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Abstract—The multisampling method is an effective approach to
reduce delay in digital controlled power converters. However, this
method may deteriorate the dynamic performance of converters
due to double vertical crossing (DVC) of modulation signal and
carrier signal, which makes the closed-loop regulation lost. This
phenomenon is influenced by the operating point, parameters of
power stage and control system. Therefore, it is significant to
predict and eliminate the DVC for avoiding its negative influences.
This article proposes an accurate model of DVC in multisampled
digital-controlled buck converters, where the output capacitance
and the sampling delay is taken into account. Then, a carrier phase
adjusting algorithm is proposed to eliminate DVC. The proposed
method features better dynamic performance than existing meth-
ods, and it is easier to realize since it keeps switching frequency
constant. Finally, the theoretical analysis is validated by the simu-
lation and the experimental results.

Index Terms—Digital control, digital pulse width modulation,
multisampling, sampling delay, voltage control.

I. INTRODUCTION

FOR high-power converters with low switching frequency,
the dynamic performance of the classical single-update or

double-update digital control is not capable of the requirements
in applications [1], [2], due to the intrinsic delay of digital
pulsewidth modulation (DPWM). The multisampling technique,
which can significantly reduce the delay, is introduced by ap-
plying sampling and update of modulation signal at multiples
of switching frequency in a converter [3]. The increased con-
trol frequency enables the closed-loop regulation to reach a
higher bandwidth, and thus better dynamic performance can be
achieved [4]. Models of this technique have been established
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and validated through both control theory and nonlinear analy-
sis, indicating that multiupdate PWM is equivalent to double-
update PWM with a sampling instant shift [5], [6], [7], [25].
Furthermore, multisampling approaches have been applied to
enhance the performance of digital-controlled power converters
including dc–dc converters [8], [9], [10], [11], [12], [24], dc–ac
converters [13], [14], [15], [16], [17], [18], [19], [25], [26], [27],
and motor drives [20], [21].

However, the multisampling approach will also introduce
some limitations, and a major one of them is that switching ripple
is introduced into the modulation signal, which causes problems
in coordination with carrier signal and deteriorate the dynamic
performance of converter. The coordination problems include
the jitter amplification (JA) and the double vertical crossing
(DVC). The JA is a phenomenon that the carrier signal and
the modulation signal have one vertical crossing when their
derivatives are both positive or both negative, while the DVC is
a phenomenon that the carrier signal and the modulation signal
with opposite derivatives have two vertical crossings within one
switching period.

The JA is reported and analyzed in [23]. It will increase the
small-signal gain of the modulation process at the operating
point where it happens. Based on the research, an algorithm is
proposed to block the jitter by reducing the updating frequency
of the modulation signal to twice of the switching frequency
after the jitter is recognized in the steady state, and recover
the original updating rate when large dynamics happen. On the
contrary with the JA, the DVC will decrease the small-signal
gain of the modulation process at the operating point where
it happens, as a small perturbation in the modulation signal is
not able to impact the duty ratio. Modeling of the DVC in a
multi-sampled buck converter is first presented in [11], where
the control bandwidth is considered as the critical factor to
its occurrence. However, the model is not precise, because the
influence of the sampling delay and the filter capacitance is not
considered. The two coordination problems are unified in [27]
with the total delay from the microprocessor, the DPWM, and
the equivalent delay of the noise-removing filter. Systems could
have DVC with small delay, while large delay could lead to JA.
When the total delay is on the border between DVC and JA, both
of them can be eliminated.

Dedicated solutions to mitigate the DVC can mainly be classi-
fied into two types. The first type, i.e., the filter-based approach,
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Fig. 1. Power stage and FPGA-based control system for the studied multi-
sampled digital-controlled buck converter.

is to add filters in the regulator to reduce the magnitude of
switching frequency components in the modulation signal; while
the second type, i.e., the modulation-based approach, is to add an
extra component before generating the PWM signal to pre-
vent the DVC. In the filter-based approach, the filter should
be designed with as less phase delay as possible so that the
advantages of the multisampling method are still available.
Various repetitive filters have been proposed considering full
ripple removing with simplicity [19], sideband suppression [25],
and high-frequency performance [25]. So far, the filter-based
approaches have drawn more attention because it is easier to
analyze in the frequency domain. However, the mechanism of the
DVC is still lack of explanation in the time domain, which is hard
to analyze with the filter-based approaches. Thus, detailed anal-
ysis in the time domain with the modulation-based approaches is
demonstrative and important to the DVC phenomenon. Besides,
the extra phase lag introduced by the filters is also a burden to
the dynamic performance.

