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Abstract—High-performance buck converters are often required
in modern power electronic applications. An augmented buck con-
verter (a main buck converter with augmentation circuits) can
achieve fast transient recovery and small output voltage deviation.
Compared with other augmentation circuits, a resonant augmenta-
tion circuit offers potential electromagnetic interference reduction
due to the relatively low di/dt value and compacts the circuit
through a reduced inductance for resonance. In this paper, the
performance analysis of an augmented buck converter constructed
with the resonant circuit are described in detail in terms of voltage-
deviation band and power loss. A circuit design and control prin-
ciple is also proposed for achieving the required voltage deviation
for a given transient-detection delay. A 12-to-5-V converter pro-
totype is built to verify the analysis and effectiveness of the pro-
posed methodology. It is demonstrated that the voltage deviation
is reduced from 360 to 200 mV using the proposed resonant aug-
mentation circuits and control scheme. The efficiency study shows
that the power loss varies from 0.02 to 0.72 W, when the repetition
frequency of 5-to-10-A transients changes from 100 to 5 kHz.

Index Terms—Augmentation circuits, dc—dc converter, fast load
transients, resonant circuits.

I. INTRODUCTION

IGH-PERFORMANCE buck converters are required to

power modern electronic devices, such as microproces-
sors, digital signal processors, and network-application inte-
grated circuits. In such applications, the buck converter should
satisfy a number of technical requirements including current
rating, efficiency, transient recovery time, power density, etc.
[1]-[3]. Advanced control methods, e.g., geometric control [4],
time-optimal control [5], sliding-mode control [6], switching
surface control [7], etc. [8], have been proposed to facilitate a
fixed-topology converter to optimize its dynamic response and
achieve ultrafast transients (up to 100 A/us) from the electronic
loads. Nevertheless, it is a difficult challenge to undertake the
design that takes into account all practical considerations (some
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of which being mutually conflicting), under the framework
of a fixed-topology converter. For instance, higher switching
frequency will reduce the transient recovery time and the con-
verter size, but it will also increase the magnetic and switch-
ing losses. A multiphase topology achieves a higher efficiency
and faster transient recovery, but decreases the power density
and increases the cost [9]-[11]. A flyback-transformer-based
(or steered-inductor-based) topology [12]-[14] was shown to
reduce the settling time and transient voltage deviation, but it
requires more complicated magnetic design.

To further improve the transient recovery, methods based on
an augmentation circuit [15] (also called auxiliary circuit [16]
or output impedance correction circuit [17]) have been previ-
ously proposed. Without increasing the energy losses in steady
state, this approach presents a promising solution for improving
the transient response that is normally limited by the specific
converter topology. The principle of this method is illustrated in
Fig. 1. When the augmentation circuit is disabled, time-optimal
control facilitates the conventional buck converter to achieve
the fastest possible response [5]. A fast load transient leads to a
mismatch between the inductor current and the load current (the
shaded region), and then, the mismatch causes the output voltage
deviation, as depicted in Fig. 1(b). The inductor current recovery
time is then prolonged due to voltage recovery, which is shown
by the dashed line. However, when the augmentation circuit is
enabled, it will operate during the transient time and provide the
anticipated current (i, /9) to reduce the recovery time and the
voltage deviation. If the augmentation circuit can provide a cur-
rent that perfectly matches the load change, then zero-voltage
deviation can be obtained during the transient period, which is
shown by the solid line. However, due to the practical limitations
of the augmentation circuit, it may be impossible to generate the
exact profile of the compensating/augmentation current i, /-
[as depicted in Fig. 1(b)].

The practical strategies to generate required compensating
current profile are depicted in Figs. 2 and 3. The state of the
art on augmentation circuit design is reviewed, and the repre-
sentative works are summarized in detail, as shown in Table I.
The use of a buck—boost augmentation circuit to mitigate the
step-down load transients has been proposed in [18]—-[21]. The
corresponding topology and current waveform are shown in
Figs. 2(a) and 3(a), wherein a constant off-time algorithm is as-
sumed to control the active switch. The number of the switching
actions performed by this circuit is determined by the energy re-
quirement of transient recovery. Basically, this circuit achieves
internal energy balancing by reinjecting the energy stored in the
inductor back to the power source through the diode D,. For
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Fig. 1. Previous strategy of improving dynamic response of a buck converter
using augmentation circuits under time-optimal control: (a) augmented buck
converter with high- and low-side augmentation circuits; and (b) inductor current
and output voltage in response to a load step-up transient with and without the
use of high-side augmentation circuit.

example, using this approach in the experimental 12-to-1.5-V
buck converter [20], the authors have reduced the voltage over-
shoot from 160 to 45 mV under 10-A step-down load transients,
as shown in the first row of Table I. Therein, the additional
power loss is 0.11 W when the load transients occur at 18-kHz
repetition frequency. To achieve bidirectional energy flow and to
mitigate both step-up and step-down transients, the diode D, is
replaced by an active switch as in [22]—[27]. In the experimental
5-to-1.5-V buck converter [24], using this method, the voltage
deviation is reduced from 380 to 70 mV under 4.2-to-12.6-A
transients at the expense of 0.5-W additional power loss when
the transients occur at 3-kHz repetition frequency, as shown in
the second row of Table I. In the buck—boost auxiliary circuit,
the rising rate of 7, is proportional to V,,. On the one hand, the
fluctuations on V,, cannot be avoided to occur when V, is rela-
tively low, as ¢, flowing through the inductor L, needs a period
to rise to its anticipated peak level, and the voltage fluctuation
occurs during the period. On the other hand, the inductance L,
cannot be further reduced to increase the current rising rate,
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since the L, value is limited by the operating frequency of the
switches. For some large transients and high-voltage-gain appli-
cations, i.e., the ratio of V; to Vj, is relatively high, the limited
rising rate of 7, will constrain the use of this method.

