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Reconfigurable Periodic Bifrequency DPWM With
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Abstract—Majority of spectral spreading techniques employ
chaos-based pulsewidth-modulation (PWM) schemes in a switch-
ing dc—dc converter, in which neither dynamic performance nor
ripple parameter can be correctly predicted so as for efficiency. Pe-
riodic frequency modulation using a triangular carrier wave can
achieve custom spectral spreading and harmonic reduction. This
paper proposes a periodic bifrequency digital PWM (BF-DPWM)
technique in a de—dc converter, which uses two discrete frequencies
f1 and f> as guided by a modulating signal f,,. Fourier analysis
shows that f; and f> do not exist; however, they contribute to
power spectrum of f,,. This method achieves considerable har-
monic reduction and improved DPWM resolution with an insignif-
icant ripple impact, compared to a dither-based periodic modu-
lation scheme. Design guidelines using simulation study are pre-
sented. A buck converter prototype has been made, and different
control schemes are implemented using a field-programmable gate
array device. Test results show that the BF-DPWM has insignificant
impacts on transient performance. Finally, the proposed scheme is
extended to the triangular-wave modulation scheme, which results
in further harmonic reduction.

Index Terms—Bi-frequency modulation, conducted EMI, DC-
DC converters, digital pulse width modulator, periodic modulation.

I. INTRODUCTION

WITCH-MODE power supplies, beside offering several
S performance and efficiency benefits, suffer from electro-
magnetic interference (EMI) issues because of fast switching
currents and voltages in them [1]-[3]. These may cause inter-
ference with nearby devices and also the input power lines [4].
Thus, EMI reduction is an important concern in all modern
electronic equipments, as evidenced by the presence of many
regulations [5], [6]. These link electromagnetic compatibility
with the ability to meet the interfering power spectrum under a
threshold level. The use of passive EMI filters and shielding are
standard practices for EMI reduction [7]; however, bulky pas-
sive power circuit components increase size, cost, and losses.
Also they eventually limit the input current slew rate, which
results in poor transient performance.

Beside passive EMI filters, switching frequency modula-
tion techniques enable spectral spreading for further EMI re-
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duction [8]. Majority of spectral spreading techniques employ
randomized switching frequency modulation [9]-[11] or chaos-
based pulsewidth-modulation (PWM) [12]-[16] schemes in a
switching dc—dc converter. However, it is difficult to analyti-
cally predict ripple parameters so as for efficiency. The pro-
grammable pulsewidth modulator was proposed in [17], which
uses (offline) optimized timing parameters. Variable switching
frequency operation was proposed in [18]. Periodic frequency
modulation techniques can achieve spectral spreading and har-
monic reduction [19]-[22] with predictable ripple parameters.
Spectral spreading using a sinusoidal modulation profile was
applied to switching power converters by F. Lin and D. Y. Chen
[19]. Frequency modulation using a triangular periodic carrier
wave can result in custom spectral spreading [20]-[22]. A pe-
riodic bifrequency modulation scheme was introduced in [23],
in which time periods are generated using variable frequency
approaches, such constant on-time and constant-off time con-
trol. This requires separate hardware resources in digital imple-
mentation and a variable frequency operation makes it difficult
to predict discrete frequencies as the operating point changes.
Moreover, impacts on closed-loop stability and dynamic perfor-
mance have not been reported.

This paper proposes a bifrequency digital PWM (BF-
DPWM) technique in a dc—dc converter. This uses two discrete
frequencies f; and f; under a periodic modulation and achieves
considerable harmonic reduction [24]. This also improves
the voltage resolution with an insignificant ripple impact,
compared to a dither-based periodic modulation scheme [25].
Discrete-time models are used for stability analysis and design
guidelines are presented. A buck converter prototype was
made, and different control schemes are implemented using a
field-programmable gate array (FPGA) device. This method is
extended to the triangular-wave modulation scheme for further
harmonic reduction.

This paper is organized as follows. Section II presents the pro-
posed periodic BF-DPWM technique. Power spectral density is
analyzed in Section III. Section IV presents design and simula-
tion study of the proposed scheme. Section V demonstrates per-
formance improvement using test results using a synchronous
buck converter. Section VI presents the concluding remarks.

