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Abstract—This paper introduces a practical modification of the
buck converter and a complementary controller that are well suited
for point of load applications with highly dynamic loads. The
presented flyback-transformer-based buck (FTBB) converter has
faster transient response than the conventional buck, allowing for
areduction in the output capacitance without penalty in the size of
the magnetic core. During heavy-to-light load transients, the FTBB
converter also recycles excess energy stored in the magnetic compo-
nent, providing a useful energy savings mechanism. In this modifi-
cation, the conventional buck inductor is replaced with the primary
winding of the flyback transformer, an extra switch, and a set of
small auxiliary switches on the secondary side. During heavy-to-
light load transients, the inductor current is steered away from the
output capacitor to the input port, achieving both energy recycling
and savings due to reduced voltage overshoots. The light-to-heavy
transient response is improved by reducing the equivalent induc-
tance of the primary transformer winding to its leakage value. A
mixed-signal current-programmed mode controller regulates op-
eration of the converter. The controller provides minimum output
voltage deviation and ensures seamless transitions between differ-
ent operating modes. The performance of the FTBB converter is
verified with a 6-to-1-V, 3-W, 390-kHz experimental prototype. In
comparison with an equivalent buck converter, the experimental
system has about three times smaller maximum output voltage de-
viation, allowing for the same output capacitor reduction and, for
frequently changing loads, about 7% decrease in power losses.

Index Terms—DC-DC power converters, digital control, en-
ergy efficiency, flyback transformers, switched-mode power sup-
ply, transient response.

I. INTRODUCTION

N MODERN low-power applications such as mobile de-
I vices, consumer electronics, and communication equipment,
point-of-load (PoL) switch-mode power supplies (SMPSs) are
required to provide tightly regulated voltage having small devi-
ation during load transients. In these systems, usually operating
with an output voltage no larger than 1V, the SMPS output
voltage deviation is strictly limited to ensure proper system per-
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formance [1]-[3]. It is also of key importance to minimize the
volume of the SMPS reactive components, i.e., their output fil-
ters, which in the targeted applications usually occupy a large
portion of the entire unit [4].

To achieve tight output voltage regulation and minimize the
size of reactive components, operation at a high switching fre-
quency and fast control methods are usually required. The high-
frequency operation minimizes the size of filter components.
However, this improvement comes at the price of a power
conversion efficiency degradation due to increased switching
losses [5].

With the emergence of digital control in low-power SMPS,
a number of recent methods [6]-[17] drastically improve the
dynamic response of converters, thus minimizing the size of
the output capacitor. Arguably, the time-optimal [6]-[15] and
minimum-deviation [16], [17] controllers are among the most
effective. In the time-optimal-controlled systems [6]-[13], the
converter recovers from a transient through a single ON-OFF
switching action, in practically minimum possible time. How-
ever, this process usually exposes components to a much larger
current than nominal. In minimum-deviation controllers [16],
[17], the peak current is limited to the nominal value at the ex-
pense of a longer recovery time after the initial output voltage
deviation has been suppressed. Ideally, for a conventional buck
converter, both of these controllers respond to a load transient
with minimum possible output voltage deviation, allowing the
maximum reduction in the size of the filtering capacitor. How-
ever, the reduction is limited by the physical constrains of a
given power stage, namely by the slew rate of the inductor cur-
rent charging the output capacitor during transients [18], [19].
This rate is proportional to the ratio of the voltage applied across
the inductor and the inductance value [5]. For converters with
low output voltage, this value is usually fairly small; hence, a
relatively large output capacitor is still required [18], [19].

To overcome the inductor current slew-rate limitations, nu-
merous modifications of the buck topology have been pro-
posed [20]-[43]. In these systems, during load transients, the
converter dynamically changes its own configuration to im-
prove the output capacitor charging/discharging rate. In gen-
eral, these methods can be divided into the inductor slew-rate
and/or current-steering-based improvements [20]-[23], current
injection methods [24]-[40], and stepping-inductor-based solu-
tions [41]-[43].

In the inductor slew-rate and current-steering improvement
methods [20]-[23], several additional switches are added to the
current conduction path. They are used to increase the voltage
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across the filter inductor and drastically improve the current slew
rate. For heavy-to-light load transients, the slew-rate improve-
ment is sometimes combined with the steering of the inductor
current away from the output capacitor, to further reduce the ca-
pacitor energy storage requirements [20], [21]. These solutions
are better suited for the buck—boost than for the buck configura-
tion [21]. This is because the extra switches already existing in
the current conduction path do not have a significant effect on
the conduction losses.

Injection methods [24]-[40] use a small parallel auxiliary
stage to inject extra charge into the output capacitor. Exam-
ples include additional circuits consisting of a smaller converter
[24]-[31], transformers [32]—[34], an LC/RC network [35]-[38],
or a pair of linearly controlled active clamps [39], [40]. The aux-
iliary circuit is activated during transients, to help inject or re-
move the charge from the output capacitor, drastically minimiz-
ing its energy storage requirements. Yet, for frequent transients,
the auxiliary circuit usually decreases the converter efficiency.
In some cases, the reduction in capacitance comes at the price of
a noticeable increase in the overall inductance size and volume.

