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Constant OFF-Time Digital Current-Mode Controlled
Boost Converters With Enhanced Stability Boundary

K. Hariharan ¥, Santanu Kapat

Abstract—The right-half-plane (RHP) zero in a continuous
conduction mode boost converter results in a significantly
restricted closed-loop bandwidth (BW) for higher voltage gain
and/or load current conditions. A compensating ramp is used
for current-mode control (CMC), and a higher ramp slope
degrades the BW. Variable-frequency digital CMC offers inherent
current-loop stability and real-time tuning scope for higher
closed-loop BW. However, the challenges are to select the sampling
frequency and sampling instant of the output voltage with
discontinuous ripple due to the effective series resistance of the
output capacitor, and its impact on stability. This paper shows that
an event-based current-mode constant OFF-time digital modulator
achieves superior stability and performance in a boost converter
along with the reduced RHP zero effect over other digital CMC
techniques. Using a discrete-time framework, the fast-scale
stability conditions and small-signal models are analytically
derived for various digital CMC techniques, which are validated
using SIMPLIS simulation. A boost converter prototype is tested,
and the analytical predictions are verified experimentally. Further,
the analysis is extended to a non-inverting buck-boost converter.

Index Terms—Boost converter, constant OFF-time modulator,
current-mode control (CMC), fast-scale stability, right-half-plane
(RHP) zero.

I. INTRODUCTION

N THE control-to-output transfer function (TF) of a con-
I tinuous conduction mode (CCM) boost converter under
pulsewidth modulation (PWM), there exists a right-half-plane
(RHP) zero, which moves closer to the imaginary axis of the
complex s plane with increasing voltage gain and/or load current
[1]. It has two stable poles, which would be complex conjugate
with decreasing voltage gain and/or load current. These make it
difficult to compensate a CCM boost converter for a wide oper-
ating range [2]. Current-mode control (CMC) improves damp-
ing; however, the location of the RHP zero remains unaltered
[3]. Digital/mixed-signal CMC offers improved performance
through real-time controller tuning [4], [5], in which interval-2
sampling can reduce the RHP zero effect [6]. A nonlinear tun-
ing can achieve near time optimal recovery [7]; however, this
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requires information of the system parameters. Also, a sampling
delay under higher controller gains leads to fast-scale instabil-
ity, even with the duty ratio D < 0.5, due to discontinuous
(output) voltage ripple [8]. With increasing D, a compensating
ramp with a higher slope is needed in CMC, which degrades the
closed-loop bandwidth (BW) [9].

Constant ON-/OFF-time control methods [10]-[11] offer in-
herent current-loop stability, fast transient response [12], and
high light-load efficiency [13]. However, switching frequency
fsw and dc voltage regulation vary at steady state along with the
occurrence of sub-harmonic instability because of the capacitor
effective series resistance (ESR) [11]. Phase-locked loops [14]
or delay-locked loop [15] can regulate f , which require extra
(slower) loop and hardware resources. A ramp compensation
can overcome the sub-harmonic oscillation [16], [17]; however,
this tends to degrade the BW. An estimated inductor current
can improve the dc regulation and fast-scale stability [18]; how-
ever, this method is sensitive to the (RC) network parameters.
Constant ON-time adaptation methods can further improve the
transient performance [19]; however, these are difficult to opti-
mize in an analog domain.

While analog control is fast in absence of a sampling de-
lay, digital control offers real-time controller tuning [20] and
adaptive ON/OFF-time timers. However, the selection of sam-
pling frequency and analysis method remain major concerns
for variable frequency digital control. A higher rate uniform
sampling in [21] requires a faster analog-to-digital converter
(ADC) with higher cost and power loss. The analysis methods
using averaging in [22] and describing function in [23] ignore
switching dynamics, which are not sufficient to ensure fast-scale
stability under finite sampling. Discrete-time modeling [24] and
Fillipov’s method in [25] are extensively used for stability anal-
ysis of a PWM dc—dc converter, and the latter is used in the
ripple-based analog control [26]. While these techniques can
accurately predict fast-scale stability, it still remains unexplored
to derive closed-form stability conditions in variable frequency
digital control. Discrete-time modeling in [27] can be used to
analyze the sampling effects in digital CMC [28]; however, the
analysis is limited to fixed-frequency digital pulsewidth mod-
ulation (DPWM). Constant ON/OFF-time hybrid digital control
and discrete-time modeling in [29] are limited to a buck con-
verter with continuous output voltage ripple even considering
the capacitor ESR.

