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Abstract—In this paper, a controlled auxiliary circuit is pre-
sented to improve the transient response of a Buck converter. It
is well established that for converter applications with a large in-
put/output voltage ratio, voltage overshoots (due to step-down load
transients) are much larger than corresponding voltage under-
shoots (due to step-up load transients). Therefore, the goal of the
proposed method is to reduce the overshoot. The control method
only activates the auxiliary circuit during step-down load tran-
sients and operates by rapidly transferring excess load current
from the output inductor of a Buck converter to the converter’s in-
put. The proposed method behaves as a controlled current source to
remove a constant regulated current from the output of the Buck
converter. The duration of activation of the auxiliary circuit is
also regulated. The proposed circuit has the following advantages:
1) predictable behavior allowing for simplified design; 2) inherent
over-current protection; and 3) low peak current to average cur-
rent ratio allowing for use of smaller components. In addition, the
proposed auxiliary controller estimates the magnitude of the un-
loading transient and sets the auxiliary current proportional to the
transient magnitude. This allows for greater design flexibility and
increases the auxiliary circuit efficiency for unloading transients
of lesser magnitude. In this paper, it is shown through analysis,
simulation, and experimental results that a large reduction of volt-
age overshoot and output capacitor requirements can be realized
through the addition of a small MOSFET, diode, and inductor.

Index Terms—dc-dc converters, load transient response, nonlin-
ear control .

I. INTRODUCTION

RELATIVELY inexpensive method to improve the dy-
A namic response of a converter is to improve its controller.
Thus, extensive investigation has been performed, developing
various nonlinear control methods. Control schemes are pre-
sented in [1]-[10], which improve the transient response (due
to a rapid load variation) of a buck converter to its optimal level
(i.e., minimizing the output voltage deviation and settling time
following a load transient). However, when employing the so-
called optimal control methods, it is clear that the limiting fac-
tor of dynamic performance becomes the inductor current slew
rate. In fact, it is demonstrated in [6] that for low-duty-cycle
conversion applications (e.g., 12 V3. — 1.5 Vj.), the voltage
overshoot caused by a step-down load current transient may
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Fig. 1. Asymmetrical transient response to positive and negative load current

step change.

be more than five times as large as the corresponding voltage
undershoot caused by a positive current step of equal magni-
tude. This is illustrated in Fig. 1. Therefore, to adhere to voltage
specifications, capacitor selection must be based on the larger
voltage overshoot condition.

Numerous topology modifications to Buck and synchronous
Buck converters have been proposed to address the aforemen-
tioned problem.

Ideally, the steady-state duty cycle would be close to 50%
in order to achieve a symmetrical transient response to positive
and negative load current changes. One solution is to use two
synchronous Buck converters in series in order to increase the
duty cycle of the second stage. For example, the first stage could
convert the voltages 12 V. — 5 Vj. and the second stage could
convert the voltages 5 Vg, — 1.5 V.. Therefore, the second
stage’s steady-state duty cycle would be increased from 12.5% to
30%, yielding a much more symmetric transient response. This
allows the use of a smaller inductor for a fixed inductor current
ripple value. This concept is studied extensively in [11] and [12].
Three obvious drawbacks of this method are an increase in
cost, an increase in physical size, and a decrease in efficiency.
However, it is argued in [12] that if a low-enough switching
frequency was used in the first stage, then the overall efficiency
would not suffer.

Alternative topologies, such as nonisolated full-bridge con-
verters with direct energy transfer, [13] have been proposed
to improve this asymmetry due to their ability to extend the
steady-state duty cycle through the use of a transformer. How-
ever, such converters require additional high-cost components
(MOSFETs, transformer) compared to a synchronous Buck con-
verter of equal power output.

0885-8993/$26.00 © 2010 IEEE

Authorized licensed use limited to: Queens University. Downloaded on June 08,2010 at 05:36:43 UTC from IEEE Xplore. Restrictions apply.



MEYER et al.: CONTROLLED AUXILIARY CIRCUIT TO IMPROVE THE UNLOADING TRANSIENT RESPONSE OF BUCK CONVERTERS

807

/.
\ 4 L LN
Qi Vorase _ Q _ Lo mq _
1Y1 > | + 1Yl
/'L Co ] j_Caux lCD *
V/n<> Cin Vo | aux Yo
A frmnd 4 ==C I'l_‘
) - -4 Q, - & Load |V " — & Load
Driver — | Driver | > — 5
Driver ': Q
TI1 ESR . - ESR | -
Qs = —L—
(@) (b)
T ] :
Qs b <Q 1Yl
¥ L Q™ < L g
Y Y
- |Driver|
T e |e
L,
. Vﬁhase. AN _ l? Vihase (vm_o_lga _T_
—_— + === —_— —_— +
i —LCO v I Co y
Vin Vo Vin (]
- *\=—==Ci, — Dri
= |!" Q. s || Load | \& c |D:riv:|er |': Q. |T—VJL\ || Load
ESR - ESR -
S T '
- © (d)

Fig. 2.

Numerous topology modifications have been proposed to in-
crease the negative slew rate of the output inductor during a
step-down load transient. A topology modification that effec-
tively reverses the input voltage of the converter during an un-
loading transient, thereby significantly increasing the negative
slew rate of the output inductor has been presented in [14]. This
topology modification requires a switch in series with the main
powertrain. This modification is illustrated in Fig. 2(a).

A tapped inductor configuration that extends the steady-state
duty cycle and increases the negative slew rate of the inductor
current is presented in [15]. An auxiliary snubber circuit is
typically required to mitigate the high-voltage stress imposed
on the synchronous MOSFET. This modification is illustrated
in Fig. 2(b).

A stepping transformer is utilized in lieu of an output in-
ductor in [16]. During a step-down load current transient, the
inductor is essentially short-circuited and the current slew rate is
limited only by the leakage inductance of the transformer. This
modification is illustrated in Fig. 2(c).