II. PROPOSED PERIODIC BF-DPWM
A. Voltage-mode Periodic BF-DPWM

Fig. 1 shows the schematic diagram of a dc—dc buck converter
governed by the voltage-mode BF-DPWM. Primarily this con-
sists of 1) a “periodic modulator” block and 2) a “BF-DPWM”
block. The former consists of a free-running counter, which gets
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Fig. 1. Schematic diagram of a synchronous buck converter governed by the
proposed voltage-mode BF-DPWM scheme.
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Fig. 2. Internal architecture of the proposed BF-DPWM (in Fig. 1): t.)x
indicates the controller clock; Vs indicates the counting limit to generate the
nominal time period T' = (N + 1) t.1x; AN represents a variable parameter
to generate a bifrequency operation.

incremented at the rising edge of the switching clock f;. The
counter is reset if the counting value reaches the upper limit
Np,. The “BF” control signal is set to “logic 1 as long as the
counting value is smaller than n,,. Thus, for a given set of the
parameters n,, and N, (where n,, < N,), the “BF” signal
generates a periodic pulse that decides the occurrence of the pe-
riodic bifrequency operation. Fig. 2 shows the internal architec-
ture of the “BF-DPWM,” which uses a generalized ripple-carry
adder/subtractor (GRCAS) with the “BF” signal as the control
input “q.” If “q = 0,” the GRCAS adds two data inputs and
generates the output Ny,.x = Ny + AN; otherwise, the output
becomes Ny .x = Ny — AN. The counter set-value Ny is re-
lated to the nominal switching period as T' = (Ng + 1) teyi. If
the “dither” control signal is set to “logic 0,” the upper-limit
Npax of the free-running counter in Fig. 2 periodically varies
between N; + AN depending on the status of the “BF” sig-
nal. For a nonzero AN (where AN < Nj), this generates two
discrete time periods with T} = (N; — AN + 1) to and Ty =
(Ns + AN + 1) toy, which appear periodically with synchro-
nism of the modulating “BF” signal. The time period of modu-
lating period can be written as T,,, = [n,, 71 + (N, — 0 ) To)-
Fig. 2 shows that the duty ratio under the BF-DPWM scheme is
generated using the closed-loop digital voltage controller. Thus,
it is reasonable to assume that the effective steady-state duty ra-
tio Dy, (where k € {1, 2}) for an active time period T}, under a
bifrequency operation remains the same as that using the fixed-
frequency voltage-mode DPWM, i.e., D, = D. Withn,, = N
and N,, = 2N, the periodic bifrequency operation is shown in
Fig. 3 with respective on-times t; = DT} and ty = DT5.
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Fig. 3. Control waveforms under a BF-DPWM scheme.
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Fig. 4. Control waveforms under a dither-based DPWM scheme.

B. Dither-Based Periodic Modulation

By setting the “dither” command to “logic 1” and consider-
ing AN = 0 in Fig. 2, the proposed BF-DPWM block can be
reconfigured to a periodic dither-based modulation. This consid-
ers a fixed time period 7" throughout, however, uses two discrete
duty ratios depending on the status of the “BF” signal. For
“BF = logic 0,” the gate pulse u is generated by an open-loop
configuration using a set value vp; otherwise, the closed-loop
voltage controller generates u. Using a periodic modulation with
n,, = N and N, = 2N, it is reasonable to consider D — AD
and D + AD as the respective steady-state duty ratios under
open-loop and closed-loop configurations. Thus from Fig. 4,
ti1o =(DFAD)TandT) 5 = T.Also AD canbe customized
by suitably adjusting vp.