Numerous ripple-based control techniques were reported
in the recent past; however, only a few (analog) controllers
[30]-[32] and a multi-mode digital controller [33] were applied
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Schematic of an MSCMCOT synchronous boost converter.
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Fig. 1.

to a boost converter with discontinuous voltage ripple. To the
best of our knowledge, modeling, stability analysis, and design
of constant ON/OFF-time digital controllers have not been inves-
tigated so far in the context of a boost converter under CCM.
This paper extends the event-based sampling concept in [29]
and [34] and develops a discrete-time modeling framework for
a CCM boost converter. The analysis shows that a current-mode
constant OFF-time digital modulator achieves superior fast-scale
stability and performance in a CCM boost converter along with
the reduced RHP zero effect, compared to its fixed-frequency
counterpart and also over valley CMC techniques. Analytical
investigations are verified using experimental results.

The paper is organized as follows. Section II presents
event-based constant digital control in a boost converter and
discrete-time modeling. Fast-scale stability and a compara-
tive study using various digital modulators are discussed in
Section III. Section IV presents a comparative performance
study using discrete-time small-signal models. An extension
to a non-inverting buck/boost (NIBB) converter is presented in
Section V. Finally, Section VI concludes the paper.

II. MIXED-SIGNAL CURRENT CONTROLLERS IN A BOOST
CONVERTER AND DISCRETE-TIME MODELING

A. Current-Mode Constant ofFF-Time Modulator

In this paper, a mixed-signal current-mode constant OFF-time
(MSCMCQOT) modulator in [29] is used in a boost converter, and
the schematic is shown in Fig. 1. The key control waveforms are
shown in Fig. 2. An ADC samples the output voltage v, using an
event-based sampling clock Fy in synchronism with the rising
edge of the gate signal u,. The sample is captured before the
switch S turns ON, and this is known as interval-2 sampling. The
same clock Fyq is used for computation of the digital voltage
controller G, (z), and its output v,y [1] is converted to an analog
voltage v4 using a digital-to-analog converter (DAC). Then, v4
is compared with the sensed inductor current using an analog
comparator. The comparator output u. along with the mono-
shot timer output u; generates the gate signal u,, which follows
a dead-time circuit to generate the respective gate pulses using
a half-bridge driver. While switching noises are avoided in the
output voltage samples, a finite sampling using DPWM may lead
to more complex nonlinear phenomena than that using analog
PWM [35].
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Fig. 2. Timing diagrams under the constant OFF-time modulator using the
event-based sampling mechanism.

B. Configurations to Other Mixed-Signal Current Controllers

Referring to the control waveforms in Fig. 2, the MSCMCOT
modulator, in Fig. 1, can be configured to various mixed-signal
current-mode architectures as given in the following.

1) Constant oN-Time Modulator: Here, the sampling clock
F4 is synchronized with the falling edge of the gate signal
ug, and v, is sampled before the switch ' turns OFF, which is
known as interval-1 sampling. The same clock Fyy is used for
the controller computation, and the output v, [1n] is used as the
valley current reference for comparing with the sensed inductor
current. The mono-shot timer is loaded with the constant ON-
time, which is activated when the comparator output u, in Fig. 1
becomes low.

2) Fixed-Frequency Peak CMC: This is analogous to the
MSCMCOT modulator discussed in Section II-A; however, the
sampling clock Fy4 is synchronized with an external fixed-
frequency clock, and the mono-shot timer is replaced by a D
flip-flop [32]. The clock Fis is used for voltage sampling and
controller computation.

3) Fixed-Frequency Valley CMC: This is analogous to the
constant ON-time modulator discussed in Section II-B1; how-
ever, the sampling clock Fyy is synchronized with an external
fixed-frequency clock, and the mono-shot timer is replaced by
a D flip-flop. The clock Fi is used for voltage sampling and
controller computation.

C. Details of Hardware Implementation

A synchronous boost prototype is made, and all the digital
control techniques are implemented using a field-programmable
gate array device with a controller clock of 10 ns time period.
The power circuit specifications are summarized in Table I. A
single-ended-to-differential driver AD8138A is used followed
by a 10-b differential ADC AD9215 to sample v,. The digital
controller output is converted to an analog voltage using a high-
speed DAC AD9762 followed by a current-to-voltage converter
ADB8130. The inductor current 7, is sensed using a 10 m§2 shunt
followed by a differential amplifier of gain 10. Both the analog
signals are compared using a high-speed comparator TLV3501
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TABLE I
SPECIFICATION OF A SYNCHRONOUS BOOST CONVERTER {AS PER DATASHEET}

Parameters Vin Vo fow

’ZO L TL C

Value 5V | 500 kHz

2-45V

(0.8-4) A

4 pH | 2.32 mQ | 100 pF

to generate the gate signal u,. A resistive divider network with
a feedback gain of k; = 1/10 is used for v,,.