As a modulation-based approach, a phase-locked loop of the
sampling frequency is designed to control the crossing point
of the carrier and the modulation signal [12]. Thus, the DVC
is eliminated since one crossing is controlled to be vertical.
The resolution of this method will reduce as the increase of
multisampling rate. Besides, this method can only be applied
with external ADCs which both the phase of carrier and the
sampling instants are adjustable, while with internal ADCs with
fixed sampling instants, the method is not available.

To handle the aforementioned issues in the models and the
mitigation approaches of the DVC in the multisampled power
converters, this article proposes an accurate DVC model derived
from the regulator parameters, the shape of the ripple and the
working point. The sampling delay and the filter capacitance are
important factors to the shape of ripple, and thus the proposed
DVC model is more accurate than the existing model. Further-
more, a new modulation-based DVC mitigation approach is pro-
posed by automatically adjusting the phase of the carrier signal
to control the crossing point of the carrier and the modulation sig-
nal. The system with the proposed method shows better dynamic
performance than the system with the simplified repetitive filter
(SRF), the full repetitive filter (FRF) and the sampling frequency
adjusting method under the same regulator parameters.

The rest parts of this article are organized as follow. Section II
introduces the multi-sampled digital-controlled buck converter

Fig. 2. Digital delay in the control system of the multisampled digital-
controlled buck converter.

studied in this article. The model of multi-sampled buck con-
verter is introduced and the theoretical limit of closed-loop band-
width is verified. In Section III, the accurate model of the DVC is
derived. In Section IV, the theoretical analysis and the automatic
adjusting algorithm of the carrier signal is presented. Section V
validates the theoretical results and the proposed method by
simulation and experiments. Finally, Section VI concludes this
article.

II. DIGITAL-CONTROLLED BUCK CONVERTER STUDIED

A buck converter with digital control is introduced in Fig. 1.
A filter is used to mitigate the high frequency noise in the output
voltage vo. The output voltage vo is sampled by N times in
a switching period with an A/D converter, and then the error
between the A/D conversion result vos and the reference value
vref is processed by a PI regulator and an amplitude limiter
to produce the modulation signal vm in each sampling cycle.
The PWM signal vd is generated from the comparison of the
modulation signal and the carrier signal vc, and it controls the
power MOSFET via the driver.

A. Small-Signal Model of Multisampled Buck Converters

The major advantage of the multisampling method against
the single-sampling method is that the equivalent time delay
in the multisampling method is smaller. The time delay in a
digital system consists of the modulation delay tdm and the
digital delay tdd. In converters with the carriers of the triangular
waveforms, the modulation delay is half of the sampling period
[5]. The digital delay consists of the conversion delay of A/D
converter tds and the computation time tdc . When the conversion
delay is smaller than the expected sampling period, the A/D
conversion and the update of modulation signal can be triggered
at different time as it is illustrated in Fig. 2 where Ts denotes
the switching period, and Tsa denotes the sampling period. The
controlled object vo is sampled at each sampling instant, and the
sampled data vos is acquired after a conversion delay tds. The
modulation signal vm is then calculated from the sampled data
after computation time tdc. Therefore, the equivalent time delay
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Fig. 3. Block diagram of the loop gain in the multisampled buck converter.

td is

td = tdm + tds + tdc (1)

and the block diagram of the loop gain in the multi-sampled
buck converter is derived in Fig. 3 where the power stage

Gp(s) = vi(1 + s/ωesr)/
[
1 + s/Qω0 + (s/ω0)

2
]

(2)

is controlled by a discretized PI compensator

D(z) = Z [Kp(1 + sτi)/sτi] . (3)

The digital delay tdd is treated as a pure delay process in
the forward path, and the modulation delay tdm is presented
by the ZOH block to emphasize the stair-like waveform of the
modulation signal.

