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A Fast Settling Oversampled Digital
Sliding-Mode DC-DC Converter
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Abstract—An all-digital sliding-mode (ADSM) controlled dc—
dc converter, utilizing single-bit oversampled frequency domain
digitizers in its feedback path is proposed. Sliding-mode control
provides several benefits over the traditional PID control in terms
of fast transient response, robustness to parameter and component
variations, and low sensitivity to loop disturbances. However, ana-
log implementations of sliding-mode control require several ampli-
fiers in the controller and suffer from process, voltage, and temper-
ature variations. In the proposed approach, the sliding-mode con-
troller (SMC) is implemented digitally; utilizing a first order single-
bit X A frequency to digital converter (X AFDC)-based feedback
and reference digitizing ADCs, running at 32-MHz sampling rate.
The ADSM regulator achieves 1% settling time in less than 5 us
for a load variation of 600 mA. The SMC uses a high-bandwidth
hysteretic differentiator and an integrator to perform the sliding
control law in digital domain. The proposed approach overcomes
the steady-state error (or dc offset), and band limits the switching
frequency, which are the two common problems associated with
SMCs. The IC is designed and fabricated on a 0.35-pm CMOS
process occupying an active area of 2.72 mm?.

Index Terms—Buck converter, digital switching regulator, hys-
teretic control, sigma-delta, sliding-mode control, variable struc-
ture system.

1. INTRODUCTION

WITCHED-MODE voltage regulators are an essential part
S of low-voltage battery operated electronic systems. From
hand-held devices like mobile phones to the complex commu-
nications systems, processors and microcontrollers require a
well-regulated voltage to work efficiently. The voltage conver-
sion from the primary power source can be performed in more
than one stage for better efficiency. Whether a single step-down
converter is used or a multiple stages of step-down converters
are implemented, the last stage must be able to reject the varia-
tions of the line and load due to fast transients in the state of the
art processors.

Replacing the analog building blocks with their mixed-mode
and digital counterparts makes switching regulators more ro-
bust to component variations and interest in digitally controlled
switching converters have been increasing [1].
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All digital de—dc buck converter.

Fig. 1 shows the basic structure of an all-digital controlled dc—
dc buck converter. The error voltage between the scaled output
voltage and a reference voltage is digitized by an analog-to-
digital (ADC) converter. The digitized error undergoes a specific
compensation scheme, and the duty cycle control word is used
to control the power train by a digital pulse width modulator
(DPWM).

Minimizing analog complexity associated with digitization
of the output and reference voltages is a challenging design
problem in low-power digitally controlled dc—dc converters [2],
[3]. Another cha associated with digitally controlled dc—dc con-
verters is the need for a digitally controlled PWM generator
(DPWM) block, which is needed to create the duty cycle con-
trol command for the power train. A necessary but not sufficient
condition is that the accuracy or resolution of the DPWM must
be better than the feedback ADC. If the resolution of the DPWM
is less than the resolution of the ADC, the loop may not be able
to lock into one or more of the codes and the digital converter
will toggle between two levels, a phenomenon known as limit
cycle oscillation [4]. This problem could be remedied by in-
creasing the resolution of the DPWM. The drawback of this
approach is that the higher dynamic range in the ADC (which in
turn determines the accuracy or sensitivity of the control loop)
requires even higher number of bits in DPWM, which means
more power consumption and more complexity in the DPWM
core. The DPWM also causes delay and phase lag, which is not
desirable in feedback control systems.

In order to eliminate the need for DPWM, prior approaches
utilized sliding-mode-controller (SMC) or different forms of
hysteretic controller. There are only limited digital implemen-
tations of the SMC:s. In [5], analog error voltage is sampled and
a digital sliding-mode controller (DSMC) is used to adjust the
duty cycle. This approach works on a fixed switching frequency.
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The fixed frequency approach slows down the transient response
significantly. In [6], voltage error is translated from voltage to
frequency and SMC is implemented in frequency domain by
reformulating the sliding control. This method does not address
the dc offset error associated with practical SMC implementa-
tions; therefore, the output voltage changes based on the output
load current, impacting the load regulation. In [7], a digital
approach similar to [6], which translates voltage to frequency
and reformulates the sliding control law are used. However, the
dynamic response shows large transients.

In this paper, a nonlinear controller based on a single-bit
oversampling feedback ADCs and a DSMC is presented. The
rest of the paper is organized as follows. The sliding-mode
control theory is reviewed in Section II. The proposed DSMC
and circuit level implementations are described in Section III.
Experimental results are presented in Section I'V, and Section V
closes with conclusions.