C. Voltage-mode Bifrequency Periodic Triangular Modulation

1) Classical Triangular Modulation: With a little modifica-
tion of the proposed scheme in Fig. 2, an approximate periodic
triangular modulation (PTM) technique (in [22]) can be realized.
In a conventional voltage-mode PTM scheme, the upper value
of the periodic sawtooth waveform is periodically modulated.
This indicates that the switching period (7') linearly increases
with time over a finite number of cycles; thereafter, 7" linearly
decreases over the same number of cycles. Such linear changes
in T can be easily implemented using a digital platform [20].
This paper considers a much simplified, rather an approximate
approach. By setting “dither = logic 0” and AN = 0 in Fig. 2,
the counter upper-limit Ny, . is incremented (at the rising edge
of the running switching clock fi) over An number of succes-
sive cycles, starting with the set value Ng. Thereafter, Ny, .« 1s
decremented over the same number of cycles. This can be easily
implemented using an increment/decrement counter as shown in
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Fig. 5. Internal architecture of the proposed BF-DPWM (in Fig. 1) with

triangular modulation: An generates periodic triangular modulation.

Fig. 5, in which the “control input” command decides whether
to increment or to decrement. If “control input = logic 1,” the
counter starts incrementing at the rising edge of the switch-
ing signal f;. The time period of f; periodically varies with
Npax. After the counter reaches An, the “control input” is set
to logic 0, and the counter starts decrementing. For An < Ny,
this represents a triangular modulation scheme with an approx-
imate rate 1/(N,t.x) Hz/V. For a reasonably large value of
Amn, this would represent a periodic exponential modulation
scheme.

2) Bifrequency Triangular Modulation: In this bifrequency
periodic triangular modulation, two discrete rates of change of
frequency are considered as shown in Fig. 5. While the “BF”
command is set to logic 1, the counter starts incrementing at the
rising edge of f; so as for Ny, ,x with a base value Ny, — AN as
generated by the GRCAS. However, for “BF =logic 0,” Ny, ax 1S
decremented with a base value N, + AN. Thus, this results in
two discrete rates of change of frequency as 1/[(Ns F AN )t ]
Hz/V. This represents a periodic bifrequency triangular modu-
lation, and later, it will be shown using test results that this can
further reduce power level of the harmonic contents, compared
to a conventional PTM.

III. POWER SPECTRAL DENSITY: A COMPARATIVE STUDY

The power spectral density (PSD) of the signal under test
provides levels of power spectrum of a periodic signal at its
different harmonic contents. For example, the PSD of the input
current reflects the measure of the conducted EMI, while the
PSD of the output voltage provides the measure of the radiated
EMI. However, it is cuambersome to analytically formulate the
PSD of either of the aforementioned signals, which need to be
evaluated using numerical methods. To provide analytical in-
sights of the PSD under different periodic modulation schemes,
Fourier series is rather applied on the control signal « in this

paper.

A. PSD Under Conventional DPWM

Consider a buck converter in Fig. 1 under the conventional
voltage-mode DPWM, i.e., AN = 0 and “dither = logic 0” in
Fig. 2. With a stable steady-state operation, the effective modu-
lating frequency is same as the converter switching frequency,
irrespective of the values of n,, and N,,. Thus, Fourier coeffi-
cients can be obtained for the control signal u over the periodic
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interval 1" as follows:

- 1
= C ejQ?ka,t’ Cr = —
2 o T

k=—00
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0

e))
where f; = 1/T and D indicates the steady-state duty ratio.
Thus, the PSD of w under the fixed-frequency DPWM becomes

2
Cp kC_p = (271]€> (e—jQWkD _ 1) (ejZ’/Tk?D _ 1)

= D?sinc® (nkD). 2)

len” =

B. PSD Under Periodic Modulation

Consider a periodic modulation scheme with n,, = N and
N,, = 2N (in Fig. 2). For the BF-DPWM shown in Fig. 3, two
discrete time periods Ty =T — AT and Ty, = T + AT (where
T is the nominal time period) with their respective on-time
durations as ¢; and t». The modulating time period is

T, = N(T) + o) = 2NT = 1/ f,,. 3)

Thus, the Fourier series representation of « becomes

= Z e’ Int with 1/f, =2NT. (4

k=—00

The Fourier series coefficient can be derived over 7,,, as

[ Il + eijZTkJW NT X I ) (5)