The resistive augmentation circuits depicted in Figs. 2(b) and
3(b) were proposed in [15] and [28]-[32]. The turn-on time of
the switch is calculated based on geometric approaches [33].
Compared with circuits using inductors, the resistive circuits
may achieve ultrafast step currents. Moreover, the resistive cir-
cuit cell is more compact than the circuits with inductors and
capacitors. In the 10-to-5-V buck converter [30], using this
method, the output voltage deviation is decreased from 0.5 V
to 80 mV under 0.4-to-3.6-A load transients, as shown in the
third row of Table 1. The power loss caused by the augmentation
circuits changes from 0.1 W at 100 Hz to 2.6 W at 6 kHz of the
transient repetition frequency. However, when the switches op-
erate in hard switching mode, the high value of di/dt through
the stray inductance may lead to significant electromagnetic in-
terference (EMI) emission, especially when the current flows
through a long path from the source to the load. To address
this issue, extra damping is needed for the switches, making the
design more complex.

The resonant augmentation circuits shown in Figs. 2(c) and
3(c) offer an attractive alternative, as it may facilitate the main
converter in achieving the desired fast transient recovery with
smaller size and simpler structure [34], [35]. By turning ON
the switch @, /2, a charged capacitor will release a half-wave
quasi-sinusoidal current, denoted as 7, /. When the half reso-
nant period elapses, the current will naturally fall to zero lead-
ing to a zero-current-switching (ZCS) action. In this scheme,
the slew rate and amplitude of 4,,/, are controllable through
the initial capacitor voltage, while in the other two schemes
that are determined by the fixed-voltage source/load. For ex-
ample, in [35], a load-side auxiliary gyrator circuit is used to
mitigate load transients by generating quasi-sinusoidal pulses.
Therein, the experiment shows that the voltage deviation in the
12-to-1.5-V buck converter is decreased from 190 to 90 mV
under 15-to-5-A load transients, as shown in the fourth row of
Table 1. However, the load-side circuit needs voltage recovery
procedure for the reservoir capacitor after each action, increas-
ing the complexity of control [36], [37]. Instead, the resonant
augmentation circuits connected across the source to load are
adopted in this paper. Since the converter may undertake either a
step-up or step-down transient, two branches operating on the re-
spective conditions, namely high-side augmentation circuit and
low-side augmentation circuit, are needed to ride through each
transient.

For a given switching frequency, a resonant circuit requires a
smaller inductor than a common structure converter, thus achiev-
ing a compact design. In fact, the stray inductance from traces
on printed circuit boards (PCBs) can be directly used to build
the resonant cells and minimize the use of extra magnetic ele-
ments. A circuit design with a very small PCB winding has been
presented in our previous work [34].

The quantitative improvements on minimum voltage devia-
tion, the requirements for additional components and the added
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Fig. 2. Three strategies to realize augmentation circuits for the main converter: (a) buck—boost circuit; (b) resistive circuits; and (c) resonant circuits.
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Fig. 3. Current and switch signal waveforms of three strategies to realize augmentation circuits: (a) buck—boost circuit; (b) resistive circuits; and (c¢) resonant
circuits. The shaded area in each case is equal to the shaded area of Fig. 1(b).

TABLE I
STATE OF THE ART IN AUGMENTATION-CIRCUIT DESIGN FOR FAST TRANSIENT RECOVERY

Converter Voltages Load Transients in Experiment ~ Voltage Deviations Caused by the
Transients
Aug.-Circuit Topology Input (V) Output (V) Magnitude (A) Repetition Aug. Circuits are Aug. Circuits are ~ Power Loss References
Frequency (kHz) Disabled (mV)  Enabled (mV) From Aug.
Circuits
Unidirectional 12 1.5 10 18 160 45 0.11 [20]
buck—boost circuit
Bidirectional buck—boost 5 1.5 8.4 3 380 70 0.5 [24]
circuit
Resistive circuit 10 5 32 6 500 80 2.6 [30]
Resonant circuit 12 1.5 10 Not mentioned 190 90 Not mentioned [35]
energy loss are important properties for the augmented buck Main converter ]
. . i
converter. This paper focuses on the performance analysis of o,
the augmented buck converter using resonant circuits (which is v - _Id c J_ T v
. . . 1 o o
the extension of the work presented in [34]). Specifically, the _
new contributions include: -
VR - - fmp—oN 3
1) the physical limit of the proposed method on minimum y 2 ;
voltage deviation is analyzed,; ! C,
2) the transient-detection delay and the phase for the resonant = - .
L idered in th | deviati Resonant sub-circuit
CerUlt.I‘CCOVGI‘y are considered 1n the voltage-deviation Charging sub-circuit
analysis;
3) the energy loss from the resonant augmentation circuits is Fig.4.  General structure of the resonant subcircuit in a resonant augmentation
analyzed,; circuit. The switch is turned ON at ¢; instant.

4) the circuit design principles are given with guidelines for
practical implementations;

5) the proposed analysis methodology is verified and demon-
strated on an experimental 12-to-5-V buck converter,

for which the voltage deviation is reduced from 360 to
200 mV under 5-to-10-A load transients, and the addi-
tional power loss caused by the augmentation circuits
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positive; (b) V.1 < V,, the output pulsating current is negative.

changes from 0.02 W at 100 Hz to 0.72 W at 5 kHz
of the transient repetition frequency.