II. SLIDING-MODE CONTROL THEORY

Most of the state of the art switching-mode power supply con-
trollers are designed by using a state-space averaging method,
which is essentially a small-signal optimization [8]. Although
this procedure works very well at steady-state operation, it has
poor settling performance during large transient load variations.
On the other hand, most switching regulators operate in one of
the two structural modes, where one of the two switches is ON.
Due to the nonlinear nature of the switching operation used in
the design of these regulators, they are classified as variable
structure systems (VSS). The SMC is a nonlinear controller that
is suitable for variable structure systems. Therefore, it is a nat-
ural fit to utilize them in switched-mode power supplies like
dc—dc step-down buck converters [9], [10].

Fundamental principle of the controller is to employ a certain
sliding surface in the state space as a reference path such that
the controlled state variable’s trajectory can be directed toward
a desired equilibrium point. Implementation of a sliding surface
as a stabilizing reference path can be fully achieved by meeting
the following three conditions [11]:

1) the hitting condition: whatever the initial conditions, the

trajectories must reach the sliding surface;

2) the existence condition: the trajectories are directed/
forced toward the sliding surface when they are close to
it;

3) the stability condition: the sliding surface will always di-
rect the state trajectories toward a stable equilibrium point.

Fig. 2 shows the VSS-based switching behavior of a dc—dc
converter along with its phase portraits in state space. The analog
sliding surface based on the error signal e is defined in (2) as

GZVREF—VC (1)
Se =Kig-e+ Ky - =0 2

where Vi pr represents the reference voltage, V- is the capacitor
voltage, and e is the error voltage between the reference and
capacitor voltage in analog domain. The coefficients K, and
K, are the analog controller coefficient, and S, is the analog
sliding law.
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Fig. 2. Two distinct structural modes of a step-down buck converter, the LC
filter, the trajectories, and the sliding surface in the state space.
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Fig. 3 presents the conceptual implementation of sliding-
mode control in a buck converter [12]. If the system forces the
error and its derivative to zero (the proportional and differen-
tial block in Fig. 3) under any conditions and disturbances, the
system is stable. However, a switching regulator like a buck con-
verter needs switch driver control pulses to regulate the output
voltage. The ideal operation on the sliding surface and reaching
the equilibrium point requires an infinite switching frequency
besides the aforementioned three conditions, which is imprac-
tical. The hysteresis block shown in Fig. 3 (represented with
dashed lines in Fig. 2) limits the switching frequency, and as
a result, ripple about the desired steady-state operating point is
generated.
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Fig. 4. Proposed oversampled, digital sliding-mode control buck converter.

III. PROPOSED DIGITAL SLIDING-MODE CONTROL

The proposed DSMC is presented in Fig. 4. Compared to
Fig. 1 (a conventional digitally controlled dc—dc buck con-
verter), the small signal digital PID compensation block and
DPWM block are replaced by a DSMC. Similar to the ana-
log implementation of sliding mode in a buck converter shown
in Fig. 3, the digital difference between the output voltage (or
scaled version of it) and a reference voltage is processed by the
DSMC. The structure and circuit implementation of the ADC
and sliding mode are presented in the following sections, fol-
lowed by a discussion on optimization of the feedback loop due
to oversampling nature of the feedback ADC.

A. Analog to Digital Conversion

As described earlier, one of the critical components of a dig-
itally controlled dc—dc converter is a feedback signal digitizer.
The ADCs used for the digital dc—dc converter applications
should be low power with high conversion efficiency. In the
proposed DSM controller, a frequency domain XA ADC ap-
proach is adopted. One key property of FDSM is its much
reduced hardware complexity and die area in comparison to
flash (which requires 2” comparators for a B-bit converter),
pipelined (which requires a residue amplifier for each 1.5 bits)
and SAR (which requires a large cap area). Overall, SDM-based
approaches have a high resolution at lower frequencies, and fre-
quency domain implementation allows for a low analog com-
plexity design. Due to a single-bit comparator, their DNL/INL
is superior to any Nyquist rate converter, such as SAR, pipelined
or flash. The reference voltage and the output capacitor voltage
are fed to two matched current-starved VCOs followed by YA
frequency discriminators based on [13]. The difference between
these bit-streams is decimated (or down-sampled) by an SINC
filter to create a digital error signal. The benefits associated with
two matched ADCs instead of a single multiplexed ADC in-
cludes elimination of an advisory circuit to decide when and
how often to switch back and forth between the reference and
output voltage, and better common mode noise rejection [2], [3].