ﬂ(
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where I, = ’72””’" ’ x/ e IImkInt e (6)
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where r € {1, 2}; I,1 and I,» can be derived as

ij —j2mk fm t,
Iy = J2kfmts
2 27k x (e )
1 — e_jQkam NT, Cirk .
n=4——mmn =¢’ EIn VDT o £, ()
sin (7k f,, NT,
fr(k) = ¥ (7

sin (wk f,, 1))

2 (with ¢}, = c_y,) represents the PSD
of u, which can be derived using (3)-(7), as

1

2
o = (527) [lal® £+ B 12 4 @b+ t) o]
(®)

where the expressions of f; (k) and f2 (k) are given in (7), and
a= (e 2Eint 1) x gmimEin (N-L)T:
b= (e72mkfnte _ 1) x e=inkfn PNT+(N-1)T2] - (g)

The aforementioned equations can be further simplified as
follows:
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1\2
lex? = (71'k> [2] + 23 + 22125 cos 0]

x, = sin(wkfpnt.) X fr (k)
k
0 — JTT 2NT + (T) = Ty) — (tr — t2)] . (10)

Referring to Figs. 3 and 4, it is reasonable to assume
that 2NT > (T} — Ty) — (1 — t2); thus, cos 0 ~ cos (7k) =
(—1)%. With this assumption, (10) can be simplified as

17 2
|Ck|2 = (71'k;> {331 + (—1)k XTo

This shows that the PSD of the control input does not contain any
frequency related to time periods 7} or 75; however, harmonic
contents are functions of their relative difference.

1) PSD Under Dither-Based Modulation: From Fig. 4, tim-
ing parameters for a dither-based periodic modulation scheme
under the voltage-mode DPWM controller become

Th=T=T, t =(D—AD)T, to=(D+AD)T
(12)
where D indicates the steady-state duty ratio using the fixed-
frequency voltage-mode DPWM controller. A difference in duty
ratio, AD can be achieved through a suitable choice of vp (in
Fig. 2) as discussed in Section II-A. Using (10)—(12), the PSD
of w under the periodic dither-based modulation can be derived
for odd integer values of k, as follows:
, 9 sin {n(zk;\%p}  cos [w(zg;l)p} 2
‘C(2k+l) | = }

7 (2k +1) x sin | ZGL

Y

(13)
Similarly, the PSD of « can be derived for even k as follows:
oo |? = sin (mkD/N) x cos (tkAD/N) x sin (rk)]?
S 7k x sin (rk/N) '

(14)
Since sin (k) = 0, the aforementioned equation shows that
|lcar|* = 0 for even values of k. However, for k being an integral
multiple of 2N, the PSD of u, |con |2 in (14) can be shown to
be

leani|? = D? x cos® (mkAD) x sinc? (kD) . (15)

Since T}, = 2N x T, the PSD, |02Nk|2, of the gate signal u
using a dither-based modulation would accordingly modify the
PSD, |cx |2, using the fixed-frequency DPWM in (2).

2) PSD Under Bifrequency Modulation: From Fig. 3, timing
parameters for a periodic bifrequency modulation scheme under
the voltage-mode DPWM controller become

t1 =DT\, to=DTy,, ' =T - AT, Th =T + ATy

(16)
where D indicates the steady-state duty ratio using the fixed-
frequency voltage-mode DPWM controller. A difference in time
period AT can be achieved through a suitable choice of AN (in
Fig. 2) as discussed in Section II-B. Using (10), (11), and (16),
the PSD of w under the periodic bifrequency modulation can
be derived for both odd and even integer values of k. The PSD
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expressions are cumbersome, hence, they are not presented in
this paper. However, the PSD expression of u can be simplified,
for k being an integral multiple of 2NV, as

sin (tkNz) x sin (tkD) x cos (7kDz)]?
kN x sin (wkx)

|02Nk: |2 ==

a7)

where = AT/T = AN/N;. The frequency resolution A f

under the BE-DWPM becomes A f = f/2N. This means that

a considerably large /N improves frequency resolution, thus im-

proving the spectral distribution. Under this consideration, it is
reasonable to approximate Nz in (17) as

Nz~m+ax = [sin(rkNx)|~ |sin (rkz)| form e IT.
(18)
Using (18), the PSD of u in (17) can be approximated as

leanik|? & D? x cos® (nkDAT/T) x sinc?® (kD). (19)

It is not necessary for IV to be very large in order to arrive an
approximation as given in (18). In fact, (19) is perfectly valid
for N =1, and the analytical PSD expression in (11) can be
graphically plotted for arbitrary integer values of N and k .

