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A Fast-Transient Boost Converter With Peak Passive
Ripple Mode Control and AC Couple

Yi-Rong Huang , Ching-Jan Chen , Senior Member, IEEE, Jia-Cheng Wu, and Tsung-Wei Huang

Abstract—Peak current mode (PCM) control is often used nowa-
days in boost converters to improve the stability and control
bandwidth because of its single pole characteristic. However, the
slope of inductor current causes large output voltage deviation and
settling time during load-transient. This article proposes a peak
passive ripple mode (PPRM) control with ac couple to solve the
aforementioned load-transient issue. PPRM control generates a
passive ripple for modulation and couples output voltage signal by
the passive RC circuit to achieve a fast transient response. Thus, the
current sensor and active circuits can be eliminated. Small signal
models are proposed for proposed controls. The experiment and
simulation results verified the superior load-transient response of
the proposed control with the best figure-of-merit among the recent
papers. Compare PPRM control with ac couple to PCM control,
the output voltage undershoot/overshoot during load step-up/down
reduces to only 42% and 38%, respectively. The proposed small
signal models also match the experimental results.

Index Terms—DC-DC power converters, modeling, pulse width
modulation converters.

I. INTRODUCTION

THE boost converter is widely used to output a higher-
than-input voltage to a load with the transient requirement.

Recently, boost converters found applications in portable devices
applications such as power management integrated circuits and
USB On-The-Go (OTG) [1], [2]. OTG is a specification that
allows portable devices, such as tablets or smartphones, to
provide power to another USB peripheral device, such as a
mouse, keyboard, USB disk, etc. Fig. 1 shows the OTG system
structure for portable devices. Li-ion batteries are usually used
in portable devices, and the USB bus specification is 5 V. Thus,
a boost converter is required to handle the power delivery. In
an OTG application, the load-transient performance is one of
the significant specifications for a boost converter. As shown
in Fig. 2, the output current of boost converter changes during
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Fig. 1. System structure of OTG application for portable devices.

Fig. 2. Boost output current on OTG application.

USB peripheral devices plugging where the maximum current
of USB 3.0 is up to 1.5 A.

Peak current mode (PCM) control has been widely used in
boost converters nowadays, as shown in Fig. 3 [3], [4]. The boost
converter has right-half-plane (RHP) zero, which causes phase
angle dropping. Since PCM turns the LC complex poles of the
power stage into a single pole on Vc to Vout transfer function.
Designing the compensator to achieve loop stability and larger
bandwidth is easier.

However, PCM control has a drawback that diminishes load-
transient performance. As shown in (1), the inductor current
falling slope, Sf,il, of boost converter has output voltage Vout

information. Equation (2) is obtained by perturbating Vout. It
shows that the variation of falling slope is in negative proportion
to the variety of Vout, which causes slower load-transient per-
formance. As shown in Fig. 4, after a load increase, Vout drops,
which reduces the absolute value of Sf,il. Thus, the inductor
current ramp is closer to Vc, and the on-time at the next cycle,
Ton(2), reduces. The small on-time causes a larger output voltage
undershoot.

Sf,il =
diL
dt

=
1

L
(Vin − Vout) (1)
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Fig. 3. Boost converter with PCM control.

Fig. 4. Load-transient behavior of boost converter with PCM control.

Sf,il + Ŝf,il =
diL
dt

+
dîL
dt

=
1

L
(Vin − Vout)− 1

L
v̂out. (2)

Several techniques are proposed to improve the transient
performance of current mode control. First, fast-response current
sensors are proposed to increase the speed of the current loop
[5], [6], [7]. Furthermore, pulse frequency modulation (PFM)
is also widely used to improve the transient performance of
current mode control because the PFM has variable switching
frequency during transient [5], [6], [7], [8], [9], [10], [11], [12],
[13]. However, the load transient performances of these controls
are still limited by the increased falling slope of sensed inductor
current during load increase as shown in Fig. 4. This is because
the inductor current signal is used as a modulation signal.