As shown in Fig. 5, with the help of a VCO, two D flip—flops
and one X-OR block, a first order XA frequency discriminator
can be designed. Fig. 6 presents the voltage to frequency gain
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Fig.5. Proposed frequency domain A ADC, and current-starved VCO used
as a voltage-to-frequency converter.
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sured (smooth line).

(Kvco) curve of the VCOs used in the design. The benefit of
the proposed approach (and any other SMC) lies beneath the fact
that the resolution of the ADC is only mandated by the dc—dc
output voltage ripple requirement not the DPWM, and the lack
of DPWM block lowers the risk of limit cycle oscillation stated
earlier. Fig. 7 shows the measured FFT plot of the standalone
ADC for an input frequency of Fix = 7.395 kHz, input peak-
to-peak voltage swing of ViN_pk-pk = 200 mV. The proposed
frequency domain ADC can achieve effective number of bits
(ENOB) of 8 bits, and signal-to-noise ratio (SNDR) of 50 dB.
The proposed ADC has minimum analog complexity and can
enable design reuse across different process technologies.

B. Digital Sliding Mode Controller

The proposed oversampled A digital sliding-mode dc—dc
converter enables an all-digital, fast response regulator without
the need for a digital PWM generator. An improved digitized
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version of a “hysteretic differentiator” made from an integra-
tor inside a high-gain loop is employed in the proposed design
based on [14]. In the proposed approach, the error-word takes
two paths; one attenuation path to suppress the ripple at the
output voltage and only passing the large transients acting as
D (differential), and another path to set the duty cycle and fre-
quency acting as PI (proportional, integral), which cancels the dc
offset. Ultimately the comparator (shown at right end of Fig. 8)
converts the scaled small-signal variations of the derivative of
error signal into variation in the dc—dc converter switching duty
cycle (or switch on-time) and also the frequency. The DSMC
block also ensures stability of the system.

Practical SMC controllers [11] have a disadvantage of steady-
state dc error. This error is not systematic and it changes with
load and input conditions. In the proposed approach a dc error
canceling integrator (shown in the dashed box in Fig. 8) is added
to the controller with minimum impact on the system dynamics.

Even though in typical SMCs, the switching frequency of
the converter is variable, by utilizing a digital switching fre-
quency limiter block noted as Fgvw -Limiter in the PID path, the
switching frequency can be limited. In this approach, the error
is limited by an upper and lower bound, shown in Fig. 8. The
limiter block is basically a digital clamp that is linear around
zero and has hard limits on both sides, and it limits the wide
variation of the switching frequency by limiting the error feed-
ing the differentiator and forces a band around the desired center
frequency. Approximately 7% of full-scale input dynamic range
of the ADCs (2.0 V in the proposed IC) limits the switching fre-
quency to 800 kHz—1.2 MHz range. Fig. 9 shows the variation of
switching frequency Fgw (kHz) versus the Fgy -limiting block
range with respect to full-scale. For a higher percentage of full-
scale, the switching frequency deviation is bigger and it provides
greater range for line regulations and also faster responses for
both line and load regulations. The drawback is that the fre-
quency contents at the output have a wider band. Conversely, a
smaller range of the full-scale has less frequency contents at the
output with the price of having slower response time.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 2, FEBRUARY 2015

Fig. 10 presents high level simulations for similar SMCs with
and without the integrator to show the presence of steady-statedc
error.

In the proposed design, the capacitor voltage is chosen [6]
as the state variable to be controlled. The discrete-time sliding
control law is derived as follows:

e(n) = Vger(n) — Vo (n) 3)
e(n) =e(n) —e(n—1) 4)
Si=Kp-e(n)+ Kp-e(n)=0 (5)

where Vrgr(n), Vo (n), and e(n) are reference voltage, capac-
itor voltage, and the error between them at the time sample of 7,
respectively. Kp and Kp are the controller coefficients in dig-
ital domain. The sliding surface is created by the error voltage
and its derivative in digital domain.

A hysteresis band around the sliding surface (shown in Figs. 3
and 8) not only reduces the switching frequency to a practi-
cal one, it also divides the state space into two regions. The
controller toggles back and forth between two regions with a
frequency mostly set by the hysteresis band based on the fol-
lowing [14]:

fow = K/(Terk -4 -]AJ) (6)

where fqyw is the dc—dc converter switching frequency, Tox is
the oversampling clock, K is a constant, and A is the hysteresis
band. The values of K, A, and Tk for the prototype are: 2—4,
0.4, and 1/32e6, respectively. Fig. 11 shows simulated results
for various conditions such as: different switching frequencies
and duty cycles based on the proposed controller and (6), and
measured data verifies (6) and it is presented in Section I'V.
The overall transfer function of the controller in Laplace-
domain, considering oversampling can be approximated as [14]

Switching_Control (s)/e(s) ~ (Kp + (Kp - 5)) + (K -s71)
(N
where K p is the proportional coefficient, K is the differential
coefficient, K is the integral coefficient, and e(s) is the error
voltage and Switching_Control is the desired pulse train.