D. State-Space Modeling of a Synchronous Boost Converter

A synchronous boost converter operates in CCM and can take
two feasible switch configurations, namely, MODE 1 when the
gate signal u, is “high” and MODE 2 when ,, is “low.” The state-
space model of these two modes referring to Fig. 1 is written
as

_rptarcu —ag 1
- L
X(t) = l . ; ]X(t)+ vin (1)
cu ~RC
T

where X = [i;, v.]' and i, and v. are the inductor cur-
rent and capacitor voltage, respectively; a = R/(R + r¢ ) and
rn =1L + Tons and R, r¢, v, and ry, are the load resistance,
capacitor ESR, DC resistance of the inductor, and MOSFET’s
ON-resistance, respectively. The input 4 = 0 during MODE 1
and u = 1 during MODE 2. The output voltage v, becomes

2

Assuming linear inductor current slope in Fig. 2, the expres-
sions of 77, and v, can be written as

Vo = QUe + arcgip .

. . ’rn .
i (t) = dint + (mk — flint) t

wn(t) = v 1 - 22

2

Riint — Uint Tn . t —
+ [(RC )t+ (e = i) 20] a (3)

where %y, V¢ int, and vy, are the initial conditions of ¢y, v., and
v,, respectively, and the slope of 7, and my, is written as

my = vy /L during Mode 1
mg = 4)
—my = —(v, — vin)/L  during Mode 2.

E. Derivation of Discrete-Time Models for Various Controllers

Figs. 2 and 3 show the control waveform under the respective
constant OFF-time and ON-time modulators. There exists a time
delay 7, between the edge of the corresponding sampling clock
F,s and the instant of the MOSFET changes its state. This delay
accounts for the driver’s delay, conversion time of the ADC, and
the computation time of G..(z). This delay also helps to capture
clean output voltage samples.

Let the state variable in (1) be (4, v.,) at the beginning
of the nth sampling clock and those at the end of the periodic
interval be (4,11, Uen+1). Thereafter, the complete discrete-
time model is derived between the two subsequent sampling

(n+17,

Fig. 3. Timing diagrams under the constant ON-time modulator using the
event-based sampling mechanism.

instants by considering solutions of individual modes along with
their sequence and corresponding time intervals.

1) Discrete-Time Modeling for Constant OFF-Time Modula-
tion: Referring to Fig. 2, the complete periodic sequence under
constant OFF-time control consists of MODE 2 — MODE 1 +—
MODE 2 with the respective durations summarized in Table II.
Thereafter, using the solutions in (3) for the respective modes
and substituting the final conditions of the previous mode as
the initial conditions for the subsequent modes, the complete
discrete-time model can be derived as

int1 = In — Moy (T + BeTs) + Mz Betn
Vent1l = QeQQsUen + Ty + TeMag nln — Mo T2 Ts
+ [ma.n /(20 (eayTs® — T.2)
(5)

where t,, = to, + Td,on> ﬁc =1- (TTL/L)I-‘C; o, =1-— [a/(RC)]
T.;os =1—[a/(RO)|1s;00 =1 — [a/(RC)]tn; 1= a(T, +
OétOéch)/C; Ty = Tc(a - [7’77T(’/(2L)])/C, mi2m =Min +
(rn/L)me 7y min =mi — (1, /L)in; mon=me+ (r,/
L)i,.

2) Discrete-Time Modeling for Peak CMC: As discussed in
Section [I-B2, peak CMC is analogous to constant OFF-time con-
trol in Fig. 2, except for the differences in the sampling clock
and the timing intervals. Thus, considering the same periodic se-
quence, the complete discrete-time model can be obtained using
(5) by accordingly updating the timing parameters in Table II.

3) Discrete-Time Modeling for Constant ON-Time Modula-
tion: For constant ON-time modulation in Section II-B1, the
periodic sequence can be found from Fig. 3 consisting of
MODE 1+— MODE 2 +— MODE 1 with the respective durations

Up+1 = QUep+1 + arcin+1
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TABLE II
TIMING PARAMETERS FOR DIFFERENT MODULATION SCHEMES

Modulation | Constant off-time | Peak CMC | Constant on-time | Valley CMC
tn ton + Td,on de tofT + Td,off (1 - d)Ts
T. To — Ts (1—d)Ts —7s Ton — Ts dTy — 75
TTL TC + tTL + TS TS TC + tTL + TS TS
* Propos 5. * Proposed model - :
-.Curre simulation| i 1
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g P R A . !
? 2 57 : *t ¥ o L :
5. NI 4 RN\ W’V“‘\MM\M“\JWWJ’MM‘V%
Ell W 3 5.5 o . . !
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5
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Fig. 4. Verifications of the discrete-time models using SIMPLIS simula-
tion. (a) and (b) constant OFF-time modulation. (c) and (d) constant ON-time
modulation.

summarized in Table II. Thus, following the same procedure in
Section II-E1, the complete discrete-time model becomes

Int1 = Iy + min (T( + 57-3) - m21,nﬂtn
atn . th
Uc,nJrl = Q¢ | O QsUe p + F + MinTs | tn — m21,71%
Un+1 = AQUe n+1 (6)

where moy , = mo,, + (rn /L)mi , 7s.