In the stepping-inductor buck converter [41]-[43], the con-
ventional inductor is replaced with a three-winding structure.
The secondary and tertiary windings are used during transients,
for reduction of the equivalent inductance to the transformer
leakage value and the current slew-rate improvement. This mod-
ification effectively minimizes the output capacitor with a minor
increase in the inductance volume and with no extra switches
added to the main conduction path. However, this previously
reported solution is not the most suitable for the targeted low-
voltage applications due to the limitations of the power transis-
tors’ blocking voltage. In low-power applications, the transistors
are usually integrated with the controller, and implemented in
a cost-effective low-voltage CMOS technology. These transis-
tors can only handle a voltage slightly larger than the supply,
limiting the ability of the stepping-inductor systems to improve
heavy-to-light transient response. During the transients, the re-
flected auxiliary winding voltage reduces the voltage across the
leakage inductor [43] to a very low value. As a consequence,
the benefit of an improvement in the current slew rate using the
stepping inductor is canceled. An attempt to minimize this prob-
lem by increasing the windings turns ratio would significantly
increase the blocking voltage requirements for the auxiliary-side
transistors. The blocking voltage requirement could be several
times higher than the supply voltage, preventing cost-effective
implementation and possible on-chip integration.

The main goal of this paper is to introduce a practical low-
voltage power supply that overcomes current slew-rate limita-
tions of the conventional buck converter, allowing a reduction in
the output capacitance with a low or no penalty in the power con-
version efficiency and the overall inductance size and volume.
The flyback-transformer-based buck (FTBB) converter and a
complementary mixed-signal controller as shown in Fig. 1 com-
bine the stepping-inductor and the current-steering concepts.
Here, the inductor is replaced with a conventional flyback trans-
former of approximately the same size. The converter also has
an extra power switch .Sy on the primary side and several small
switches on the secondary side of the transformer. For frequently
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Fig. 1. FTBB converter and the complementary mixed-signal controller.

changing loads, the extra conduction losses introduced by the
switch Sy are partially or completely compensated by energy
recycling ability of this topology that sends energy back to the
power source during heavy-to-light transients. This energy sav-
ings mechanism can potentially extend the battery life of modern
portable devices, in which most of the loads are digital in nature
and changing very frequently [44], [45].

The penalty in the overall inductance volume of the intro-
duced system is smaller than in other solutions [24]—[34]. The
size of the magnetic core, the largest contributor to the overall
size of the magnetic components in low-power applications [5],
is no larger than that of a conventional buck converter. The in-
ductor only requires an additional winding, rated for a much
smaller average current than that of the primary winding.

The introduced FTBB converter does not require transistors
with overly large blocking voltage, an undesired characteristic
for conventional stepping-inductor solutions [41]-[43]. Here,
the transistors are required to block voltages no larger than the
input voltage Vi,. Hence, the presented solution is better suited
for cost-effective integration.

A mixed-signal current-programmed mode (CPM) controller
[46]-[48] governs the operation of the converter as shown in
Fig. 1. The voltage loop processes digital signals and, through a
D/A converter, gives a reference to the analog current loop. The
controller also contains a transient suppression block that acti-
vates auxiliary circuits during transients and ensures seamless
transitions between different modes.

The paper is organized as follows. Section II explains op-
eration of the presented FTBB converter. In Section III, the
architecture of the mixed-signal controller is described, with
particular focus on the seamless transition between the tran-
sient and steady-state modes of operation. Section IV discusses
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the design tradeoffs, the influence of additional switches on the
system efficiency, and the loss compensation through energy re-
cycling. This section also shows an analysis of the efficiency for
the FTBB converter as a function of the load change frequency.
It also explains why the FTBB converter is more efficient than
the conventional buck converter for frequently changing loads.
Results obtained with a 6-to-1-V, 3-W experimental prototype
that verify the performance of the FTBB converter are presented
in Section V. Section VI concludes this paper.

II. SYSTEM DESCRIPTION AND OPERATING PRINCIPLE

The converter in Fig. 1 is a modification of a conventional
buck converter. The inductor of the power stage is replaced by
a 1:1 flyback transformer. The flyback transformer is modeled
as an ideal transformer with added leakage and magnetizing
inductances, L pak and Ly, respectively. The total inductance
on the primary side is Ly, + Lygaxk - A switch S is also inserted
in the main conduction path in series with the primary winding.
The secondary winding of the flyback transformer is connected
to three auxiliary switches 51 —S3, and a free-wheeling diode D).
The leakage inductance associated with the secondary winding
is neglected since it does not have a significant influence on the
system operation.

As described in the following sections, the converter operates
in three different modes. In steady state, it behaves as a con-
ventional buck converter, utilizing the primary-side inductance.
During heavy-to-light load transients, it steers the magnetizing
current away from the capacitor, to the voltage source. This
minimizes the output capacitor overcharge and, at the same
time, recycles a portion of the energy that would have been lost
otherwise. To suppress light-to-heavy transients, it utilizes the
stepping-inductor concept, where the equivalent inductance on
the primary side is reduced to the leakage value. In this way, the
current slew rate is improved.

A mixed-signal CPM controller regulates the operation. In
steady state, the controller operates as a conventional system [5].
During transients, it utilizes two different optimum-deviation
algorithms to achieve recovery with minimum possible voltage
deviation.

A. Steady-State Operation

When the output voltage v, (t) is within a predetermined
tolerance band near the voltage reference, the system is in steady
state. Switch S is kept ON and the auxiliary switches S;—S55 are
kept OFF, and the converter functions in a conventional buck
configuration with output filtering inductance Lj; + Lipak.
Here, all of the transistors on the secondary side are kept OFF
to prevent possible current paths through the body diodes.

