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Constant ON/OFF-Time Hybrid Modulation in Digital
Current-Mode Control Using Event-Based Sampling

K. Hariharan ¥, Santanu Kapat

Abstract—Ripple-based constant ON-time and OFF-time control
techniques can achieve fast step-down and step-up transient perfor-
mance along with an improved light-load efficiency. However, they
suffer from varying switching frequency at the steady state and of-
ten require a phase-locked loop for frequency regulation. This pa-
per proposes a constant ON/OFF-time hybrid modulation technique
in a digitally current-mode controlled synchronous buck converter.
The proposed technique considers an event-based sampling mech-
anism using one sample per switching cycle, which makes it use-
ful for high-frequency implementation. This requires a monoshot
timer and a digital voltage controller G.(z). The proposed tech-
nique can be configured to a constant ON-time or OFF-time mod-
ulator with seamless transition because of sharing G.(z); thus,
improved step-up/down transient performance can be retained.
Furthermore, a discrete-time framework is proposed for fast-scale
stability analysis, and the effects of finite sampling and practical
parasitics are discussed. Discrete-time small-signal models are de-
rived for the direct digital control design with enhanced stability
and performance. A frequency adaptation method is discussed to
customize the switching frequency in real time. A buck converter
prototype is tested, and the usefulness of the proposed modulation
technique is verified experimentally.

Index Terms—Antiwindup, constant ON-time, current-mode
digital control, event-based sampling, OFF-time, robust stability.

1. INTRODUCTION

IPPLE-BASED constant ON/OFF-time control techniques

find widespread applications in dc—dc converters [2]-[14],
as they offer fast transient response and an improved light-load
efficiency [2]-[6]. They often utilize inherent ripple parameters
of a practical dc—dc converter [5]. There are primarily two types
of modulators: constant ON-time and constant OFF-time modu-
lators. In addition to the voltage regulator loop, they generally
require a ramp compensation, which can be the output volt-
age ripple [dominated by the effective series resistance (ESR)]
[5], the inductor current ripple [10], an estimated current ripple
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[11], the sensed inductor current [12], a dedicated ramp [14], or
a combination of some of the above techniques [15].

In spite of simplicity, constant ON/OFF-time control suffers
from varying switching frequency (sensitive to output capacitor
and its ESR, time delay, operating point, etc.), jittery behav-
ior (sensitive to ambient noise), and subharmonic instability
(primarily due to the ESR) [3], [16]-[18]. Adaptive ramp com-
pensation techniques are proposed to stabilize the closed-loop
converter [19]; however, such techniques are difficult to real-
ize using analog implementation. Furthermore, a quasi-fixed-
frequency operation is generally achieved by sensing the input
voltage [20] and adaptively varying the constant timing pa-
rameter [21]. The methods of ON/OFF-time adaptation for fre-
quency regulation require considerable hardware resources with
a slower response time [22], [23].

A digital platform can simplify a frequency regulation method
by adjusting the constant timing parameter in real time using a
time-to-digital converter (TDC), even without sensing the input
voltage. Prior research efforts were mainly limited to fixed-
frequency digital pulsewidth modulators using voltage-mode
[24]-[26] and current-mode architectures [27]—[30], in which
the duty-ratio resolution Ad,, is limited by the frequency of the
controller clock, Fijx. This may lead to limit cycling, which can
be overcome using the techniques in [25] and [26]. In contrast,
constant ON/OFF-time modulators can inherently improve Ad,,
without significantly increasing Fijx [31]. Also, the latter can
achieve a higher closed-loop bandwidth compared to the former
[32]. However, the selection of the sampling frequency remains
a challenge for digital constant ON/OFF-time modulators, which
would ensure cycle-by-cycle (or fast-scale) stability. Existing
methods attempt to limit the ripple voltage by oversampling
the error voltage [33]. Also, the use of sensed or estimated
current ripple can reduce the ripple parameters [11]-[14], which
increase controller complexity and hardware resources.

Constant ON-time (OFF-time) control suffers from poor step-
up (step-down) transient because of using a minimum OFF-time
(ON-time), which often requires an adaptation in the timing
parameter for further performance improvement [21], [34]-[36].
A hybrid combination can retain the improved performance over
a wide operating range [37]; however, this requires separate
monoshot timers and dedicated voltage controllers along with
additional antiwindup arrangements.

In the context of constant ON/OFF-time digital control, the
primary objectives of this paper are the following.

1) To identify event-based sampling mechanisms for sam-

pling once per switching cycle.
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Fig. 1. Schematic of a mixed-signal current-mode synchronous buck converter
using the proposed ON/OFF-time hybrid modulation technique; ir,, v, , and vyof
indicate the inductor current, output voltage, and reference voltage, respectively.

2) To establish fast-scale stability.

3) To derive a discrete-time small-signal model for the direct
digital control design.

4) To develop a hybrid modulation technique for fast step-
up/down transient performance using a single monoshot
timer and a single voltage controller with seamless tran-
sition.

5) To develop a direct frequency adaptation method using a
TDC for real-time frequency programming.

This paper proposes a digital current-mode architecture with
constant ON/OFF-time hybrid modulation. A buck converter pro-
totype is tested, and the benefits of the proposed control are
verified experimentally.

This paper is organized as follows. Section II introduces
an event-based constant ON/OFF-time hybrid modulation tech-
nique in digital current-mode control (CMC). A discrete-time
framework is proposed, and stability analysis is carried out in
Section III. The design methods are discussed in Section IV.
Section V presents hardware implementation of a synchronous
buck converter. Section VI concludes this paper.

II. PROPOSED CONSTANT ON/OFE-TIME HYBRID
MODULATION IN DIGITAL CMC

Primary objectives here are to develop: 1) event-based
sampling mechanisms for both constant ON-time and OFF-time
digital modulators for sampling the output voltage once per
switching cycle and 2) a hybrid modulation technique to
retain fast step-up/down transient performance. A discrete-time
framework is developed in the subsequent section for stability
analysis and the digital voltage controller design.

