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ABSTRACT A control circuit for the auxiliary buck/boost converter was designed and implemented to
improve the load transient response of the buck converter. The circuit shapes the auxiliary inductor current
in the critical conduction mode through peak current mode control. The soft-switching operation of the
auxiliary switches minimizes the power loss and thus increases the efficiency of the auxiliary converter.
Along with the design guidelines and estimated power loss to improve the performance of the proposed
control technique, the implementation of the control circuit is explained in detail. Simple analog ICs such as
operational amplifiers and comparators, and a couple of logic gates suffices the realization of the proposed
control. A prototype buck converter whose input voltage, output voltage, and switching frequency were 15 V,
3.3 V, and 200 kHz, respectively were tested with the implemented control circuit to verify the performance
of the proposed control technique.

INDEX TERMS Buck converter, load transient response, capacitor charge balance, critical conductionmode,
peak current mode, soft switching.

NOMENCLATURE

A. COMPONENTS, VOLTAGES, AND CURRENTS OF THE

CONVERTER SYSTEM
1iO magnitude of the output current variation
1vO deviation of output voltage
CO output capacitor of the main buck converter
Coss equivalent output capacitance of the auxiliaryMOS-

FETs
iL1 main inductor current
iL2 auxiliary inductor current
iO load current
L1 main inductor
L2 auxiliary inductor
Qi ith MOSFET
Rs resistance for current sensing
vdsi drain-source voltage of ith MOSFET
vgsi gate-source voltage of ith MOSFET

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhixiang Zou .

Vin input voltage of the converter
vO output voltage of the converter
VO DCcomponent of the output voltage of the converter

B. PARAMETERS IN TIME-DOMAIN WAVEFORM AND

CONTROL CIRCUIT
1td time delay between the load current transition and

the first turn-on of auxiliary MOSFET
A0 trapezoidal area between iL1 and iO curves during

1td in the time domain
Ai ith area between iO and iL1+iL2 in the time domain
D0 pulse signal generated by conventional voltage-

mode controller to control Q1 and Q2
D1 output signal of SR latch to control Q3
D2 output signal of SR latch to control Q4
kn coefficient to determine the magnitude of Nenv

when iO steps down
kn1 gain of op-amp 3
kn2 gain of op-amp 5
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kp coefficient to determine the magnitude of Penv
when iO steps up

kp1 gain of op-amp 2
kp2 gain of op-amp 4
Nenv envelope that determines the peak values of iL2

when iO steps down
Nfirst pulse signal to trigger the first turn-on of Q4 when

iO steps down
Nn number of switching cycles of the auxiliary

MOSFETs when iO steps down
Np number of switching cycles of the auxiliary

MOSFETs when iO steps up
Ntrig flag signal for the transient caused when by

stepping-down iO
P0 pulse signal input to gate driver to driveQ1 andQ2
P1 pulse signal input to gate driver to drive Q3
P2 pulse signal input to gate driver to drive Q4
Penv envelope that determines the peak values of iL2

when iO steps up
Pfirst pulse signal to trigger the first turn-on of Q3 when

iO steps up
Ptrig flag signal for the transient caused by stepping-

up iO
Toff OFF-time of the auxiliary MOSFET
Ton ON-time of the auxiliary MOSFET
tres half resonant period between Coss and L2
Tt duration of the load transient period
Vref reference output voltage in the voltage-mode con-

trol loop

I. INTRODUCTION

Switch-mode power supplies for microprocessors and digital
signal processors are required to tightly regulate the output
voltage during the load transient. Beginning with the time-
optimal control (TOC) of the buck converter to minimize the
output voltage fluctuation without the aid of auxiliary circuit
components [1], various control schemes have been reported
to improve the load transient response.
Studies [2]–[6] utilize resistive auxiliary circuits for its

simple structure and control. The auxiliary switched parallel
inductor [2] and the auxiliary switched resistor [3], [4] sup-
presses the output voltage fluctuation at the cost of reduced
efficiency during the load transient. The increased electro-
magnetic interference (EMI) owing to the high di/dt of the
auxiliary switches is another drawback of these techniques.
The auxiliary inductor in parallel with the bidirectional
switches achieves the capacitor-charge-balance (CCB) to
lessen the output voltage deviation during the load tran-
sient [5], [6]. However, these control methods require com-
plicated control circuits and impose a heavy computational
burden on the digital integrated circuit (IC). Additionally,
the freewheeling current through the resistor degrades the
efficiency.
Nonresistive auxiliary circuits improve the dynamic