4) Discrete-Time Modeling for Valley CMC: Valley CMC is
analogous to constant ON-time control in Fig. 3, except for the
differences in the sampling clock and the timing intervals. Thus,
considering the same periodic sequence, the complete discrete-
time model can be obtained using (6) by accordingly updating
the timing parameters in Table II.

F. Model Verification Using SIMPLIS Simulation

Fig. 4(a) and (b) shows a comparative study of the induc-
tor current and the output voltage obtained using the discrete-
time models with those obtained using SIMPLIS simulation
under the MSCMCOT modulator in Fig. 1. The simulation re-
sults are obtained 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. The figures show close agreements
between analytical models and SIMPLIS simulation. Similarly,
Fig. 4(c) and (d) shows that the discrete-time models in (6)
under constant ON-time modulation accurately match with the
SIMPLIS simulation. Thus, the models can be used to carry out
fast-scale stability.

(a)

TekPrevu g

AC coupled v, (100 mV/div)
N N T B o B
i, 1A/div)

5x“f5Vw/“%5¢“%vﬁﬁﬁ\fﬁ

F, =10F. (5 V/éiv)
B AR
. S Vidiv) Time scale = 2
o W W i W

(@ toomv on @ 1 @ 500V . @ 500V _4)[200s [2:50Gs75

(b)

@5

Fig. 5.  Steady-state waveforms using the MSCMCOT modulator in a boost
converter with (a) Fys = fsw and (b) Fys = 10 x fs at i, = 1.4 A and
vip = 2V with D = 0.6, where the switching frequency fsy, = 500 kHz.

III. FAST-SCALE STABILITY ANALYSIS
A. Current-Loop Stability for Wide Duty-Ratio Operations

It is well known that the inner current loop becomes unstable
for the steady-state duty ratio 1) D > 0.5 under peak CMC and
2) D < 0.5 for valley CMC. For both the cases, a compensating
ramp is needed for stabilization [9], which tends to degrade
the closed-loop BW as the ramp slope increases. Thus, higher
closed BW cannot be achieved using either of the techniques,
particularly for wide duty operations.

On the other hand, ripple-based constant ON-/OFF-time mod-
ulators offer inherent inner current-loop stability, irrespective
of the steady-state duty ratio [11], which are useful for wide
duty-ratio operations. In the mixed-signal constant ON/OFF-time
architectures [29], the inner current loop is kept in the analog
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TABLE III
COEFFICIENTS OF A STATE MATRIX IN (9) AND (12)
| Constant off-time and Peak CMC | Constant on-time and Valley CMC
T T
K, rcYy — Bsﬂc 7—cl ,on Bs 1— _nTon (km - ﬂc) Bcﬁs 7_d Joff — Bs - ijjoiﬁf (k'm - Bc)
L L L
a Tn Td off
YI ( c s ,on TC) T s (1 - _Ton) m — Mc cQ To c
Be—TeTd + 77 L (k Be) 5 + 7 & (km — Bc)
p
T TCKy - BSTS — arQ.Trc 1— (1 + 68) acﬁsTB + 7"wﬁs (1 - _nToﬁ')
2r CC’ L
r3a a Q. T a
K, ‘%7—5 ~ 576 (T.% + aracts?) + aracas aracas — —— (RITOH + ;fg ) — R Tom
Tl
r3 ﬁT (Tw - T2) + %Td,on Toffd (CL - [TnToffd/(zL)]) /C
-
Mis 19 — | —— | a.aV,
r 12t <Rc>a,ap v/C (1 +T—”TI) @Ry + 7R
i Mg+ M. Mg+ M\ T St
I Urefz MiTona Urefz M, (Tc + 7—5)
P Rujy, 2 Ry, 2
k /BCMIQ,n + ’YMQ,p ﬂcMQ,p + 7M12,p
" M12 n + M M2 P + Mc
Qg MZTSZ 1 'Urefz MlTond Uref
V, = S — —25 1 g Iy = — ———F— + Mars|; Ra=
b= Vref °C r { o C’( ‘|‘5s):| i An = l:RUin 5 + MaTs 2 @ RC(Ms, 1 M,)
(CLRIP - Oésvref) Toﬁd Tn Tn Tn
Ry = M =M — Ms ,Togga; My, =M, — —1,; My, = M. —1I,;
1 RC(Ma, + M) C[ (M. M) 12,p 1,pt 7 M2 offd 1,p L= 2.p 2+ 7P
1 [a* (T — 1) R for constant off — time/on — time modulation
L. = c R2C Vo —aly + MaTels v =19 4 for peak/valley CMC

domain; thus, their closed-loop stability is determined by the
stability status of the outer voltage loop.