A. Digital Current-Mode Constant ON/OFF-Time Modulation

Fig. 1 shows the schematic of the proposed mixed-signal
current-mode constant ON/OFF-time hybrid modulation tech-
nique in a synchronous buck converter, in which the outer volt-
age loop is kept in the digital domain and the inner current loop
in the analog domain. The overall schematic consists of three
primary blocks, which are discussed later in detail:

1) “constant ON/OFF-time hybrid modulator” block;

2) “time-to-digital converter and timer adaptation” block;

3) “mode selection” block.
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Fig. 2. Control waveforms under the proposed (a) constant ON-time
modulation and (b) constant OFF-time modulation.

An analog-to-digital converter (ADC) is used to sample the
output voltage v, using an event-based sampling clock Fig,
which takes the falling (or rising) edge of the gate signal u,
under constant ON-time (or constant OFF-time) modulation. If
the output of the “mode selection” block Fi.,,, = 0, the constant
ON-time modulation is enabled; otherwise, the constant OFF-time
modulation is enabled. The sampled voltage v, [n] is subtracted
from the reference Voltage Uref tO generate the error voltage v,
and the digital voltage controller G (z) computes at the same
rate using Fys. An optional ramp vg may be considered with
the controller output v.[n], and the final output is converted
into an equivalent analog voltage v, using a digital-to-analog
converter (DAC), as shown in Fig. 1. The DAC output is directly
compared with the sensed inductor current using a high-speed
analog comparator. The comparator output u, is used to generate
the controllable gate signal u, by the “constant ON/OFF-time
hybrid modulator” block; thereafter, a half-bridge gate driver
circuit generates the respective gate signals for the high- and
low-side MOSFETs of the synchronous buck converter.

Fig. 2 demonstrates the key control waveforms using the con-
stant ON-time as well as constant OFF-time modulators using the
proposed event-based sampling mechanisms. For the former, the
output voltage is sampled at the falling edge of the gate signal
ug; thereafter, the high-side MOSFET is turned OFF after a finite
delay 740n, as shown in Fig. 2(a). In a practical converter, 74, is
due to sampling, comparator, and driver delays, which helps to
capture clean (output) voltage samples without being affected
by switching noises. While a small delay 74,, is practically
recommended, it is important to investigate how the choice of
Tdon affects the output voltage regulation and fast-scale stabil-
ity. The former can be intuitively perceived by looking at the
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Fig. 3. Schematic of the proposed constant ON/OFF-time hybrid modulation.

output voltage waveform in Fig. 2(a). This indicates that for
a suitable choice of 74,,, the sampling point can made close
to the average output voltage, which is indeed helpful to make
the (output) voltage regulation more or less insensitive to load
current and input voltage variations. Thus, the proposed con-
stant ON-time modulation can overcome the voltage regulation
problem, which persists in existing constant ON-time modula-
tion techniques [2]. The effect of 74,,, on stability is analyzed
in the subsequent section. Similarly, for the constant OFF-time
modulator, the output voltage is sampled at the rising edge of
ug, after which the high-side switch turns ON after a finite delay
Tdoff » @S shown in Fig. 2(b).

B. Automated Constant oN/OFF-Time Mode Selection

A load step-up (or step-down) transient results in an
undershoot (or overshoot) in the output voltage. A hysteretic
comparator using the error (output) voltage is used as the
“mode selection” block, as shown in Fig. 1. Here Fi,, is set
to “logic 17 if the error voltage v.[n] goes above the hystere-
sis band Awvy, and the constant OFF-time modulator is enabled.
Similarly, F., = 0 if v.[n] < —Awvy, when the constant ON-
time modulator will be enabled. Due to a large output capacitor,
the effect of a load step transient gets reflected in the output
voltage after a finite time. Thus, this automated logic block may
introduce a (transient) detection delay, which would be shown
later using test results. This can be overcome by generating F¢,,,
using direct feedforward information of the load current. Nowa-
days, for a smart electronic devices such as mobile processers,
the load current information and timing are readily available
from the PMBus architecture. For light-emitting diode (LED)
drivers, such load current information is readily available from
the LED dimming signals.

C. Constant oN/orF-Time Hybrid Modulator

Fig. 3 shows the schematic of the “constant ON/OFF-time hy-
brid modulator” block in Fig. 1, in which the constant ON-time
modulation is enabled if F,,, = 0, else the constant OFF-time
modulation is enabled. Here, F.,, is used as the select line
of a digital multiplexer (MUX) of which output is used as the
“Enable” signal of a monoshot timer. For F,, = 0, “Enable”
is set to “logic 1” when the comparator output u, becomes
high, as shown in Fig. 3. The timer consisting of a free-running
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steady-state frequency regulation.

counter starts counting when “Enable” goes high, and the
counter is reset when its output 7¢.,,,,,¢ equals the desired timing
parameter 7. Uponreset, a trigger signal F, is generated, which
is used as an event-based sampling clock. The comparator out-
put and the output of the RS flip-flop are time multiplexed to
generate the controllable gate signal ug using Ft,, as the select
line, as shown in Fig. 3.

During a large-signal transient recovery, the MOSFET may not
change its state for a longer duration when the output volt-
age samples cannot be updated using the event-driven sampling
clock F),. Thus, F), is used with an external uniform sampling
clock Fiy¢ to generate an interrupt-driven sampling clock Fig
using a digital MUX, as shown in Fig. 3. If the intersample du-
ration 7}, exceeds an upper limit 7}, ,«, Fexy 18 used as the ADC
sampling clock; otherwise, F;, is used.

The proposed hybrid modulator uses a single voltage con-
troller G.(z) and a single monoshot timer, which can be re-
configured based on the modulation technique, and its value
can be accordingly updated in real time. After identifying a
step-down transient, Fi,, is set to “logic 0,” and the constant
ON-time modulator is enabled, as shown in Fig. 4. Similarly, the
constant OFF-time modulator would be enabled after detecting a
step-up transient. Interestingly, an antiwindup mode transition
can be inherently achieved because of using a common G, (z)
of which output remains unchanged during a modulator recon-
figuration. Also, improved step-up/down transient performance
can be retained using the proposed hybrid modulator.