In this mode, the mixed-signal controller in Fig. 1 indirectly
regulates the output voltage, by varying the inductor current. It
uses an A/D converter to compare the output of the converter
with the voltage reference Vi pr and create a digital equivalent of
the output voltage error value, signal e[n]. This signal is passed
to the steady-state compensator that creates a digital reference
for the current loop i.i,1[n]. The current reference i.(,1[n] is
then converted into an analog equivalent v, (%), through a D/A
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Fig. 2. Key current and voltage waveforms during a heavy-to-light load tran-
sient recovery.

converter and compared with the signal from a primary current-
sensing circuit vgense (t) = Rs X 1, (t), where Ry is the “gain”
of the current-sensing circuit and 7,(?) is the current flowing
through the primary winding. In this way, the output voltage
Uout (t) is indirectly regulated.

B. Heavy-to-Light Load Transient Recovery

The recovery from a heavy-to-light load transient is con-
ducted in two phases (as shown in Fig. 2). In the first phase,
the stored energy of the leakage inductance is released without
causing a large voltage stress across transistors. In the second
phase, the output voltage deviation is suppressed, through mag-
netizing inductor current steering. In the following sections, two
methods for the leakage inductance energy release (for relatively
large and small values of Ly pax) are presented as well as the
subsequent current-steering technique.

1) Leakage Inductance Energy Release (Large Lipak
Case): The initial phase of a heavy-to-light load transient re-
sponse for a relatively large Lypax can be described by the
key current and voltage transient waveforms and the equivalent
converter circuits as shown in Figs. 2 and 3(a), respectively.

The converter initially operates with a load current 41,4 (t) =
Io1q. At ty, the load current steps down to a new value Iy,
causing a positive capacitor current ¢ (t). This change is de-
tected when the output capacitor voltage increases beyond the
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threshold value Vry_g at t = ¢, causing the converter to enter
transient suppression mode. At this point, the main switch, MS,
and the synchronous rectifier, SR, are switched OFF and S, and
Ss are turned ON (see Fig. 1) to release the energy stored in
the leakage inductance. As a result, the body diode of the SR
starts conducting, forming the equivalent circuit as shown in
Fig. 3(a). In this way, a virtual short circuit is created across

the magnetizing inductance Lj; while the energy in Lygak
dissipates via the body diode of SR, Dggr. Now, the primary
current, i.e., the leakage inductance current ¢, (), quickly drops
to zero with a slew rate of (Vout + Vp)/Vipax, where Vp is
the forward voltage drop of Dgr. When 4, () reaches the zero
value, Dgr turns OFF. At this point, the energy release process
is complete and only the magnetizing current iy, (¢) circulates
through the transformer. The primary current-sensing circuit de-
tects this condition and initiates the following phase, i.e., voltage
recovery and the magnetizing current-steering process.

Ideally, the previously described procedure results in the leak-
age inductance energy release without exposing transistors to a
high voltage stress. Also, this procedure does not require an ex-
tremely fast zero-current detection circuit, since after the Dgp
turns OFF, the leakage current remains zero.

However, in practice, problems can arise due to the reliance
on the body diode of SR. Compared to the current slew rate,
this diode is relatively slow and, as a consequence, the voltage
spikes still might occur. To minimize this problem, a Schottky
diode can be added in parallel with Dgp . Alternatively, instead
of using the body diode, the transistor SR can be kept ON during
the leakage inductance recovery phase. However, such a solution
would require a very fast zero-current detection circuit and/or an
RC snubber to absorb any energy left in the leakage inductance
due to nonideal zero-current detection.

2) Leakage Inductance Energy Release and Snubber Circuit
foraSmall Lyax: For high-quality flyback transformers with
a very low Lygax, the detection of zero leakage current can
be eliminated. The energy stored in Ly g sk can be absorbed by
the use of a small RC snubber. In this case, at t = ¢;, MS and
Sy are switched OFF; Sy and S, are switched ON (see Fig. 1).
The SR is also switched ON to limit the voltage stress on the
transistor Sy and the circuit in Fig. 3(b) is formed. Now, as
can be seen from Fig. 3(c), a negative voltage across Lygak
is applied and the snubbing resistor Ry, absorbs its stored
energy. To protect Sy, by ensuring that the voltage v, (t) never
drops below —Vj,, the snubber resistor Ry}, is selected such
that Renub X Imax < Vin, wWhere I, is the maximum load
current.

In addition to eliminating the need for zero leakage inductance
current detection, this circuit also has less frequent switching
action than the previously shown implementation. As will be
described in the next section, the state of the switches is the
same as in the next phase of the transient recovery process.
However, these advantages come at the price of the snubber
circuit losses.

3) Suppression of the Output Voltage Overshoot Through
Current Steering: At the end of the leakage energy release
phase, the switches are set such that the equivalent circuit in
Fig. 3(d) is formed. Transistors MS and Sy are turned OFF
while SR, S7, and S5 are in ON position.

During this portion of the recovery period (Z2 to t3), the en-
ergy stored in L), is recycled by steering the current iy (%)
to the input voltage source via the secondary winding current
15(t), and the load current is fully supplied by the output ca-
pacitor Cy ¢, allowing v, (%) to drop. As a result, the problem
of large capacitor current causing the output voltage overshoot
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in the conventional buck [16] is eliminated. During this time, a
constant voltage v, = —Vj, is applied across the magnetizing
inductance, where V;,, is the input voltage of the converter.

In addition to stopping the capacitor from being overcharged,
the FTBB converter also improves the current slew rate. During a
heavy-to-light load transient, the magnetizing current decreases
at the rate

Up . *‘/in
Ly -

This is significantly higher than that of an equivalent conven-
tional buck converter [16]

ey

_%ut
L

where L = Lj; + Lygax is the output filter inductance of the
conventional topology. The improved slew rate is mostly due to
the input voltage value, which is usually significantly higher than
Vout- As a result, the transient recovery process is significantly
faster.