B. Multi-Limit Cycle Instability Using Uniform Sampling
Clock

If a uniform sampling clock is used for the MSCMCOT mod-
ulator in Fig. 1, Fig. 5(a) shows the existence of multi-limit cycle
instability [36]. This is due to mismatches between the switch-
ing and sampling instants in variable frequency digital control
using a uniform sampling clock. While the mismatches are ex-
pected to get reduced using a high-frequency sampling clock of
ten times faster than the nominal switching frequency, fast-scale
instability still exists as shown in Fig. 5(b). Such instabilities
increase the ripple parameters and the RMS values of i; and
v,, Which eventually degrade the efficiency because of higher
conduction losses. Thus, it is important to investigate whether
fast-scale stability can be achieved using the event-based sam-
pling clock.

C. Stability Boundaries Using Event-Based Sampling Methods

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

@)

where uy[n] = ur[n — 1] 4+ k;jve[n], ve[n] = (vyet — vy,); and
k, and k; indicate proportional and discrete-time integral gains.
To avoid limit cycling in a DPWM converter, it is necessary
to use k; < 1 [37]. For a high-frequency DPWM with uniform
sampling, it can be shown that k; < k,; thus, k, primarily

Vcon [TL] - kp’U@ [’I”L] +ur [n}

determines the fast-scale stability status. Later, it is shown that
k; has an insignificant effect on the stability boundary, which
primarily affects the steady-state voltage regulation.

1) Constant ofrr-Time Modulation Versus Peak CMC: Under
constant OFF-time and fixed-frequency peak CMC modulations,
the instantaneous ON-time ¢,, can be obtained using Fig. 2 as

(Ucon [n]/Ri) - Mctn —
mi — (Tn /L)’L1

where v¢oy, [1] is the output of the voltage controller G, (z) dur-
ing the nth clock cycle, R; is the current sensing resistance,
and M, is the slope of the external ramp compensation. From
(5), (7), and (8), the perturbed closed-loop dynamics under the
constant OFF-time modulator (and peak CMC) considering only
the proportional gain k,, is obtained as

t, =

®)

K, — %<k, k,kr Y, — Lk, k,k
~ x R; vmMp f x R; vm p f ~
Xn+1 = T TG o ‘| X,
Rm — 71"3:1 - kpkf Ky — 1“%[ kpkf
where X,, = [i,, v.,]? and the coefficients of the state ma-

trix are summarized in Table III. Using (9), the characteristic
equation can be obtained; thereafter, applying Jury’s stability
criteria [38], the stability boundary using the constant OFF-time
modulator and the peak CMC modulation can be derived as

& 1-K,K,+ RxYx
akf Tw (TC YT - Ka:) + km (Rr —Trc Ky)

(10)

Fig. 6(a) demonstrates the steady-state closed-loop perfor-
mance under the constant OFF-time modulator, which shows
the stable periodic behavior using the event-based sampling
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Fig. 6.  Steady-state waveform of a boost converter under the constant OFF-time modulation at 1.4 A load current, 2 V input, and 5 V output using (a) k, = 7,

(b) ky = 17, and (c) k), = 24.

mechanism. If &, is increased to k, = 17, beyond the stability
boundary in (10), Fig. 6(b) exhibits the fast-scale instability.
The stability boundary in (10) can be increased using an exter-
nal ramp compensation, and for a slope M, = 0.42V/us, and
stable periodic behavior is restored as shown in Fig. 6(c), even
using a much higher controller gain of £k, = 24.

2) Constant oN-Time Modulation Versus Valley CMC: Un-
der constant ON-time modulation (and valley CMC), the instan-
taneous OFF-time ¢,, during the nth clock cycle can be obtained
using Fig. 3 as
— (Veon[n]/ Ri) —

ma + (TTL/L)il
Using (6), (7), and (11), the perturbed discrete-time state-space

model under the constant ON-time modulation (and valley CMC)
with k; = 0 is obtained as

Z.1 ctn

by = (1)

A Kz Y _ akpkifk A
X1 = T X, (12)
R, K, —|— R, L ak, okr

where X,, = [i,, v.,]" and the coefficients of the state matrix
are summarized in Table III.

The characteristic equation can be obtained using (12); there-
after, the stability boundary can be obtained by applying Jury’s
stability criteria [38] as

akfﬁs‘ km QT3 + Ty ﬂcﬂT

where Oy = 1 — (r,/L)T,gq and for constant ON-time modu-
lation v = 0 and v = 1 for fixed-frequency valley CMC. Ex-
perimental results in Fig. 7 show that an event-based sampling
clock (using the falling edge of u,) can achieve stable periodic
behavior by sampling v, once per switching cycle. Table IV(a)
summarizes the stable critical values of k, obtained using the
SIMPLIS simulation and theoretical predictions. For all the dig-
ital CMC techniques, the analytical values of k, . are found to
closely match with the SIMPLIS simulation.