response as well [7]–[25]. The average current mode control

of a parallel buck converter has been proposed to reduce the
settling time of the output voltage [7]. The tapped induc-
tor [8], [9] and the coupled inductor [10], [11] achieves
rapid transient response despite their complicated magnetic
design. An optimally scaled auxiliary circuit has enhanced
the dynamic response by combining the concepts of the TOC
and auxiliary buck/boost converter [12]. The flying-capacitor
three-level buck converter [13] reduces the voltage stress on
the switches and increases the slope of the inductor current
during the transient, which reduces the output voltage devia-
tion. Another auxiliary inductor [14], [15] employs the soft-
switching by the resonance with extra capacitors. However,
the auxiliary switches must operate in different ways as the
load current increases or decreases, and this may require a
complicated control circuit.
The high-frequency switching controllers of the auxiliary

circuit have been described in previous papers [16]–[24].
A buck/boost converter was proposed [16] to achieve a
fast response by employing the output impedance correc-
tion circuit. This concept was later extended to the multi-
phase buck converter with the peak current mode (PCM)
control [17]–[18]. Works shown in [19]–[21] control the
average current of the auxiliary inductor to secure CCB dur-
ing the load transient. An adaptive slope control discussed
in [22]–[24] also maintains the CCB to further improve the
load transient response. Similarly, the flyback-transformer-
based buck converter [25] enhances the transient recovery
by increasing the slope of the inductor current, particularly
in the unloading transient. These control techniques require
high-speed sensors and high-performance digital ICs, which
increases the complexity and cost of the controller.
This paper presents peak-current-controlling the inductor

current of the auxiliary buck converter in critical conduction
mode (CRM). This control technique has the two represen-
tative advantages: the robustness of the output voltage to
the step load transients, and the soft turn-on of the auxiliary
MOSFETs to attenuate the power loss and switching noise.
The proposed technique is suitable to where stringent output
regulation is required with frequent load current variation,
e.g., point-of-load converter.
The prior arts [19]–[24] are similar to the proposed tech-

nique since they also control the inductor current of the aux-
iliary buck converter. The proposed technique outperforms
these approaches by improving the efficiency of the auxiliary
converter while maintaining the same dynamic performance.
The original concept of the proposed control has firstly

been addressed in [26]. This paper focuses on the analysis and
implementation of the control circuitry with comprehensive
explanations. A laboratory prototype was built employing
analog devices such as operational amplifiers (op-amps),
comparators, and logic gates. For simplicity, digital proces-
sors or complicated arithmetic ICs were not utilized. The rest
of this paper is organized as follows: Section II describes the
operation of the auxiliary converter by the proposed control.
Section III shows the design and verification by simulation
of the control circuit for the optimal dynamic performance.
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FIGURE 1. (a) Main buck converter (Q1, Q2, and L1) and auxiliary buck/boost converter (Q3, Q4, and L2). Switches Q3 and Q4 are operated by the
proposed auxiliary current control. (b) Simplified control circuit diagram of the proposed control technique.

The implementation and signal processing of the control
circuit is discussed in Section IV. The experimental results
and conclusions are in Sections V and VI, respectively.

II. OPERATION PRINCIPLES OF PROPOSED AUXILIARY

CURRENT CONTROL TECHNIQUE

Fig. 1(a) presents the main buck converter (Q1, Q2, and L1)
and auxiliary buck/boost converter (Q3,Q4, and L2, drawn by
red lines) connected in parallel. In the steady-state,Q1 andQ2
are operated by the voltage mode controller (VMC) and Q3
andQ4 are kept OFF. During the load transient,Q3 andQ4 are
activated to control iL2 and improve the transient response.
Switches Q1 and Q2 are fully kept ON or OFF during the
transient. Fig. 1(b) shows the functional block diagram of the
proposed control. The blocks in red, e.g., generating enve-
lope, detecting transient period, and detecting valley of vds3
and vds4, are the genuine parts to realize the proposed control.
These components are explained in detail in Section IV.
The key voltages and currents of the proposed control

are shown in Fig. 2. During the transient period caused by
stepping-up iO at t1–t5, Q1 is kept ON and Q2 is kept OFF
as shown in Fig. 2(a). The auxiliary converter works as a
PCM-controlled buck converter in CRM. The proposed con-
trol shapes iL2 into a triangular wave under a positive enve-
lope, Penv. The switching period of the auxiliary converter
consists of the three following switching states:

• Inductor-charging state such as t1–t2: Current iO is
stepped up at t1; Q3 is turned ON and iL2 increases
linearly.

• Inductor-discharging state such as t2–t3: When iL2
reaches Penv at t2, Q3 turns OFF and iL2 decreases and
freewheels through the body diode of Q4. Switch Q4
can be ON as a synchronous rectifier (SR) to reduce the
conduction loss.

• Resonant state such as t3–t4: When iL2 reaches zero at
t3, Coss and L2 start resonating. Switch Q3 turns ON
again at t4, when vds3 is minimum. During this state,
the fluctuation of vO is assumed to be negligible.