It is shown that by increasing the slew rate of the output
inductor, the unloading transient performance of the system can
be improved; however, many topology modifications have been
proposed, which do not alter the inductor current slew rate but
rather divert a portion of the inductor current from reaching the
output capacitors.

Previously proposed auxiliary circuits to improve the transient response of a Buck converter.

An auxiliary circuit that operates by disconnecting the output
node of the main inductor and routing it to the converter’s input
during an unloading transient is presented in [17]. This method
also requires an additional switch in series with the powertrain.
This modification is illustrated in Fig. 2(d).

A transformer that is connected across the impedance of the
output trace of a synchronous Buck converter in order to in-
ject/absorb excess load current to improve the dynamic perfor-
mance is presented in [18] and [19].

An auxiliary switch in series with a small inductor is utilized
in [20] to recover excess current to the input during step-down
load transients. The circuit also provides a low-impedance path
for step-up load transients as well. The auxiliary circuit is con-
trolled using a differentiator in an attempt to instantaneously
track the capacitor current.

The output of an isolated dc—dc converter that is connected
through an auxiliary circuit (similar to [20]) to a voltage rail
(fed by the rectified voltage of the secondary winding) in order
to inject/absorb excess current is presented in [21]. The auxil-
iary circuit is controlled linearly based on the magnitude of the
voltage overshoot.

An auxiliary circuit (similar to [20]) is connected to the output
of a synchronous Buck converter in [22]. The switch is turned
full on for the duration that the output voltage deviation exceeds
a predetermined threshold.
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A linear active clamp is added across the output capacitor in
order to divert the excess inductor current to ground following
an unloading transient in [23].

While all the aforementioned topology modifications improve
the dynamic response of a dc—dc converter during a load tran-
sient, they suffer from at least one of the following conditions:

1) complicated transformer or tapped inductor design [13],
(161, [18], [19];

2) auxiliary control susceptible to noise caused by auxiliary
switching [20];

3) unpredictable auxiliary switching frequencies [16], [20],
[22];

4) no direct current-mode control of the auxiliary circuit
resulting in unpredictable and potentially damaging cur-
rents [16], [20], [22];

5) high auxiliary peak current to average current ratio result-
ing in the necessity of relatively large auxiliary switches
for desired dynamic performance [20]-[22];

6) additional switch present in the converter’s power path,
causing the conduction loss of the circuit to increase even
when no load transient event is occurring [14], [17];

7) excessive losses due to the use of an active circuit in linear
mode across the output [23].

In this paper, a controlled auxiliary circuit is proposed, which
significantly improves the voltage overshoot due to a step-down
load transient. As will be discussed and demonstrated, the auxil-
iary circuit is controlled by a novel controller capable of estimat-
ing the unloading transient magnitude and driving the auxiliary
circuit to transfer a proportional current from the output of a
Buck converter to its input. This paper will discuss the means
to estimate the unloading transient magnitude, control the aux-
iliary current, and the duration of auxiliary circuit activation
following a load step change. Section II outlines the operation
of the controlled auxiliary circuit following an unloading tran-
sient. Section IIT presents design guidelines and equations in
addition to simulation results. Section IV analyses the power
losses associated with the auxiliary circuit operation. Section V
experimentally demonstrates the controlled auxiliary circuit’s
effectiveness of improving the unloading transient response of
a Buck converter.

II. OPERATION OF AUXILIARY CIRCUIT DURING
UNLOADING TRANSIENT

In order to reduce the output voltage overshoot, typical of
a Buck converter undergoing an unloading transient response,
it is important to reduce the current conducting through the
output capacitor. Since the load current is capable of varying
at a much faster rate than the inductor current, the capacitor
must absorb charge (and thus increase voltage) after the load
decreases rapidly. The voltage overshoot may be reduced by
decreasing the size of the output inductor (resulting in decreased
efficiency due to larger peak MOSFET current levels and/or
increased switching frequency) or by increasing the size of the
output capacitor (resulting in a significantly higher cost of the
Buck converter).

Alternatively, the amount of charge absorbed by the capacitor
can be reduced by transferring excess current from the output
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inductor of the Buck converter to the converter’s input through
operation of the proposed controlled auxiliary circuit. As will
be shown, a large decrease in the output voltage overshoot can
be realized by the addition of a small inductor, MOSFET, and
diode.

The auxiliary circuit can be modeled as a controlled current
source, drawing current from the output of the Buck converter
and transferring it to the input of the Buck converter. Fig. 3(a)
shows the model of the proposed method when used with a syn-
chronous Buck converter. The proposed method may be used
with a conventional Buck converter or a synchronous Buck con-
verter; however, in this paper, a synchronous Buck converter is
used as an example. The auxiliary circuit is only active during
step-down load current transients (i.e., before and after an un-
loading transient, the circuit operates as a conventional Buck
or synchronous Buck converter). Fig. 3(b) shows one possible
implementation of the auxiliary circuit used in this paper. An al-
ternate implementation would involve using a second MOSFET
(in lieu of D,,x) for synchronous rectification. As is observed,
the auxiliary circuit resembles a small boost converter connected
in antiparallel with the Buck converter. The auxiliary circuit is
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only active during unloading transients; thus, it has no effect
on the converter’s efficiency when the converter is operating in
steady state. In addition, since the auxiliary circuit is only active
for a small percentage of the total operating duration, electro-
magnetic interference (EMI) effects will be short lived and will
not appear significant on the frequency spectrum.

It should be noted that since current is being transferred from
the Buck converter’s output to its input, the converter’s input
must have charging capability. Large input capacitors, typical
of high-current Buck converters, will aid in absorbing charge
from the auxiliary circuit.