C. Custom Harmonic Reduction

It is important to investigate the impact of both the periodic
modulation schemes on the harmonic contents of the unmod-
ulated DPWM scheme. Since T,, = 2/NT, it is reasonable to
compute the PSD |cy Nk|2 for both the periodic modulation
schemes in order to quantify the relative spectral attenuation
(or harmonic reduction) over the unmodulated DPWM. Using
(2), (15), and (19), the relative PSD can be written as

2
c .
‘ 2Nk‘PSDfdlther _ C052 (TK’kAD)

P (20)
|ck‘PSD—DPWM
2
‘CQAV]C‘;DSD—BF—DP\)\'I\/I _ COS2 [(ﬂ,kD) x (AT/T)] (21)
|Ck7|PSD7DPWM
2
lcank|psp_Br-pPwWM _ cos® [(mkD) x (AT/T)) (22)

|Ck|%SD—dither cos? [(mkD) x (AD/D)|’

From (20)—(22), it is clear that the dc (at kK = 0) PSD com-
ponent of the gate signal u under the unmodulated DPWM
scheme remains unaffected by either of the periodic modula-
tion schemes. This indicates that the steady-state duty-ratio D
or more generally the operating point using the fixed-frequency
DPWM is preserved in the average sense. Further, (20) and
(21) show that the PSD under the unmodulated DPWM scheme
will be attenuated at fundamental and harmonic components
using both the periodic modulation schemes, and the fold of
attenuation increases with k. Although |conj |2 in (22) appears
to be the same for both the periodic modulation schemes with
AD/D = AT/T, the BE-DPWM is expected to further reduce
the harmonic contents using (17). Moreover, impacts on steady-
state ripple parameters need to be analyzed.

The PSD expressions in (20)—(22) provide analytical justifica-
tions of harmonic reduction using different periodic modulation
schemes. However, this study uses Fourier series coefficient that
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can be analytically derived for a continuous-time periodic sig-
nal. For numerical as well as experimental study of the power
spectrum, the Fourier transform is rather applied because the
periodic signal often needs to sampled at a uniform rate, which
is much higher than the Nyquist rate [26]. Fourier transform can
be derived using Fourier coefficient as follows:

o0

Z (2mey) 0 (w — kwy); wo = 27 fm .

k=—00

X(w) = (23)
Then, the Discrete Fourier transform can be obtained and the

fast Fourier transform (FFT) algorithm can be used to quantify
the power spectrum for numerical and experiment studies.

IV. ANALYSIS AND DESIGN OF THE PROPOSED SCHEME
A. Steady-State Ripple Characterization

The expressions of the steady-state inductor current and volt-
age ripple parameters under the fixed-frequency DPWM can
be derived following [27] with T} 5 = T and t; » = DT The
steady-state current ripple Aiy can be written as
—v,) DT v, (1—D)DT

L N L ’

1) Current Ripple Under a Dither-Based Modulation: With
Ty =T, Fig. 4 shows two steady-state duty ratios D — AD
and D + AD (for the nominal duty-ratio D) using the dither-
based DPWM. Thus, two steady-state output voltages v,; and
Voo (With the respective load currents ¢,; and 4,2 for the load
resistance R) will appear periodically, which are written as

(D_AD) Vin, Z.01 :Uol/R
(D + AD) Vin , iog == UOQ/R.