These states repeat Np times until the steady-state operation
resumes and VMC regains control at t5. The switching loss
of Q3 is minimized through valley switching. Switch Q3 may
turn ON with zero voltage if Vin ≤ 2VO.
When iO is stepped down, the auxiliary converter operates

as a PCM-controlled boost converter in CRM as shown in
Fig. 2(b). Switch Q4 acts as the main switch of the auxiliary
boost converter to generate the triangular wave shapes of iL2
over a negative envelope, Nenv. The switching period of the
auxiliary converter also consists of three switching states:

• Inductor-charging state such as t6–t7: Current iO
decreases at t6; Q4 then turns ON, and iL2 linearly
decreases from zero. Note that the negative iL represents
that the auxiliary converter works like a boost converter.

• Inductor-discharging state such as t7–t8: When iL2
reaches Nenv at t7, Q4 turns OFF and iL2 increases and
freewheels through the body diode ofQ3. SwitchQ3 can
be ON as the SR to reduce the conduction loss.

• Resonant state such as t8–t9: When iL2 becomes zero at
t8, Coss and L2 resonate. SwitchQ4 turns ON again at t9,
when vds4 is zero. During this state, the vO variation is
assumed to be negligible.

These states are repeated Nn times until the steady-state oper-
ation resumes andVMC recovers the control at t10. SwitchQ4
turns ON with ZVS if Vin > 2VO, while Q1 is fully OFF and
Q2 is fully ON.
The main switches are assumed to be OFF when the

transient period begins, i.e., Q1 and Q2 are OFF at t1 and
t6, respectively, for the simple explanations. However, shap-
ing iL2 by the proposed control technique is unaffected by
the switching states of Q1 and Q2 at the beginning of the
transient period. For example, if Q1 has been ON until t1
as shown in Fig. 3, Q1 keeps its ON-state by the proposed
control though iO changes at t1. Note that the waveform vgs1
in Fig. 3 is described by different patterns: the hashed area
means that Q1 is turned ON and OFF by the VMC block in
Fig. 1(b); the shaded area indicates that Q1 is controlled by
the proposed control or the red blocks in Fig. 1(b). Similarly,
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FIGURE 2. Key voltages and currents of proposed auxiliary current control: (a) when iO is stepped up and Np = 3; (b) when iO is stepped down
and Nn = 3.

Q1 is kept OFF and Q2 is kept ON regardless their previous
ON/OFF state at the instant when iO is stepped down.
Limiting switching cycles Np and Nn are required to avoid

an excessive switching frequency and switching loss of Q3
and Q4. If the voltage gain of the main buck converter is
less than 0.5, the negative transient period t6-t10 is longer
than the positive period t1-t5, and thus Nn is larger than Np.
In this study, Np and Nn were empirically set to 4 and 10,
respectively, when 1IO step-changes between 4 A and 15 A.

The cycle-by-cycle CCB of the proposed control is
explained with Fig. 4. Area Ai represents the amount of
charge that is charged to or discharged from CO, to which
the vO deviation is proportional. The coefficient kp is set to
maintain the CCB of CO in each switching cycle, as follows:

Ai + Ai+2 = Ai+1 (i = 1, 5, 9, · · ·) (1)

The area Ai+3 is not included in (1) because it is smaller
enough than Ai, Ai+1, and Ai+2 in practical implementation.
Section III presents the derivation of kp in detail. The under-
shoot 1vO is solely determined by A1 as in (2).

1vO =
A1

CO
=

1I2OL1L2

2CO (L1 + L2) (Vin − VO)
(2)

In practice, the overshoot or undershoot of vO also depends
on the instant of load change within the switching period of
the main converter. For example, if iO steps up while Q1 is
ON as illustrated in Fig. 3, 1vO’ is added to 1vO to induce
larger undershoot than shown in Fig. 2(b). However, 1vO’
is generally smaller enough than 1vO and thus negligible
thanks to the large capacitance of CO.

The proposed technique is realizable in the multi-phase
buck converters connected in parallel. The operation of the
auxiliary converter can be emulated by idle-state phase con-
verters, modulating the amplitude of envelopes along with the
corresponding auxiliary inductance.

III. ANALYSIS OF PROPOSED AUXILIARY CURRENT

CONTROL TECHNIQUE

A. HEIGHT OF ENVELOPE FOR CAPACITOR

CHARGE BALANCE

As discussed in Section II, the amplitude of iL2 when iO steps
up is modulated by Penv as shown in Fig. 2(a). The height
of Penv is equal to (kp+1)1IO, and kp is derived from the
geometry of the iL1 + iL2 and iO shown in Fig. 4 to satisfy the
cycle-by-cycle CCB or (1). The slopesm1–m4 and lengths j1,
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FIGURE 3. When iO is stepped up while Q1 is ON at t1.