Previously proposed works [20] and [22] utilize a similar
auxiliary circuit that is active, with the auxiliary switch full on
(duty cycle = 100%), when either the output voltage [22] or the
derivative of the output voltage [20] is outside a predetermined
threshold; however, the previously proposed schemes do not
directly control neither the auxiliary current nor the switching
frequency. Thus, it is conceivable that the peak auxiliary cur-
rent may become large (requiring large auxiliary switches), or
switching frequencies may become excessive when the output
voltage (or derivative of the output voltage) begins to oscillate
around the threshold points.

In contrast, the proposed controlled auxiliary circuit oper-
ates at a known constant current with a relatively constant

switching frequency. Thus, the auxiliary switch and auxiliary
inductor can be properly chosen based on designed current
and frequency levels. When active, the auxiliary circuit is con-
trolled using a peak current mode, constant off-time scheme, as
shown in Fig. 4. Similar to a boost converter, when switch Q,,x
is closed, current will conduct through the auxiliary inductor
L.ux, Qaux, and then to ground. This, in turn, will magne-
tize the auxiliary inductor. When @, is opened, the auxiliary
current will conduct through D, « to the input of the Buck con-
verter. This, in turn, will decrease the energy of the auxiliary
inductor. This repetitive switching will transfer current from
the Buck converter’s output to its input during an unloading
transient.

Assuming that the input voltage and the output voltage
of the Buck converter remain relatively constant (compared
to their nominal dc values) during a transient event, the con-
trol scheme will produce a constant average current through
the auxiliary circuit. It is illustrated in Fig. 4 that the pro-
posed controller will activate the auxiliary circuit until the
inductor current decreases to the level of the new load
current.

The shaded gray areas in Fig. 4 represent the integral of the
capacitor current (proportional to the charge being absorbed by
the capacitor) with and without the use of the proposed auxiliary
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circuit. It is illustrated that by diverting a modest fraction of the
original load current step, a significant decrease in charge is
absorbed by the output capacitor.

In order to implement the peak current mode, constant off-
time control, the auxiliary current can be sensed using the
on-resistance of the auxiliary MOSFET @), a current sense
resistor, or an RC network in parallel with the auxiliary in-
ductor L,,x. In this paper, a small current sense resistor was
employed.

Typically, the auxiliary current ,,, is designed to have a
small peak-to-peak ripple and, as will be described, its average
current is controlled based on the estimated magnitude of the
load current step change.

The block diagram of the auxiliary circuit and the proposed
auxiliary controller is illustrated in Fig. 5.

As shown in Fig. 5, the auxiliary circuit controller estimates
the output capacitor current . in order to:

1) detect the initial load transient event;

2) estimate the magnitude of the load transient; and

3) estimate the time instant that the inductor current equals

the new load current.

Previous work has demonstrated the use of a transimpedance
amplifier configuration (with time constant equal to the output
capacitor) [6] or a pure differentiator [22] to estimate the capac-
itor current; however, these methods were deemed impractical
for this application since the aforementioned circuits would sig-
nificantly amplify the auxiliary circuit’s high-frequency switch-
ing noise caused by the capacitor’s equivalent series inductance
(ESL).

In order to estimate the capacitor current 7. of the Buck con-
verter, the proposed controller monitors the time-averaged out-
put voltage derivative by subtracting a time-shifted version of the
output voltage from the output voltage. Time shifting is accom-
plished by the use of an all-pass filter (APF). An APF maintains
the original magnitude of the input signal with a phase delay.
Since the phase delay of an APF varies linearly with frequency
(for frequencies below the corner frequency), the APF produces
a relatively constant group delay, which will be represented by
Tiapt-

The proposed method of estimating the voltage derivative
possesses higher noise immunity since high-frequency compo-
nents are not amplified toward infinity. However, the accuracy
of such a circuit is slightly decreased due to the linearlization
of the output voltage derivative over time interval 7} ,¢. An im-
plementation of the capacitor current estimator is illustrated in
Fig. 6(a).

Neglecting ESL, the derivative of the output voltage of a Buck
converter is calculated as follows:

dv, (t)

it di (1)
gt _700 +ESR7dt . (1)

Since the capacitor current estimator performs by subtracting the
output voltage by a version of the output voltage time-shifted
by Tips, (1) can be modified to (2) (i.e., the derivative of the
output voltage is estimated by linearlizing the change in output
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By multiplying both sides of (2) by T, ¢, we get

e (t—(1/2) T,

Vo () — Vo (t — Tapt) ~ - ( (c/ ) Pf):rapf

+ESR‘(’LC (t) — e (t - Tapf))' (3)

In Fig. 6(a), the output of the capacitor current estimator is
approximately equal to Gaig.[vo(t) — vo(t — Thpr)]; thus, the

output of the capacitor current estimator 4., (¢) is calculated as
follows:

/L.c\iht (t)

. 1 T, . )
~ Gdiff |:7/(5 (t - 2Tapf> pf + ESR(Z((t) - Z(:(t - Tapf))

Co
“4)

where Ggig equals the gain of the difference amplifier. T, is
equal to the group delay of the APF below the corner frequency
and is calculated as follows:

Tapf = 2Rapfcapf~ (5)

It is observed in (4) that there exists a term proportional to
the equivalent series resistance (ESR) of the output capacitor.
In addition, it is observed that there is an inherent delay ap-
proximately equal to 1/2T, ¢ in the estimation of the capacitor
current. These two issues will be addressed and rectified in
Section III.
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The transfer function of the capacitor current estimator is
shown and simplified as follows:

5Capt Raps — 1 _ 2
SCaprapf +1 1+ SCaprapf

1 —Hapi(s) =1— (6)
The transfer function of a first-order high-pass filter is equated
in (7) as

Ghpt

it = Thwf
hpf(S) 1+ SChprhpf

(N
where G},p,¢ represents the passband gain of the high-pass filter.
Therefore, an alternative implementation of the capacitor current
estimator can be designed by using a first-order high-pass filter,
as shown in Fig. 6(b).