D. TDC and Real-Time Timer Adaptation

Fig. 5 shows the “time-to-digital converter and timer adapta-
tion” block of the proposed hybrid modulation scheme in Fig. 1.
The TDC uses the rising edges of the event-based sampling
clock F), and generates an equivalent digital code 7}, related to
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the instantaneous (switching) time period, which is the interval
between two subsequent rising edges of F),. The value of T,
is stored using a register, which gets updated in every switch-
ing cycle before resetting the TDC counter. The “constant-time
adaptation” block uses 7, and the desired (switching) time pe-
riod T, to generate the desired constant time 7}; based on the
modulator configuration using Fr,, in Fig. 3. For a given oper-
ating point in a synchronous buck converter, the effective duty
ratio can be assumed to be more or less constant for a wide
variation of the steady-state switching frequency, even consid-
ering possible power circuit parasitics. Let 7}, be the time pe-
riod related to a predefined ON-time (or OFF-time) 7, using the
constant ON-time (or OFF-time) modulator. Then, the desired
ON-time (OFF-time) T can be calculated as

Td = (T;W/Tn) X Tc (1)

where the desired time period T, can be either kept constant
or programmed for real-time energy optimization [38], [39] as
well as improvement in the light-load efficiency [38]. Thus,
a fixed-frequency operation can be achieved by adjusting Ty
using (1); however, it is difficult to implement a division oper-
ation using fixed-point arithmetic. While an iterative Newton—
Raphson method can be used, this would require considerable
hardware resources. An alternative method is to piecewise lin-
earize the functional form f(7),) = Ty /7T, in (1), thereafter,
multiplying by T.. Considering a deviation variable AT, as

AT, =Ty, — T,, the desired timing parameter 7; can be ap-
proximately calculated as
Ty = ! x T
¢ 1_(ATU/7—"SW) ¢
AT‘n Tn
z[l—f—}xTc:[Q— :|><TC. 2)

This shows that a division operation in (1) can be replaced by
multiplication and addition operations in (2), which can be easily
realized using fixed-point arithmetic. This approach is used in
this paper. Based on the modulator configuration using Fi,,
T, can be calculated offline using (2) and be stored in a lookup
table for various operating points. Alternatively, a feedback PLL
arrangement can be used, and available algorithms can be used
to speed up the PLL response time [23].

III. DISCRETE-TIME MODELING AND STABILITY ANALYSIS
A. General Perspective of Discrete-Time Modeling

A synchronous buck converter operates in the continuous
conduction mode (CCM). It can take two feasible switch con-
figurations, namely MODE 1 when the high-side switch is ON and
MODE 2, otherwise. Referring to the buck converter schematic in
Fig. 1, the state-space model of these two modes can be derived
as follows:

Te

u
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+| 5 l ] 3)
0
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Fig. 6. Control waveforms using the proposed current-mode constant ON-
time modulator: 7., is the MOSFET-driver delay and 74,¢ is the delay due to
the MOSFET driver and analog comparator.

where states 1 and z» indicate the respective inductor current
i1, and the capacitor voltage veap, 1y = Ton + 71, Where 7o,
and ry, are the MOSFET’s ON-resistance and dc series resistance
of the inductor, respectively, and r. is the ESR of the output
capacitor. When the control input v = 1, the system is said to
operate in MODE 1; otherwise, it operates in MODE 2. From the
buck converter schematic in Fig. 1, the output voltage v, can be
written as

Vo (t) =Teip + Vcap — LoTe- 4)

It is reasonable to assume that ¢1, varies linearly with time; thus,
i1, and v¢,;, can be written using (3) as

. . Tn .
11, (t) = %int + (mk - %Zint) t

iin - io Tn . t2
Ucap (t) = Ve¢,int + (ti) flint) (5)

C 2C
where i;,¢ and v, ;,¢ are the initial values of i, and vy, re-
spectively, and ¢, indicates the load current. The slope of the
inductor current, my, can be written as

UO) /La

—mgy = —v,/L,

t+(mk—

during Mode 1
during Mode 2.

my = (Uin -

(6)

my =

Referring to Fig. 6, discrete-time models under the proposed
scheme can be derived between two subsequent sampling in-
stants. For constant ON-time modulation, the complete discrete-
time model during the nth cycle can be derived using the se-
quence consisting of MODE 1 followed by MODE 2 followed by
MODE 1 along with their respective time intervals. For constant
OFF-time modulation, the sequence consists of MODE 2 followed
by MODE 1 followed by MODE 2.

B. Discrete-Time Modeling Under Constant ON-Time
Modulation

Control waveforms under constant ON-time modulation are
shown in Fig. 6. During the nth switching cycle, ¢,, and T;, rep-
resent the respective OFF-time and time period, where 7 is the
constant ON-time. The delays during ON-to-OFF and OFF-to-ON
transitions are 74, and 7y, respectively, which include delays
of the MOSFET, the comparator, and the controller. The control
sequence begins with MODE 1, where the output voltage v, is
sampled using the falling edge of the gate signal u,, however,
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before the switch turns OFF, as shown in Fig. 6. Let 41, and v, at
the start of the nth switching cycle be 4,, and v,,, and those at
the end of the switching cycle be ,,. 1 and v,, .1, respectively.
Let the intermediate values of {ir,, v,} be {i1, vy} at the end
of MODE 1 and {is, vo} at the end of MODE 2, which can be
derived using (4)—(6) as

. . Tn .
1 =1 + M1 — fzn Tdon

in -
v = Uy + (

Tdon

2C

) Taon (D

io
C > Tdon T min X (rc +

. . Tn .
19 =11 — (m2 + f“) (tn + Taost)

11— 1
’U2=’U1—|—< IC >(tn+7—doff)

— (TTLQ + r—gh) X <T‘n +

where my , =m; — %in. Using (4)—(6), the final vector

tn + Tdott

20 ) (tn + Tdoff) ®)

{in + 1, vy + 1} under the proposed constant ON-time control
can be derived as

, . Th .
2n+1=22+(m1—722>T6

o — .o n. Zz
UTL+1:U2+|:(22 C’L ) + (ml - r£2> (TC + %>:| T..