II. REVIEW OF RESONANT AUGMENTATION CIRCUITS

A resonant augmentation circuit is composed of two parts:
resonant subcircuit and charging subcircuit. The former circuit
operates to release one half-wave quasi-sinusoidal current to the
load side (or sink from there). Right after each action of the for-
mer circuit, the later circuit operates to make the augmentation
circuit recover through charging the capacitor. The operation
period of the resonant subcircuit and the charging subcircuit
are, respectively, defined as Ty and T,

A. General Structure of Subcircuits

The resonant subcircuit includes a capacitor, an inductor, and
a switch that are connected in series, as shown in Fig. 4. The
switch is turned ON generating a half-wave quasi-sinusoidal
current. The initial voltage of the capacitor, denoted as V.1,
determines the polarity of output current: When V,,; is higher
than the load voltage V,, the output current i, is positive, as
shown in Fig. 5(a), which is the case of high-side augmentation
circuit operating. Reversely, when V,,; is lower than V,, the
polarity of 7, is negative, as shown in Fig. 5(b), which is the
case of low-side augmentation circuit operating. The capacitor
voltage changes to V., at the end of each resonant period 7j.

For the charging subcircuit, there are no unified circuit im-
plementations. The simplest implementation of a charging sub-
circuit may be a switched-capacitor circuit, as shown in Fig. 6.
It needs to be connected to an additional voltage source (V)
that may be realized by a dedicated power source, or the power
source of the main converter, or a reservoir capacitor in [35].
When the switch S, is turned ON, the capacitor will be charged
by V. and experience its voltage recovery from V,,5 to V1.

B. Implementation of Resonant Auxiliary Circuits

In our preliminary work [34], two resonant circuits shown in
Fig. 7(a) and (b), are proposed to function as high-side and low-
side augmentation circuits, respectively. These two topologies
are also used for the performance analysis of the augmented buck
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Fig. 6. Simplest implementation of the charging subcircuit—A switched-
capacitor circuit.

High-side aug. circuit

—o)r o—N m\—o)r o——i, %

Sar: Lac + Lar Sar + l %

‘Vf CH — Vca CU VD Tg
WA <

Charging sub-circuit Resonant sub-circuit
(2)
Low-side aug. circuit

App—o—To

i .
Sac Lac J: Lw‘ Sal‘ Iy

a
\|
I+
Qt
—
Actual current

S
N

o
|

Charging sub-circuit Resonant sub-circuit

(b)

Fig.7. Implementation of resonant augmentation circuits for the performance
analysis of the augmented buck converter: (a) high-side augmentation circuit
for positive current output and (b) low-side augmentation circuit for negative
current output. Voltage source V; is the power source for the main converter,
which is omitted in this figure.

converter in this study. The operation principle of the charging
subcircuits (which are different from the general structure shown
in Fig. 6) are described in detail as follows.

In the high-side augmentation circuit that generates positive
current, the power source V; of the main converter is directly
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Fig. 8. Sequence of pulses from the resonant augmentation circuit approxi-
mating the anticipated current i, jjea1 and achieving minimal voltage deviation
Avyg.

used as the additional power source V, [see Fig. 7(a)], because
Vi > V,. In the low-side augmentation circuit that generates
negative current, the power source V; will charge the capacitor
through an inverse loop [see Fig. 7(b)], leading to a negative
initial voltage —V; on the capacitor, i.e., V,,; ~ —V;. The com-
bination of V; and the capacitor with negative voltage is equiv-
alent to a zero voltage capacitor, which will generate negative
current 7,,.

III. ANALYSIS OF OUTPUT VOLTAGE DEVIATIONS

Fig. 8 illustrates a scenario where the energy deficit caused
by a step-up load transient is compensated by a sequence of
quasi-sinusoidal pulses from the resonant augmentation circuit.
The anticipated current ¢,_jjea1 depicted by the red dashed line
ideally matches the difference between the load current 7, and
the output current of the buck topology i, achieving null de-
viations at the output voltage. The actual current ¢, from the
augmentation circuit is depicted through the solid line in Fig. 8.
However, in practice, unavoidable voltage deviations, i.e., volt-
age overshoot that is denoted as Awv,, and voltage dip which is
denoted as Av,q, will appear due to transient-detection delays
and current overshoots. During the transient time, the output
voltage is considered as a time-varying variable and denoted as
v, (t), and during the steady state, it is assumed to be constant
and denoted as V.

A. Minimum Voltage Deviation

For the purpose of discussion in this paper, a transient-
detection delay denoted as 7 in Fig. 8 is assumed, and the
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current 7, ;jqea; takes the form

i, = AI, — mpt,t e [O,AIO/T?’LL] (1)

la_ideal = %o —

where m, is the rising rate of current ¢;, and Al, is the size
of load transient. The first resonant-current pulse is actually
generated 7 duration after a load transient occurs. The voltage
dip caused by this delay can be formulated as

o

A 1/t1‘ dt ! Al 1 2} @

Vor = — g i = — T — —mpT

oT Ca " a_ideal C 0 2 L

where C,, is the output filter capacitance, as depicted in Fig. 1(a).