B. Bandwidth Limit of the Digital Compensator

In the buck converter with a PI compensator, the transfer
function of the loop gain has three poles and two zeros. At the
crossover frequency ωc, the phase angle of the loop gain is

∠T (jωc) = ∠
{
Z−1[D(z)] · e−std ·Gp(s)

} |s=jωc
(4)

replacing Gp(s) and D(z) with (2) and (3), we have

∠T (jωc)

= ∠

⎧⎨
⎩

viKp

τi
· (1 + jωcτi)(1 + jωc/ωesr)e

−jωctd

jωc

[
1− (ωc/ω0)

2 + jωc/Qω0

]
⎫⎬
⎭ . (5)

Finally, with simplification the phase angle is derived

∠T (jωc) = tan−1(ωcτi) + ωctd − π (6)

∠T (jωc) = −π + φ (7)

where φ denotes the phase margin. From (4) we can get the
relationship among the time delay, the phase margin and the
crossover frequency

ωc =
tan−1(ωcτi)− φ

td
≤ π/2− φ

td
. (8)

Equation (8) points out that the control bandwidth of a digital
system is limited by the total time delay in the system. The
crossover frequency should be set below the limit to make the
system stable. The loop gains of multisampled buck convert-
ers with 40° phase margin and different multisampling rate is
compared in Fig. 4, where the system with higher sampling
rate has higher control bandwidth. The bandwidth limitation
in multi-sampled systems can be far beyond practical regulator
settings. In fact, improper settings will cause the DVC that
deteriorates the small-signal dynamic performance, which is
not considered in the small-signal model. So, it is significant
to investigate the model of DVC phenomenon.

Fig. 4. Bode plots of loop gains in multisampled buck converters with the
phase margin of 40° and different multi-sampling rates.

Fig. 5. Typical waveforms of the carrier signal vc, the modulation signal vm
and the PWM signal vd when the DVC happens and the perturbated modulation
signal vm is not able to change the pulsewidth. Definition and relationship
of the DVC critical variables are noted: the carrier signal difference εc, the
maximum modulation signal difference εm1 and the minimum modulation
signal difference εm2.

III. ACCURATE MODELING OF DOUBLE VERTICAL CROSSING

A. Effect of Double Vertical Crossing

Typical waveforms of the carrier and the modulation signal
when the DVC happens are shown in Fig. 5, where the two
crossing instants are named ton and toff. A small perturbation
in the modulation signal can only change the crossing point on
the vertical segment of the modulation signal instead of the duty
ratio. Hence, the small-signal gain is significantly reduced and
the dynamic performance is deteriorated.

B. Accurate Condition of Double Vertical Crossing

The carrier signal value at each crossing instant, i.e., ton or
toff, lies within a range determined by the values of modulation
signal before and after update. So, the condition of the DVC is
presented in (9) and (10) with time domain expressions

vm(toff ) ≤ vc(toff) ≤ vm(toff − Tsa) (9)

vm(ton − Tsa) ≤ vc(ton) ≤ vm(ton) (10)

where Tsa denotes the sampling period. In order to reduce the
amount of inequations, (9) and (10) can be rewritten into (11)
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Fig. 6. Calculation principle of the carrier signal difference εc, the maximum
modulation signal difference εm1 and the minimum modulation signal differ-
ence εm2.

and (12) for simplification

vc(ton)− vc(toff) ≤ vm(ton)− vm(toff) (11)

vm(toff − Tsa)− vm(ton − Tsa) ≤ vc(ton)− vc(toff). (12)

Define the three differences as⎧⎨
⎩
εc = vc(ton)− vc(toff)
εm1 = vm(ton)− vm(toff)
εm2 = vm(ton − Tsa)− vm(toff − Tsa)

(13)

the inequations can be united as

εm2 ≤ εc ≤ εm1. (14)

These three differences defined in (13) are critical variables
for describing the DVC phenomenon, and they are illustrated
in Fig. 5, where εc, εm1, and εm2 denote the carrier signal
difference, the maximum modulation signal difference and the
minimum modulation signal difference respectively. Therefore,
as (14) indicates, the condition of DVC can be transformed to that
the carrier signal difference is within the range of the maximum
and the minimum modulation signal difference.

The calculation principle of the three variables is presented in
Fig. 6, where vrpp denotes the peak-to-peak value of the output
voltage ripple, vsd denotes the voltage difference during the
sampling delay, vsp denotes the voltage difference during the
sampling period, sc denotes the carrier signal slope, and nps
denotes the amount of sampling periods with positive slope.
Knowledge of the steady-state ripple in the output voltage is
essential to derive εm1 and εm2, and the amount of the sampling
period with positive slope is crucial to derive εc.