(vin

Aip = (24)

Vo1 =

(25)

Vo2 =
Using (24) and (25), two steady-state ripple currents become
(D—AD)(1—-D+ AD)Tuv,
L
(D+AD)(1—=D—AD)Tuy,
7 .
Using (25) and (26), the peak current (ipeax = fp2 + Aira/2)

and the valley current (ivalley = %01 — Air1 /2) in Fig. 4 are

T’Uin (1 - D — AD):|

Aipy =

Nipg = (26)

.
D+ AD =
(D + )X[R%

ipoak = oL,
. Vin Tvi, (1 —D+ AD
lyalley = (-D - AD) X |:R - ( 5L, ):| . (27)

Thus, the peak-to-peak inductor current ripple becomes

; : - . 2 TAD\ AD
AL g = lpeak — tvalley = At + <R _ L) et
(28)

where Ai; indicates the nominal current ripple in (24) using
the DPWM technique. The aforementioned expression shows
that the inductor ripple is considerably affected by a dither-
based periodic modulation scheme, particularly at higher load
current conditions (for smaller R). Similarly, the output voltage
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ripple can be analytically derived. Various dither-based scheme
are discussed in [30] to minimize ripple parameters, and the
proposed theoretical framework can be extended to investigate
their impacts on spectral characteristics.

2) Current Ripple Under the Proposed Bifrequency DPWM:
From Fig. 3, the steady-state duty ratio using the BF-DPWM
remains the same as that of the fixed-frequency DPWM. More-
over, the peak-to-peak current is simply the largest current ripple
related to the time period 7'+ AT, which is written as

. . AT
Air, gr-ppwm = Aif X <1 + ) . (29)

T
The aforementioned expression shows that the current ripple
linearly increases with the percentage change in time period
AT /T.Moreover, itis independent of load current. This implies
that even though the percentage change equally affects the har-
monic reduction in (22), the ripple parameters are significantly
affected by the dither-based modulation in (28), compared to
that in (29) using the proposed BF-DPWM.

B. Duty-Ratio Resolution Under BF-DPWM

The duty-ratio resolution in a conventional voltage-mode
DPWM is limited to Ad = 1/ (N + 1). For a periodic dither-
based modulation with T, = 2NT', Ad can be improved by

1 1 1
— X —— = — X Ad.
2N (Ns+1) 2N
For the same 7),, the duty-ratio resolution Adgg using the
proposed periodic BE-DPWM can be improved as

1 1
A@F_QNUW+AN+1Y‘G

Addither = (30)

~1
+ g) X Adqither-
(€29
Thus, the proposed BF-DPWM can further improve the duty-
ratio resolution using the dither-based modulation scheme with
an insignificant impact on ripple parameter, as given in (29).

C. Design of the Discrete-Time Compensator

The compensator design under voltage mode control is well
studied [27]. This uses state-space averaging followed by lin-
earization around an operating point to derive various transfer
functions. An equivalent hold concept can be used to accurately
derive such transfer functions fora DPWM dc—dc converter [28].
Thereafter, a discrete-time voltage controller G.(z) in Fig. 1 can
be directly designed in the digital domain [29]. A similar com-
pensator design method can be directly applied for the proposed
BF-DPWM, as the closed-loop remains active throughout. A
discrete-time proportional-integral (PI) controller is considered
in this paper, as follows:

ve[n] = kpve[n] + ur[n] (32)

where ui[n] = uin — 1] + kive[n], ve[n] = (vyer —vn); kp
and k; indicate proportional and integral gains in discrete do-
main. However, G.(z) may be a lag/lead or a type-3 compen-
sator, and the design steps in [29] would be equally applicable.
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Fig. 6. Power spectrum computed based on simulation results using the FFT
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Fig. 7. Inductor current ripple using the (a) fixed-frequency DPWM, (b)
dither-based DPWM, and (c) BF-DPWM for N =35 at v;, =9 V and
R=17Q.

D. Simulation Results and Discussion

The nominal parameter set considered for simulation study
is as follows: T'=5 pus, L =9 uH, C =470 uF, R € [0.3 Q,
5 Q], vin =9V, and v, = 3.3 V. The PI controller parameters
in (32) are taken to be k, = 50 and k; = 0.9 and the frequency
of the controller clock f.;x = 100 MHz.