The ripple-based control method has been used to improve
transient performance [14], [15], [16], [17], [18], [19], [20].
The ripple-based control uses vout ripple as a modulation ramp,
which directly forms a fast response loop to achieve good
transient performance. However, the fast response loop of ripple-
based control has subharmonic stability issue when the low
equivalent series resistance (ESR) output capacitors, such as
ceramic capacitors, are used [17], [21], [22], [23]. To solve
the stability issue, the compensation ramp is added with vout
ripple [9], [16], [24], [25]. However, mixing the compensation
ramp with vout ripple requires an additional adder. Besides, the
added compensation ramp often makes the transient response

Fig. 5. Boost converter with PPRM control and ac couple.

slower. Alevoor et al. [26] propose a peak current fast feedback
control (PFFC). The PFFC adds a fast vout feedback path with an
inductor current signal to improve load-transient performance.
The concept of PFFC is like ripple-based control. However, the
inductor current signal diminishes the transient performance as
shown in Fig. 4.

This article proposes a peak passive ripple mode (PPRM)
control with ac couple, as shown in Fig. 5, for a boost converter
to improve the aforementioned load transient response issue.
PPRM control generates a passive ripple (PR) for modulation
by a passive RC circuit. Thus, the current sensor, active circuits,
and their related power consumption can be eliminated. The
variation of PR rising slope Sn,PR is in positive proportion to
the variety of Vout. Thus, unlike current mode control, the on-
time is extended by Sn,PR during Vout dropping to get better
transient performance. The ac couple mixes the PR with Vout by
passive RC circuit, so an additional adder is not required. During
Vout transient, the ac couple path quickly extends or contracts
the on-time to get good transient performance. With the feature
of fast transient response and current sensor elimination, the
proposed control is suitable for mobile device applications such
as cellphones, notebooks, and cars. Small signal models for a
boost converter with PPRM control and ac couple are proposed
in this article. Control to output transfer function Gvc(s) with the
pole-zero form is derived to facilitate the controller design.

This article is organized as follows. The circuit description
and behavior of PPRM control without ac couple are presented
in Section II. The proposed small signal model for PPRM
control without ac couple is presented in Section III. Both
circuit behavior and small signal model of PPRM control with
ac couple are presented in Section IV. Experiment verifications
and load-transient comparisons are demonstrated in Section V.

II. BOOST CONVERTER WITH PPRM CONTROL

A. PR Circuit Description

The boost converter with PPRM control is shown in Fig. 6.
The difference between Figs. 5 and 6 is that ac_couple point in
Fig. 6 is connected to the ground. The PR circuit composes of
a PMOS, NMOS, and an RC low pass filter. R1 and R2 form a
voltage divider to adjust PR amplitude. The PMOS of the PR
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Fig. 6. Boost converter with PPRM control.

Fig. 7. Steady-state waveform of boost converter with PPRM control.

circuit turns ON during the low-side MOS in the power stage
turning ON, and the NMOS of the PR circuit turns ON during
the high-side MOS in the power stage turning ON. The PR is
obtained by charging capacitor CPR when Vphase is tied to Vout

and discharging CPR when Vphase is tied to the ground. If the
RC time constant is much larger than the switching period, the
slope of PR is approximated as a constant value during charging
or discharging. The key waveforms are shown in Fig. 7. It can
be seen that PR is in phase with inductor current. As will be
analyzed, PR has slopes proportional to the inductor current
ripple at steady-state. Besides, the variety of PR rising slope
Sn,PR is in positive proportion to the variety of Vout. Unlike the
inductor current signal, the PR signal would extend the on-time
during Vout undershoot and gets a better transient response.

B. Rising Slope Analysis of PR

The PR rising slope Sn,PR can be derived by the below proce-
dure. PR rising slope Sn,PR is obtained as (3) from differential

Fig. 8. Equivalent circuit of PR circuit during on-time.

equation describing the equivalent circuit of PR circuit during
on-time in Fig. 8. Generally, the ripple of VPR is much smaller
than the dc value of VPR. Therefore, the vPR(t) in (3) can be
approximated to the dc value of VPR. The dc value of VPR is
the average value of Vphase divided by R1 and R2 network as
shown in Fig. 7. Since the dc value of VPR is D·Vout · R2/(R1

+ R2), (4) can be obtained by substituting the dc value of VPR

into (3). Equation (4) can be represented as (5). By substituting
the transfer duty ratio of the boost converter into (5), (6) can be
obtained. In (6), it can be found that the PR rising slope Sn,PR

at steady-state is in proportion to Vin, which is in proportion to
the inductor current rising slope of the boost converter.