In this paper, the auxiliary current is measured using a small
series resistor and a differential amplifier, as shown in Fig. 5. In
order to normalize the capacitor current estimator voltage with
that of the auxiliary current sensor, the difference amplifier gain
Gaig should be set equal to the following equation:

Gdlﬂ‘ — COGELUXRSQIIS (8)
Tapf
where C, represents the nominal value of the output capaci-
tor, G,ux 18 the gain of the auxiliary current sensor difference
amplifier, and Rgeps is the value of the current sense resistor.

In Figs. 7 and 8, the operation of the proposed circuit can be
described in the following three steps.

Step 1) Detect Unloading Transient (t = 1¢):

When the output of the capacitor current estimator exceeds a
predetermined threshold and the output voltage is above the
reference voltage, the auxiliary circuit is activated and the
pulsewidth modulation (PWM) signal of the Buck converter
is set low. The predetermined threshold is such that it is only
triggered by a large unloading transient and will not be trig-
gered by the steady-state voltage ripple. The activation of the
auxiliary circuit is illustrated in Fig. 7. Due to the sharp rise in

reference voltage

charge
absorbed by |
capacitor =~

i load current

auxiliary current

- transient steady-state
: operation operation
i1

[gsamp f,

Fig. 8. Auxiliary circuit operation following a negative load current step.

output voltage following an unloading transient (due to ESR,
ESL, and capacitor charging), the transient is detected virtually
instantaneously.

During an unloading transient, it is necessary to disable the
main control loop to prevent loop interaction. In this example, a
type-III voltage-mode compensator was employed using a stan-
dard operational-amplifier (Op-amp) configuration. To freeze
the output of the compensator during an unloading transient,
the inverting branch of the Op-Amp compensator is discon-
nected from the error signal using a bidirectional switch (shown
in Fig. 5) controlled by the auxiliary controller logic. This, in
turn, will cause the proportional (P) and derivative (D) com-
ponents of the compensator to equal zero. The integrator (/)
component of the compensator will remain constant when the
switch is open. This method will prevent the compensator from
saturating. When the transient is over, the auxiliary circuit is de-
activated and the switch is closed, allowing for normal operation
of the compensator circuit.

Step 2) Estimate Load Current Transient Magnitude and Set
Taux peak (t = tsamp):

As illustrated in Fig. 7, after the detection of an unloading
transient, the auxiliary controller samples and holds the modi-
fied output of the capacitor current estimator at ¢y, in order to
estimate the magnitude of the load current transient. The sam-
ple/hold operation is accomplished by the addition of a series
switch and a shunt 100 pF capacitor, as illustrated in Fig. 5.

The auxiliary controller logic freezes the sample/hold circuit
and sets Joux_peak based on this information for the duration
of the transient event. For proper operation, T§,,,, should be
greater than 7T}, ,; and the auxiliary switch should be kept ON for
at least the time interval T, ,.

As illustrated in Fig. 5, the output of the capacitor current
estimator is added to a constant K and multiplied by a constant
G. This can be accomplished by a simple weighted summer.
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These constants are design parameters based on the converter
parameters, as will be described Section III.

Step 3) Terminate Auxiliary Circuit Operation (t = t;):

As illustrated in Fig. 8, the auxiliary operation is terminated
when the inductor current equals the new load current. At this
point, the auxiliary switch is kept OFF and the converter is again
controlled by a conventional linear controller. Disabling the
auxiliary circuit and resuming linear control when the inductor
current equals the new load current will result in minimal switch-
over effect. Since i, = iaux + % + Iy, it is possible to estimate
t; by comparing the low-pass filtered output of the capacitor
current estimator with the inverted low-pass filtered output of
the auxiliary current sensor, as shown in Fig. 5. Fig. 9 shows a
simulated example of this detection method. Small inaccuracies
of this method include the ESR, and the delays caused by the
capacitor current estimator and the low-pass filter (LPF) phase
shift; however, the precise determination of ¢; is not critical to
the operation of the circuit.

III. DESIGN GUIDELINES AND SIMULATION RESULTS

This section will outline the guidelines to design a Buck
converter with the proposed controlled auxiliary circuit. It will
also present the simulation results of a converter based on the
design procedure.

A. Powertrain and Filter Design of the Buck Converter

First, it is necessary to design the power stage (inductor value
L,, switching frequency fs) of the Buck converter based on
the maximum allowed steady-state inductor current ripple, the
required output voltage V,,, and the converter’s input voltage V;,, .
Based on this, it is assumed that a Buck converter was designed
with the following parameters: Vi, =12V, V, =15V, L, =
1 p©H, and f; = 400 kHz.

Next, the output capacitor value C, is chosen based on the
maximum expected unloading transient and the maximum al-
lowed voltage overshoot during unloading transients. The output
voltage overshoot, using the proposed controlled auxiliary cir-
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cuit, can be estimated using (9). The original version of (9) was
fully derived in [6] and modified to account for the auxiliary
current being diverted from the capacitors

ESR2C2V2 + [AL(1 — G))* L2

o (AIOG)2 LHIIX
2V, L,C,

2v,C,

Av, ~

©)
where L, is the nominal value of the auxiliary inductor. It is
recommended that the nominal value of the auxiliary inductor
be significantly smaller than that of the Buck’s output inductor.
Thus, the auxiliary current is capable of rising to its set peak
value very fast (in comparison to the slew rate of the inductor
current). Ideally, the auxiliary inductor current would increase
instantaneously to its peak current. However, since this is not
possible, it is recommended that the auxiliary inductor be at
least one order of magnitude smaller (i.e., Layx < 1/10.L,).
However, this is a guideline and not a rule.
In this example, L,,x = 100 nH. G is the gain of the weighted
summer illustrated in Figs. 5 and 13, which is a design parameter
based on

G- Iauxmvg
AL

In other words, G represents the fraction of the load current
step magnitude being diverted to the Buck converter’s input. As
shown in Fig. 10, when G = 0.5, the charge absorbed by the
output capacitor equals the charge removed from the capacitor
at the exact moment that the inductor current equals new load
current. Thus, the output voltage and the inductor current equal
their respective steady-state values simultaneously at ¢;. How-
ever, it may not be desirable to set G = 0.5 due to efficiency
tradeoffs (as will be discussed in Section IV).