A minimum-deviation controller [16] is used to govern the
operation of the converter during transients. As described in the
following section, this controller completes its action when the
inductor current 71, (t) reaches the new load current [, at
t = t3. At this point, the steady-state operation mode is resumed
and the CPM controller reactivated.

For a potential full on-chip implementation of this system,
issues related to the presence of negative switching node voltage
vy = —(Vin — Vout) during this phase need to be addressed.
This negative value would cause the source/drain to substrate
junction of switch Sj to become forward biased. This problem
could be solved if silicon on insulator technology is available.
Howeyver, cost and thermal resistance issues would have to be
considered. An alternative is to use a substrate bias that is lower
than v,, but this would introduce other nonideal requirements
such as an extra negative bias voltage and power devices with
breakdown voltage that is at least twice as high. Another possible
option to circumvent this issue is to implement switch Sy on a
separate die. This would allow both the separation of its substrate
connection from the rest of the converter and a cost-effective
implementation in a low-voltage process.

2

kH —L_con —

C. Light-to-Heavy Load Transient

Recovery from light-to-heavy load transients is performed
using the stepping-inductance principle [41]-[43], where a se-
quence of current pulses reversing the output voltage drop is
created during a gradual recovery of the magnetizing current.

The key converter waveforms during a transient are as shown
in Fig. 4. At g, %10aq(f) Steps to a higher value I, causing
a negative capacitor current ¢ (¢) and a decrease of the output
voltage vy (). When v, (t) drops below the lower tolerance
threshold Viryp_r, at t = ¢4, the transient recovery mode is acti-
vated, by turning OFF SR and turning ON transistors MS, Sy,
S5, and S3, over a fixed period ¢,,1sc. This forms the equivalent
circuit shown in Fig. 5(a). A virtual short circuit across L, is
formed and the equivalent inductance of the main current path
reduces to the leakage value Ligpax. In this way, the current
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sient recovery.

slew rate of the primary side of the transformer is drastically
increased to the value

(V; - %ut)

Ligax

kL—m1 = 3)
and a current pulse is formed. As shown in Fig. 4, this pulse
reverses the output voltage drop, over the period ¢; to to. During
this time, the magnetizing current <1, (£) remains constant.

To increase the magnetizing current, at t = t5, Ss and S5 are
turned OFF. During this time, the energy stored in Lygak iS
passed through the transformer and recycled to the input source
through the free-wheeling diode D (see Fig. 1) and the body
diode of S3, Dg3. Now, the equivalent circuit in Fig. 5(b) is
valid, and the current 71, () increases with the slew rate

kr_ps = M 4)
Ly
where Vp is the forward voltage drop of diodes Dy and Dgs3.
During this time, the primary current reduces with the rate
kp—m2 = (Vozt—‘_izv’j)- (5)
LEAK
This process continues until the currents g, (t) and 7, (t) be-
come equal and the current i4(%) in the secondary side reaches
zero, forming the equivalent circuit in Fig. 5(c). This happens
at the time instant ¢3 (see Fig. 4). From this point on, the slew
rate of the inductor current is equal to that of the conventional
buck converter and the capacitor current is negative again. The
converter remains in this configuration until the output voltage
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drops beyond the lower threshold value Vry_p again, at ¢t =
ty, and the secondary circuit is reactivated. The whole se-
quence is repeated until the magnetizing current i,y () reaches
the new load value I[,.,. At that time instant, i.e., t = ¢,
in Fig. 4, the steady-state mode of operation is resumed. As
can be seen from Fig. 4, which also shows comparative wave-
forms of a minimum-deviation-controlled conventional buck
converter [16], the FTBB converter has faster voltage recovery
and much smaller output voltage deviation, even though the
inductor current recovery is slightly delayed.

It should be noted that the problem of relying on the relatively
slow body diode of the transistor S5 for the leakage inductance
energy release could occur in this case as well. However, in this

case, the solution is fairly simple. Instead of using the body
diode, the transistor S3 can be kept ON during the interval
described with Fig. 5 (b) and the soft switching achieved with
the dedicated faster diode Dy . Then, S5 can be turned OFF with
zero current during the interval described with Fig. 5(c).

D. Inductor Volume

The previous discussion indicates that the inductor core vol-
ume of the FTBB converter is no larger than that of the con-
ventional buck converter. In steady state, the energy storage
requirements are the same, i.e., the FTBB converter requires the
same inductance and current values, allowing the core of the
same size to be used. During transients, the flux through the
core used in the FTBB converter, defining its volume, is also no
larger than that used in the conventional buck converter. As can
be seen from Figs. 3 and 5, the action of auxiliary circuit prac-
tically results in zero net flux increase through the transformer
core. This is due to the fact that the flux from the current in the
secondary winding i4(t) cancels the one created by the current
z; (t) =14, — ipm. The FTBB converter requires only one small
additional winding to handle 7, (t), whose average value is much

smaller than that of the primary winding current.

III. CONTROLLER IMPLEMENTATION

The controller in Fig. 1 provides signals for the switches of
the FTBB converter in all modes of operation and also ensures
seamless transitions between different modes. These include
transitions between steady state and transients as well as transi-
tions during transient, as described in the previous section.

A block diagram of the controller is shown in Fig. 6 and
its operation is described by the state diagram in Fig. 7. It
consists of two comparators, an A/D converter, a D/A converter,
and fairly simple digital logic. The main functional blocks of
the digital part are transient detector, proportional-integral (PI)
compensator and transient current estimator, MS and SR switch
selector, clock selector, and transient suppression logic.