9

Assuming load current ¢, to be constant, the term ¢; — ¢, in
(8) canbe written as iy — i, = [ma + (r,/L)i1] (tn + Taost)/2-
This indicates that any perturbation in¢; is immediately reflected
in the instantaneous OFF-time t,,. Thus, the expression of 7, ;1
and v, 4 1 in (9) can be further simplified using (7) and (8) as

Z'n +1 = ﬁ (Uc ['ﬂ] - m21,n7—d0ff) + mch
iy —

C

io
Un4+1 = Up + < ) Tdon + (aoanon + aﬁonTc) T'eMlon

- OfﬁrcmZLn (tn, + 7-doff) (10)
where oz:1—|—2rT[—f6, aonzl—k%,ﬂ:l—% vy Bon =
1- %Tdony mM21n =M2n + %anTd()n, Mo n =12 + %inn
and v.[n] is the output of the digital voltage controller G.(z),
as shown in Fig. 1.

The proposed constant ON-time digital control is simulated
using the SIMPLIS simulation tool. A study comparing the
proposed discrete-time models with the SIMPLIS simulation is
shown in Fig. 7 using the parameter set in Table I. The simulation
results are obtained by using the SIMetrix/SIMPLIS (Ver. 8.10g)
analog/mixed-signal simulator, which can simulate the closed-
loop mixed-signal circuit with the digital blocks in Verilog and
the analog power circuit components. Fig. 7 shows that the
sampled inductor current and the output voltage obtained using
the discrete-time models using the proposed constant ON-time
modulator accurately match with the SIMPLIS simulation.
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Fig. 7. Discrete-time model verification under the proposed constant ON-time
modulation.

C. Discrete-Time Modeling Under Constant
OFF-Time Modulation

Fig. 2(b) shows the control waveforms under the proposed
constant OFF-time CMC, which is analogous to peak CMC.
The output voltage v, under constant OFF-time modulation is
sampled using the rising edge of wu,, in which the periodic
sequence begins with MODE 2. Consider the nth switching cy-
cle with the instantaneous time period 7,,, the constant OFF-
time 7., and the ON-time ¢,. Let the inductor current and
the output voltage at the start of the nth switching cycle be
i, and v,, and those at the end of the clock period be i,
and v, 1, respectively. Following the similar methodology in
Section III-B, the inductor current and the output voltage at the
end of the nth switching cycle can be obtained as

Z.n +1 = 5 (UC [n] + ml?,anon) - mQTc

Z'n _io

C

Up 41 =Y, + < > Tdoff + Oéﬂﬁ:mm,n (tn + Tdon)

(11)

— (o Taoft + aBonTe) rema p

Tdoff Tn
where aog =14+ ——, Bor =1 — —Tdaom, and myz, =
2r.C L '
T
min + me,anoff~

Using the parameter set in Table I, a study comparing the
above discrete-time models under the proposed constant OFF-
time control and the SIMPLIS simulation is shown in Fig. 8.
The study shows that the sampled inductor current and the out-
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TABLEI
SPECIFICATION OF A SYNCHRONOUS BUCK CONVERTER [as per Datasheet]
Parameters Vin Vo F i L TL C rC
Value (§-12)V | 33V | 500 kHz | (0.5-7.5) A | 2 uH | 1.34 mQ | 100 uF | < 10 m$
~+ Proposed model stability using the constant ON-time modulation technique. Fur-
4 — }S{i“fg:;f:;“;;‘:"(:) thermore, the closed-loop stability is completely determined by
. . . . . - - = the voltage controller. Thus, the proposed CMC achieves robust
2., /\ /\ A [\ /\ /\ /\ /\ ]\ stability, whereas con\'/entional fixed-frequency CMC becomes
5 unstable for a duty ratio D > 0.5 [30].
3 Under constant ON-time modulation (shown in Fig. 6), the
ER \ \ \ \ \ \ \ \ \ instantaneous OFF-time ¢,, during the nth cycle is derived as
h 7;1 — (V¢ R;
25 by = #}1/1) (13)
mo + fll
BT AR A6 A e M B e A3 where R is the current-feedback gain, which is the multiplica-
e TR tion of the sensing resistance and the gain of the current sense
3.306 |— SIMPLIS simulaton amplifier. Using (10) and (13), the closed-loop discrete-time
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Fig.8. Discrete-time model verification under the proposed constant OFF-time

modulation.

put voltage obtained using the discrete-time models accurately
match with the SIMPLIS simulation. Thus, the discrete-time
models in (10) and (11) related to the respective constant ON-
time and OFF-time modulation techniques can be used for (fast-
scale) stability analysis as well as derivation of discrete-time
small-signal models for the direct digital control design.

D. Stability Analysis Under Constant ON-Time Modulator

Consider G.(z) in Fig. 1 as a discrete-time proportional—
integral (PI) controller as follows:

ve[n] = kpve[n] + win] (12)
where ui[n] = ur[n — 1] + kjve[n] and ve [n] = (vrer — v )3 kp
and k; indicate proportional and integral gains in the discrete
domain, respectively.

Fig. 1 shows the schematic of the proposed mixed-signal
constant ON/OFF-time hybrid CMC, and the key control wave-
forms of constant ON-time modulation are shown in Fig. 2(a).
This considers the falling edge of the gate signal u, for output
voltage sampling and controller computation. Under the ideal
parametric condition, it can be found from (10) that the current
loop 4,11 = v [n] + my T, exhibits unconditional zero-input

state-space model can be derived. In the discrete-time PI con-
troller given in (12), k;, is generally much larger than k;. Thus,
the stability boundary, under individual modulation techniques,
is primarily decided by the upper limit of k;,; however, the choice
of k, and k; requires a good tradeoff between the phase margin
and the settling time. Thus, for finding the stability boundary in
this section, only k;, is considered. The perturbed discrete-time
state-space model is derived using a proportional controller with
k; =0in (12) as
—kp 3

Z.71-"-1 _ _ﬁé Zﬁ (14)
Dy 1 —QTe (1 + 65) +ry1— O‘ﬂka(t Oy,

Tdon Iy Iy
where 11 = éé (1 + Bon + ch) and ¢ = fﬂoanofE-

The closed-loop characteristics equation can be obtained apply-
ing Z-transformation on (14) [40]; thereafter, the eigenvalues
become

1
)\,1’2 = 5 []. — 6(kprca + (5)

/11— B (kyrea + ) + 48[k, (rea — 1) +9]|
(15)

Since r; < r.«, the discrete-time eigenvalues in (15) can be
obtained as

)\1 = ]., )\,2 = —6(kp7”00[+5). (16)
Thus, the stability condition becomes
1— %Tdoﬂ (1 - %T) x (1 - %Tdon)
ky < (17)

r T,
) 1fiTp) 1 ¢
r‘><< L X<+27“CC>

Fig. 9 shows simulated stability boundaries for a varying system
as well as delay parameters, which indicates considerable effects
due to the output capacitor and its ESR.