Sn,PR =
dvPR(t)

dt
=

1

REQCPR

R2

R1 +R2

· Vout − 1

REQCPR
vPR(t) (3)

Where

REQ =
R1R2 +R1R3 +R2R3

R1 +R2

Sn,PR =
1

REQCPR

R2

R1 +R2
· Vout

− 1

REQCPR

R2

R1 +R2
·D · Vout (4)

Sn,PR =
1

REQCPR

R2

R1 +R2
· (1−D) · Vout (5)

Sn,PR =
1

REQCPR

R2

R1 +R2
· Vin (6)

The ac response of PR rising slope can be derived by the
below procedure. By perturbing Vout in (3) and assuming vPR(t)
approximate to dc value of VPR, (7) can be derived. (8) can be
obtained by rearranging (7).

Sn,PR + Ŝn,PR =
1

REQCPR

R2

R1 +R2

· (Vout + v̂out)− 1

REQCPR
·DVout (7)

Sn,PR + Ŝn,PR =
1

REQCPR

R2

R1 +R2

· Vin +
1

REQCPR

R2

R1 +R2
· v̂out. (8)
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Fig. 9. Equivalent circuit of PR circuit during OFF-time.

From (8), it can be found that the changing of PR rising
slope Sn,PR is in positive proportion to the changing of Vout.
Therefore, PPRM control extends more on-time than PCM con-
trol during vout voltage dropping and gets better load-transient
performance.

C. Falling Slope Analysis of PR

The PR falling slope Sf,PR can be derived by the same proce-
dure for rising slope analysis. PR falling slope Sf,PR is obtained
as (9) from the differential equation describing the equivalent
circuit of PR circuit during OFF-time in Fig. 9. Assuming the
vPR(t) in (9) can be approximated to dc value of VPR, (10) can
be obtained. By substituting the transfer duty ratio of the boost
converter into (10), (11) can be obtained. In (11), it can be found
that the PR falling slope Sf,PR is in proportion to Vin-Vout, which
is in proportion to inductor current rising slope of the boost
converter. The ac response of PR falling slope can be derived by
perturbing Vout in (9) and assuming vPR(t) approximate to dc
value of VPR. Thus, unlike inductor current ripple, Sf,PR does
not vary with Vout.

Sf,PR =
dvPR(t)

dt
=

−1

REQCPR
vPR(t) (9)

Sf,PR =
−1

REQCPR
· R2

R1 +R2
·D · Vout (10)

Sf,PR =
−1

REQCPR
· R2

R1 +R2
· (Vin − Vout). (11)

D. Power Consumption Analysis of PR Circuit

The power consumption of the PR circuit can be calculated
by multiplying the current Icon flowing out of Vout source when
the PMOS turns ON. To calculate consumption current Icon, we
assume the VPR is a constant voltage source with the dc value of
VPR as shown in Fig. 10 because the ripple of VPR is apparently
smaller than the dc value of VPR. By the equivalent circuit shown
in Fig. 10, the consumption current Icon can be derived as (12).
Observing (12) shows that the maximum consumption current
is as (13). Therefore, the maximum power consumption of PR
circuit can be obtained by multiplying (13) with Vout as (14). If
the controller is implemented in an integrated circuit (IC), the
resistance of R1, R2, and R3 can be MΩ grade. Taking example
conditions that R1, R2, and R3 are equal to 1.2 MΩ and the Vout

Fig. 10. Equivalent PR circuit for calculating consumption current.

Fig. 11. Control block diagrams of PCM and PPRM controls. (a) PCM control.
(b) PPRM control.

voltage is 5 V for the USB bus voltage of the OTG application,
the maximum power consumption of the PR circuit is about
13.8 μW.