FIGURE 4. Current waveforms when iO is stepped up to derive kp; time
1td and area A4 are inflated for clarity.

j2, and h1 satisfy (3)-(6) if the time delay 1td is zero. During
the transient, the output voltage vO is assumed to be constant
with no ripple and denoted as VO.

m1 =
Vin − VO

L1
=

1IO

j1 + j2
(3)

m2 =
Vin − VO

L2
+ m1 =

1IO + h1

j1
(4)

m3 = −
VO

L2
+ m1 (5)

m4 = −kpm1 = −
h1

j2
(6)

By manipulating (3)–(6), the height of A2, h1, is derived
as (7).

h1 =
kp1IOL1

L1 +
(

1 + kp
)

L2
(7)

Eq. (8) is also true based on the geometry of Fig. 4.

h3 = 1IO − h2 =

(

1IO + h1

m2
−

h1

m3
+

h1

m3

)

m1 (8)

Substituting (7) into (8) yields (9).

h2 =
1IO

VO

L1VO − (Vin − VO)
(

1 + kp
)

L2

L1 +
(

1 + kp
)

L2
(9)

Combining (3)-(6), (8), and (9) find that kp is a function of
Vin, VO, L1, and L2, and is independent from 1IO as in (10).

kp =
L1VO − L2 (Vin − 2VO)

L1VO + L2 (Vin − 2VO)
(10)

The other constant kn that determines the height of Nenv when
iO is stepped down is obtained by similar manner as shown
in (11).

kn =
L1 (Vin − VO) + L2 (Vin − 2VO)

L1 (Vin − VO) − L2 (Vin − 2VO)
(11)

B. ENVELOPE CONSIDERING TIME DELAY

In practical implementation, the first turn-on of Q3 may be
delayed by the time 1td from the instant that iO steps up
as shown in Fig. 4. The area of the trapezoid A0 in Fig. 4 is
expressed by (12).

A0 =

(

1IO −
1td

2
m1

)

1td (12)

The condition to meet the CCB in the first switching cycle
becomes as in (13), neglecting A4.

A0 + A1 − A2 + A3 = 0 (13)

Eqs. (7) and (9) are rederived with nonzero 1td as (14) and
(15), respectively.

h1 =
kp (1IO − 1tdm1)L1

L1 +
(

1 + kp
)

L2
(14)

h2 =
(1IO−1tdm1)

VO

L1VO−(Vin−VO)
(

1+kp
)

L2

L1+
(

1+kp
)

L2
(15)

For nonzero 1td , kp does depend on 1IO. Fig. 5(a) shows
the plot of kp and kn for various VO under the conditions pre-
sented in Table 1. The plots are symmetric with respect to the
vertical line VO = Vin/2 (7.5 V in this study) when 1td = 0,
because m2 and m3 are interchanged between the step-up and
step-down cases of the load transient. Fig. 5(b) shows kp and
kn versus 1IO when the parameters in Table 1 are employed.
When 1td = 0, kp and kn are constant because they are
independent of 1IO, as expressed by (10) and (11). The
nonzero 1td increases both kp and kn. This increase becomes
considerable when 1IO is relatively small, and negligible
when 1IO is sufficiently large.
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FIGURE 5. kp (solid curves) and kn (dotted curves) under conditions defined in Table 1: (a) versus vO; (b) versus 1IO.

TABLE 1. Circuit parameters of simulation and experiment.

C. SIMULATION

Fig. 6 shows vO, iO, and iL1 + iL2 of the proposed auxiliary
current control with various 1td simulated by LTspice XVII
under the conditions defined in Table 1. The minimum time
step of 5 ns and an alternate solver were used in the simu-
lation. According to Fig. 5(a), kp should be 0.77, 0.83, and
0.88 when1td is zero, 1µs, and 2µs, respectively. Similarly,

kn should be 1.07, 1.13, and 1.18 for zero, 1-µs, and 2-µs
1td , respectively, as marked in Fig. 5(b). However, kp and kn
were set to be slightly smaller than these values to avoid the
overcompensation of vO.
Fig. 7 compares 1vO of the VMC, TOC, and proposed

control. The closed loop of the was designed to have 78.6◦

phase margin at the 12-kHz cutoff frequency by the PID
type-3 compensator. When 1IO = 11 A (4 A to 15 A)
and 1td = 1.2 µs as shown in Fig. 7(a), the proposed
control presented a 64-mV 1vO. This value is much smaller
than the those by TOC (211 mV) and VMC (321 mV).
The settling time of the proposed method was as small as
14.5 µs, which is equivalent to 48% of that achieved by
TOC (28.3 µs) and 78% of that achieved by VMC (68.2 µs).
When iO is stepped down (1IO = 11 A, 15 A to 4 A)
and 1td = 0.5 µs, the proposed control technique, TOC,
and VMC achieved 62-mV, 666-mV, and 731-mV 1vO,
respectively. The settling time of the proposed control was
29.4 µs while TOC and VMC showed 57.2 µs and 77 µs,
respectively.