The output voltage of the FTBB converter v, (t) is quan-
tized to its digital equivalent v, [n], by the A/D converter at a
sampling rate eight times higher than the switching frequency
fsw- This digital value is then compared to the desired reference
Vrer[n] to obtain the voltage error signal e[n]. This error is
monitored by the transient detector that determines the mode
of operation. The converter operates in steady-state mode of
operation when there are no load transients, or disturbances are
small, so the error voltage is smaller than the predefined thresh-
old ety [n]. Here, the threshold is a design parameter that, as
described in the next section, is determined experimentally. Al-
ternatively, a dedicated analysis could potentially be conducted
to find the exact relation between the threshold setting and volt-
age overshoot values. Such an analysis would need to take into
account the size and the slope of the load current steps, position
of the step with respect to the state of the converter switches,
system delays, filter component values, as well as influence of
the output capacitor’s equivalent series resistance (ESR) and
other parasitic.
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Fig. 7.  State diagram of the digital controller.

In this mode, the output of the transient detector 7 is low and
the controller operates as a mixed-signal CPM system [46]—[48].
During this state, the clock selector produces clk pulses at f
and the PI compensator and transient current estimator block
implements a conventional PI control algorithm [5]

dctrl (] = detnn[n — 1] + ae[n] + be[n — 1] 6)
to calculate i.,1[n]. The calculated value is the input for the D/A
converter, where ¢ and b in (6) are the compensator coefficients
calculated such that the stability of the system in steady state
is ensured [5], ici1[n—1] and e[n—1] are the compensator’s
output and error values of one cycle before, respectively. In the
next step, i.t,1[n] is converted into a proportional voltage value
Uetr1(t) and compared with the signal vsense (t) = Ry X 1, (1),
from the primary current-sensing circuit, to form an input for
the MS and SR switch selector. This produces the control signals
for switches MS and SR (see Fig. 1), labeled as ¢y and csg,
respectively.

A transient is detected when e[n] exceeds the maximum al-
lowable deviation, i.e., for |e[n]]| > epy[n]. At that point, the
S-R latch of the transient detector is triggered and, consequently,
the signal #r initiating a transient mode of operation is set. Now,
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the transient suppression logic is activated. The clock selector
produces clk signal at eight times f;, . Also, in this mode, the PI
compensator block changes its structure and becomes an esti-
mator of the primary current. As described later, this estimation
is used to provide a seamless return to the steady state [11].

The transient suppression logic produces control signals for
auxiliary switches Sy—S3 (see Fig. 1), labeled as cgo—cg3, and
indirectly controls the operation of the main switches, MS and
SR, through a 2-bit main switch control signal, msc. As de-
scribed in the following sections, the operation of transient sup-
pression logic depends on the type of transient and, in addition
to controlling all switches in the FTBB converter, this logic
also ensures seamless mode transitions. After the transient is
suppressed, the transient suppression logic resets the transient
detector and the controller returns to the steady-state mode of
operation.

A. Heavy-to-Light Transient Operation

The operation of the transient suppression logic during a
heavy-to-light transient is fairly simple. It is mainly governed
by the pulses of the comparators Comp, and Comp, and can be
described by looking at Figs. 2 and 3. Upon a load transient, the
register keeping value i.,1[n] is reset and a two-phase recovery
sequence is performed, as described in Section II-B. The end
of the leakage current energy release period, i.e., zero-current
crossing, is detected by Comp; and this process is followed
by the magnetizing inductor current-steering period (¢y to t3
in Fig. 2). The primary winding of the flyback transformer is
now an open circuit and the load current is fully supplied by
the output capacitor Cyy:; thus, 71044 (t) = —ic(t). This period
ends when the magnetizing current reaches the new load value,
i.e., 15(t) = —ic(t), detected by Comps. At this time instance,
the 7. 1[n — 1] register of the PI compensator (see Fig. 6) is
updated with the new current estimate, the transient detector is
reset, and the steady-state mode of operation resumed.

To further minimize transient voltage deviation, the transient
detector in Fig. 6 can be replaced by an asynchronous threshold
detector as reported in [12], such that the inherent detection
delays are practically eliminated.

B. Light-to-Heavy Load Transient Operation

For light-to-heavy transients, depicted in Figs. 4 and 5, the
A/D converter and the comparator Comp, produce the main con-
trol signals. As described in Section II-C, as soon as a positive
transient is detected, a virtual short across the primary winding
is created over a fixed ¢;,,15c period to form the rising slope of
the short current pulse in Fig. 4. After this period, switches Sy
and S3 (see Fig. 1) are turned OFF, so the equivalent circuits
in Fig. 5(b) and (c) can be formed. The switches remain in this
state until the voltage drop, i.e., e[n], exceeds the predefined
threshold, and the new pulse is initiated. The end of the light-to-
heavy transient recovery mode is sensed when the magnetizing
current reaches the new load value. This is performed through
the detection of the capacitor current zero crossing during the
mode of operation shown in Fig. 5(c). Since in this mode the

+ |V
\

Voul(t ) Cout I/zew

&
Lu Vic() +

Vin c e GDVour(t)

(®)

Fig. 8. Simplified equivalent circuits of the converter during the load current
estimation period. (a) For a heavy-to-light load transient. (b) For a light-to-heavy
load transient.

secondary current i4(t) is zero, Comps can be used for zero-
crossing detection.