Icon =
R2 +R3

R1R2 +R1R3 +R2R3

· Vout −
R2

2

R1+R2

(R1R2 +R1R3 +R2R3)
·DVout (12)

Icon_max =
R2 +R3

R1R2 +R1R3 +R2R3
· Vout (13)

Pcon_max =
R2 +R3

R1R2 +R1R3 +R2R3
· V 2

out. (14)

III. PROPOSED SMALL-SIGNAL MODEL FOR A BOOST

CONVERTER WITH PPRM CONTROL

A. Small-Signal Model Derivation for PPRM Control

A small signal model for PPRM control operated in contin-
uous conduction mode (CCM) is derived based on the mod-
ifications of Ridley’s current-mode control model [27]. The
difference between PCM and PPRM control is that PCM uses
an inductor current signal for modulation, but PPRM uses a
PR signal. Therefore, the deriving strategy is replacing Ridley’s
model’s current loop TiL(s) with PR loop TPR(s), as shown in
Fig. 11.

In Fig. 11(b), the d to vout transfer function Gvd(s) is obtained
by average modeling as in [27], [28], and [29]. The vc to d
transfer function, Fm, can be derived as (15) by perturbating
vc to obtain variation in duty [27]. The sampling gain, He(s)
is expressed as (16), which is the same as PCM [27]. This is
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because the waveform geometric of PCM and PPRM are the
same. There are three underived control blocks in Fig. 11(b): d
to vphase, vout to vphase, and vphase to vPR.

Fm ≡ d̂

v̂c
=

1

(Sn,PR + Se)Ts
(15)

He(s) =
sTs

esTs − 1
. (16)

In this part, we start to derive d to vphase, vout to vphase,
and vphase to vPR transfer functions in Fig. 11(b). By observing
vphase waveform in Fig. 7, we know that vphase is a square wave
with vout amplitude and duty-cycle of D. By averaging vphase,
(17) can be obtained. By perturbating (17), (18) can be obtained.

〈vphase〉ave = D · vout (17)

v̂phase = vout · d̂+D · v̂out. (18)

Equation (18) shows that d to vphase and vout to vphase transfer
function is a simple constant value of vout and D, respectively.
The vphase to vPR transfer function is a low-pass RC filter gain,
as can be derived in Fig. 6. By Laplace transform, the transfer
function of vphase to vPR can be obtained as follows:

GLPF (s) ≡ v̂PR

v̂phase
=

1

REQCPRs+ 1
· R1

R1 +R2
. (19)

In (18) and (19), the control block diagram of PPRM control
can be built as shown in Fig. 11(b). The control to output transfer
function Gvc(s), defined as vout/vc, can be derived as follows:

Gvc(s) ≡ v̂out
v̂c

=
Fm ·Gvd(s)

1 + Fm · (Vout +D ·Gvd(s)) ·GLPF (s) ·He(s)
(20)

Where

Gvd(s) = Kvd ·
(
1− s

ωRHP

)
(
1 + s

Qo_vd·ωo_vd
+ s2

ω2
o_vd

) .

The parameters are summarized in Table I.
The He(s) is an exponential function that has an infinite pole

and zero, so the exponential form is not useful for the design and
analysis. In order to have finite poles and zeros of Gvc(s), we
take the approximation on He(s) [27], and (21) can be obtained.

He(s) ≈ 1 +
s

ωnQz
+

s2

ω2
n

(21)

where Qz = −2
π , ωn = π

Ts
.

Substituting (21) into (20) and solving poles and zeros in the
transfer function, the pole-zero form of Gvc(s) can be obtained as
Gvc,simp(s) in (22). The parameters are summarized in Table I.

Gvc_simp(s) =
vo(s)

vc(s)

≈
Kvc ·

(
1 + s

ωPR

)
·
(
1− s

ωRHP

)
(
1 + s

Qo_vc·ωo_vc
+ s2

ω2
o_vc

)(
1 + s

Qn·ωn
+ s2

ω2
n

) . (22)

TABLE I
TRANSFER FUNCTION PARAMETERS OF Gvc(S) AND Gvc_simp(S)

TABLE II
CIRCUIT PARAMETERS OF THE SIMULATION

B. Model Verifications by Simulation

Equations (20) and (22) are verified by the SIMPLIS simula-
tion tool. In previous researches, the SIMPLIS behavior circuit
has proved its accuracy in predicting small-signal and dynamic
response behavior [16], [30], [31], [32], [33], [34]. The model
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Fig. 12. Gvc(s) verification by simulation.