If G < 0.5, the inductor current will equal the new load cur-
rent before the output voltage equals the reference voltage. This
was illustrated earlier in Fig. 8. As shown, the auxiliary circuit
is deactivated at this point and the linear controller regulates the
voltage.

If G > 0.5, the output voltage would decrease to its reference
voltage before the inductor current equals the new load current.

(10)
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Fig. 11. Estimated voltage overshoot for various values of G and output ca-
pacitor values for an unloading transient of 10 A.

In this case, if the auxiliary circuit remained active until the
inductor current equaled I,2, the output voltage would under-
shoot the reference voltage. If the auxiliary circuit was simply
deactivated at this point, a second voltage overshoot will occur.
Therefore, in order to prevent “overcompensation” of an un-
loading transient, G should always be set less or equal to 50%.
This will ensure that the inductor current reaches the new load
current before the output voltage returns to its reference voltage.

Fig. 11 illustrates the estimated voltage overshoot using (9),
of the previously designed converter undergoing a 10-A unload-
ing step change, for different values of G. For this analysis, it
is assumed that several ceramic output capacitors are used in
parallel and that ESR = 0.5 m{).

If it was known that the converter would undergo unload-
ing transients of maximum 10 A and the maximum voltage
overshoot allowed was 60 mV, one could choose G = 0.4 and

» = 190 uF, as shown in green in Fig. 11. If G was increased
to 50%, it can be observed that C, could be further reduced to
150 pF (for the same voltage overshoot), at a price of higher aux-
iliary current (and thus lower efficiency). However, it is observed
that there is a diminishing return in output capacitor reduction
for each increment of G. Therefore, it is recommended, in this
case, to set G = 0.4.

The best possible voltage undershoot, to a 10-A loading tran-
sient, is added in Fig. 11 for reference. As shown, even with
the overshoot improvement, the unloading transient response is
still inferior to the loading condition (in terms of voltage devi-
ation magnitude). This demonstrates the need to focus on the
unloading transient for low-conversion-ratio Buck converters.

B. Auxiliary Circuit and Related Switching Controller

Next, it is necessary to design the auxiliary circuit and aux-
iliary switching controller. As aforementioned, the auxiliary
circuit uses peak current mode, constant off-time control to
switch at a relatively fixed frequency and transfer a constant av-
erage current from the output of the Buck converter to its input.
The auxiliary current frequency f,.x and the auxiliary current

peak-to-peak ripple J,ux_pk-pk 1S dependent on the selection of
the auxiliary inductor L, and the constant off-time period
Thux_off» and is calculated in (11) and (12), respectively, as

‘/;) - Rds,on,aux Iaux,avg

Jaux =~ (11)
Taux,off (Vvin + V:liode - Rdsonauxlaux,avg)
V;n + Vdiode - V; Taux,off
Lo & ( : ) . (12)
aux

The average auxiliary current [,y _avg 18 calculated as follows:

(‘/In + Vdiode -
2Laux

2Iaux,poakLaux - V;))Taux,off

Iaux,avg ~ .
(13)
As observed in (13), assuming that the input voltage V;,, the
output voltage V,,, and the forward diode voltage Vjjoq. remain
relatively constant, the average auxiliary current I,,x_,vg Can
be controlled by varying the auxiliary peak current I« _peak-

In this example, an auxiliary switching frequency of f,.x = 2
MHz is chosen based on auxiliary driver and (),.x switching
limits. Using (11), the auxiliary switching off time is calculated
to be Thux_og = 60 ns.

Due to the short duration of operation, (),,x can be chosen
based on its “pulsed” current limit rather than its continuous cur-
rent limit (allowing for the use of small SOT-23 MOSFETs for
Loux_aveg < 15 A). Since the duty cycle of the diode is typically
very small (< 15%), a small Schottky diode may also be used.
However, it should be noted that the switch selection would
have to be modified if the proposed circuit was to be used with a
higher power Buck converter. For example, if a multiphase Buck
converter with a load capability of 50 A was designed, then
a larger MOSFET and diode, with the capability of handling
25 A pulses, would be required.

C. Activation of Auxiliary Circuit

As shown in Fig. 5, the detection of the load transient is
accomplished by continuously monitoring the output of the ca-
pacitor current estimator and the output voltage. When the out-
put of the capacitor current estimator exceeds a predetermined
threshold and the output voltage is greater than the reference
voltage, an unloading transient is detected and the auxiliary
circuit sequence is activated.

In this example, it will be assumed that parallel ceramic ca-
pacitors are used for the output capacitor bank such that the ESR
and the ESL of the output capacitors are relatively low. This is
a good design choice when using the proposed auxiliary circuit,
as it will limit the high-frequency output voltage ripple effect
caused by the auxiliary circuit switching.

Thus, it is assumed that the ESR and the ESL are relatively
low such that the steady-state output voltage ripple is primarily
composed of the output capacitors charging and discharging. By
modifying (4), the peak-to-peak voltage ripple of the capacitor
current estimator (during steady state) can be estimated as

Tapf

I pk-pk Co

Cest pk-pk

~ Gair 1.

(14)
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Fig. 12. Output of capacitor current estimator following an unloading
transient.
where I, _ . is equal to the steady-state capacitor current peak-

peak ripple, which is equivalent to the steady-state inductor
current peak-peak ripple of the Buck converter. Thus, when
operating in steady-state conditions, the peak-peak ripple of the
capacitor current estimator is equated in (15)

VIn - V;) Ecrapf
sto Vin Co .