The output voltage of buck converter consists of two parts,
i.e., voltage on the filter capacitance vCf and voltage on the
equivalent series resistance (ESR) vrC. The ripple on ESR
determines the peak-to-peak value of total ripple. Therefore, the
maximum and the minimum modulation signal difference εm1

and εm2 are derived in (15) and (16). The integral part of the
controller is neglected because the switching ripple component
in the integral part is usually much smaller than the one in the
proportional part. Detailed calculations are listed in (17)–(22),
and the corresponding variables are shown in Fig. 7

εm1 = KpΔvo (15)

εm2 = Kp(Δvo − vsp) (16)

Δvo = vrpp − vsd (17)

vrpp =
TsviD(1−D)

L
(18)

vsd =
tddvirC

L
+

tddviND(1−D)(Ts − tdd)

2LC
(19)

vsp = ΔvrC1
+ΔvrC2

+ΔvCf1
+ΔvCf2

(20)

Fig. 7. Specification of the variables in the calculation details to derive εc,
εm1 and εm2: vrpp, Δvo, ΔvCf1

, ΔvCf2
, ΔvrC1

, ΔvrC2
, tdd, and k.

ΔvrC1
+ΔvrC2

=
TsvirC
NL

(21)

ΔvCf1
+ΔvCf2

=
Tsvi(1−D)

2NLC

(
DTs − Ts

N
− 2tdd

)
.

(22)

The carrier signal difference εc is derived in (23), where k
denotes the amount of sampling periods between the moments
when the carrier signal and the modulation signal reach their
maximum values. The three components are corresponding to
the variables in Fig. 6

εc = sc · Tsa · nps (23)

sc =
2

Ts
(24)

nps = N −DN − 2k. (25)

It can be found from (14) that εc = εm1 and εc = εm2 are
two boundaries for the occurrence of DVC, corresponding to
two boundaries of proportional gain of regulator Kp, (26)–(27)
shown at the bottom of the next page, where the range of k is

0 ≤ k ≤ ceil

(
N −DN

2

)
− 1, k ∈ N. (28)

The relationship between k and Kp is described by Fig. 8
where the blue areas on the horizontal axis stand for the range
of Kp with occurrence of DVC. As the figure indicates, there
could be multiple, discontinuous blue areas and the areas are
matched with the values of k. In fact, k is not an independent
variable. A larger Kp leads to a higher slope of the modulation
signal, and thus the crossing point will be closer to the peaks and
valleys of carrier signal, which enlarges carrier signal difference
εc and eventually makes k smaller. Notice when k = 0, εm1 > 1
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Fig. 8. Relationship among the amount of sample periods between the peak
of carrier signal and the peak of modulation signal k, the differences εc, εm1,
εm2 and the proportional gain of regulator Kp.

and there will be overmodulation. So, the minimum value of Kp

when k = 0 is not presented in the figure.
To sum up, the condition of DVC is decided by the multi-

sampling factor N, the working point D, the proportional gain
of the regulator Kp, the circuit parameters, and the digital delay
tdd. In other converter topologies and feedback variables, the
condition of DVC in general presentation (14) and the derivation
procedure would be still valid, though the relationship between
the modulation signal and the feedback signal (15), (16) would
be different. For example, in a voltage-controlled boost converter
with inner current loop, the DVC condition should be derived
with both the voltage ripple and the current ripple. A desired
selection of Kp should be free of DVC under each duty ratio
D, but there is no solution to such Kp. In conclusion, the DVC
cannot be completely avoided by tuning the proportional gain
of the regulator Kp.

IV. PROPOSED ELIMINATION APPROACH OF DOUBLE VERTICAL

CROSSING

A. Theoretical Basis

Since tuning the proportional gain of the regulator is not ca-
pable of avoiding the DVC, adjusting the carrier signal becomes
a possible solution. The idea is originated from (14) where εm1

and εm2 can be modified by the proportional gain Kp, and thus
adjusting the carrier signal is equivalent to modifying εc. As
Fig. 9 indicates, when the carrier signal shifts to left or to right,
the value of εc will decrease or increase. If the time shift of the
carrier signal is defined as tc and right-shifting as positive, the
modified carrier signal difference εc

′ could be presented as

ε′c =
2

Ts
·
[
Ts

N
(N −DN − 2k) + 2tc

]
. (29)

Fig. 9. Regulation of the carrier signal difference from εc to εc
′ by adjusting

the relative position between the carrier and the modulation signal. The time
shift is defined as tcand right-shifting as positive.

Therefore, the conditions of the DVC regarding to the propor-
tional gain are represented as (30) and (31) shown at the bottom
of the next page.

When the proportional gain Kp is determined based on the
requirements of the system, the time shift of the carrier signal tc
can be adjusted to modify the condition of the DVC, and thus it
will be avoided.