C. Seamless Transition to Steady State

To achieve smooth transitions to steady state from transient
modes, the current command i.¢,1[n] of the PI compensator is
updated such that the steady-state operation mode starts with an
ictr1[1] value that matches the new load current value [11]. This
value is obtained with a relatively simple estimation method,
using the output voltage measurement and the transient current
estimator in Fig. 6, which shares the same hardware with the PI
compensator. To describe the method, Fig. 8 and the analysis
shown here can be used. For simplicity, in this analysis, it is
assumed that the output voltage deviation is significantly smaller
than the dc output voltage value and, consequently, that the load
can be represented as a current source.

The estimation of the new load current during a heavy-to-light
load transient is performed during the time when the circuit in
Fig. 3(d) is valid. Fig. 8(a) shows a simplified equivalent circuit
during that period, where I, is the new load value.

It can be seen that, during this phase, the load current is fully
supplied by the output capacitor, and the output voltage devia-
tion Av,y over one sampling period Ty, ple can be represented
as

T;am 1
ple
A’Uout = _7‘[116\\7' (7)
Cout
Based on this equation, the new current command Zc¢;1_pew [72]
can be estimated as

Tetrlnew 1) = K(e[n] —e[n —1]) (8)

where e[n] — e[n — 1] is the difference between two successive
voltage samples. It is proportional to the output voltage devi-
ation. K is a constant that depends on the quantization bin of
the A/D, the gain of the primary current-sensing circuit Tiample,
and C,y. In a practical implementation, e[n] and e[n — 1] are
taken with a slight delay after a transient occurs, in order to
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eliminate the influence of voltage ringing caused by the capaci-
tor’s equivalent series inductance.

To estimate the new current command after a light-to-heavy
load transient, two v, () samples are taken right after the tran-
sient is detected, and before the auxiliary switches are activated
(during the ¢ to ¢; time interval in Fig. 4). During this brief
period, the equivalent circuit of the converter can be modeled as
shown in Fig. 8(b). Here, the inductor is replaced with a current
source whose value is equal to the pretransient load current,
labeled as I,1q.

Now, the output voltage deviation over one sampling period
is
Lsample (I,

Oout new

and the equivalent expression for the new current command
value becomes

A’Uout - — - Iold) (9)

ictrlmow [’Il] - K(e[n] - e[n - 1}) + ictrl,old [Tl] (10)

where i.(1_o1q[7] is the old steady-state current command. This
was stored in the PI compensator prior the transient. Equations
(7) and (9) indicate that the accuracy of the estimation and the
value of factor K can be affected by variations in the output ca-
pacitance. To eliminate this problem, a self-calibration method
can be employed [30], [49]-[51]. For example, the current esti-
mator can be tuned according to its response to a small known
current step, as described in the sensorless CPM-controlled sys-
tem reported in [49].

To handle multiple nested light-to-heavy load transients, the
A/D of this circuit can be modified as demonstrated in [11].

D. Prevention of Undesired Mode Transitions

Multimode controllers based on threshold voltage monitor-
ing tend to suffer from undesired mode transitions when the
output voltage gradually settles after a transient event [6]—[15].
This problem is avoided by introducing a blanking period after
the transient suppression process is complete. As illustrated in
Fig. 7, during this time, the converter is forced to operate with
the steady-state CPM controller, until the output voltage set-
tles to the nominal value and the error signal e[n] is no larger
than one quantization step of the A/D converter. Meanwhile,
the difference between consecutive samples of the error signal,
e[n] — e[n — 1], is monitored to determine whether a new load
transient has occurred. If the controller detects a sudden change
that results in (e[n] — e[n — 1]) > ern[n], a new transient
suppression process is activated.

IV. ENERGY RECYCLING AND LOSSES
OF THE AUXILIARY SWITCHES

The auxiliary switches Sy—53 (see Fig. 1) of the presented
FTBB converter inevitably introduce extra conduction and
switching losses and result in lower steady-state efficiency when
compared to the conventional buck converter. However, these
losses can be partially or fully compensated due to the ability to
recycle energy in the FTBB converter. As demonstrated in the
following section, for frequent load transients that are character-
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istic for PoL applications, the efficiency of the FTBB converter
can be even better than that of the conventional buck converter.
The range of operation where the FTBB converter has a higher
efficiency than the conventional buck converter can be estimated
using simulations and the following analysis.

As illustrated in Fig. 2, when the auxiliary switches S; and
Sy are turned ON and S is turned OFF during a heavy-to-
light transient recovery, magnetizing current iy, (¢) is steered
back to the input source through the secondary winding of the
transformer. As can be seen from the simulation results in Figs. 9
and 10, the current steering has two positive effects. First, a
portion of energy stored in the inductance is always recycled.
Second, reduced voltage overshoots also result in power savings.
This is because during overshoots, excess power is unnecessarily
delivered to the load.

The amount of energy savings obtained with the FTBB con-
verter strongly depends on the load transient values and the
control methods used. The simulation results in Figs. 9 and
10 show dynamic responses of the conventional buck and the
FTBB converters for different load transients. Both converters
are regulated with minimum-deviation control [16], have the
same equivalent output filter inductances, and the same output
capacitance values.

For heavy to a no-load transient (see Fig. 9), both the con-
ventional buck and the FTBB converters recycle the entire en-
ergy stored in the inductor back to the source and no saving
is achieved, even though the voltage overshoot of the FTBB
converter is much smaller.

For heavy-to-light and heavy-to-medium load transients, the
energy savings become noticeable. As shown in Fig. 10, a
smaller amount or no energy is recycled by the buck converter,
while the FTBB converter recycles a significant amount of en-
ergy. The amount of energy recycled through this mechanism
can be calculated numerically from simulation or measurement
results as

tis
Wrec — /0 V;nineg (t)dt (1 1)
where ;5 is the inductor current settling time, Vi, is the input
voltage, and 7, (?) is the negative portion of the input current.