I

Cest pk-pk ~ Gdiﬁ' (15)

Therefore, the activation threshold should be more than half
of I ., in order to differentiate unloading transients from
steady-state conditions. However, it is not necessary to set the
threshold this narrow in order to obtain a fast response. In fact,
it is not recommended to set the threshold close to the steady-
state boundary since parameters in (15) will have tolerance.
While the ESR and the ESL of the output capacitors may be
insignificant during steady-state conditions, they will become
significant, immediately following an unloading transient. Im-
mediately following an unloading transient, the high-frequency
output voltage components caused by the ESR and the ESL
will pass through the capacitor current estimator with a gain
of 2G ;¢ . Fig. 12 illustrates the output of the capacitor current
estimator following an unloading transient.

In Fig. 12, dI,/dt equals the rate at which the load current
changes. As shown, the ESR and the ESL aid in the detection
of an unloading transient. Thus, the activation threshold can be
chosen based on these parameters. It should be noted that in
the case of a very small load transient, or the case where the
ESR and the ESL of the output capacitor is extremely small, the
activation of the auxiliary circuit may be delayed.

D. Unloading Magnitude Estimator Based on Capacitor
Current Estimation

Finally, the load transient magnitude estimator, based on the
capacitor current estimator described in Section II, is designed
in this section.

In Fig. 7, the sampling time interval T,,,,, should be chosen
based on the maximum allowable peak auxiliary current. As
aforementioned, the auxiliary peak current is not set until ¢ =
tsamp; therefore, the auxiliary current will continue to rise until
the capacitor current is estimated. Thus, 7%, , should be chosen
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? Vaux_peak
/;;est; cor( 0 I (1)
t> tsami Sample/ e e
Hold
Fig. 13. Sample/hold circuit to determine I,y xpeak -

based on the inequality

Laux
Tsamp < Iaux,pcak, max v
o

(16)
where I,ux_peak_max Tepresents the maximum allowable peak
auxiliary current. However, T§,,,,, should be large enough that
effects from the initial voltage spike caused by the combina-
tion of a fast unloading transient and the capacitor’s ESL have
settled by ¢ = ty,m . In this design example, the maximum rec-
ommended auxiliary current for Qqux 1S Jaux_peak_max = 15 A
therefore, Tiamp should be less than 1 us. The sampling time
interval is chosen to be T, = 700 ns. In other words, the
modified output of the capacitor current estimator is sampled
700 ns after the load current transient.

The group delay of the APF T, ; should be set smaller than
the sampling time interval Ty, p, as illustrated in Fig. 7. When
T,pr 1s smaller, the capacitor current estimator will have greater
accuracy; however, when T, is higher, the capacitor current
estimator will have greater noise immunity. In this design ex-
ample, T}, ¢ is set to 400 ns as a compromise.

As aforementioned, the peak auxiliary current is calculated
by the use of the sampled voltage derivative and the design
parameters G and K, as shown in Fig. 13.

G has been defined earlier in (10). The variable 7., () rep-
resents the output of the capacitor current estimator, described
in Section II. It is important to note that the sampled output of
the capacitor current estimator is equivalent to the time-averaged
voltage derivative at time instant ¢ = tgap, — (1/2)7,,r and not
equivalent to the capacitor current at time instant ¢ = ¢, (which
is what is required to set the auxiliary current). Therefore, a
correction factor K must be added to i, (f) to compensate for
the capacitor ESR, the sample time delay, and the difference
between the average auxiliary current and the controlled peak
auxiliary current, as will be described later.

K is defined as follows:

K= Tic_est (KESR + Ksamp,dol + Krip) (17)

where 7. _cst equals the transimpedance (in volts per ampere) of
the capacitor current estimator and is equated as follows:

o Gdii‘fTapf
Tic_est = .
Co

As observed in (4), the ESR will superimpose a constant on
the derivative of the output voltage over the time interval of
Tamp- The constant will be proportional to the slew rate of the
capacitor current during T§,.,, (which is equal to the slew rate
of the parallel combination of i,y and iz,). In order to compen-
sate and thus eliminate the ESR term in (4), Kgsgr should be

(18)
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equal to

Kgsr =V, (1 + 1) ESR x C,.

1
Lo I, (19)

Since the capacitor current is estimated at ¢ = ts,1,;, and not at
t = tp, a term must be added to compensate for the decrease
in capacitor current over the interval T},,,, in order to effec-
tively estimate the load current transient magnitude. This term
is equated as follows:

1 1 1
Ksanlp,dcl = Vo <Ldux + Lo) <Tmmp - 2T(1pf> . (20)

Finally, since it is desired to control the average auxiliary current
Tyux_ave, rather than the peak auxiliary current Joyx_peak, a term
must be added to K to compensate for half of the peak-to-peak
auxiliary ripple current. This is equated as follows:

1
2
where Iauxpk,pk is calculated before in (12). In Fig. 13, by com-

bining (4), and (17)—(21), the output of the weighted summer
Teoy, cor At T = tgum ) 1S equated as follows:

Krip = Iauxpk_pk/G (21)

. . 1
Yeesieor (tsamp) = Vaux_peak =~ Tic—est (Glc (to) + 2Iauxpk_pk)-
(22)

E. Deactivation of Controller Circuit and LPF Design

It is observed in Fig. 5 that two LPFs are utilized to deter-
mine the moment that the inductor current equals the new load
current (at ;). As aforementioned, since 77, = Taux + ¢ + 1,
it is possible to estimate #; by comparing the low-pass filtered
output of the capacitor current estimator with the inverted low-
pass filtered output of the auxiliary current sensor (as shown in
Fig. 9).

The main purpose of the LPFs is to mitigate the effect of
the superimposed high-frequency voltage ripple caused by the
auxiliary switching. In order to attenuate the high-frequency
voltage ripple, the bandwidth of the LPF fed by the capacitor
current estimator should be lower than the auxiliary switching
frequency. In this design, LPF1 (see Fig. 5) was chosen to be a
1-MHz second-order Bessel filter. Setting the bandwidth lower
will attenuate the voltage ripple further; however, this may cause
adelay in the detection of ¢;. The auxiliary switching frequency
should be chosen high enough such that it can be attenuated
using an LPF while allowing for the estimation of the capacitor
current.