From (5), (7), and (8), the perturbed closed-loop dynamics un-
der the constant OFF-time modulator can be derived considering
both the proportional and discrete-time integral gains. There-
after, applying the Jury stability criteria [38], the (stable) critical

<

ky (13)

AC coupled va:(SO mV/div)

O e N NS N g e N NP NN
i, (1A/div) |

NN NP NG NG NN N

3

F, (5 V/div)

N U IR N N OO U N T
u, (5 V/div) Time scale =2 us

;_quleﬂﬁﬂJIijLF

(@ stomvi @ ® 5007 TV )[2.00ms TIzs06s7s 7 Z1oA

)

Fig.7. Steady-state waveform of a boost converter under the constant ON-time
modulation at 1.4 A load current, 3.3 V input, and 5 V output using k, = 7.

TABLE IV
(A) STABILITY BOUNDARY VERIFICATION AND (B) EFFECT OF k; ON Ky, crit

(a) (®

Vin kp,crit ks kp,crit
V) A B ‘ C D
2 20 194 0 32.95 24.9
2.5 | 24.8 24.2 0.3 | 32.68 24.6
3 30 29.7 0.7 | 32.2 24.1
3.5 | 35.7 34.2 1 31.9 23.8
A - Theoretical prediction; C-vin=33YV;
B - SIMPLIS simulation D-vin=25V

proportional gain k, i can be obtained. Table IV(b) summa-
rizes that the variation in k;, over its entire feasible operating
range, has almost no effect on the critical stability boundary.
Further, it is found in other digital CMC techniques that a varia-
tion in k; has an insignificant impact on fast-scale stability, even
for different operating regions. This fact is also consistent in
analog CMC as reported in [39]. Thus, k;, ¢ can be analytically
derived without considering k;.

D. Comparative Study of Fast-Scale Stability

Using (10) and (13), Fig. 8 shows the effect of v;,, r¢, and
T, on ky ¢t for different CMC techniques. An external ramp of
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Fig. 8.

slope M, = M, /2 is used for peak CMC and M, = M; /2 is
used for valley CMC for current-loop stability.

1) Effect of Input Voltage: Fig. 8(a) shows that k, . de-
creases as the voltage gain (or duty ratio) increases. Particularly,
for v, > 1.5V, k,, ci¢ considerably differs based on the modula-
tion technique as vy, increases, in which the constant OFF-time
modulation offers the largest k, .y among all the techniques,
even without a ramp compensation.

2) Effect of Capacitor ESR: Fig. 8(b) shows that k, o of a
CCM boost converter under the constant OFF-time modulation
increases with the capacitor ESR, whereas it remains unaffected
in case of the constant ON-time modulation. These results seem
to be different from the existing stability criteria of ripple-based
control in a CCM buck converter [16], in which a larger ESR
tends to degrade fast-scale stability.

3) Effect of Delay: Fig. 8(c) shows that the stability bound-
ary is considerably affected as the delay 7, increases; however,
Ky crig 18 still much larger using the constant OFF-time modulation
over its ON-time counterpart.

The output voltage ripple of a buck converter is con-
tinuous; thus, a change in the sampling instant (either
interval-1 or interval-2 sampling) has almost no effect on
the stability status. However, this is not the case of a boost
converter with discontinuous output voltage ripple, in which
the constant OFF-time modulation with interval-2 sampling
offers superior fast-scale stability over other modulation
techniques.

IV. COMPARATIVE STUDY OF SMALL-SIGNAL AND
STEADY-STATE PERFORMANCE

A. Derivation of Control-to-Output TF

Small-signal models under different modulation schemes can
be obtained using the discrete-time models in Section II-E.

1) Constant ofFr-Time Modulation and Peak CMC: From (5)
and (8), the perturbed state-space model under the constant OFF-
time modulation (and peak CMC) can be derived. Thereafter,
applying Z-transformation [40], the control-to-output TF for the
constant OFF-time modulator (and peak CMC) can be derived
as

Oy, (Z) Z + Zrhp

= 14
@con(z) 22 +p12 +P2 ( )

Gye(z) =

Effects of input voltage, capacitor ESR, and sampling delay on fast-scale stability of a boost converter under different modulation techniques.

“1.
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Magnitude (dB)
o w

Magnitude (dB)

7

i L il _ R
1¢Frequency §12) 10' 10° 10°

model
imulatior

Phase (deg)

Hiai Him
| (Frequency |§iz) 1oFrequency |¢12)
(b) ()

Fig. 9. Frequency response verification of a boost converter. (a) and (b) mag-
nitude and phase plots related to the constant OFF-time modulation. (c) and
(d) magnitude and phase plots related to the peak CMC.
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Fig. 10. Frequency response verification of a boost converter. (a) and (b)
magnitude and phase plots related to the constant ON-time modulation. (c) and
(d) magnitude and phase plots related to the valley CMC.