In addition, for the buck converter, significantly larger than
the nominal energy is delivered to the load due to the larger
overshoot. This excess energy, i.e., overshoot energy, can be

calculated as
Wos = / § (“0“ ()" — Vidur )dt
0 Rnew

where ¢ is the output voltage settling time, Vy gy is the desired
output value, and R, is the new load value.

Based on the previous analysis, the energy savings of the
FTBB converter obtained through current steering can be cal-
culated as

W = (Wrec,FTBB - Wrec,buck) + (Wos,buck - Wos,FTBB)
(13)
where Wiec_prpp and Wiec_puck are the energy recycled
through the inductor current steering for the FTBB and buck
converters, respectively. The terms Wys_prpp and Wos puck

12)
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represent extra energy consumed during the overshoot for both
topologies.

It should be noted that, in order to find fairly accurate wave-
forms of voy¢(t) and 4., (t) during transients, the assistance of
simulation tools or experimental testing might be needed. This
is because both of these waveforms depend on the speed of con-
troller, amplitude and slew rate of the load transient, operating
conditions, and filter components. Most of these relations are

highly nonlinear [18]. Furthermore, the waveforms are also af-
fected by values of parasitic components and system delays that
are often unknown.

On the other hand, the additional power loss caused by the
auxiliary switches can be expressed as

3 3
PAuX = Z Ron-n X Irzms_n + Z PSW_n (14)
n=0 n=0
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where > Ry, X 12, ,, represents the total conduction losses
of switches Sy—S3 and the term X Psw _, accounts for all ad-
ditional switching losses (including gate drive losses). In the
first term, the conduction losses of S are dominant, since this
switch is inside the main current conduction path and is active
most of the time. In the second term, the switching losses of S5
and S3 are dominant due to multiple switching actions during
light-to-heavy load transients.

For frequent load changes, which are typical for PoL appli-
cations, the introduced FTBB converter is more efficient than
the conventional buck converter if the following equation is
satisfied:

w. fload > PAux (15)

where fi,aq is the load changing frequency.

V. EXPERIMENTAL VERIFICATION

The functionality and performance of the FTBB converter are
experimentally verified. The experiments are performed with a
6-to-1-V, 3-W, 390-kHz field-programmable gate array (FPGA)-
based prototype that was designed based on the diagrams as
shown in Figs. 1, 6, and 7. Also, for comparison, a conventional
buck converter with identical components (excluding auxiliary
circuit) was built and tested. The conventional buck converter
is used as a reference in the study due to the fact that it is
almost exclusively used in the targeted PoL applications [52],
[53]. Operation of both converters in steady state is regulated
with the identical CPM controllers and both converters utilize
minimum-deviation control [16] during transients. In the experi-
ments presented in the following sections, the transient detection
error threshold ety [n] of both converters is set to 4 A/D quan-
tization steps. In this case, due to unknown delays and parasitic
components of the system, the threshold value is determined
experimentally. Ideally, for a zero-delay FTBB converter with
very small leakage inductance, the top threshold value could be
the same as the maximum allowable voltage excitation during a
heavy-to-light load transient.

Current sensing in both prototypes is performed by placing
sensing resistors in the current paths of interest, where the sense
resistors for i4(¢) and i¢ (¢) are well matched to provide accurate
comparison. The voltages across the resistors are then amplified.
To minimize the influence of current ringing due to the action
of the switches, short blanking periods immediately following
the switching actions are also introduced.

The design parameters of the prototypes are given in Table I.
And the list of the key components is provided in Table II.

For a possible on-chip implementation, another challenge
would be the requirement for a relatively large number of
current-sensing circuits compared to the conventional buck.
Since not all current-sensing circuits operate at the same time,
a potential solution for minimizing their number could be task-
based multiplexing. In this case, the sensing circuits for 4, ()
and 7, (%) would be replaced by sense FETs [54] in parallel with
switches Sy and S5, respectively.

It should be noted that in the prototypes, the off-shelf buck
inductor and the flyback transformer have almost identical
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TABLE I

SUMMARY OF DESIGN PARAMETERS

Parameter Value
Vi 6V
Vou v
Lioad max. 3 A
LartLigax / Liuek 4.7 uH
Cou 200 pF
ESR approx. 20 mQ
Switching Frequency 390 kHz
Aipaa +3 A

magnetic cores [55], [56] and, consequently, very similar overall
volumes. The flyback transformer has the magnetizing induc-
tance of 4.3 pH and its leakage inductance is 0.4 pH. The
conventional buck converter has a 4.7-uH filter inductor. Both
power converters have a 200-uF output capacitor, with an ESR
of 20 m€).

A. Transient Response

Figs. 11 and 12 compare the heavy-to-light load transient re-
sponses of the two topologies. Both converters are regulated by
minimum-deviation controllers [16], resulting in the smallest
possible output voltage deviation for a given power stage. The
results show that the FTBB converter almost instantaneously
reduces the primary current of the transformer, i.e., capacitor
charging current, to zero. This drastically reduces the output
voltage overshoot from 210 to 70 mV, allowing for a propor-
tional reduction in the output capacitance value. In other words,
to reduce the unacceptably high voltage overshoot in the buck
converter to the level found in the FTBB converter, a capacitor
of 600 uF would be needed in the buck converter prototype.

As described in Section II-B, the sudden reduction in the
capacitor charging current is achieved by redirecting the mag-
netizing current back to the input voltage source, and in the
same process, the energy stored in the inductor is recycled.