Using the aforementioned parameter set, Fig. 6 shows the
power spectrum of the switched node voltage, which was ob-
tained numerically using the FFT algorithm. This shows that for
anominal switching frequency of 200 kHz, the higher harmonic
contents can be reduced using both the dither-based technique
and the proposed BF-DPWM compared to that using the fixed-
frequency DPWM technique.

Fig. 7 shows that the (peak-to-peak) inductor current rip-
ples are (a) 1.1612 A using the fixed-frequency DPWM, (b)
1.55 A using the dither-based DPWM for AD/D = 10%, and
(c) 1.277 A using the BE-DPWM for AT /T = 10%, whereas
the calculated ripple parameters using (24), (28), and (29) are
found to be 1.1616, 1.562, and 1.28 A, respectively. This shows
that while a dither-based DPWM technique attenuates the spec-
tral speaks similar to the proposed BE-DPWM scheme, it con-
siderably increases the ripple parameters. The current ripple is
expected to increase further at higher load current conditions or
for a smaller value of the load resistance R.
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V. HARDWARE IMPLEMENTATION

A buck converter prototype is made and different digital con-
trollers are implemented using an FPGA device. The same pa-
rameter set in Section IV-D is considered for experimental in-
vestigation. For the prototype signal conditioning circuits, an
8-bit pipeline ADC (AD9280) is considered to sample the out-
put voltage with the same rate of the switching clock f;.

A. Measured Power Spectrum Using FFT and Steady-State
Current Ripple: A Comparative Study

Fig. 8 shows a comparative study of the measured power
spectrum of the switch node voltage of a buck converter using
the FFT algorithm. The measured power spectrum (FFT) using
different modulation techniques are more or less consistent with
the simulated power spectrum as shown in Fig. 6. However,
there are some mismatches, particularly for second and also for
a few higher harmonic contents. This can be attributed to the
practical parasitics, such as dc resistance of the inductor, ESR
of the capacitor, finite slew rates of the MOSFETs as well as
the drivers. These would cause a deviation in the steady-state
duty ratio and also inject a few extra frequency components,
which have not been included in the simulation as well as in the
analytical studies.

Fig. 9 shows the measured inductor current ripples of
(a) 1.59 A using the dither-based modulation scheme (with
AD/D = 10%) and (b) 1.29 A using the BF-DPWM (with
AT/T = 10%). The ripple parameters are consistent with the
simulation results in Fig. 7 as well as with the analytical deriva-
tions in (28) and (29). This also shows that the current ripple
considerably increases using the dither-based modulation com-
pared to the proposed scheme for a similar percentage increase
for the respective modulating parameters.

B. Harmonic Reduction Using Triangular
Modulation Schemes

Figs. 10 and 11 show the measured power spectrum (using a
Tektronix made mixed-domain-oscilloscope MD0O4054-3) us-
ing different triangular modulation schemes. For each figure,
the bottom half displays the power spectrum of the switch node
voltage (related to the spectrum analyzer channel) and the top
half displays time domain waveforms with following axis prop-
erties: From the top, Ch 1 (1 A/div), Ch 2 (50 mV/div), and Ch 3
(5 V/div) indicate the inductor current, the ac coupled output
voltage, and the gate signal, respectively.

Fig. 10 shows that the spectral peaks can be band limited
and flat using a periodic triangular modulation scheme in [20],
[22]. With AN/N,=5%, the proposed periodic bifrequency
modulation can further reduce the harmonic contents of the
fixed-frequency DPWM as shown in Fig. 11. The ripple param-
eters using the proposed scheme are also comparable with the
conventional triangular modulation scheme.

C. Load Transient Performance

For a slower controller bandwidth of 1/20*" of the switching
frequency f;, Fig. 12 shows the load transient performance using
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Fig. 9. Measured inductor current ripple in a synchronous buck converter
for N =35 at v;; =9 V and R =1.7Q (a) Dither-based modulation
(b) Bi-frequency pulse width modulation.

different modulation schemes in a synchronous buck converter.
This results in nearly 220-us settling time (or 44 switching cy-
cles) and 80-mV voltage undershoot using the fixed-frequency
DPWM for a step change in load current from 2 to 4.7 A at
9-V input. Moreover, the transient performance is closely re-
tained using the proposed BF-DPWM for different modulation
parameters as indicated in the respective captions.