HARIHARAN et al.: CONSTANT ON/OFF-TIME HYBRID MODULATION IN DIGITAL CURRENT-MODE CONTROL USING

3795

49, 48.8:

49} 1
24881

48 5/

Proportional gain
IS
5
o
Proportional gain

"

oy
=

Proportional gain
-
2
&

Proportional gain

IS
=y

15 20 8815

40 60 80
Delay, © don (ns)

(b)

10
DC resistance, , (in02)

Fig. 9.

25

w
&

»

8

90 100 110 120
Output capacitance, C (uF)
(d)

10 15 20
ESR, 1 (mQ)

©

Effect of parasitics on the stability boundary for constant ON-time modulation; variations in (a) the dc resistance (7o + 71, ), (b) the sampling and the

switching delay (7q0n ), (c) the ESR of the output capacitor (7. ), and (d) the output capacitance (C') using the nominal values given in Table I.

E. Stability Analysis Under Constant OFr-Time Modulator

Under constant OFF-time modulation, 7. is the (constant) OFF-
time, and the ON-time ¢,, [in Fig. 2(b)] during the nth cycle can
be derived as

= (18)

Substituting (18) into (11) and incorporating small perturba-
tions, the perturbed closed-loop discrete-time state-space model
can be obtained as

%n+1 . —B6 _kpﬂ n
@nJrl —Qar. (]- + /651) + 72 1-— kp'rcaﬁ {}71,
(19)
T Ty Tn
where 7y = ;g (1 + Bost + sz() and ) = éﬁogmon.

Following the stability analysis carried out in Section III-D, the
stability condition for the constant OFF-time modulation can be
obtained as

Tn Tn Tn
1- f’rdon (1 - fT(‘) X (1 - f’rdoi‘f)

T T.
ox (1= 2T ) x (14 5
f'e X ( L™°° * ( +27"CC'>

IV. DESIGN OF THE PROPOSED CONSTANT ON/OFF-TIME
MODULATOR

ky <

(20)

A. Stability Enhancement Using Ramp Compensation

Fig. 9 shows the effect of variations in the combined dc re-
sistance (7, ), the sampling and the switching delay (74,, ), the
ESR of the output capacitor (r.), and the output capacitance
(C) on the stability boundary (k,) for the proposed constant
ON-time modulation. It is clear from Fig. 9 that r, and 740,
have a negligible effect on the stable range of k,,, whereas 7
and C significantly affect the stability boundary.

The stability boundary in (17) using the proposed scheme is
insensitive to the input voltage, whereas a fixed-frequency CMC
technique becomes unstable for the duty ratio D > 0.5, which
requires a compensating ramp for stabilization. A ramp may
not be needed in the proposed scheme as long as the controller
gains satisfy the criteria given in (17); however, it is important
to investigate whether this can help to enhance the stability
boundary. Considering a ramp compensation under constant ON-

time control, the OFF-time ¢,, , during the nth cycle becomes

tn,r = i7l - (UC [n]/RL) (21)
mo + M,

where m,. is the slope of the ramp. Subsequently, the perturbed
model can be derived using (10), (12), and (21) as

'zn+1 0 _kp %n
Upa1 - —are, 1 —ar.k, Dy,

where @ = ams/ (ms + m,). Using the similar methodology
in Section III-D, the stability boundary with a ramp compensa-
tion under constant ON-time CMC can be derived as

N1
%<G+m>xx

Te

-1
E] . (22)

[1 i 2r.C

This indicates that the stable range of %, can be enlarged by
reducing the ESR and increasing the output capacitor; however,
r. and C' cannot be varied after the power stage design. Thus,
the stability boundary in (22) using the proposed scheme can be
enhanced by additionally considering a ramp compensation vR ;
the gain range is increased by a factor (1 + m./m2 ). However,
a higher value of m, can degrade the closed-loop bandwidth;
thus, vg should be considered if needed, and its slope needs to
be small enough in order to ensure cycle-by-cycle stability. Sim-
ilarly, the stability boundary with a ramp compensation using
the proposed current-mode constant OFF-time modulator can be
derived as

—1
Te ] 23)

1
[ * 2r.C

N1
%<<Lﬂn>xx
mi Te

B. Small-Signal Modeling

The small-signal model of the proposed constant ON-time
modulation scheme can be derived using the discrete-time model
given in (10). Assuming constant input voltage (%, = 0) and
constant load current (%0 = 0), the perturbed state-space model
under constant ON-time modulation is obtained as

7?7z+1 kc Yz %n _6M2,n ~
~ . + tn
Un+1 Un _MQ,nRz

Ry ky

(24)
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where

ke = BBon (@;ff - T_nToff)

L
Y, =— [ﬁﬂon (Toff + TOff) +T. + ﬂTdon] /L
Tdon
Ry =7, (k‘ﬁ — 1) + 73800 + ;—é (1 + ﬂon)
(Togr + Taot) R — 3Tdon 17 + Tg
kv _ CY;( _ C on
Tedx + I 2LC
T, Tn
ry = % (1 +ﬂ) X (ﬂoff - ITOH)
(Toﬂ + Tdoff) ( n
ott + Taott) (4 )
+ 50 + Borr 7 Lot
T(; + Toﬁ + Tdoff

Rz - c
afr. + Y6

From (13), the control law for the proposed constant ON-time
modulation is obtained as

t, = b i — L Oe [
" M2,n " RiMZ,n ‘

Toff ~
— . 2
T, Oy, (25)