The bandwidth of the LPF2 (see Fig. 5) may be chosen sub-
stantially lower than the auxiliary switching frequency. This is
due to the fact that only the dc value of the auxiliary current
is required. In this example, a 500-kHz first-order filter was
utilized.

The designed system was simulated undergoing a 10-A un-
loading transient and a 20-A unloading transient (to demonstrate
the controller’s ability to modify the auxiliary current), as shown
in Fig. 14. As depicted, the average auxiliary current is close to

- 45

Avo = 225mV — el
1.70 Alo=-20A _,\f:::t:' 40
1.60 ::?;x' 35
Avo = 45mV i
Alo=-10A ~ | 10
;1.50
.; F 25
£1.40 s <
K » Inductor I E
31_30 \~ Current 53
8 M‘.\W 0
T I —laux_avg
r =B.4A «_ laux_avg 5
=4.2A
1.10 - LR "
1.00 t t f + 5
1450 1500 1550 1600 1650
Time (us)
Fig. 14.  Simulated transient response (G = 0.4).
TABLE I
SYNCHRONOUS BUCK CONVERTER AND AUXILIARY CIRCUIT PARAMETERS
Input Voltage V;, 12V
Output Voltage V, 1.5V
Output Inductor L, 1uH
Output Capacitor C, 190uF
C, Equivalent Series Resistance ESR 0.5 mQ
C, Equivalent Series Inductance ESL 100pH
Buck Converter Switching Freq. f; 400kHz
Auxiliary Inductor L, 100nH
Lo DC Resistance R; ux 0.3mQ
Auxiliary Circuit Switching Freq. £ 2MHz
Auxiliary MOSFET On-Resis. Rpqux 30mQ
Q. Rise Time T, Sns
Q. Fall Time T, 2ns
Auxiliary Diode Forward Voltage Ve 0.32V

the target auxiliary current. A small discrepancy is apparent due
to the linearization of the output voltage derivative over T}, ;.

IV. LOSS ANALYSIS OF THE AUXILIARY CIRCUIT

In this section, the conduction and switching losses, caused by
the auxiliary circuit, are analyzed and evaluated for the designed
prototype. It is important to note that the auxiliary circuit is
only activated during load current step-down transient events;
therefore, for scenarios in which load transients occur at low
frequencies, the auxiliary circuit loss will become insignificant.
The derivation used for the auxiliary circuit loss is presented in
Appendix A.

A synchronous Buck converter was evaluated with the pa-
rameters summarized in Table 1.

A small (SOT-23) Fairchild FDN359BN was used for Q,,x.
It should be noted that a larger MOSFET can be easily utilized
for better efficiency. The loss analysis was performed for 10-A
load steps (with I,,x = 4 A) for varying values of D,ctivated,
as shown in Fig. 15.

For example, for a 30-W converter (1.5 V/20 A), if the load
was to frequently step from full load to half load such that the
auxiliary circuit was activated 13.33% of the time, the power
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Fig. 15. Auxiliary circuit power loss for varying load step frequencies.
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Fig. 16.  Photograph of the experimental prototype.
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Fig. 17.  Output voltage response of a synchronous Buck converter undergoing
a20 A—0 A load step change (auxiliary circuit enabled, G = 0.4).

consumption of the auxiliary circuit is approximately 0.5% of
the output power. The power consumption of the proposed cir-
cuit may be improved by increasing the size of the auxiliary
MOSFET and/or implementing synchronous rectification. For
example, if the auxiliary MOSFET R(ds),, resistance was re-
duced to 7 m§2, the power consumption would be reduced to
0.33% of the output power. In this scenario, the diode con-
tributes to the majority of the conduction loss. To further reduce
the conduction loss, a MOSFET could be used in lieu of the
diode for synchronous rectification.

V. EXPERIMENTAL RESULTS

A prototype of the converter described in Section III was
built and tested in order to verify the functionality and demon-
strate the advantages of the proposed method. The prototype
was designed to estimate the load current transient magnitude
and set the average auxiliary current to 40% of the load step
(ie., G =0.4).

The experimental parameters were identical to those outlined
in Table I. All other parameters were equal to the designed
controller described in Section III. The experimental prototype
is illustrated in Fig. 16.

As shown, a header is connected to the experimental pro-
totype. The prototype was connected to a field-programmable
gate array (FPGA) to control the resistive load and implement
the digital logic of the auxiliary controller. However, the sys-
tem is primarily analog and the minimal digital logic can be
implemented easily without the use of an FPGA. In addition,
it is noted that the analog components for this prototype are
implemented discretely. In a practical design, the real-estate re-
quirement would be significantly decreased by combining all
analog components into a single IC.

Using a fast resistive load (able to produce load slew rates
approximately equal to 250 A/us), the converter was subjected
to a load step of approximately —20 A.
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Fig. 18.  Output voltage response of a synchronous Buck converter undergoing
a 10 A—0 A load step change (auxiliary circuit disabled).

Fig. 17 illustrates the converter’s response when the auxiliary
circuit is activated. As illustrated, the auxiliary circuit reacts to
the unloading transient and activates the auxiliary circuit with
very little delay.

The measured average auxiliary current was 8.4 A (42% of the
load current transient magnitude), and the measured auxiliary
switching frequency was 1.9 MHz. It is observed that the output
voltage overshoot is reduced to 220 mV and the recovery time
is equal to approximately 32 ps. In order for the converter to
achieve a 220 mV overshoot, without the auxiliary circuit, the
output capacitor would need to be increased from 190 to 600 p.F,
an increase of 215%.

Fig. 18 illustrates the converter’s response to a —10-A current
step change with the auxiliary circuit disabled. Fig. 19 illustrates
the converter’s response with the auxiliary circuit activated.