B. Principle of the Proposed Algorithm

According to the aforementioned analysis, the solution of tc
does exist, but its analytical expression will be complicated and
its result is sensitive to the circuit parameters. So, an automatic
adjusting algorithm needs to be designed. The sketch waveforms
of the carrier signal and the modulation signal with the proposed
approach are illustrated in Fig. 10.

In order to eliminate the DVC, the crossing point is controlled
to be at the middle of modulation signal segment. First, the
difference Δt from the crossing point tcross to the reference
point tref is measured each switching period. Then, the carrier
adjusting magnitude Δvc is calculated based on Δt. Finally, the
carrier signal is set to Δvc when it reaches zero. Therefore the
relative position between carrier and modulation signal can be
automatically adjusted to eliminate the DVC. The relationship
between Δvc and Δt is derived in (33), and thus a feedback
loop described in (34) can be used to make the crossing point
track the middle point. In the equations, tcross, tref, Ts and Δt
are integral multiplications of the digital controller clock cycle
Tclk. Δvc is the fixed-point representation of adjusting carrier
phase, one LSB of Δvc denotes 2/Ts. When the crossing point
loop gain Kc is carefully selected, Δt will finally converge to
zero

Δt[n] = tcross[n]− tref (32)

tcross[n+ 1] = tcross[n]− Ts

2
Δvc[n] (33)

Δvc[n] =
2Kc

Ts
Δt[n]. (34)

Kpmax =
2L(N −DN − 2k)

viTsrC

[
(ND − 1−ND2)− Ntdd

Ts
− D(1−D)

2rCC

(
Ts − Ts

N − 2tdd
)] (26)

Kpmin =
2L(N −DN − 2k)

vi

[
TsrC(ND −ND2)−Ntdd

(
rC − ND(1−D)(Ts−tdd)

2C

)] (27)
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Fig. 10. Waveforms of the carrier and the modulation signal with the proposed
adjusting algorithm.

Fig. 11. Simplified control diagram to the crossing point of (a) existing method
and (b) proposed method.

Fig. 12. Waveforms of the carrier signal vc, the average value of the modula-
tion signal v̄m and the PWM signal vd with the proposed algorithm.

The major improvement in the proposed method is the in-
crease of control resolution. As the Fig. 11 indicates, the quan-
tization is made with the production of Δt and Kc/N trimming
the sampling interval in the existing method. While in proposed
method, it is made with the production of Δt and Kc trimming
the carrier phase. The increase in quantization error with multi-
sampling factor N is avoided.

C. Parameter Design and Implementation

The design of the crossing point loop gain Kc is based on a
simplified model using the proposed algorithm. As the control
period of the algorithm is the switching cycle Ts, the model of the
power stage is discretized with the same period. The dynamics
of the proposed algorithm is illustrated in Fig. 12, where v̄m
denotes the average value of the modulation signal.

As Fig. 12 indicated, the adjustment on the carrier phase Δvc
is equivalent to an extra pulse width dc in the PWM signal, and
the variation in the modulation signal can cause variation in the

Fig. 13. Block diagram of the system model with the proposed carrier shifting
algorithm considering the coupling with voltage control loop.

crossing point tcross. The coupling relationship can be derived
in (35) and (36). Therefore, the control diagram of the proposed
algorithm is illustrated in Fig. 13

dc =
Δvc
2

(35)

tcross[n+ 1] = tcross[n]− Ts

2
(Δvc[n] + v̄m[n+ 1]− v̄m[n]) .

(36)

Finally, the loop gain of the system with the proposed algo-
rithm Tcp is derived in (37) where Tp denotes the loop gain of the
original voltage control for the power stage. The design of the
crossing point loop gain Kc will be based on the system stability
predicted by Tcp

Tcp = Kc

[
1

z − 1
+

Tp

2(1 + Tp)

]
. (37)

In the stability analysis of the crossing point loop, the voltage
loop will be discretized with the same interval. However, the
original discretization interval of the voltage loop is the sampling
interval Tsa, which is smaller and the one for the crossing point
loop, i.e., the switching interval Ts. Thus, the larger discretiza-
tion interval of the voltage loop introduces phase lag in the
model. The phase lag will further restrict the control gain which
makes the model conservative. So, the actual stability boundary
is beyond the predicted one and the design is feasible.