where
K = (a’/RL) (k‘mTc + Tw)
. o km (RT - TCKy) — Tw (Kr - TCYT)
thp = knro + 1w
p1 = 7(Km + Ky); P2 = KTKy -Y.R,

where v = 0 for constant OFF-time modulation and v = 1 for
peak CMC. Fig. 9 shows that the frequency response related to
the control-to-output TF in (14) using constant OFF-time control
accurately matches with that obtained using SIMPLIS simula-
tion using the specifications in Table I.
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TABLE V
APPROXIMATE RHP ZERO LOCATION FOR DIFFERENT MODULATION SCHEMES
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1 RCrc - aT, - My aT. I MyRTotq — aRIp 4 (1 — ) Uyer
= C e S
ClV},/Ml rcC M1—|—M2 C CMl
—+Constant off-time / - - Control-to-output transfer function (GVC)
g 80 —+-Peak CMC ... Compensator transfer function (Gc)
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Sampling delay, t_ (us) Fig. 12.  Frequency response of the control-to-output TF, compensator TF, and
(b) loop TF of a boost converter using the (a) constant OFF-time modulation and
(b) constant ON-time modulation techniques.
Fig. 11.  Effects of (a) vi, and (b) 74 variations on the RHP zero frequency

using different modulation schemes.

2) Constant oN-Time Modulation and Valley CMC: Simi-
larly using (6) and (11), the perturbed state-space model un-
der the constant ON-time modulation (and valley CMC) can be
derived; thereafter, applying Z-transformation, the control-to-
output TF can be derived as

Z + Zrhp

Ge(z) = e (15)
where
K = —a.Ria/Ri; zmp = Ky — ky Ry /(acRy)
p= —(K; +Ky); pp =K K, - YR,

where 7 = 0 for constant ON-time modulation and v =1 for
valley CMC. Fig. 10 shows that the frequency response re-
lated to the control-to-output TF in (15) using constant ON-time
control accurately matches with that obtained using SIMPLIS
simulation using the specifications in Table I.

B. RHP Zero Locations Under Different Modulation Schemes

The achievable control BW f. of a CMC boost converter
is limited to one-third of the RHP zero frequency fu,, [3].
Thus, it is important to investigate the effect of a modulation
technique on fy,,. Approximate zero locations are derived using
(14) and (15), which are summarized in Table V. Thereafter,
applying bilinear transformation, the expression of fy,, can
be obtained in continuous time, which is plotted in Fig. 11
for varying v, and 75 under different modulation techniques.
Fig. 11(a) is consistent with the well-known fact that f.},, comes
closer to the imaginary axis as the duty ratio (or voltage gain)
increases. Interestingly for low duty-ratio operations, fi1,, is
located furthest for the constant OFF-time modulation; thus, it
would offer the highest f. among all modulation techniques.
The benefit of the constant OFF-time modulation over its ON-
time counterpart is further evident from Fig. 11(b) with the
decreasing sampling delay. This is primarily because for the
former, the voltage samples are captured near the peak value
(interval-2 sampling), as shown in Fig. 2, as opposed to near
the valley point (interval-1 sampling) for the latter, as shown in
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Fig. 16.  Schematic of a NIBB converter.

Fig. 3. Thus, the effect due to the RHP zero can be reduced using
interval-2 sampling [6] under constant OFF-time modulation. It
can also be shown from Table V that a higher ESR under constant
OFF-time control attempts to push the RHP zero further right-
hand side of the complex plane and to increase the stability
boundary, as shown in Fig. 8(b). This would eventually increase
f. and offer an enhanced stability boundary to achieve fast
transient performance, however, at the cost of higher output
voltage ripple.

C. Discrete-Time Compensator Design

The discrete-time compensator G, (z) is designed using the
models given in (14) and (15) by considering the sampling
frequency same as the switching frequency of 500 kHz. The
design objectives are to achieve a closed-loop BW of f,,/3
with 60° phase margin, except for light load conditions. It can
be shown that fast-scale instability would be reflected as the
unstable poles using the discrete-time model. Thus using this
model, it can be ensured that the sub-harmonic oscillation will
not occur while meeting the above design objectives. From the
frequency response plot in Fig. 12, fin, =21.7 kHz at 3.3 V
input. Using the MATLAB sisotool box, the discrete-time con-
troller gains under the constant OFF-time modulation are found
tobe k, = 6.8 and k; = 0.3, which can achieve 60° phase mar-
gin and 7.25 kHz gain crossover frequency. Similarly, for the
constant ON-time modulation at 3.3 V input, the discrete-time
control gains are found to be k, = 5.65 and k; = 0.23, which
result in 60° phase margin and 4.9 kHz gain crossover frequency
for funp = 14.7 kHz.
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Fig. 17.
different modulation techniques.

D. Load Transient Performance

Fig. 13 shows the experimental load transient performance of
a CCM boost converter for a load-step change from 0.8 to 3.8 A
at 3.3 Vinputand 5 V output. Using the design in Section IV-C,
the discrete-time PI controller gains under peak CMC are
found to be k, = 6.8 and k; = 0.3. These results in 100 us
settling time and 600 mV voltage undershoot. However, even
with D < 0.5, peak CMC exhibits sub-harmonic instability as
evident from Fig. 13(a) along with the duty-ratio saturation.
This is because of the fact that k, violates the stability
boundary in Section III-Cl. This increases RMS inductor
current, thereby increasing conduction losses and degrading
the efficiency. Using the same controller gains, the constant
OFF-time modulation achieves stable periodic behavior with
fast transient performance, as shown in Fig. 13(b), with 64 us
settling time and 600 mV voltage undershoot.