Fig. 13. Gvc_simp(s) verification by simulation.

of power MOSFET is a voltage-controlled switch with finite on-
resistance, which shows a similar load transient response with
the power MOSFET model provided by the manufacturer. The
gm compensator is composed of voltage control current source,
the output resistor of operational transconductance amplifier and
compensation impedance. The other logic components use the
built-in library in SIMPLIS. The circuit parameters and working
conditions are shown in Table II. In order to cover the voltage
range of Li-battery, the working condition includes Vin 3.3 V
and 4.2 V.

Equation (20) well matches the simulation even beyond
switching frequency as shown in Fig. 12. Equation (22) matches
simulation up to half-switching frequency as shown in Fig. 13.

C. Comparison of Control to Output Transfer Function
Between PPRM and PCM Control

In this part, we would like to compare poles and zeros of the
Gvc(s) between PPRM and PCM control. As shown in Fig. 13,
the PPRM has a complex pole at half-switching frequency ωn,

Fig. 14. Control block diagram for reducing Q factor of LC complex pole.

which is the same as PCM by referencing (22) and [27]. This
means that the PPRM also has subharmonic oscillation like
PCM and the stability criterion is the same as PCM. The main
difference is that PPRM has an LC complex poleωo_vc, but PCM
has a single pole. Besides, PPRM has an additional zero ωPR

named PR zero. The PR zero can be used to boost unwanted
phase angle drop due to LC complex pole ωo_vc, but the PR zero
cannot turn the LC complex pole ωo_vc to a single pole. There
is a method called ac couple that can reduce Qo_vc so that the
peaking of LC complex pole ωo_vc can be reduced and the phase
angle dropping can be smoothed. We will discuss it in the next
section.

IV. IMPROVE BOOST CONVERTER WITH PPRM CONTROL BY

AC COUPLE

Adding ac couple into PPRM control is proposed in this
section to reduce the Qo_vc of the simplified Gvc transfer function
for easier loop compensation. In order to explain why ac couple
can reduce the Qo_vc, a generalized concept is proposed in
Section IV-A. In Section IV-B, the circuit behavior of PPRM
control with ac couple for boost converter is analyzed. In Section
IV-C, it is proved that the Qo_vc is reduced by ac couple concept.

A. Concept for Reducing Quality Factor (Q Factor) of
Complex Pole by Adding a Feedback Loop

Fig. 14 shows a complex pole system GPlane(s) with a feed-
back loop from vout to vc through a high pass filter GHPF(s). The
vc to vout transfer function in Fig. 14 can be derived as follows:

Gvc_concept ≡ vo(s)

vc(s)
=

GPlane(s)

1 +GHPF (s) ·GPlane(s)
. (23)

Fig. 15 shows the bode plot of GPlane(s), GHPF(s).GPlane(s),
1 + GHPF(s).GPlane(s), and Gvc_concept(s) in (24). It is worth to
mentioning that the high pass filter corner frequency of GHPF(s)
is designed the same as ωo_vc. In Fig. 16, the bode plot of
GHPF(s).GPlane(s) have a peaking beyond 0 dB and the peaking
comes fromωo_vc, the complex pole of GPlane(s). From (24), the
vc to vout transfer function after closing the loop is GPlane(s)
divided by [1 + GHPF(s).GPlane(s)]. Thus, the complex pole
peaking is reduced by the peaking of [1 + GHPF(s).GPlane(s)],
and the Q factor of complex pole is reduced after closing the
loop as shown in Fig. 15. This concept can be extended to the
system which has complex pole and can feed vout back to vc
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Fig. 15. Bode plot of the transfer functions in (22).

Fig. 16. Analyze ac couple behavior by superposition.

such as voltage mode control which mixes the sawtooth with
vout going through high pass filter.