From time #; to o, the resonant current ¢, is approximated as
lo =~ Iy sin[wd(t—tl)],t S [tl,tg] 3)

and the energy transferred to the load through the current pulse
is formulated as

to
By = / Vyiadt = 2V, I fusa. )
ty
E, 1 /t2 . Ey
Vo(t2) = V, + - = lq_idealdt =V, + ——
(t2) CVy C, ), c,v,
1 1 )
A AL/(Ty +T)_§mL(Td+7') . )

During this period, current ¢, is greater than i, _;qeal, leading
to a voltage rise, Av,9, and the voltage v, (¢2) is given as (5),
where ¢ty = t; + Ty and ¢ = 7, Ty = 7/wy. During the time
interval from ¢, to ¢3, the current i, is less than ¢,_jqea1, leading to
another voltage dip, Av,3. The resonant subcircuit will release
the next current pulse at the time instant 3. An appropriate t3
should achieve

E, 1 1
Uo(tg) = ‘/:) + ﬁ — F (Alotg — 2mLt32)
= Vo (tl) =V, - AUOT' (6)

Moreover, each of the subsequent n — 2 resonant pulses will
be generated at the time instant when v, (t2, 1) = V, — Av,,
(x =3,...,n). The voltage dip will be limited within Av,,
during the whole transition period, i.e., Av,q = Av,,.

To analyze the possible voltage overshoot Awv,,, an extreme
case is considered such that the nth pulse occurs with i, _jqeal
falling to zero. Under this condition, the maximum voltage
overshoot occurs and is given by

Eq
V.C Avgr. (7N
The analysis presented previously is also applicable to the con-
verter undergoing step-down load transients, in which case the
polarities of Awv,, and Av,, to the voltage V, will be reversed.

Avov =

B. Impact of Charging Period

There will be a charging period T, when the charging sub-
circuit operates for capacitor-voltage recovering. This period is
right after each action of the resonant subcircuit. During this
period, the voltage dip Av,; may exceed Awv,,, which is the
minimal deviation defined by the analysis of last subsection. To
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analyze the actual Av,, in this situation, the time interval be-
tween pulses is fixed at T¢,. The voltage v, (t2,—1) and v, (t2,)
(x =1,2,3,...n) can be rederived, and given as

Ey
VoCo

(AIOtZJ:—l - %mLth—lQ) (8)

UU(tQ.T—l) - ‘/0 + (l‘ - 1)
_ 1
Co

to,_1 = T-I-Td(x— 1) +Tch(l'— 1)

By 1 1 ,
UtL:‘/;) - AIot;L‘_f t:v
volla) = Vo e Q( ’ f”2>.
to, =7+ Ty + Ten(z — 1).
)

As aforementioned, the voltage dip in Fig. 8 will be within
Awv,, only if (6) is satisfied. By substituting (8) for ¢3 into (6),
the allowed maximum charging time 7, can be solved from the
following equation

E 1 1
d (AIotg . mLt32) + Av,, =0.  (10)

.V, G, 2
Finally, the required 7t for minimal v, deviation is obtained as
Al, 1
TC § _ (AI(,*TTLLTV*QmLEd/V;,*T*Td‘

mrp mrp

(1T)
However, if Ty, does not satisfy (11), the maximum voltage dip
will occur at ¢5,,_; and can be bounded by

Vo (top—1) < Uo(tap—3
{ (t2p-1) (t2p-3) a2)
Vo (tprl ) < Vo (t2p+1 )
By substituting (8) into (12), the p value can be derived as
{AIO Ey ] 1 1
p=|==- - 5
mp  Vo(Ty + Ten)my Tqg+Tg 2
- {AIO Ey ] 1 " 3
_ 7 2
b mp  Vo(Ty +Tn)my Ta+Tw 2
(13)

It is noted that the p value is an integer bounded by (13). Then,
v, (t) rises over Av,, at ts,, 1 and the value is bounded by

{U(J (t2m—1) Z ‘/0 - A’UOT
Vo (tam—3) < Vo — Avy,.

(14)

Similarly, the m value can be derived as

> 2
(Zi + Tch)mL

2
m< —————
(Td + Tch)mL

Ey
Vo (T + Ten)
Ey
Vo(Ty + Ten)

|:AIo—mLT— :|+1

|:AI0 —mrT — :| + 2.

(15)
Its actual value will also be an integer bounded by (15). In this
circumstance, the time interval between pulses should be fixed
as Ty, until ¢9,,, 1 instant, and then, longer than 7¢;,. During the
transient period, v, will drop to the minimum point v, (t2,-1),
and then, rise to v, (t2,,—1) with Awv,, deviation. Finally, the
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Fig. 9. Sequence of pulses from the resonant augmentation circuit with con-
sideration of extra voltage dip caused by the time interval Ty, for charging the
resonant subcircuit.

voltage will be maintained at the V,, — Awv,, level, as shown in
Fig. 9, where p = 2 and m = 4.

IV. RESONANT AUXILIARY CIRCUIT DESIGN

The resonant subcircuit should be designed according to the
expected voltage deviation band (Av,y and Av,, ) and the load-
transient size (Al,). The component parameters (capacitor C,,
and inductor L, ) are considered based on a unified model for
both high-side and low-side augmentation circuits. Parameters
of the charging subcircuit are determined by the anticipated
charging period T¢,. In addition, the resonant auxiliary circuit
requires sufficiently high switching frequency and @ value.

A. Unified Circuit Model of Resonant Subcircuits

A unified model is used to analyze the two configurations of
the proposed resonant circuits, i.e., high-side and low-side aug-
mentation circuits, as shown in Fig. 10. The operation of reso-
nant subcircuit is depicted by this model. Because C, > C,,
the capacitor C, will not experience large voltage fluctua-
tions when the resonant subcircuit operates, and is equivalent
to a virtual voltage source V, in the analysis. According to the
characteristic of an inductor—capacitor (LC') series circuit, the
current 7, should take the form

Ga
L(l’f‘
Wq = 1/\/ C(LL,“. .