On the other hand, using the constant ON-time modulation, the
RHP zero frequency is found to be f.,, = 14.74 kHz, which
limits the control BW to f. = 4.9 kHz. With this, controller
gains in (7) are found to be &, = 5.65 and k; = 0.23. Fig. 13(c)
shows that the load transient performance is degraded using
the constant ON-time modulation with 84 us settling time and
600 mV voltage undershoot.

E. Reference Tracking: A Comparative Study

Fig. 14 shows the frequency responses of the closed-loop
boost converter under the respective constant ON-time and OFF-
time modulators. The design objectives are to achieve the closed-
loop BW of f4,,/3 and 60° phase margin at —3 dB gain, and
the sets of the discrete-time PI controller gains are found to
be {k, = 8.8, k; = 0.11} and {k, = 6, k; = 0.08} for the re-
spective constant OFF-time and ON-time modulators. Fig. 15
demonstrates experimental results related to the tracking per-
formance of a CCM boost converter, in which a sinusoidal input
of 1.2 V peak-to-peak is injected over a 5 V dc voltage at 3.3 V
input. For the constant OFF-time control, the achievable tracking
BW is found to be 10 kHz, as shown in Fig. 15(a). The same
using the constant ON-time modulation is found to be 8 kHz, as
shown in Fig. 15(b), and also the former yields smaller tracking
error.

Therefore, the constant OFF-time modulation with interval-
2 sampling is superior over other CMC techniques in terms

Effect of (a) input voltage and (b) capacitor ESR variations on fast-scale stability and (c) input voltage variation on RHP zero of a NIBB converter under

of stability boundary, step-transient and tracking performances,
particularly for a practical boost converter with discontinuous
voltage ripple.

V. NIBB CONVERTER

Similar to a boost converter, a NIBB converter in Fig. 16
exhibits non-minimum phase behavior. Thus, it is interesting
to investigate whether the constant OFF-time modulation can
achieve superior performance over other techniques. A NIBB
converter under CCM operates in two feasible switch config-
urations, namely, MODE 1 when the MOSFETs “S” are ON and
MODE 2 when the MOSFETs “S” are OFF. Thus referring to
Fig. 16, the state-space model can be obtained as

) _rptarcu _g,a 1—u
X(=| " PIX® 4| S Jow (6
cu ~RC

where X = [iz v.]T,and iz and v. are the inductor current and
capacitor voltage with « = 0 during MODE 1 and @ = 1 during
MODE 2. The output voltage v, is given by

U, = AV, + arcuiy,. (17)

Using a similar linear assumption in Section II-D for ¢, the
discrete-time inductor current and capacitor voltage dynamics
can be obtained for the NIBB converter by following the pro-
cedure in Section II-E1. Thereafter, stability boundaries under
various modulation schemes can be analytically derived.

Fig. 17(a) and (b) shows the effects of v;,, and r¢ variations on
the stability boundary &, of the NIBB converter. As expected, the
constant OFF-time modulation with interval-2 sampling offers
an enhanced stability boundary compared to other modulation
techniques, and also the RHP zero frequency is located at the
furthest right-hand side of the complex “s” plane, as evident
from Fig. 17(c).

Thus, the constant OFF-time modulation with interval-2
sampling seems to be an attractive digital control technique
for non-minimum phase converters in terms of stability
boundary, transient as well as tracking performances over
other digital modulation techniques. It is reported in [29]
that the constant ON-time modulation can inherently achieve
improved step-down performance; thus, a hybrid constant
ON-/OFF-time modulator probably be the best option to retain
fast performance and improved light load efficiency in a boost
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converter. Such event-based digital control techniques would
be useful techniques for high-frequency dc—dc converters, in
which the development controller tuning and timing adaptation
methods remains an interesting future research topic for further
performance and efficiency improvements.

VI. CONCLUSION

In this paper, the performance and stability analysis
were carried out for a CCM boost converter using various
fixed-frequency and variable-frequency CMC techniques.
Discrete-time models were derived and verified using SIMPLIS
simulation. Analytical stability boundaries and small-signal TFs
were derived, which were also verified using SIMPLIS simu-
lation. Using analysis and experimental results, the constant
OFF-time modulation technique was found to be superior in
terms of stability boundary and closed-loop BW over other dig-
ital current controllers. Further, the analysis was extended to
a NIBB converter. The event-based constant OFF-time modu-
lation technique is found to be an attractive solution in high-
frequency applications, particularly for non-minimum phase
converters.
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