The dynamic performance of the proposed control was
qualitatively compared with that of conventional auxil-
iary converter control methods. Fig. 8 shows the wave-
form of the stepping-up iO and corresponding iL1 + iL2 of
the proposed method, controlled auxiliary current (CAC)
scheme [19]–[21], and current-programmed mode (CPM)
scheme [22]–[24] with the same L2 and 1td . Obviously,
the areaA1 determines1vO. The proposed and CPM schemes
are expected to have the same 1vO, while the CAC control
should exhibit larger 1vO.

D. ESTIMATED POWER LOSS OF THE

AUXILIARY CONVERTER
In this section, the estimated power losses of the aux-
iliary converters are compared. The CAC [19]–[21] and
CPM [22]–[24] schemes were again selected as the
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FIGURE 6. Simulated response of proposed control when the parameters in Table 1 are employed: (a) when iO increases from 4 to 15 A,
Np = 4 − 5, and 1td = 0, 1 µs, and 2 µs; (b) when iO decreases from 15 to 4 A, Nn = 10-12, and 1td = 0, 1 µs, and 2 µs.

FIGURE 7. Simulated responses of proposed control, TOC, and VMC when the parameters in Table 1 are employed: (a) when iO increases
from 4 to 15 A, Np = 4, and 1td = 1.2 µs; (b) when iO decreases from 15 to 4 A, Nn = 10, and 1td = 0.5 µs.

FIGURE 8. Comparison of current waveforms: (a) proposed control; (b) CAC control [19]–[21]; (c) CPM control [22]–[24].

conventional counterparts due to their similarity to the pro-
posed control: nonresistive auxiliary circuits and the auxil-
iary current that is controlled to satisfy CCB. All conditions

except that the constant switching frequency of the CAC and
CPM is 2 MHz were held the same with the proposed method
for a fair comparison.
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FIGURE 9. Comparison of estimated total power loss of auxiliary circuit versus magnitude of current load variation; conduction loss of lines (blue
dashed curves); switching loss (red solid curves); gate drive loss (green dotted curves): (a) proposed control; (b) CAC control [19]–[21]; (c) CPM
control [22]–[24].

FIGURE 10. Comparison of estimated power loss of auxiliary circuit associated with proposed, CAC [19]–[21], and CPM control [22]–[24]: (a) total
power loss when the load current steps up and down by the same magnitude, 1IO. (b) when iO is stepped up; (c) when iO is stepped down.

Fig. 9 shows that the conduction (blue dashed curves),
switching (red solid curves), and gate drive loss (green dotted
curves) of the investigated control methods under variable
loading. The losses depend on the control scheme, 1IO.

• Gate drive loss: The gate drive loss of the proposed
control was approximately half the gate drive loss of
CPM owing to the lower number of switching cycles.
To compare the proposed scheme to CAC, the number of
active auxiliary MOSFETs should first be counted. Two
MOSFETs operate during the transient in the proposed
scheme, while only one MOSFET operates in CAC.
However, the proposed scheme had a slightly smaller
gate driver loss because the number of switching cycles
of the proposed control, Np or Nn, was much less than
that of CAC.

• Switching loss: The proposed control achieves the low-
est power loss among the control schemes thanks to its
zero-voltage or soft switching and the limited number of
switching cycles of the auxiliary converter. Regardless
of 1IO, the proposed method maintained switching loss
around 0.5 W, which is smaller than those of CAC
and CPM. The switching loss reduction becomes more
evident as 1IO increases. In the case of 11-A 1IO,
the estimated switching loss of the proposed control was
0.52 W while those of CAC and CPM were 3.38 W and
3.41 W, respectively.

• Conduction loss: The proposed control presents the
larger conduction loss than CAC and CPM. This is

analogous to the feature of CRM and continuous-
conduction-mode operations of general DC-DC convert-
ers. However, the comparison of the total loss reveals
that the soft switching saved more power than this
increased conduction loss.

The total loss of the control methods for various
1IO is plotted in Fig. 10(a), and broken down into
Fig. 10(b) and 10(c) to show the losses at step-up and -down
of iO separately. Again, the proposed control scheme exhib-
ited the lowest loss owing to the soft switching ofQ3 and ZVS
ofQ4. The equations used to estimate the auxiliary circuit loss
are presented in Appendix.

IV. IMPLEMENTATION OF THE PROPOSED CONTROL
The proposed control can be realized in various ways. In this
study, the analog control circuit shown in Fig. 11 was built for
experimental verification. The names of the IC parts are listed
in Table 1. The currents iO, iL1, and iL2 were sensed by 2-m�

shunt resistances, Rs. The AND and OR logics were realized
by combiningmultiple NANDgates presented in Table 1. The
signal processing in Fig. 11 is explained block-by-block.

A. VOLTAGE MODE CONTROLLER
In the steady-state operation, the auxiliary converter is
idle and only the main converter works. The VMC was
implemented for the steady-state control of the main con-
verter by TL5001 and its peripheral circuits. The dynamic
response of the closed-loop gain was the same as that in the
simulation described in Section III-C.
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FIGURE 11. Prototype circuit to realize the proposed control technique.