It is noted that the parasitic resistor R,, is neglected in (16)
for the convenience of the following analysis. In this situation,

(‘/;zal - V;) + V;J,n) Sinwdt

lg =

(16)
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Unified circuit model of resonant subcircuits and two operation

we should ensure that Q = 1/R,, /L. /Cy > 0.5. For the
high-side augmentation circuit shown in Fig. 7(a), the capacitor
V¢ should have an initial voltage V; (V.1 = V;), referring to
Fig. 5(a), and then, the resonant subcircuit operates. In this
case, the voltage source V,,, should have zero voltage. For the
low-side augmentation circuit shown in Fig. 7(b), the capacitor
C, will be reversely charged by the power source V; when the
charging subcircuit operates. The initial voltage of capacitor C,,
for the resonant subcircuit will approximate —V; (V.,1 = —V}),
referring to Fig. 5(b). In this case, V,,, = V;.

B. Capacitor Requirement

The maximum voltage overshoot Awv,, will occur at the end
of each transient duration, as shown in Fig. 8. It is assumed that
the voltage overshoot band is the same as the undershoot band,
ie., Av,, = Av,q = Av,,. According to (7) and (4), the value
of 1,,, can be written as

Iym = owdAv0v~ (17
According to (16), I, takes the form
Cy
Iam = (Vcal - ‘/0 + Van)- (18)

Lar

At the end, I,,, is eliminated and the constraint on C|, can be
formulated as

Ca = CoAvov/(‘/cal - ‘/:J + V:zn) (]9)

C. Inductor Requirement

The value of L,, is determined by two factors. First, it is
constrained by the switching frequency at which the components
can operate, and should satisfy

Loy > (Co f2m?)™! (20)

where f,s represents the allowable switching frequency for the
MOSFETs. Second, the constraint on I,,, (the magnitude of
current pulses) gives an upper limit for L,,. Analysis of the
waveforms in Figs. 8 and 9 are based on the assumption that
I, 1s sufficiently higher than A1, For achieving I,,,,, > 2A1,,
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the inductor L,, should comply with

(V;:al - ‘/o + ‘/an)ZCa
IYNE :

Lar < @1)
When (20) and (21) cannot be satisfied simultaneously, the ca-
pacitor volume of the main converter (C,) and that of the res-
onant circuit (C,;) should be increased. Additionally, the L,
value should be as low as possible to increase the operation
frequency, while satisfying (20) and (21).

D. Charging Subcircuit Design

According to the analysis in Section III-B, the charging time
T should satisfy (11) to avoid extra voltage deviations. The
value of T¢, is determined by the topology and parameters of
the charging subcircuit. The topology adopted in this study com-
prises one small stray inductor L,. (few nanohenry) and one
switch S,., as shown in Fig. 7. The existence of inductor L.
and the parasitic resistor R,. will limit the charging current,
thus reducing the EMI emission to the upstream circuit.

When the switch S, is turned ON, the capacitor C, will
be charged through a damping oscillation current. According
to the configuration for a high-side or low-side augmentation
circuit, the capacitor voltage v., will, respectively, get close to
V; or —V; at the end of T¢;, duration. The oscillation period will
approximate

Tea = 277\ Lo Co.

For an expected charging period 7,;, > 1.4, the constraint on

L. will be
1 Tch ’
LllC S ~ .
C, ( 2m )

E. Requirements for Switching Frequency and () Value

(22)

(23)

The proposed resonant circuits regulate the output energy by
varying the time interval between the current pulses. For a given
amount of energy delivered to the output, a higher control accu-
racy is achievable through the application of a higher number of
current pulses. Therefore, the oscillation period of the resonant
circuit should be much shorter than the transient period. The op-
eration frequency of the augmentation circuit is normally much
higher than the switching frequency of the main converter. To
approach this target, the switches S,, and .S,. should be capa-
ble of high-frequency operation. Assuming that each transient
period includes at least three current pulses, a transient exist-
ing in 10-us period will specifically require a resonant circuit
that operates at 500-kHz frequency (1.5-us resonant pulse and
0.5-us charging time).

In addition, the parasitic resistance of the switches and the line
cannot exceed the (Q-value criterion. As aforementioned, the
simplified expression of ¢, is applied in (16) with the assumption
of @ > 0.5, and also the damping-oscillation operation of the
circuit requires (Q > 0.5. The parasitic resistance R,, should,
thereby, satisfy

Ry € 2/ Ly, /C,.

(24)
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Differing from the resonant subcircuit, the charging subcircuit
has a higher resonant frequency and includes a lower induc-
tance, as a short T¢, is generally required. In this situation, it
is impractical to design for a high @ value. R,. needs only to
satisfy

Rye <2v/Ly./Cl.

Since the parasitic resistance, particularly the circuitry resis-
tance, is dependent on multiple factors, e.g., components layout,
this parameter cannot be precisely set. In a practical design, (24)
and (25) can be verified by circuit measurements.

(25)

V. ENERGY LOSS ANALYSIS

First, the conduction loss generated by the charging and reso-
nant subcircuits are separately analyzed. Then, the driving loss
and the switching loss can be derived.