B. Circuit Behavior of Boost Converter With PPRM Control
and AC Couple

Boost convert with PPRM control and ac couple is shown in
Fig. 5. The Vout is connected to the bottom of capacitor CPR. As
described in Section IV-A, the main advantage of ac couple is
reducing the Qo_vc. The ac couple behavior can be analyzed by
superposition as shown in Fig. 16. The PR VPR is mixed with
Vout_hpf, which comes from Vout going through a high pass
filter. The ripple slope of VPR is summed with the ripple slope
of Vout_hpf. The ripple of Vout_hpf is generated by Vout going
through a high pass filter, and generally, the RC corner frequency
is lower than the switching frequency. Therefore, the ripple of
Vout_hpf is the same as the ripple of Vout. In Fig. 17, it can be seen
that the Vout ripple is decided by the output capacitor current
ICout, and the slope of Vout ripple can be derived by dvout/dt =
ICout/Cout. The rising and falling slope of Vout ripple (Sn,vout
and Sf,vout) is derived as (24) and (25). Finally, the rising and
falling slope of VPR mixed with Vout_hpf is derived by summing

Fig. 17. Behavior waveform of PPRM with ac couple.

the slope of VPR and Vout_hpf as (26) and (27).

Sn,vout =
Io

Cout
(24)

Sf,vout =
IL − Io
Cout

(25)

Sn,PR_AC_Couple = Sn,PR − Sf,vout (26)

Sf,PR_AC_Couple = Sf,PR − Sn,vout. (27)

C. Small-Signal Model Derivation for PPRM Control
With AC Couple

The control block diagram of PPRM control with ac couple
can be built by adding the ac couple path into the control block
diagram of PPRM control as shown in Fig. 18. In Fig. 18, the
ac couple path is added by summing vPR with vout_hpf, which is
vout going through a high pass filter transfer function GHPF(s)
shown in (28). The vc to vout transfer function for PPRM control
with ac couple can be derived as (29). From (28), it can be found
that the GPlane_PR_ac(s) is the vc to vout of PPRM, but the rising
and falling slope parameters of GPlane_PR_ac(s) should use (26)
and (27) because rising and falling slope already changed by
vout_hpf ripple.

GHPF (s) =
REQCPR · s

1 +REQCPR · s (28)
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Fig. 18. Control block diagram of PPRM with ac couple.

Gvc_PR_AC ≡ vo(s)

vc(s)

=
GPlane_PR_AC(s)

1 +He(s) ·GHPF (s) ·GPlane_PR_AC(s)
(29)

Where

GPlane_PR_AC(s)

=
Fm_AC ·Gvd(s)

1 + Fm_AC · (Vout +D ·Gvd(s)) ·GLPF (s) ·He(s)

Fm_AC =
1

(Sn,PR_AC_Couple + Se)Ts
.

In Fig. 18, vout ac couple path forms a feedback loop and
reduces the Q factor of the complex pole, as mentioned in Section
IV-A. The sampling gain He(s) is a unit gain below the half-
switching frequency as shown in (21). Therefore, (29) has a
similar form as (23) below the half-switching frequency. In order
to prove that (29) has reduced the Q factor of the complex pole,
the parameters of Table II are used to draw the Bode plots of (29).
Fig. 19 shows that the gain peaking and severe phase dropping
of Gvc_PR_ac(s) have disappeared. This means that the Q factor
of the complex pole is reduced.

D. Model Verifications by Simulation

The control to output transfer function in (29) is verified by the
SIMPLIS simulation tool. The circuit parameters and working
conditions are shown in Table II. In order to cover the voltage
range of the Li-battery, the working conditions include Vin

3.3 V and 4.2 V. The equation well match simulation results
even beyond switching frequency, as shown in Fig. 20.

E. Comparison of Load-Transient Performance Between
PPRM, PPRM With AC Couple, and PCM Control

In this section, a load-transient comparison of boost converter
between PPRM, PPRM with ac couple, and PCM control is
discussed and verified by SIMPLIS simulation. The circuit
parameters and working conditions are shown in Table III. The

Fig. 19. Bode plot of the transfer functions in (30) for PPRM control with ac
couple.

Fig. 20. Gvc_PR_ac(s) verification by simulation of PPRM control with ac.

voltage loop gains of PPRM, PPRM with ac coupe, and PCM
control are defined as Tv_PR(s), Tv_PR_ac(s) and Tv_PCM(s),
respectively. The bandwidth of the voltage loop is one of the
significant factors which affects the load-transient performance.
Therefore, we compare load-transient performance based on
the same voltage loop bandwidth of Tv_PR(s), Tv_PR_ac(s) and
Tv_PCM(s) as shown in Fig. 21.