B. SENSING iL AND GENERATING ENVELOPES

The gains of op-amps 2 and 3 are denoted as kp1 and kn1 and
expressed in (16) and (17), respectively.

kp1 =
(

1 + kp
)

kp2 (16)

kn1 = (1 + kn) kn2 (17)

In (16) and (17), kp2 and kn2 are the gains of op-amps 4 and
5, respectively.
With the unity gain, the output of op-amp 1 is equal to

iL1Rs. The voltage vs1, which is equal to iORs, is the input
to op-amps 2 and 3 to generate Penv and |Nenv|. The currents
in the power stage and the envelopes have the relationship as
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FIGURE 12. Control signal waveforms of proposed control scheme: (a) when iO is stepped up (Np = 3); (b) when iO is stepped down (Nn = 3).

FIGURE 13. Photograph of experimental prototype circuit.
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FIGURE 14. Response of proposed control technique; trace iO (magenta) is in 10 A/div.; trace iL1 + iL2 (red) is in 20 A/div.; trace vO (blue) is in
2 V/div.; trace vO(AC) (green) is in 500 mV/div. With AC coupling; time scale is 10 µs/div. (a) When iO was stepped up from 4 A to 15 A with Np = 4.
(b) when iO was stepped down from 15 A to 4 A with Nn = 10.

FIGURE 15. Experimental waveforms of proposed control technique; trace iO (magenta) is in 10 A/div.; trace iL1 + iL2 (red) is in 20 A/div.; trace vO
(blue) is in 100 mV/div. With AC coupling; trace vds3 or vds4 (green) are in 10 V/div. (a) when iO was stepped up from 4 A to 15 A with Np = 4; time
scale is 2 µs/div. (b) when iO was stepped down from 15 A to 4 A with Nn = 10; time scale is 3 µs/div.

shown in (18) and (19).

Penv = (iO − iL1)Rskp1 (18)
|Nenv| = (iL1 − iO)Rskn1 (19)

C. DETECTING THE LOAD CURRENT VARIATION

Envelopes Penv and |Nenv| are fed into the hysteresis com-
parators 1 and 2, respectively. The feedback resistors of the
comparators were tuned to set the number of switching cycles
of the auxiliary converter, Np and Nn. The outputs of the
comparators, Ptrig and Ntrig, are active-low: the auxiliary
converter is activated when Ptrig or Ntrig is low.

The first turn-on of Q3 when iO stepped up is triggered by
Pfirst which is generated by Ptrig. The RC filter and AND gate
connected to the output terminal of comparators 1 and 2 form
a falling-edge-triggered monoflop. Similarly, the first turn-on
of Q4 when iO stepped down is realized by Nfirst .

It is important to generate Pfirst and Nfirst as quickly as
possible to minimize 1td and thus 1vO as mentioned in
Section III-B. In the analog implementation described in this
paper, 1td depends on the dynamic characteristics of the
op-amps, comparators, and logic gates.
The signal Ttrig is made by NANDing Ptrig and

Ntrig and used in the signal routing and gate driving
block.

D. SENSING iL2 FOR THE SOFT-SWITCHING

The second and subsequent turn-ons of the auxiliary switches
are controlled to enable the soft switching. For example,
turning ON Q3 begins by sensing iL2 through a coupled
inductor L3. The output signal of comparator 5 is fed into a
logic inverter and RCfilters that compose another monoflops.
The resistors and capacitors were tuned as 100 � and 1 nF,
respectively, to generate the delay tres in (20) to ensure the
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soft switching of Q3 or Q4.

tres ∼= π
√

L2Coss (20)

Turning OFF Q3 and Q4 during the transient period was
realized by op-amps 4 and 5 and comparators 3 and 4.
The output of the op-amps 4 and 5 is proportional to iL2,
as expressed by (21) and (22).

(output of op-amp 4) = iL2Rskp2 (21)

(output of op-amp 5) = −iL2Rskn2 (22)

The output of op-amp 5 is positive because iL2 is negative
during the transient caused by stepping-down iO in (22).
If the output of op-amp 4 exceeded Penv, Q3 is turned OFF.
Similarly, Q4 turns OFF when the output of the op-amp 5
touches |Nenv|.

E. MAIN SIGNAL ROUTING AND GATE DRIVING

During the steady-state operation, the gate signals for Q1 and
Q2 are produced by the output of VMC, D0. When the load
transient is detected, fully-OFF command (0 V) or fully-on
command (5V) overridesD0 by the single-pole-double-throw
switches controlled by Ttrig and Ntrig. This overridden signal,
P0, which is 5 V when iO is stepped up or 0 V when iO
is stepped down, is transmitted to the gate driver IR2111.
Voltages vgs1 and vgs2 are complementary with a fixed dead
time of 650-ns of IR2111.