Using (25) in (24) and applying Z-transformation, the discrete-
time control-to-output transfer function (4, /9, ) of the proposed
constant ON-time modulation can be obtained as

z+ 2z

Gy(z) = K———"—.
ve(2) 22 4+ prz+po

(26)
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The coefficients of the transfer function z, p;, and p; in (26) are

K = (R./R;)
21 = (Ry/Rz)ﬂ - ku
p1 = ﬁ/gl - (kc +kv) - TZ_HRZa

Tos To
TR2> - ﬂ (kvﬁl +Ry i3 )

=Y, (Ry — BiR:).

b2 = kc (kv +

Following the same methodology, the control-to-output transfer
function under the proposed constant OFF-time modulation can
be derived using (11) and (18).
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C. Comparative Study of Small-Signal Behavior

Fig. 10 shows the Bode plots of the control-to-output transfer
function G under the proposed constant ON-time modulation.
The frequency response using the proposed model in (26) is
verified using the SIMPLIS simulation with the parameter set
given in Table I. The figure shows that G results in a 31-dB dc
gain and a 16-kHz gain crossover frequency with a phase margin
of 89°. Also, the proposed discrete-time model closely matches
with the SIMPLIS simulation throughout the Nyquist frequency
range, except for nearly 5° phase difference at high frequency.
A similar comparative study of frequency response using the
constant OFF-time modulator is shown in Fig. 11, which shows
close agreements between the proposed model and the SIMPLIS
simulation. Thus, the proposed models are accurate enough to
carry out digital controller design.

D. Effect of the Capacitor ESR on the Small-Signal Behavior

While a larger ESR significantly limits the stable range of
the controller gain, as evident from Fig. 9(b), it is important
to investigate the effect of the capacitor ESR in the frequency
response using the proposed scheme. Fig. 12 shows Bode plots
of Gy in (26) for different ESR values. The effect is consistent
with the well-known fact that a larger ESR tends to bring the
high-frequency zero inside the Nyquist frequency range, thereby
increasing the phase margin and the high-frequency gain. While
this would tend to improve closed-loop damping, voltage over-
shoot/undershoot as well as critical bandwidth during a load
step transient would be limited by a large ESR [41]. Also, the
voltage ripple significantly increases, and the stability bound-
ary degrades using the proposed scheme, as shown in Fig. 9(b).
Thus, a smaller capacitor ESR is useful from a practical stand-
point, and the proposed scheme would offer a larger range of
stable controller gains.

E. Design of the Discrete-Time Compensator: A Case Study

Considering a nominal switching frequency of fi, =
500 kHz, the sampling time in the discrete-time transfer func-
tion is taken as 2 us in (26) related to the constant ON-time
modulation. The controller is designed to achieve the closed-
loop bandwidth of nearly f /10 and 45° phase margin. Using
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Steady-state waveform of a mixed-signal current-mode constant OFF-time CCM buck converter at a load current of 2.5 A under the proposed event-driven

sampling using the discrete-time compensator gains as (a) k, = 15, and k; = 0.1, (b) b, = 42 and k; = 0.1, and (¢) k, = 42 and k; = 0.1 with external ramp
compensation: 7. = 850 ns. Time scale of 2 ys/div. From the top, Ch-1 v, (1 V/div), Ch-2 iy, (1 A/div), Ch-3 Fys (5 V/div), Ch-4 u, (5 V/div), and the FFT trace

shows the power spectrum of i, .

MATLAB SISO toolbox, the discrete-time controller gains are
foundtobe k, = 7and k; = 0.9. This achieves the phase margin
of 50° with the loop bandwidth of 55.5 kHz and the frequency
response of the same, is shown in Fig. 13(a). Similarly, with
the same controller gains, the constant OFF-time modulation
scheme achieves the phase margin of 48.5° at the bandwidth of
55.5 kHz, and the frequency response of the compensator and
the loop transfer functions are shown in Fig. 13(b). These design
parameters are later used in test case studies.

V. HARDWARE IMPLEMENTATION

A synchronous buck converter prototype has been made,
and the proposed techniques are implemented using a field-
programmable gate array (FPGA) device. For the experimen-
tal verification, the nominal parameter set is given in Table I.
The time period of the FPGA clock is t.;x = 10 ns. A 10-bit
AD9215 differential pipeline ADC is used to sample the out-
put voltage, which is preceded by an AD8138 single-ended-
to-differential driver. A 12-bit AD9762 DAC followed by an
ADS8130 differential-to-single-ended driver is used to convert
the controller output v..[n] into an analog voltage va, which is
compared with the sensed inductor current using a high-speed
analog comparator (TLV3501). A 10-mS2 shunt resistor is used
to sense the inductor current followed by a high-side current
sense amplifier with a gain of 10.

A discrete-time PI voltage controller in (12) is used for all
the following experimental results.

A. Steady-State Behavior and Fast-Scale Stability

For all the fast Fourier transform (FFT) traces in Figs. 15 and
16, the x-axis indicates the frequency with 200 kHz/div and the
y-axis indicates power spectral density with 10 dB/div.

Figs. 14 and 15 demonstrate experimental results of a CCM
buck converter using the proposed mixed-signal current-mode
constant ON-time control. The constant ON-time 7. is selected in
a way to achieve a nominal switching frequency of 500 kHz. If
an external uniform clock Fiy of 500 kHz is used to sample the
output voltage, Fig. 14(a) clearly indicates the existence of mul-
tilimit cycle oscillations [44]. This is because of mismatches
in the sampling and switching instants, while using uniform

TABLE I
STABILITY BOUNDARY COMPARISON UNDER CONSTANT
OFF-TIME MODULATION

Critical stability boundary
Vin Toff ( L )
p
V)| (us) Theoretical | Experimental
prediction validation
6 0.85 48.25 42
8 1.17 44.4 39.25
10 1.3 43.06 38.8
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Fig. 17. Transient response of a synchronous buck converter using the
proposed hybrid constant ON/OFF-time modulation technique for the load step
change from 0.5 to 7.5 A and back at the 6-V input. Time scale of 10 zs/div.

sampling in variable-frequency digital control. Such oscilla-
tions eventually increase the root-mean-square (RMS) value of
the inductor current, thereby increasing the conduction losses
and degrading the efficiency. Although the use of a higher sam-
pling rate of 5 MHz (ten times the nominal switching frequency)
reduces timing mismatches, as shown in Fig. 14(b), this cannot
completely stabilize the steady-state periodic behavior. More-
over, such a higher sampling requirement increases the cost of
an ADC along with its power dissipation, which may not be
practically recommended for high-frequency applications.
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Transient response of a synchronous buck converter at the 6-V input for the load step from 0.5 to 7.5 A and back with load current feedforward using

(a) constant OFF-time modulation technique, (b) constant ON-time modulation technique, and (c) proposed hybrid constant ON/OFF-time modulation. Time scale of

10 ps/div.