Based on the voltage loop gain design in Fig. 21, the SIMPLIS
simulated step-down and step-up load-transient results of the
three controls are shown in Figs. 22 and 23, respectively. It can
be seen that the PPRM with ac couple has the smallest under- and
over-shoot. PPRM with ac couple also has the shortest settling
time.
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TABLE III
CIRCUIT PARAMETERS OF SIMULATION

Fig. 21. Simulated voltage loop gains of Tv_PR(s), Tv_PR_ac(s) and
Tv_PCM(s).

V. MEASUREMENT RESULT

A boost converter with PPRM control and ac couple was
implemented by discrete circuits to validate the proposed con-
trol in Fig. 5. The hardware photograph of the implemented
circuit is shown in Fig. 24. The power stage is composed of
two power NMOS (RQ3E100GNTB) and MOS gate driver
(WCDSC006XUMA1), which has bootstrap function to drive
high side NMOS. The gm compensator is composed of two
operational transconductance amplifiers (OPA860ID) [35]. The
adder is a V to I adding structure as shown in Fig. 25. The
bandwidth of OPA860ID is up to 80 MHz, and it is enough to
cover our 200 kHz switching frequency.

Fig. 22. Simulated step-down load-transient response (Io from 1 to 0 A).

Fig. 23. Simulated step-up load-transient response (Io from 0 to 1 A).

Fig. 24. Hardware photograph of boost converter with PPRM control and ac
couple.

Fig. 25. V to I adder circuit.

In the implemented circuit, the slope-compensation Se is
mixed with PR signal instead of Vc, but the ideal ac response is
the same as the circuit mixed with Vc.

The circuit parameters and working conditions are shown in
Table IV. It is worth mentioning that R1, R2, and R3 are in
100 Ω range. This is because the parasitic capacitor CParasitic

on the printed circuit board (PCB) is in pF range at discrete
component implementation. If R1 is in MΩ range, the low-pass
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TABLE IV
CIRCUIT PARAMETERS OF IMPLEMENTED CIRCUIT

Fig. 26. PR circuit with PCB parasitic capacitor.

filter formed by CParasitic and R1 will distort the VPR ramp
waveform as shown in Fig. 26. Since the parasitic capacitor of
PR circuit is much lower in IC implementation, R1, R2, and R3

can be in MΩ range and obtain low power consumption in IC
implementation.

The switching frequency is reduced to 200 kHz to mitigate
the nonideal delay effects of discrete circuits. The measured
steady-state waveform is shown in Fig. 27. In Fig. 27, it can
be seen that the slope compensation modifies the slope of the
modulation ramp, and the behavior is just like summing slope
compensation with Vc.

Fig. 28 shows that the derived control to output transfer func-
tion Gvc_PR_ac(s) of PPRM control with ac couple in (29) well
matches with SIMPLIS simulation and measurement results up
to half-switching frequency. The voltage loop gain Tv_PR_ac(s)
also matches with SIMPLIS simulation and measurement re-
sults, as shown in Fig. 29. The bandwidth and phase margin of
voltage loop gain is 2 kHz and 97°, respectively. The measured
step-down and step-up load-transient response of PPRM control

Fig. 27. Measured steady-state waveform of PPRM control with ac couple.

Fig. 28. Verification of Gvc_PR_ac(s) by SIMPLIS simulation and measure-
ment results.

Fig. 29. Verification of Tv_PR_ac(s) by SIMPLIS simulation and measurement
results.

with ac couple are shown in Figs. 30 and 31, respectively, with
Io switching between 1.5 and 0.5 A.

Fig. 32 shows that the measured and simulated step-up load-
transient response matches with each other for PPRM control
with ac couple. The simulated load-transient behavior is close
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Fig. 30. Measured step-down load-transient response of PPRM control with
ac couple (Io from 1.5 to 0.5 A).

Fig. 31. Measured step-up load-transient response of PPRM control with ac
couple (Io from 0.5 to 1.5 A).

Fig. 32. Measured and simulated step-up load-transient response of PPRM
control with ac couple (Io from 0.5 to 1.5 A).

to the experiment. Therefore, the SIMPLIS simulated load-
transient results of Figs. 22 and 23 can be used to predict
load-transient performance.