A. Conduction Loss

The resonant subcircuit can be depicted by the uniform series
RLC circuit, as shown in Fig. 10. The energy loss of this subcir-
cuit is from the parasitic resistance R, . The energy dissipation
from one half-wave resonant pulse is given by

Tq

EdsJoss - Rar i(I.th = Irun?Ra'er/Q' (26)

0
Considering that the number of required pulses from the aug-
mentation circuit during a transient period is
ALY, 5o AL%r
B ’ - 4mL 1 am Td
the total energy loss for the transient period can be estimated as
following:

n 27)

2mL

_ I(l'UL R(IVAIOZTF

Bt 10ss = nEqs 10ss = (28)

&m L
To simplify the energy-loss analysis of a charging subcircuit,
the circuit operation is explained as that the capacitor C, is
charged by the power source V; through a pure resistor IR,..
Referring to the switched-capacitor-converter operation prin-
ciples[38], the energy loss in the charging period 7, may be
estimated as

1
ica (chal - ‘/C(LZ)?

where V..o and V., represent the initial and final voltages of
the capacitor during one charging period. The total energy loss
in one transient period will be

Ecs _loss = (29)

E(:tJoss = nEcs,loss- (30)

According to (29) and (30), the efficiency of the circuit is not so
high. However, it is noted that (29) is a conservative power-loss
estimation of resonant circuit with ultralow () value.

In the implementation of the proposed resonant auxiliary cir-
cuit, a design tradeoff exists between cost and power loss. When
the value of () is higher (parasitic resistance is lower), the power
loss will actually be lower than the estimated value, but the cost
will be higher due to the more stringent requirements for the
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switches and circuits. Generally, a design is dependent upon its
specifications. For low-cost systems where fast transients do not
occur frequently, the low Q-value design is preferred. However,
when cost consideration is secondary and fast transients occur
frequently, the high @-value design is more desirable.

B. Driving and Switching Loss

The driving loss and switching loss are resulted from the
periodically charging process of the gate capacitance and the
output capacitance of MOSFETs, respectively. The energy loss
occurring in each operating period is formulated as follows.

1) Driving Loss

‘/gcthch + ‘/gr Qgr

where Ve, and Qgcn, respectively, represent the gate-driving
voltage and gate charge of the MOSFET of the charging subcir-
cuit, and V,, and @),,, respectively, represent the counterparts
of the resonant subcircuit.

Edr,loss = (31)

2) Switching Loss
1 2 1 2
Esw,lossl = §Coss,ch1 (V; - ‘/o) + §Coss,r1 (V; - V;) (32)

and

1 1
Estoss? = 7coss,ch2 ‘/02 + §Coss;r2 ‘/;)2 (33)

2

where Fgy_10ss1 and Egy _1oss2 represent the switching loss from
the high-side and low-side augmentation circuits, respectively.
The output capacitance of MOSFET of the charging and reso-
nant subcircuits in the high-side circuit are denoted as Cigs_ch1
and Cgs_,1- The counterparts in the low-side circuit are denoted
as Coss,chZ and Coss,r2 .

VI. EXPERIMENTAL RESULTS AND REMARKS

A. Prototype

The schematic diagram of the power stages, including the
main converter and proposed resonant auxiliary circuits, is
shown in Fig. 11(a). The control scheme of the main converter is
also shown in Fig. 11(a) and the controller of the auxiliary circuit
is shown in Fig. 11(b). The parameters of the main synchronous
buck converter are shown in Table II. A device summary of the
prototype is shown in Table III. The main converter operates un-
der peak-current mode control with a load-current feedforward
loop. The peak-current reference for iy, takes the form of

ip = io + kp(‘/ref - Uo) + kz /(‘/}ef - ’Uo)dt' (34)
A slope-compensation signal cgope i used to prevent subhar-
monic oscillation. When no fast load transients occur, the small-
signal error on v, will be compensated by a proportional-integral
feedback loop. The aforementioned control scheme is realized
by using analog circuits. The inductor and load currents are
sensed by shunt resistors with current-sense amplifiers (compo-
nent details are shown in Table III). Low-pass filters with 1-MHz
cutoff frequency are used to suppress noise. The time-optimal
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Fig. 11.  Simplified schematics of the prototype: (a) power stage and load

feedforward control of the main converter and (b) control of the augmentation
circuit. Gate drivers for the augmentation circuits are omitted.

TABLE II
PARAMETERS OF THE SYNCHRONOUS BUCK CONVERTER

Description Parameter

Input voltage (V;) 12V
Output voltage (V, ) 5V

Inductor value (L) 10 pH
Output-filter-capacitor value (C',) 280 uF
Switching frequency (f,, ) 200 kHz
Output current (4, ) 5A—I10A

Maximum transient (A [, ) 5A
Transient-detection delay (1) 0.4 us

response to large-signal transients is achieved in the traditional
buck converter, and is the performance reference for assessing
the proposed method.

InFig. 11(a), the resonant augmentation circuit comprises two
branches, i.e., high-side circuit serving for step-up transients and
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TABLE III
DEVICE SUMMARY OF THE PROTOTYPE

Device Part Number (Brief Description)

Qum . Qs IRLR3715Z (N-CH, Rps(ox) = 11 mQ)
Qac1,Qara  Si2305 (P-CH, Rps(on) = 35mQ)

Qar1,Qacz  IRFML8244 (N-CH, Rpps (o) = 35 mQ)

Rg1, Ryo OARS1-RO03FI (3 m§2 current-sense resistor)
Us1,Uso ADMA4073F (current-sense amplifier Vo, /Vin = 50)
Logic device EPM240T100CS5 (low-density programmable digital IC)

TABLE IV
PARAMETERS AND COMPONENTS OF THE AUGMENTATION CIRCUITS

Parameter
Actually Used (Measured)

