple of 20 mV peak to peak, the
operating frequency of the switch S1 15 and the value of the
output capacitors can be determined. If one assumes a
switching frequency of 1 MHz, then the charging and
discharging times are 600 ns and 400 ns respectively, given
the 60% duty cycle of the present example. Using the well
known equation for the voltage on a capacitor, AV=AQ/C,
where V is the voltage, Q is the charge in coulombs, and C
is the capacitance in farads, and knowing that Q=I t, where
I is the current in amperes and t is the time in seconds, the
value of the output capacitors can be solved. In the present
example, AV is 0.02 volts, [=4 amperes, and t=0.0000006
seconds, C therefore equals 120 uf minimum. In the power
supply 1 of FIG. 1, the capacitance is the sum of the values
of the capacitors C1 7, C2 9 and C3 11, because they are
effectively in parallel for the purposes of circuit analysis.

If the output load impedance changes, requiring a differ-
ent output current lo, the duty cycle can be changed just a
quickly as the change in the output current Io can be
detected. If the output current Io goes to zero, the duty cycle
can go to zero immediately, too.

A supply with a programmable voltage and very fast load
current changes may have several alternative states of
standby status, and the several alternative states may have
alternative maximum output currents. To be on full standby,
able to output full load current in a fraction of a
microsecond, faster than the output capacitance can droop
significantly, the current I of the current source 5 of FIG. 1
must be at full load current continuously. There will be some
losses in this constant current which must circulate con-
stantly at full value, but an ideal short circuit dissipates no
power. With fairly heavy conductors and good, low imped-
ance switches, the power losses can be minimized. The peak
voltage is lower on the switches, so lower voltage rated
switches can be used and the drive circuits do not need to
drive as large a “Miller capacitance” in the gate, if the
switches are MOSFET switches.
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In some applications, there may be alternative standby
states having a reduced state of readiness where a much
lower alternative maximum output current could be used,
and where enough time could be allowed for the input
current I to ramp other alternative maximum output current
values if, for example, a higher state of readiness was
anticipated. If so, the current I could be reduced under
program control, to a lower level, to whatever current might
be required nearly instantly for that standby state. As an
example, not a limitation, a power supply for a micropro-
cessor having an idling state for the processor, that alterna-
tive maximum output current might be a small percentage of
normal full load output current Io.

As mentioned above, the output voltage Vo can be con-
trolled by changing the duty cycle of the switch S1 15 to
provide more or less current to the output capacitor under by
the control A 19. However, this is inadequate for changing
the voltage very rapidly under external voltage program-
ming control, particularly for a decrease in voltage occurring
at the same time as a decrease in the output current lo. It is
even worse if the output current Io decreases to zero,
because even at zero duty cycle, there is no mechanism to
rapidly remove charge from the output capacitor. This
invention teaches that a preferred method of changing the
output voltage Vo is by changing the charge on the output
capacitors C1 7, C2 9 and C3 11. In the present example of
the power converter 1 of FIG. 1, this is accomplished by
changing the state of a switch S2 17 in response to a voltage
command input v 14 to the control A 19.

This can be understood with reference to FIGS. 2 through
4. FIG. 2 shows a capacitor divider circuit 21 comprising
two capacitors C1 27 and C2 25, and a voltage source 23.
For the present example, as an example, not a limitation,
consider that the voltage V of the voltage source 23 is 15
volts, the components are ideal, and no current flows in the
output Vo. Consider further that the value of the capacitor C1
27 is 2 uf, and the value of the capacitor C2 25 is 13 uf. One
can solve for the output voltage Vo as 2 volts using equations
well known in the are of electrical circuit analysis.
(Rigorously, this is an approximation, valid only for AC
voltages, but it is approximately right for DC voltages under
transient conditions. The circuits being explained here con-
trol the voltage during transitions in the output voltage).

FIG. 3 shows a capacitor divider circuit 31 comprising
two capacitors C1 37 and C2 35, and a voltage source 33.
For the present example, as an example, not a limitation,
consider that the voltage V of the voltage source 33 is 15
volts, the components are ideal, and no current flows in the
output Vo. Consider further that the value of the capacitor C1
37 is 3 uf, and the value of the capacitor C2 35 is 12 uf. One
can solve for the output voltage Vo as 3 volts.

Consider now FIG. 4. The power supply 41 is very similar
to the circuits of FIGS. 3 and 4, with the addition of a switch
S 51 and a capacitor C3 49. FIG. 4 shows a capacitor divider
circuit 41 comprising two capacitors C1 47 and C2 45, and
a voltage source 43. For the present example, as an example,
not a limitation, consider that the voltage V of the voltage
source is 15 volts, the components are ideal, and no current
flows in the output Vo. Consider further that the value of the
capacitor C1 47 is 2 uf, the value of the capacitor C2 45 is
12 uf, and the value of C3 49 is 1 uf.

It can be seen that if the switch S 51 is in position b, the
voltage divider circuit 41 is electrically equivalent to the
voltage divider circuit 21 of FIG. 2. It can be seen that if the
switch S 51 is in position a, the voltage divider circuit 41 is
electrically equivalent to the voltage divider circuit 31 of
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