In Figs. 22 and 23, the PPRM control with ac couple has
better load-transient performance than the PCM control. The
simulated output voltage overshoot during load step-down for
PPRM with ac couple reduced to 38% compared with PCM
control. The simulated output voltage undershoots during load
step-up for PPRM with ac couple reduced to 42% compared
with PCM control.

A figure of merit (FoM) is proposed to compare load-transient
performance as expressed in (30). The FOMshoot is composed
of vout undershoot/overshoot (Δvout), load step (ISTEP), max-
imum output current (ILOAD,MAX), output capacitance (Cout),

Fig. 33. Waveform of boost converter with a step load change for vout
undershoot analysis.

and inductance of inductor (L).

FOMshoot =
Δvout(V ) · Cout(μF )

ISTEP (A) · ILOAD,MAX(A) · L(μH)
. (30)

The vout undershoot/overshoot is a pivot to judge load-
transient performance. The faster control method can achieve
smaller Δvout. The ISTEP is unquestionable since a larger load
step result in a larger Δvout. The ILOAD,MAX is a significant
parameter to compare the load-transient performance of the
boost converter. The larger ILOAD,MAX has a lower RHP zero
frequency. The lower RHP zero frequency limits the voltage
loop bandwidth and the load-transient performance. Therefore,
the denominator of FOMshoot should add ILOAD,MAX, because
larger ILOAD,MAX has lower voltage loop bandwidth.

The consideration of output capacitance (Cout) and induc-
tance (L) is explained by the waveforms of a boost converter
with a step load change, as illustrated in Fig. 33. In Fig. 33,
the current of the output capacitor (ICout) is equal to upper
power-MOS current (IUG) subtracted with output current (Io).
The yellow area of ICout is discharged charge of the output
capacitor (ΔQdischarge_cap), and the purple area of ICout is
the charged charge of the output capacitor (ΔQcharge_cap).
The vout undershoot (Δvout) is equal to (ΔQdischarge_cap

− ΔQcharge_cap)/Cout. The above expression shows that a
larger Cout has a smaller Δvout. Therefore, the Cout should
be added to the numerator of FOMshoot. We also know that
smaller (ΔQdischarge_cap − ΔQcharge_cap) can obtain smaller
Δvout. There are two methods to reduce (ΔQdischarge_cap −
ΔQcharge_cap). The first one is to adjust the duty cycle faster
using the controller. The second method is to decrease the
inductance of inductor (L), which allows for a quicker in-
crease in the inductor current, thereby reducing the discharged
areaΔQdischarge_cap and increasing charged areaΔQcharge_cap.
Consequently, the L is one of the parameters that need to be
considered. Therefore, inductance is added to the denominator
of FOMshoot because smaller inductance has a smaller Δvout.

In Table V, the proposed control is compared with the state-
of-the-art solutions proposed to improve transient performance.
The references include ripple-based control, AOT current mode
control, hysteresis current mode control …etc. The experiment
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TABLE V
COMPARISON OF THE PROPOSED PPRM CONTROL WITH AC COUPLE WITH STATE-OF-THE-ART PAPERS

result of this work has 200 kHz switching frequency, and it is
compared with [8], [9], [20] whose switching frequency is also
below 1 MHz. The simulation result of this work has 2.4 MHz
switching frequency, and it is compared with [5], [6], [26]
whose switching frequency is above 1 MHz. Our experiment
result has best FOMshoot compared with [8], [9], [20]. Our
simulation result also has best FOMshoot compared with [5],
[6], [26].

VI. CONCLUSION

A boost converter with PPRM control and ac couple is pro-
posed to achieve a fast load-transient response. The proposed
PR avoids the negative effect of the inductor current slope
to load transient response. The proposed ac couple concept,
which is well explained by the proposed small-signal model,
further reduces the quality factor of the complex pole in control
to output transfer function. Thus, easier loop gain design and
reduced ringing during load-transient are achieved. A boost
converter with the proposed control is implemented for veri-
fication. The proposed small signal model matches well with
both SIMPLIS simulation and experiment results. Compare
PPRM control with ac couple to PCM control, the output voltage
undershoot/overshoot during load step-up/down reduces to only
42% and 38%, respectively. The experiment and simulation
results verified the superior load-transient response of the pro-
posed control with the best figure-of-merit among the recent
papers.
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