It is observed that the output voltage overshoot is reduced
from 160 to 45 mV (a reduction of 72%). The recovery time is
also reduced from 22 to 7 us (a reduction of 68%). In order for
the converter to achieve a 45-mV overshoot (without the aux-
iliary circuit), the output capacitor would need to be increased
from 190 to 750 uF, an increase of 295%.

As observed, the overshoot of 45 mV is smaller than the pre-
viously predicted overshoot of 60 mV, calculated in Section III.
This is due to the slightly larger than expected auxiliary current
(42%) and the higher auxiliary current peak occurring during
Tsamp- as observed in Fig. 19.

It is also noted that at approximately 700 ns following the
unloading transient, the time-averaged output voltage derivative
is sampled and the peak auxiliary current is set. As shown,
the controller set the average auxiliary current to a modest 4.2
A for the lesser magnitude load step, thus reducing associated
losses for smaller load steps. The measured auxiliary switching
frequency was 1.9 MHz.

The experimental results are summarized in Table II.

S ducior Carnt (0N

- Auxiliary Current (8.5A/div) |

~ Load Step Signal ¢

Chil 1.00V &Ch2[ 100mV vaM4.00ps] A Chd % 2.00 V]

Chd4| 5.00V &
[ zo0mv 4.001s |1+~ [0.76000us |
Fig. 19.  Output voltage response of a synchronous Buck converter undergoing

a 10 A—0 A load step change (auxiliary circuit enabled, G = 0.4).

TABLE II
EXPERIMENTAL RESULTS SUMMARY

Load Measured Avo  Settling Capacitor

Step Laux avg (mV) Time (us) Savings
20A>0A 84A 220 32 600uF-> 190uF
10A>0A 42A 45 7 750uF->190uF

VI. CONCLUSION

For low-duty-cycle Buck converter applications, voltage over-
shoots tend to be much larger than voltage undershoots for load
current transients of equal magnitude. Unfortunately, engineers
must design for the larger overshoot criteria when choosing
output capacitors.

In this paper, a controlled auxiliary circuit was proposed that
significantly reduces the voltage overshoot caused by unloading
transients. This paper outlined the auxiliary controller’s novel
operation that is capable of:

1) estimating the output voltage derivative using a quasi-
differentiator composed of an all-pass filter and a differ-
ence amplifier;

2) sampling the output of the quasi-differentiator, and cor-
recting for ESR and sampling delay in order to estimate
the magnitude of the unloading transient;

3) setting the average auxiliary current based on a fraction of
the estimated unloading transient magnitude;

4) controlling the auxiliary current switching operation at
a relatively constant average current and switching fre-
quency;

5) determining the appropriate time instant to disable the
auxiliary circuit for minimum switchover effect.

The proposed controlled auxiliary circuit allows for a more
balanced overshoot/undershoot response of a Buck converter,
allowing an engineer to meet voltage criteria with fewer out-
put capacitors. The auxiliary circuit is relatively low cost as it
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requires only a small MOSFET, diode, and inductor. Through
simulation and experimental results, the effectiveness of the
circuit is demonstrated for unloading transients of various mag-
nitudes.

APPENDIX
AUXILIARY CIRCUIT LOSS ANALYSIS

A. Conduction Loss

There are three main sources of conduction loss pertaining to
the proposed circuit:

1) the auxiliary inductor L,,x;

2) the auxiliary FET @Q,,; and

3) the auxiliary diode D,x.

In order to calculate the conduction loss of the inductor, the
root mean square (RMS) current must first be calculated. The
auxiliary inductor rms current (a dc current with a superimposed
linear ripple) is calculated using

2

1 Iaux, -
IL,aux(rms) = Iaux,avg 1+ g <M) (23)

2Iaux,avg

By calculating the rms auxiliary current in (23), the inductor
conduction loss can be calculated using

Peom Laux = 17 aux(rms) BE aux- (24)

The rms current of the auxiliary FET and the average current of
the auxiliary diode can be calculated using

2
Iy wusiems) = Loux wvs v Domn \/ 1+g (;Ig) (25)
Ip_aux(avg) = Laux_avg (1 = Daux) (26)

where D, can be calculated as

Daux =1 = fauxTaux_off (27)

with f,,x being estimated earlier in (11). The conduction loss
for the auxiliary FET and auxiliary diode can be calculated using

Peon@nux = 1§ aux(rms) BQ _anx (28)

PconD,aux = Il%,aux(avg)‘/:imde' (29)

The resultant conduction loss for the auxiliary circuit can be
calculated using the following equation:

Pion = Dactivated (PconL,aux + PCOHQ,aux + PCODD,aux)
(30)
where D, tivated epresents the time ratio that the proposed cir-
cuit is activated. As aforementioned, the ON time of the auxiliary
circuit is equal to the time required for the inductor current to
decrease to the new load current. D, iivateq can be calculated
as

AL L,
Vo

where f7, equals the frequency at which the load current varies
and AI, equals the magnitude of the load current change.

Dactivated = flo (31)
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B. Switching Loss

The switching loss of the auxiliary FET is analyzed in this
section. Since a Schottky diode is utilized, it is assumed that
the switching loss of the diode is small compared to the FET
switching loss and the total conduction loss. The switching loss
for the auxiliary FET can be calculated using as follows:

PSWQ,auX = %faux‘/in (TriseIon + 71fallI()FF) (32)
where T}is. and Tty equal the typical rise time and fall time
of the auxiliary FET, respectively. I equals the instantaneous
auxiliary current when @, is turned off, which is equal to
the chosen peak auxiliary current. /oy equals the instantaneous
auxiliary current when @), is turned on and can be calculated
using (33). The resultant switching loss for the proposed circuit
is calculated in (34)

(33)
(34)

Ion = laux_peak — Iauxpk,pk

Pcon = DactivetedPSWQ,aux-
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