Description
From Calculation

Avgr1/2 10 mV 80 mV
Lo 60 nH 60 nH
Ly, 40 nH 60 nH
Lyciyo 10 nH 5nH

Cu1 0.4 uF 0.8 uF
[P 0.6 uF 1 puF

Tiry2 500 ns 700 ns
Tenr/2 160 ns 380 ns
Rociy2 <150 mQ 50 mQ)
Ryri)2 <770 mQ 160 mQ)

low-side circuit for step-down transients. In each branch, capac-
itor Cy1 /5 and switch Q.1 /> are placed close to the power side,
and switch Q1,2 is placed close to the load side. Therefore,
the distributed inductance on the PCB traces can be used to form
the inductor L, /> as larger as possible. In our prototype, in
addition to the trace inductance, spiral windings are used to re-
alize the stray inductance. According to the proposed principles
given in Section IV, the key parameters are determined as fol-
lows. Applying (2), (19), and (20), the voltage deviations Av,,,
caused by the transient-detection delay, the capacitors C, /2
and the inductors L, /o are derived for high-side and low-side
augmentation circuits. Finally, T, < 160 ns is obtained through
(11), and then, L,.;/2 = 10 nH is obtained through (23). The
parameters obtained from calculations and that actually used in
the implementation are shown in Table IV. The proposed control
method allows some difference between the parameters of de-
sign and that of the actual circuitry. From the calculations, Lo
should be less than L, ;. To simplify the design, we practically
applied identical spiral winding design (60-nH inductance) to
both circuits. Similarly, we have a different L, . value in the pro-
totype from the design. From Table IV, it can be seen that the C,;
and C, 5 values used are larger than that of the calculations. This
is still reasonable, since energy loss is neglected in the calcula-
tions of Sections IIT and I'V. The capacitors are tuned and eventu-
ally determined through experimental measurement. The switch
turn-on times are also tuned according to the capacitor values.
The controller for the augmentation circuits is shown in
Fig. 11(c). Normally, the inductor current ¢, will settle around
the value of the load current 7, and within a ripple band. Under
this condition, the two Schmitt triggers (U, and Us) output logic
low, asynchronously clearing the counters. The hysteresis band
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Detailed waveforms of Fig. 12(b), improved transient response with resonant augmentation circuits: (a) high-side augmentation circuit operates to

compensate a 5-A step-up load transient and (b) low-side augmentation circuit operates to compensate a 5-A step-down load transient.

of the Schmitt triggers defines the size of load transients that the
augmentation circuits will respond to. Since the main converter
can tolerate 2-A transients for the given voltage-deviation range,
i.e., v, = 10 mV, the hysteresis band of the Schmitt triggers is
set as 2 A to disable the augmentation circuits when the load
transients are within this range. However, in the event that a step-
up load transient over 2 A occurs and v, falls beyond Av,q1,
the counter CNT1 will start counting. For the CNT1 value
ranging from X to X5, the gate signal c,,; will be logic-high
and switch ,,1 will be ON. Then the high-side augmentation
circuit will operate in the resonant period. For the CNT1 value
ranging from X3 to Xy, switch Q.1 will be ON. Then, the
high-side augmentation circuit will operate in the charging pe-
riod. The difference between X3 and X, represents the dead
time for turning on ,.1. Then, the CNT1 value will be kept
at zero until v, falls beyond Aw,4; again. The aforementioned
control logic is applied similarly to the low-side augmentation
circuit for step-down load transients.

B. Fast-Transient Performance

The key waveforms of the main converter undergoing 5-A
step-up, and then, step-down transients with the augmenta-
tion circuit being disabled are shown in Fig. 12(a). When the

augmentation circuits are enabled, the key waveforms of the
augmented buck converter undergoing the same load transients
are shown in Fig. 12(b). Itis conclusive that the voltage deviation
band is reduced from 360 to 200 mV. The enlarged waveforms
of Fig. 12(b) shown in Fig. 13 validate the effectiveness of the
proposed control schemes. In Fig. 13(a) and (b), the magnitude
of voltage deviations (100 mV) is almost equal to the voltage
drop that exists in the detection delay, i.e., Av,, = £80 mV.

The resonant auxiliary circuits of the prototype are designed
for handling 5-A fast transients. To verify the robustness of the
proposed method, a 9-A transient that is beyond the capability of
the design is applied to the prototype. The waveforms from the
buck converter under 1-to-10-A transients are shown in Figs. 14
and 15. When the auxiliary circuits are disabled, the voltage
deviation on the output is 680 mV. When the auxiliary circuits
are enabled, the voltage deviation is reduced to 360 mV. As
shown in Fig. 15, the voltage deviations during the transient
are larger than that caused by the transient-detection delay, i.e.,
|Avyy| > |Av,,|. According to the analysis in Section III-B,
the specific control scheme for this situation is realized in the
prototype.

In the early period of the transient time, the current pulses
will be generated with the fixed time intervals T¢y,. During this
period, the output voltage v, exceeds the Av,, band and then
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compensate a 9-A step-up load transient and (b) low-side augmentation circuit operates to compensate a 9-A step-down load transient.

recovers from the big deviation to being within the band. Then,
each current pulse will be generated when v,, hits the bound of
Viet — Av,, and the voltage will be kept within the Av,,, band.
Correspondingly, during the periods when the first six pulses
occur as shown in Fig. 15(a) and the first ten pulses occur as
shown in Fig. 15(b), v, is beyond the band. Then, during the
rest of the transient time, v, is kept within the band. In the
experiment, the Av,, value is tuned manually for different load
step size (Al,). In a practical system, we may use a sample and
hold (S/H) circuit to capture the voltage dip, i.e., Av,,, at the
exact time instant when a load transient is detected. The sampled
Awv,, value will be held until the end of the transient period. It
is conclusive that the proposed method is effective in reducing
the voltage deviation, and the converter is robust even when the
transient size exceeds the design capability.