F. AUXILIARY SIGNAL ROUTING AND GATE DRIVING

Voltages vgs3 and vgs4 are generated during the transients only.
The outputs of the SR latch,D1, andD2, are routed to the gate
driver by Ptrig andNtrig. Unlike vgs1 and vgs2, vgs3 and vgs4 are
not complementary but rather independent of each other. For
example, the time interval tres in (20) should exist between the
falling edge of vgs4 and the rising edge of vgs3 for the valley
switching of Q3 when iO steps up. A high-side gate driver
IRS2011 was used to produce vgs3 and vgs4.

Fig. 12 shows the key signal waveforms of the control
circuit in Fig. 11 during the transient. The low state of the
signals is 0 V. The high state of the signals, except P1 and P2,
represents 5 V, while those of P1 and P2 are 15 V.

The top view of the experimental prototype circuit is shown
in Fig. 13. The prototype was configured using discrete
analog ICs, such as op-amps, comparators, and logic gates,
as presented in Table 1. The main gate driver was assembled
on the bottom surface of the 4-layer PCB. Digital proces-
sors or complicated arithmetic ICs were not used. Realization
of the variable load current is explained in the Appendix.
Note that Q3 and Q4 merely affect the power density.

Generally, the power density of a converter is degraded not
by the semiconductor devices themselves but by their cooling
devices such as bulky heat sinks and fans. In the proposed
control technique, the operating temperature of Q3 and Q4 is
limited by two rationales: one is the low-loss soft switching,
and the other is the limited number of switching cycles within
a short time interval, i.e., transient operation. This allows Q3

FIGURE 16. Experimental waveforms of proposed control technique to
investigate the operation of Q4. (a) Transient operation when iO was
stepped down from 15 A to 4 A. Traces iO (magenta) and iL2 (red) are
in 10 A/div.; traces vds4 (blue) and vgs4 (green) are in 5 V/div.
(b) Zoomed-in waveform of iL2. (c) Zoomed-in waveform of vds4 and vgs4.

and Q4 to have small or even no heat sinks to minimize the
impact on the power density.

The main MOSFETs Q1 and Q2 may need heat manage-
ment for the continuous operation, unlike the Q3 and Q4.
However, Q1 and Q2 in Fig. 13 did not employ any cooling
devices such as heat sinks because the operation of the pro-
totype was limited less than a couple of seconds, which are
enough to test the load transient.

V. EXPERIMENTAL RESULTS

Fig. 14 shows the experimental results for iO (magenta
trace), iL1 + iL2 (red), and vO (blue) of the proposed
control scheme when iO was stepped up (Fig. 14(a)) and
down (Fig. 14(b)), respectively. The waveforms of the
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FIGURE 17. Switched resistor to realize iO.

output voltage were approximately constant during the load
transient.
Fig. 15 shows the experimental waveform of iO (magenta

trace), iL1 + iL2 (red), vO (blue), and vds3 and vds4 (green)
of the proposed control scheme when iO was stepped
up or down, respectively. The delay 1td was 1.2 µs at
step-up and 0.5 µs at step-down as in the simulation dis-
cussed in Section III-C. The waveshapes are analogous to
the simulated ones shown in Figs. 7(a) and 7(b) with Np =

4 and Nn = 10, respectively. The measured undershoot
of 45 mV in Fig. 15(a) is smaller than the simulated under-
shoot of 64 mV in Fig. 7(a), because iO did not transition in
a perfect step. The settling time was 14 µs, which is similar
to the simulated time of 14.5 µs in Fig. 7(a). As can be seen,
Q3 valley-switched to reduce the switching loss and noise.
In Fig. 15(b), the measured overshoot of 48 mV and settling
time of 27 µs were also smaller than the 62 mV and 29.4 µs
in Fig. 7(b), for the same reason as when iO was stepped
up. The Q4 was zero-voltage-switched, which reduced the
switching loss and noise during the load step-down transient.
The lossless turn-on of Q4 when iO steps down is further

verified by Fig. 16. Traces of Fig. 16(a) are iO (magenta
trace), iL2 (red), vds4 (blue), and vgs4 (green). One can
observe the positive iL2 in the zoomed-in waveform shown
in Fig. 16(b). This positive current discharges Coss to enable
the ZVS ofQ4. Another clue of ZVS is that vds4 becomes zero
before the rising edge of vgs4 occurs as shown in Fig. 16(c).

VI. CONCLUSION

Control technique of the auxiliary buck/boost converter was
implemented to improve the load transient response of the
main buck converter. The proposed scheme shapes the aux-
iliary inductor current by PCM in CRM. It minimizes both
the overshoot/undershoot of the output voltage and the power
loss of the auxiliary circuit through the zero-voltage- or soft-
switching auxiliary switches. The calculated power loss of
the proposed method is 45%-60% of those of conventional
control methods such as CAC and CPM.
A control circuit was built by combining op-amps,

comparators, logic gates, and other passive peripheral

components. No digital ICs or complicated arithmetic ana-
log ICs were used for the simplicity of the hardware. This
control circuit was tested with the prototype buck converter
of which input voltage, output voltage, and the switching
frequency (main buck converter) is 15 V, 3.3 V, and 200 kHz,
respectively. Experimental results were coherent with the
simulation: when the load current was stepped up from 4 A
to 15 A, the undershoot was 45 mV and the settling time was
14 µs; when the load current was stepped down from 15 A to
4 A, the overshoot was 48 mV and settling time was 27 µs.
During the transition, all the auxiliary switches maintained
the soft switching.