The use of the proposed event-driven sampling approach is
able to completely stabilize the mixed-signal current-mode con-
stant ON-time modulator control, as shown in Fig. 15. This is
also evident from the FFT trace of the inductor current, which
indicates that spectral peaks appear at dc as well as the switching
frequency and its harmonics. Thus, stable periodic behavior can
be achieved by sampling the output voltage once per switch-
ing cycle, which drastically reduces the sampling requirement,
thereby making it suitable for high-frequency implementation.
Similarly, an event-based sampling approach can stabilize the
constant OFF-time modulator, as shown in Fig. 16, in which the
rising edge of u, is used as the sampling clock for the ADC.
However, if the proportional gain is increased to k, = 42, the
stable gain range in (20) is violated, which results in subhar-
monic instability, as shown in Fig. 16(b). This is evident from
the FFT trace of i1, in which sideband spectral peaks exist
along the fundamental and harmonic contents. While this may
be useful from the spectral spreading perspective, such insta-
bilities may lead to unpredictable inductor current ripple with
a considerably higher RMS value. If an optional compensating
ramp vy is used of which the slope is calculated using (23)
as m,. = 0.18 V/us, the stability boundary can be further en-
hanced to k, = 54.7 and the stable periodic behavior is restored,
as shown in Fig. 16(c), which is also evident from the FFT
trace.

Table Il compares the analytical stability boundaries (%, ) with
those obtained through experimentation under constant OFF-
time modulation for different input voltage conditions. The table
shows that the experimental stability boundaries are somewhat
smaller than those obtained analytically. This can be attributed
to parasitic in a practical converter, such as the effective series
inductance, additional delays due to sampling and controller
computation, and unmodeled dynamics using off-the-shelf dis-
crete components. Also, it is very difficult to accurately know
the capacitor ESR 7. during the runtime of a practical converter,
and Fig. 9(c) shows that a small ESR variation can considerably
affect the stability boundary. Such practical mismatches can be
reduced using power management integrated circuits. Never-
theless, the trend of stability (boundary) enhancement using an
additional ramp compensation is clearly visible in the test case
[shown in Fig. 16(c)], which is consistent with the analytical
study using the proposed constant ON/OFF-time hybrid digital
modulator.

B. Transient Response

Fig. 17 shows the transient performance of a CCM buck con-
verter using the proposed hybrid modulator for a step change
in the load current from 0.5 to 7.5 A and back. Using the
“mode selection” block, as shown in Fig. 1 and discussed
in Section II-B, if the error voltage V,[n] > Avy during a
(load) step-up transient, Fi,, is set to logic 1, and the con-
stant OFF-time modulator is enabled. As discussed earlier, the
use of a voltage hysteresis band introduces a (transient) detec-
tion delay which results an initial inverse response in %;, during
a step-up transient, as shown in Fig. 17. Similarly, a (load)
step-down transient is detected using the hysteretic comparator,
which sets Fi,, = 0 and enables the constant ON-time mod-
ulator. The specifications and design criteria in Section IV-E
are considered here. This results in 50-us settling time with
500-mV (output) voltage undershoot during a step-up transient
and 44-ps settling time with 550-mV overshoot during a step-
down transient. The voltage undershoot/overshoot is within the
specified limit, which is generally up to 20% of the nominal
output voltage (3.3 V here). Also, the transient performance
are found to be consistent with the design specifications in
Section IV-E.

The transient performance can be further improved by con-
sidering a load current feedforward. This can be directly used
in Fi,y, instead of a hysteretic comparator, to avoid any (tran-
sient) detection delay. A load feedforward is also useful for
disturbance rejection and to implement high-performance con-
trol [42]. In the rest of the test case studies, a load feedforward
is used along with the feedback compensator.

Fig. 18(b) shows the load transient performance in a syn-
chronous buck converter using the constant ON-time modulator
throughout. This results in 24-us settling time and 400-mV volt-
age undershoot for a step-up transient; however, this results in a
faster step-down recovery with 12-us settling time and 250-mV
voltage overshoot. On the other hand, Fig. 18(a) shows that
the constant OFF-time modulator achieves a fast step-up recov-
ery with 12-us settling time and 200-mV voltage undershoot,
while the step-down performance is significantly degraded with
20-ps settling time and 350-mV voltage overshoot. It is clear
from Fig. 18(a) and (b) that constant ON-time modulator offers
fast step-down recovery, whereas constant OFF-time modulator
offers fast step-up recovery. A hybrid combination can retain
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TABLE III
TRANSIENT PERFORMANCE COMPARISON FOR THE LOAD STEP
CHANGE FrROM 0.5 TO 7.5 A AND BACK

Load . Settling Av,
transients Modulation time (us) | (mV)
Constant on-time 24 400

0.5 A—-75A | Constant off-time 12 200
Proposed hybrid 13 250

Constant on-time 12 250

7.5 A — 0.5 A | Constant off-time 20 350
Proposed hybrid 14 300

Aw, = voltage undershoot/overshoot.

their best features with improved step-up/down performance
using the constant OFF- and ON-time modulators, respectively,
as shown in Fig. 18(c). The same controller gains in Section V-
E are used for both the cases. A further improvement is pos-
sible by adaptively varying the timing parameters for an ac-
tive modulator. This provides opportunities for implementing
high-performance control algorithms with minimized hardware
resources.