Using the load current feed forward and different PI controller
gains, Fig. 13 confirms a fast load transient recovery using the
fixed-frequency DPWM. This results in nearly 10-us settling
time (or 2 switching cycles) and 40-mV voltage undershoot
for a step change in load current from 0.7 to 3.2 A. Also the
proposed BF-DPWM closely retains the transient performance,
even using different modulation parameters.
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Fig. 10.  Power spectrum of the switched node voltage of a synchronous buck
converter at vy, = 9 Vand R = 4.5 (2 under a triangular-wave modulation with
An = 50: Time scale —100 ps/div.
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Fig. 11.  PSD of the switched node voltage of a synchronous buck converter at
vin = 9 Vand R = 4.5 ) under a triangular-wave modulation with An = 50
and AN/N, was taken as 5%: Time scale —100 ps/div.

The aforementioned study shows that the proposed mod-
ulation scheme has almost no impact on the load transient
performance, irrespective of the transient step size as well as
the controller bandwidth. The BF-DPWM only attempts to
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Fig. 12.  Transient response of a buck converter for a step change in load current from 2 to 4.7 A, and back with k;, = 50 and k; = 0.9: (a) Fixed-frequency
DPWM, (b) BE-DPWM with AT /T = 4% and N = 10, and (c) BE-DPWM with AT/T = 10% and N = 25: For each figure, Ch 1, Ch 2, and Ch 3 indicate
the inductor current (1 A/div), ac coupled output voltage (0.2 V/div), and step command (2 V/div), respectively, with time scale 0.2 ms/div.
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Fig. 13.  Load transient response with load current feed-forward in a buck converter for a step change from 0.7 to 3.2 A, and back with £, = 60 and k; = 0.3:
(a) Fixed-frequency DPWM, (b) BF-DPWM (AT'/T = 4% and N = 10), and (¢) BF-DPWM (AT /T = 10% and N = 25): For each figure, Ch 1, Ch 2, and
Ch 3 indicate the inductor current (1 A/div), output voltage (1 V/div), and step command (2 V/div), respectively, with time scale 80 ys/div.
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Fig. 14. Reference (step) transient performance in a synchronous buck con- ~ Fig. 15. Reference (step) transient performance in a synchronous buck con-
verter using the conventional DPWM with 7" = 5 ps: Time scale —20 ps/div. verter using the proposed BE-DPWM with N = 3 and AN/N3=10%: Time
scale —20 ps/div.

periodically modulate the operating frequency, while the voltage

controller remains the same as the fixed-frequency DPWM.

with N = 3 and AT/T=10%. The figures show that the ref-

erence tracking performance using the proposed BF-DPWM

remains more or less the same as that using the classical fixed-
Fig. 14 shows the transient performance in a synchronous frequency DPWM. Even the use of a higher controller band-

buck converter using the conventional voltage-mode DPWM for ~ width would have an insignificant performance impact using

a step change in reference voltage from2to 3.4 Vat R = 10§2. the proposed BF-DPWM scheme; however, the peak inductor

This results in 200-mV voltage overshoot, 12-A inductor over- current is expected to significantly increase.

shoot, and 0.1-ms settling time. Fig. 15 shows the transient per- Thus, the proposed BF-DPWM technique seems to have an

formance in a synchronous buck converter using the proposed insignificant impact on transient performance for a change in

BF-DPWM under the same test conditions as aforementioned load current and/or reference voltage.

D. Reference Tracking Performance
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VI. CONCLUSION

In this paper, a periodic BF-DPWM technique was proposed
in a dc—dc converter. This would require two discrete frequen-
cies f1 and f5 and a modulating signal f,,. The proposed BF-
DPWM would achieve considerable harmonic reduction and im-
proved DPWM resolution with an insignificant ripple impact.
A buck converter prototype was made, and different control
schemes were implemented using an FPGA device. Test results
demonstrate that the BF-DPWM has insignificant impacts on
transient performance. The proposed scheme was extended to
the triangular-wave modulation scheme for further harmonic
reduction.
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