The digital circuit diagram to implement the proposed algo-
rithm is described by Fig. 14. First, detection of the crossing
point is performed by a 16-b counter with a 16-b D-flip-flop
(DFF). The value of counter is cleared when the AD conver-
sion completes, so the maximum value of counter denotes the
sampling cycle. The value of counter is preserved in the DFF at
each falling edge of the PWM signal, and the preserved value
denotes the crossing point tcross. Then, the adjusting magnitude
Δvc is calculated through an adder, a multiplier, and a limiter.
The adjusting magnitude is loaded to the carrier signal counter
(CSC) each time when the value of the CSC equals to 0. Next, the

Kpmax =
2L(N −DN − 2k+2Ntc)

NvirC

[
TsD(1−D)− (tdd + Tsa)

(
1− 2D(1−D)Ts−tdd−Tsa

2rCC

)] (30)

Kpmin =
2L(N −DN − 2k+2Ntc)

Nvi

[
TsrC(ND −ND2)− tdd

(
rC − (2TsD(1−D)−tdd)

2C

)] . (31)
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Fig. 14. Digital circuit diagram to implement the proposed algorithm.

TABLE I
PARAMETERS OF THE BUCK CONVERTER STUDIED

carrier signal is generated by the CSC, and the counting direction
of the CSC is switched between increasing and decreasing when
its value reaches the maximum value of carrier signal vcmax or 0.
Hence, the carrier direction is used to trigger the aforementioned
loading of adjusting magnitude Δvc. Finally, the PWM signal
is generated from the comparison result of the carrier signal and
the modulation signal.

V. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

The multisampled buck converter with parameters in Table I
is established in PSIM 9.1. The output voltage is adjustable to
demonstrate the DVC phenomenon in different working points.
The input voltage is not adjustable because it is a factor that
influence the condition of DVC. The serial resistance is larger
than typical application to validate the proposed model and
compensator. A 12-b DPWM and 10-b ADC is used in the
converter. All of the digital signals are in fixed point numbers to
simulate the reality.

In Fig. 15, the occurrence of the DVC under different working
point D and values of Kp is specified. The settings that the
DVC is avoided is illustrated in green, while the settings that
DVC happens is illustrated in red. In addition, the proposed
prediction result is compared with the result in [11]. As given in
Table II, the regulator coefficients are carefully selected so that
the two prediction results are different. When the proportional

Fig. 15. DVC regions respecting to the proportional gain Kp and the working
point D, predicted by the proposed model and the exiting one.

TABLE II
SIMULATION SETTINGS FOR THE DVC CONDITION VERIFICATION

gain Kp is adjusted, the integral gain is adapted to keep the
frequency of the pole constant. The simulation waveforms of the
carrier and the modulation signal are illustrated in Fig. 16. The
sampling is made every 5 μs from the beginning of simulation,
while the modulation signal is updated 1μs after. Therefore, the
peaks and valleys of the carrier signal are synchronized with the
update of the modulation signal to simulate real-time sampling.
The prediction made by the proposed model matches with the
simulation result better than the traditional model.

It is important to notice that lower ADC resolution brings
larger quantization error to the sampled data, which jeopardizes
the accuracy of the DVC prediction, especially when the samples
fall into the same ADC bin, the magnitude of DVC boundary
will be much larger than the predicted one. The DVC boundaries
under different ADC resolutions are tested in the simulation, and
the results are given in Table III. The waveforms of the output
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Fig. 16. Simulation waveforms of the carrier and the modulation signal in
steady state at working point D = 0.5. (a) Kp = 0.42, DVC does not happen.
(b) Kp = 0.44, DVC happens. (c) Kp = 0.55, DVC happens. (d) Kp = 0.61,
DVC does not happen.

TABLE III
SIMULATION RESULTS OF THE DVC BOUNDARIES UNDER DIFFERENT ADC

RESOLUTIONS AT D = 0.5

voltage vo and its sampled value vos are presented in Fig. 17 to
highlight how the ADC resolutions influence the sampled data.

Then, the design principle of the crossing point loop gain
Kc and effectiveness of the proposed DVC elimination method
are investigated, and the system stability boundary of Kc is
presented in Table IV with respect to different voltage regulator
proportional gain Kp.

The crossing point loop gain Kc is set as 1.26 to demonstrate
the validity of the design principle. The simulation verification
is performed with the working point D = 0.3125 and the refer-
ence point tref = 625. The crossing point tcross is observed in
situations that (a) Kp = 0.3 without the proposed algorithm, (b)

Fig. 17. Simulation waveforms of the output voltage vo and its sampled value
vos at D = 0.5 when the sampling resolution is (a) 10 b, (b) 8 b, and (c) 6 b,
respectively.