Table III shows the performance comparison using the pro-
posed modulation techniques under step load transients. The
table shows that the proposed hybrid modulator overcomes the
difficulty of individual modulation schemes and retains their
best features, however, with a small delay due to a modula-
tor reconfiguration. The proposed scheme requires full-current
sensing for hybridization. For the applications using only high-
side or low-side current sensing, either of the proposed event-
based constant OFF-time or ON-time modulator can be used with
reduced sampling requirement and with the flexibilities of real-
time tuning the controller parameters and adaptation of the con-
stant timing parameter for improved performance.

C. Performance Comparison With Fixed-Frequency
Mixed-Signal Current-Mode Control for D > 0.5

Fig. 19 shows the transient response of a synchronous buck
converter using fixed-frequency mixed-signal peak current-
mode control (MCMC) [29] for a step change in the load current
from 0.5 to 7.5 A. Using the same controller gains as well as
load current feedforward as in Fig. 18, the transient perfor-
mance using the MCMC technique [shown in Fig. 19(a)] is
more or less comparable with the proposed constant OFF-time
modulator with 12-us settling time and 200-mV (output) voltage
undershoot for the effective steady-state duty ratio D = 0.62.
However, the former results in subharmonic (or fast-scale) insta-
bility for D > 0.5, as evident from Fig. 19(a). This significantly
increases the voltage ripple and the RMS value of the inductor
current, thereby increasing the conduction losses. An external
ramp compensation is needed for stabilizing MCMC [30]. How-
ever, this would degrade the closed-loop bandwidth and thereby
penalize the transient performance [43]. It is clear from the test
result in Fig. 19(b) that a ramp compensation vr degrades the
transient performance with a settling time of 16 ps and a volt-
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Fig. 19. Transient response of a synchronous buck converter at the 6-V input
for the load step from 0.5 to 7.5 A and back operating at D = 0.62 under the
fixed-frequency MCMC scheme (a) without using and (b) with using a ramp
compensation. Time scale of 20 ps/div.

TABLE IV
TRANSIENT PERFORMANCE COMPARISON FOR THE LOAD STEP CHANGE
FrOM 0.5 TO 7.5 A WITH THE OUTPUT VOLTAGE OF 3.3 V AND THE
STEADY-STATE DUTY RATIO D = 0.62

Modulation scheme Sej[thng Av,
time
Fixed-frequency me =0 12 pus | 200 mV
MCMC me =0.36 V/us | 16 us | 320 mV
Constant off-time MCMC
[Referring Fig. 18 (a)] 12 ps | 200 mv

Aw, = voltage undershoot and m . = Ramp slope.

age undershoot of 320 mV, compared to that without using vy
in Fig. 19(a). A comparative study using the MCMC scheme
and the proposed scheme is presented in Table I'V. This shows
that the proposed constant OFF-time modulation offers superior
performance and stability compared to that using MCMC.

D. Steady-State Frequency Adaptation and Regulation

Fig. 20 shows the transient performance of a CCM buck
converter for a step change in the output voltage from 2.5 to
4 V at the 6-V input using the proposed constant OFF-time
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Fig.20. Transient response of a synchronous buck converter for a step change
in the reference voltage from 2.5 to 4 V using the proposed constant OFF-time
modulator with k;, = 7and k; = 0.1for R = 1.25Q and vi,, = 6 V. Time scale
of 20 ps/div.

mixed-signal CMC. The controller parameters considered for
this experimentation are k, = 7 and k; = 0.1. This results in
a settling time of 32 us and a current overshoot of 11.5 A. At
a higher output voltage, the effective ON-time increases, which
decreases the effective switching period and increases the cur-
rent ripple. Thus, the constant OFF-time needs to be decreased
in real time in order to achieve a fixed steady-state switch-
ing frequency of 500 kHz, as shown in Fig. 20. The proposed
scheme achieves stable periodic behavior using one sample per
cycle.

E. Wide Duty-Ratio Operation Using the Proposed
Hybrid Modulator

Fig. 21 shows the transient response of the synchronous buck
converter using the proposed constant hybrid modulation for a
step change in the load current from 0.5 to 7.5 A and back for
a higher duty ratio D = 0.73 and a lower duty ratio D = 0.28.
Using the same controller gains as in Fig. 18, the proposed
hybrid modulator results in a settling time of 22 us with a
voltage undershoot of 350 mV for a (load) step-up transient for
D = 0.73 [shown in Fig. 21(a)]. For the same step-up transient
with D = (0.28, it results in a settling time of 14 us and a
voltage undershoot of 200 mV, as shown in Fig. 21(b). This is
consistent with the fact that the step-up transient performance
is indeed faster using a higher input voltage (or a smaller D).
However, for the same output voltage condition, the step-down
transient performance is more or less the same for both the
cases with a settling time of 16 us and a voltage undershoot of
250 mV.

The event-based sampling is capable of stabilizing the closed-
loop converter using one sample per cycle over a wide duty-
ratio range without the need for a ramp compensation, and the
proposed hybrid modulator retains the improved step-up/down
performance throughout. Thus, the proposed scheme can be
an attractive solution for digitally controlled dc—dc convert-
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Fig. 21. Transient response of a synchronous buck converter for the load

step from 0.5 to 7.5 A and back using the proposed constant ON/OFF-time
hybrid modulation with an event-driven sampling mechanism: for duty ratio
(a) D = 0.73 and (b) D = 0.28 at 3.3 V output. Time scale of 20 ps/div.

ers over the fixed-frequency MCMC technique, particularly for
wide duty-ratio operations.

VI. CONCLUSION

A hybrid constant ON/OFF-time modulator using an event-
driven sampling mechanism was proposed in a digitally current-
mode controlled point-of-load converter. This utilizes the best
features of the individual modulators and achieves improved
load transient performance over a wide operating range. Ei-
ther of the modulators uses a common digital voltage controller
while remaining active; thus, an antiwindup controller transition
is inherently achieved, and hardware resource is also minimized.
A theoretical framework of discrete-time modeling and stabil-
ity analysis was presented. Design methods for the enhanced
stability boundary and the switching frequency regulation at
the steady state were discussed. This achieves robust closed-
loop stability and a fixed-frequency operation at the steady state
without sensing the input voltage. The proposed method signif-
icantly reduces the sampling and computational requirements;
thus, this would be useful for high-frequency digital control
implementation with fast transient performance.
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