Figs. 13 and 14 demonstrate the responses of both converters
for a 3 A light-to-heavy load transient verifying the fact that the
FTBB converter produces a 25% smaller voltage deviation. It
can be seen that, as described in Section II-C, the output volt-
age deviation is reduced by lowering the effective inductance
of the primary side of the transformer to its leakage value and
producing a set of current pulses that reverse the capacitor dis-
charging process. It should be noted that for converters with
relatively small step-down conversion ratios and/or higher out-
put voltages, the improvement in transient response could be
even larger.
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TABLE II
KEY COMPONENT LIST OF THE EXPERIMENTAL PROTOTYPE
Name Manufacturer, Part Number Parameter
Power MOSFET International Rectifier, IRF7821 On-resistance = 10 mr% total gate charge = 9
A/D Analog Device Inc., AD9215 Effective quantization step = § mV
D/A Analog Device Inc., AD9740 Effective quantization step =2 mV
Comparators Linear Technology, LT1719 4.5 ns propagation delay, 0.4 mV input offset
Flyback Transformer Wiirth Elektronik, WE-DD 744873004 Ly=43 puH, Lk~ 04 uH
Cour Murata Manufacturing Co., GRM31CR60J Rese =20 mQ, includiicn(}tg)the sense resistor for
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Fig. 11. Transientresponse of the conventional buck converter fora3 Aheavy-  Fig.12. Transientresponse of the FTBB converter fora 3 A heavy-to-lightload

to-light load transient. (Top) Buck inductor current i, (¢), scale 4 A/div. (Middle)
AC component of the output voltage voyt (%), scale 100 mV/div. (Bottom) Load
step command %),,4 (). Time scale is 20 ps/div.

B. Efficiency Comparison

As discussed in Section IV, the proposed topology introduces
extra conduction losses that can be compensated through the
energy recycling capability. To verify these tradeoffs, the effi-
ciency and power losses of the conventional buck and the FTBB
converters are measured and compared both in steady state and
for frequent load transients.

Fig. 15 shows an efficiency comparison over a 10-100% of
the output load range, for both converters operating in steady
state. It can be seen that the FTBB converter has lower power
conversion efficiency, more noticeable at heavy loads, caused
by the extra switch Sy (see Fig. 1) in the main conduction path.

Figs. 16 and 17 confirm that, for frequently changing loads,
the effect of additional conduction losses can be compensated by
the energy recycling mechanism. The average input and output
powers of both converters P, v, and Py _ave for the case when
the load current changes between 0.5 and 2.5 A with 50% duty
cycle are measured. These measurements are obtained for each
load changing frequency ranging from 100 Hz to 12.4 kHz over
a 100-ms period. The power losses are estimated by comparing

transient. (Top) Primary current i, (¢), scale 4 A/div. (Middle) AC component
of the output voltage vy (t), scale 100 mV/div. (Bottom) Load step command
110ad (). Time scale is 20 ps/div.

Py _ave and Py _ave. The effective efficiency of both converters
is calculated from

Pout_avg

Efficiency = 100% x (16)

in_avg

The results show that for load changing frequency higher than
4 kHz, the losses of the FTBB converter are smaller than that
of the conventional buck converter, fully compensating for the
losses of the extra auxiliary elements. For a load changing fre-
quency of 12.3kHz, the FTBB converter achieves 7% reduction
in power loss, thus 1.5% improvement in effective efficiency,
compare to the buck converter prototype. For on-chip integrated
PoL converters operating at much higher switching frequencies
and undergoing more frequent load changes, it can be expected
that this recycling mechanism can provide even greater energy
savings.

The main factors that limit the switching frequency of the
experimental prototype are the delays of discrete components.
These include the delays of the current-sensing circuits, A/D
converter, and the FPGA system. Possible on-chip implemen-
tation of this system would allow operation at much higher
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FTBB converters under frequently changing load conditions.

switching frequency and minimize delay effects. It could be
based on the architectural solutions presented in [57] demon-
strating an on-chip integrated 10-MHz buck converter regulated
by a mixed-signal CPM controller.

VI. CONCLUSION

This paper presented an FTBB converter and a complemen-
tary controller that can overcome the current slew-rate limita-
tions of the conventional buck converter. In the FTBB converter,
the conventional inductor is replaced with a flyback transformer,
with approximately the same magnetic core size and a set of aux-
iliary switches. During heavy-to-light load transients, the mag-
netizing current is steered back to the input voltage source. In
this way, the overcharging of the output capacitor is eliminated
and the voltage overshoot is drastically reduced. At the same
time, the energy stored in the magnetic component is recycled.
Both of these improvements significantly reduce energy losses
associated with the transient operation. The transient switching
sequence is performed such that the maximum blocking voltage
of all switching components in the circuit is no larger than the
input voltage. The combination of limited blocking voltage and
energy recycling ability makes the FTBB converter well suited
for PoL applications. With a frequently changing load, the losses
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caused by the additional switches can be partially or fully com-
pensated. During light-to-heavy load transients, the equivalent
inductance, seen at the transformer primary winding, is reduced
to its leakage inductance value, allowing a significant increase
in the current slew rate. The operation of the FTBB converter
is governed by a modified mixed-signal CPM controller that
provides minimum voltage deviation and seamless transitions
between the modes. The smooth transition between steady state
and transient modes is achieved through a simple transient cur-
rent estimation, based on the analysis of the difference between
the output voltage error samples. The effectiveness of the FTBB
concept is verified through a comparison with an equivalent
buck converter. The comparisons confirm that the FTBB con-
verter results in a drastic improvement of transient performance
and, for frequently changing loads, improved power conversion
efficiency.
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