TABLE IV
SYSTEM STABILITY BOUNDARY WITH CONTROL PARAMETER Kc

Kp = 0.3 with the proposed algorithm, and (c) Kp = 0.35 with
the proposed algorithm. The simulation results are presented in
Fig. 18. The DVC happens in Fig. 18(a) because the proposed
algorithm is not adopted, and thus the crossing point tcross will
be close to either 0 or the maximum value of the crossing time
detection counter. When the proposed algorithm is adopted and
the gain Kc is within the stability boundary predicted in Table IV,
i.e., 1.27, the crossing point follows the reference point, which
indicates that the system is stable and the DVC is eliminated. In
Fig. 16(c), the gain Kc is beyond the stability boundary predicted
in Table IV, i.e., 1.15, and there is an oscillation in the waveform
of the crossing point tcross, showing the system is unstable.
Therefore, the stability boundary predicted by the presented
simplified model coincide with the simulation result, and the
proposed design approach of the gain Kc is validated.

B. Experimental Results

A buck converter controlled by a MAX 10M40 FPGA is built
to validate the theoretical analysis. The converter setup is shown
in Fig. 19, where an external A/D converter is embedded in
the FPGA-based control board, with other setups including the
power supplies, the filter, the driver and the load.
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Fig. 18. Simulation waveforms of the crossing point tcross under different
situations. (a) Kp = 0.3, without the proposed algorithm, DVC happens, tcross
unstable. (b) Kp = 0.3, Kc = 1.26, with the proposed algorithm, tcross stable.
(c) Kp = 0.35, Kc = 1.26, with the proposed algorithm, tcross unstable.

Fig. 19. Photograph of the experimental setup: 1© FPGA-based control board,
2© filter, 3© power stage, 4© driver, 5© resistive load, 6© dc voltage source, and
7© perturbation source with injector.

First, the load transient performance of the proposed ap-
proach is compared with the original multisampling method,
the filter-based approaches using SRF, FRF [19], and the sam-
pling frequency adjusting approach (SFA) [12]. The analytical
presentation of the digital filters are shown in (38), (39), and the
comparison of the loop gains in bode plot with phase margins
are shown in Fig. 20. The loop gain of the proposed approach
is derived regarding the control diagram in Fig. 13, showing the
proposed approach is equivalent to adding an extra pair of low
frequency zero and pole. The SRF suffers 40° of phase margin
penalty. The waveforms of the output voltage vo under these
five methods with a load step from 0.7 to 1.4 A are shown in
Fig. 21. It can be observed that the responses appear to be similar
under the original, the FRF approach, the SFA approach, and the
proposed approach. But the response of SRF approach is much
slower than the former approaches. The reason is that the duty

Fig. 20. The bode diagram of the loop gains of the proposed approach, the
original multisampling, the SRF, and the FRF.

Fig. 21. Experimental waveforms of output voltage vo with proposed approach
(CH1), the original multisampling method (CHR1), filter-based approach using
SRF (CHR2), FRF (CHR3), and SFA (CHR4) when load step from 0.7 to 1.4 A.
Time: 200μs/div; CH1: 5 V/div, output voltage vo.

Fig. 22. Circuit diagram of the experiment setup for demonstrating the DVC
phenomenon.

ratio is significantly changed during the transient and the DVC
is not the critical factor to the response. Instead, the additional
phase loss from SRF jeopardized the load transient performance

FSRF(z) =
1− z−N/2

2
(38)

FFRF(z) = 1.5
1− z−N + 1

N

∑N
n=1 z

−n

1.5− z−N + 1
N

∑N
n=1 z

−n
. (39)

Since it is hard to observe the modulation signal and the
carrier signal in the experiment, a sinusoidal voltage source vip
is connected in series with the original dc voltage as Fig. 22 have
shown, to demonstrate the deterioration of the control loop due
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Fig. 23. Experimental test results. (a) Magnitude of the 1 kHz component
in the output voltage vop with or without the proposed elimination approach.
(b) Estimation on the occurrence of the DVC.