C. Efficiency of the Augmented Converter

The efficiency of the augmented converter is highly depen-
dent on the repetition frequency of the load transients. The
power loss of the augmentation circuits can be estimated us-
ing the equations given in Section V and the parameters given
in Table V. In the experiment, the converter output power was
fixed at 37.5 W, and load transients were applied at repeti-
tion frequency ranging from 100 Hz to 5 kHz. The plots for

TABLE V
PARAMETERS FOR POWER LOSS CALCULATION

Parameters Value

Ty 700 ns
Iom 125 A
Ra [ 160 mQ2
Vgen, Vgr 12V

Qgchl»Qng 12nQ
Qgenzs Qgr1 5.4nQ
Cosscht > Coss_r2 330 pF
Coss_chZ s Coss.r 1 110 pF

comparing the measured and estimated power loss and effi-
ciency are shown in Fig. 16. The comparison in Fig. 16(a) also
includes the power loss estimation and measurement from pre-
vious works about augmentation circuits [24], [30], [37]. For
the prototype of this study, the estimated energy loss for one
step-up plus one step-down transient is 0.188 mlJ. Referring
to [30], the energy loss of resistive augmentation circuits for
the same testing will be 0.25 mJ. The power loss values for
buck—boost augmentation circuits are from the presented mea-
surement data [24], [37]. The proposed resonant augmentation
circuits have 25% reduction on energy loss as compared with
the resistive augmentation circuits. When the load transients
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Measured and estimated power loss and efficiency: (a) power loss in resonant augmentation circuits compared with the power loss from previous

augmentation circuits[24], [30], [37]; (b) efficiency measurements versus transient repetition frequency of 5-A fast load transients.

occur at high repetition frequency, the substantial difference
between the power loss of two circuits will be observed, as
shown in Fig. 16(a). It is also shown that the proposed resonant
circuits and previous resistive circuits have lower power loss
at the low-frequency region, as compared with the buck—boost
circuits that have static power loss. For the proposed resonant
auxiliary circuits, the measured loss is a little smaller than the
estimation. As aforemention, (30) is a simplified and relatively
conservative formula for energy-loss estimation of the charging
subcircuit. This let us concentrate on the performance analysis
of the augmented buck converter.

D. Remarks on Experiments

The proposed augmented buck converter has a much better
dynamic performance than the traditional one. There are still
some differences between the analysis and the experimental
results, particularly in terms of efficiency degradation and the
voltage deviations. The reasons for these differences and some
suggestions about the performance improvements are given with
further analysis and simulations.

1) Efficiency Degradation: As it can be observed in Fig. 16,
the efficiency degradation caused by the resonant augmentation
circuits is significant, particularly in high-frequency region. The
reason for this is the low () value of the resonant circuit. A sim-
ple and direct approach to increasing the () value is to reduce the
parasitic resistance. In our prototype, the resistance of the charg-
ing circuit is mainly from the MOSFETSs and the resistance of
the resonant subcircuit is mainly from the spiral winding. To in-
crease the () value and reduce the power loss, larger MOSFETSs
with lower turn-on resistance should be used and the resistance
of PCB traces should be reduced by widening them. At the end,
a tradeoff appears between the efficiency and the space size of
circuitry.

2) Voltage Deviation and Capacitor Technology: It is noted
that the first voltage drop Aw,, in Fig. 13 is about 80 mV,
which is much larger than the calculated value of 10 mV. The

v (V)
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0.5 0.55 0.6 0.65
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(b)
Fig. 17.  Comparison between the buck converters with different type of output

capacitors (C, ): (a) output voltages (v, ) of the traditional buck converters with
C. plus C. and pure C., and (b) output voltages, inductor and load currents
(i7, and i,) of the augmented buck converters with C. plus C. and pure C...

reason is that the output capacitor bank of 280 uF, which is
comprised of six 10-uF ceramic capacitors (C..) and one 220-
uF electrolytic capacitor (C.), has a relatively large equivalent
series resistance (ESR). In our prototype, the ESR of C.. is 1 m(2,
whereas that of C, is 60 mf). When a fast transient occurs, the
ceramic capacitors will react first to compensate the step current,
followed by the electrolytic capacitor. In the early stage of the
transient period, only the 60-uF capacitance is effective, thus
resulting in larger voltage deviations than the estimated ones.
This phenomenon was studied through simulations, where
a capacitor bank comprised of 220-uF C, and 60-uF C., and



5678

a single 280-uF C. are separately used in the buck convert-
ers, and the simulation results are shown in Fig. 17. For the
traditional buck converter, the voltage deviations are 350 and
190 mV [see Fig. 17(a)], when the C,-plus-C'. capacitor bank
and the C', capacitor are, respectively, used. For the augmented
buck converter, the voltage deviations are 170 and 35 mV
[see Fig. 17(b)], when the C,-plus-C, capacitor bank and the
C. capacitor are, respectively, used. The experimental result is
comparable with the simulation result in the case of that the C. -
plus-C.. capacitor bank is used. It is concluded that the voltage
deviation will be much lower and the resonant augmentation
circuits will be more effective when large-volume ceramic ca-
pacitors are used.

VII. CONCLUSION

In our previous work, resonant augmentation circuits are pro-
posed to improve the dynamic response of a buck converter
under fast load transients. In this paper, the minimal voltage-
deviation band of the augmented buck converter has been pro-
posed and analyzed with considerations of transient-detection
delay and the charging subcircuit operations. Additionally, the
circuit operation and design principles are detailed and the ef-
ficiency degradation caused by the augmentation circuits is an-
alyzed in this study. The effectiveness of the analysis and the
proposed principles have been validated experimentally. It is
also shown that the ESR of the output-filter capacitor in the main
converter and the () value of the resonant tank will, respectively,
affect the performance of the augmented buck converter in terms
of voltage deviations and power loss.
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