APPENDIX

As mentioned in Section III-D, the power losses of the
auxiliary circuit can be categorized into three: conduction,
switching, and gate drive loss.

A. CONDUCTION LOSS

Conduction loss, Pcon(aux), occurs at the junction of Q3 and
Q4, and the winding of L2 is express in (23).

Pcon(aux) = I2Q1(rms)
Ron1+I

2
Q2(rms)

Ron2+I
2
L2(rms)

RL2 (23)

where IQi(rm), and Roni are the root-mean-square (RMS) cur-
rent and ON-state resistances of ith MOSFET, respectively.
The conduction loss of the body diodes is assumed to be
negligible because Q3 during the step-down transient and Q4
during the step-up transient operate as SR. Literals IL2(rms)
and RL2 are the RMS current and equivalent series resistance
of the auxiliary inductor, respectively.

B. SWITCHING LOSS

The switching losses (Psw(aux_high) and Psw(aux_low)) for
the auxiliary MOSFETs in the proposed control can be
derived using (24) and (25). Because the first switching
of the proposed control is a hard turn-on, the first terms
on the right-hand side of (24) and (25) are explicitly
expressed. The turn-on switching loss of the auxiliary high-
side MOSFET turns ON with valley switching and appears
as the second term in (24). The turn-on switching loss of the
auxiliary low-side MOSFET is assumed zero owing to the
ZVS. In the CAC and CPM, the auxiliary MOSFETs turn
ON with hard switching and their switching losses can be
obtained using (26) and (27).
In (24)-(27), as shown at the top of the next page, Tt , N ,

Ton, and Toff are the load transient period, number of switch-
ing cycles, time duration of ON-transition, and time duration
of OFF-transition of the auxiliary MOSFET, respectively.
Literals Vds,on,n, Vds,off ,n, Ion,n(rms), and Ioff ,n(rms) denote
the drain-source voltage during the ON-transition at the nth

switching, drain-source voltage during the OFF-transition at
the nth switching, RMS current during the ON-transition of
the auxiliary MOSFET at the nth switching, and RMS current
during the OFF-transition of the auxiliary MOSFET at the nth

switching. According to (24)-(27), the estimated switching
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Psw(aux_high) =
1

2Tt

[

(Vin − VO) Ion_1(rms)Ton +

N
∑

n=2

{

(Vin − 2VO) Ion_n(rms)Ton
}

+

N
∑

n=1

(

VinIoff _n(rms)Toff
)

]

(24)

Psw(aux_low) =
1

2Tt

[

VOIon_1(rms)Ton +

N
∑

n=1

(

VinIoff _n(rms)Toff
)

]

(25)

Psw(aux_high) =
1

2Tt

[

(Vin − VO) Ion_1(rms)Ton +

N
∑

n=2

(

VinIon_n(rms)Ton
)

+

N
∑

n=1

(

VinIoff _n(rms)Toff
)

]

(26)

Psw(aux_low) =
1

2Tt

[

VOIon_1(rms)Ton +

N
∑

n=2

(

VinIon_n(rms)Ton
)

+

N
∑

n=1

(

VinIoff _n(rms)Toff
)

]

(27)

loss of the proposed control was 0.52 W, and CAC and CPM
were 3.38 W and 3.41 W when 1IO is 11 A, respectively.

C. GATE DRIVE LOSS

The gate drive loss (Pgd(aux)) is caused by the gate charge of
MOSFET, as expressed by (28)

Pgd(aux) =
NQgVgs

Tt
(28)

where Qg and Vgs are the gate electric charge and ON-state
gate-source voltage of the MOSFET, respectively. The
switching number N is either Np or Nn.

D. IMPLEMENTATION OF VARIABLE LOAD CURRENT

Variable load current may be emulated byDC electronic loads
if the required slew rate of the current or di/dt is a couple
of amperes per microsecond or lower. However, this di/dt is
not enough for the step-changing load current, such as iO in
this work. A switched resistor network shown in Fig. 17 was
built to realize iO. Resistors RL1 and RL2 were the non-
inductive resistors integrated in TO-220 and TO-247 package
by Caddock Electronics. Three semiconductor switches such
as Si MOSFET, Si IGBT, and SiC FET were tried as the
switchQL in Fig. 17. The SiC FET (C3M0065090D by Cree)
showed the highest di/dt among these and was utilized in the
experiment presented in Section V.
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