Fig. 24. Experimental waveforms when Kp = 0.3, D = 0.6875 (a) with and
(b) without proposed algorithm: CH1, DC 5 V/div, PWM signal vd; CH2, AC
500 mV/div, output voltage perturbation vop; CH3, AC 2 V/div, input voltage
perturbation vip; Math, 50 mV/div, FFT result of vop.

to the occurrence of DVC. The frequency of vip is 1 kHz and its
magnitude is 1.2 V. Thus, the magnitude of 1 kHz component
of the output voltage vop is investigated when the proportional
gain Kp changes from 0.1 to 0.7. If the DVC does not happen,
the magnitude will decrease as the regulator proportional gain
Kp increases. However, if the DVC happens, the performance of
closed-loop regulation will be deteriorated and the magnitude
will increase with increase of Kp.

The magnitudes of the 1 kHz component in the output voltage
vop are measured with the variation of the proportional gain
Kp at different working points, and the results are presented

Fig. 25. Experimental waveforms when Kp = 0.3, D = 0.625 (a) with and
(b) without proposed algorithm: CH1, DC 5 V/div, PWM signal vd; CH2, AC
500 mV/div, output voltage perturbation vop; CH3, AC 2 V/div, input voltage
perturbation vip; Math, 50mV/div, FFT result of vop.

Fig. 26. Experimental waveforms when Kp = 0.55, D = 0.6875 (a) with and
(b) without proposed algorithm: CH1, DC 5 V/div, PWM signal vd; CH2, AC
500 mV/div, output voltage perturbation vop; CH3, AC 2 V/div, input voltage
perturbation vip; Math, 50 mV/div, FFT result of vop.

in Fig. 23(a). The estimation on the occurrence of the DVC
is originated from the theoretical results in Fig. 15, and it is
presented in Fig. 23(b) as the number of vertical crossings nvc.
The influence of DVC is obvious, for there is a clear rising in
the solid line denoting the magnitude of vop when the estimation
of nvc equals to 2. Hence, the experiment results confirm the
theoretical prediction by the proposed model of DVC.

Moreover, the results using the proposed elimination algo-
rithm is compared with the results without the algorithm in
Fig. 23(a). The rising of vop is avoided when the proposed
algorithm is introduced. Detailed waveforms are demonstrated
in figures from Figs. 24–27, where the waveforms of vop and
the FFT result of vop are compared under four sets of different
Kp and D. In cases where DVC is predicted to happen, i.e., as
shown in Figs. 21 and 24, the FFT result of vop with the proposed
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Fig. 27. Experimental waveforms when Kp = 0.55, D = 0.625 (a) with and
(b) without proposed algorithm: CH1, DC 5 V/div, PWM signal vd; CH2, AC
500 mV/div, output voltage perturbation vop; CH3, AC 2 V/div, input voltage
perturbation vip; Math, 50 mV/div, FFT result of vop.

Fig. 28. Experimental test results of the magnitude of the 1 kHz component
in the output voltage vop with the proposed approach, the SFA approach, and
the FRF approach.

algorithm is smaller than that without the proposed algorithm.
In cases where DVC is predicted to not happen, the FFT result
of vop with the proposed algorithm is nearly the same with that
without the proposed algorithm. The comparison proved that
the proposed algorithm can eliminate DVC without introducing
extra problems.

Finally, the audio susceptibility at 1 kHz is experimentally
tested with the proposed approach, the SFA approach, and
the FRF approach to demonstrate their differences. Comparing
with the SFA approach, the proposed approach improved the
control resolution. As indicated in Fig. 20, the proposed method
introduced a pair of zero and pole at low frequency, making
the magnitude at 1 kHz higher than the FRF approach. So, the
audio susceptibility at 1 kHz of proposed approach is expected
to be lower than both of the existing approaches. The test setup
is the same as Fig. 22 at steady state duty cycle D = 0.5
with 0.1 V-1 kHz perturbation. The test results are presented in
Fig. 28, where the proposed method has the best performance.
The experimental results validate the theoretical analysis.

VI. CONCLUSION

This article investigates the phenomenon in multisampled
digital-controlled buck converters where the carrier signal and
the modulation signal have double vertical crossing in a switch-
ing period. First, an accurate model of the DVC phenomenon
is derived with geometric approach. The accuracy is enhanced
by taking the sampling delay and the filter capacitance into
the model. Then, a carrier-adjusting algorithm is proposed to
eliminate the DVC phenomenon on the basis of the model
previously derived. The proposed method has better dynamic
performance than existing methods. Moreover, the proposed
method is more preferable because the quantization error is not
influenced by the multisampling factor. Finally, the proposed
model and elimination approach are validated by simulation and
experimental results.
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