The first part of the transfer function is the PD function rep-
resenting the sliding surface, and the second part of the transfer
function is the integrator added to reduce the dc offset error
without loss of generality.

C. Quantization Noise Filtering Versus Phase
Margin Optimization

Quantization noise shaping associated with A modulation
pushes the quantization noise to higher frequencies; on the other
hand, nonlinear systems such as the DSMC can fold high fre-
quency high power out of band noise to in-band. In addition
to noise folding, higher frequency tonal content can intermodu-
late and bring the tones in-band, causing ripple at the converter
output. In case of a typical decimation filter, the filter zeros
are selected such that the signal images in the spectral folding
regions are suppressed, and have no in-band folding effect af-
ter decimation. In the SINC filter approach we used, there are
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filtering zeros at the exact folding regions of the input signal.
Nonlinearity impact is not similar to decimation. As an example,
two quantization noise tones at a much higher frequencies f;
and f, their odd harmonic product after a nonlinear operation
would be 2 f; +/— f>.This could fold noise and tones very close
to dc, causing high ripple content. Therefore, limiting spectral

K.(2.(d() - “+1”) |
K<</a|

Proposed digital SMC: two separate paths for error, dc offset cancelation integrator, and switching frequency Fyy, -limiting block.

content before any nonlinear operation is necessary. If decima-
tion filtering is not used at the ADC output, the aliased noise
within the converter bandwidth can leak to the regulator output.

This problem can be reduced by optimum filtering of the
output of the noise shaped ADCs using high-order SINC filter-
ing with minimum phase delay. SINC decimation filters provide
effective sampling rate reduction with minimum hardware com-
plexity. On the other hand, higher order decimation filtering can
cause excessive phase delays, causing stability problems. For
a typical order- IV, decimate-by-M SINC filter, the phase delay
could be derived as [15]

ZH(f)=m-N-(f/ferx) - (1 = M) (8

where H (f) is transfer function of the SINC filter. In order to
suppress the first-order shaped noise, typically a second-order
decimation filtering is required. An order-B XA modulator gen-
erates a shaped quantization noise as follows [15]:

E () =e,.(1—2)" ©)

where €, is the quantization error noise density. In a DSMC
application, the controller requires a high SNDR estimation of
digitized values of the state of interest (and its derivative) at
every switching cycle. Therefore, an optimum decimation ratio
must be derived for a given switching frequency range.

The critical nonlinearity of the proposed DSMC occurs at the
input of the nonlinear hysteresis block; therefore, it is critical
to minimize quantization noise at that point. The quantization
noise spectral density at the input of the nonlinear hysteresis
block shown is represented as

E (2)-H(z) - TF(z) =¢,- (1—27")

1 (1—zM\° 1 1
—(=——) | (Kp—K K
M? (1—z1) ( pfpr— ot 1—z1)

(10)

where H (z) is the second-order SINC response and TF(z) is the
SMC transfer function, the coefficients were described earlier,
and for simplicity, the integrator was not included in this calcu-
lation. Total integrated noise power at the input of the nonlinear
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hysteresis block EZ"RMS is represented as

) (feLk)/2 ) )
€4 RMS :/ CO, e, sin” (nf/ forx)
0

. ( (e M/ for)

2
2
sin (7f/fork) ) (OO +C0s )" df

an

where C'O; reflects the products of constants, and C'O, and
C O3 are just consolidated coefficients when moved from Z do-
main to S domain. Optimum filtering of the output of the noise
shaped ADCs using SINC filtering requires minimum phase de-
lay with maximum noise suppression. Higher decimation ratio
gives rise to a higher phase delay, eventually causing instability
in the feedback operation. On the other hand, lower decima-
tion ratio cannot suppress out-of-band quantization noise, and
effects of aliased noise and spurs can start showing up in-band.
This increases in-band noise at the converter output. In both high
quantization case, as well as high delay case, there is consid-
erable risk associated due to nonlinearity of the system: in the
high quantization noise case, high-frequency quantization noise
due to noise shaping would fold in-band due to nonlinearities
in the feed-forward case and impact overall noise floor. In the
case of high decimation ratio, the group delay of the decimation
filter would degrade the phase margin of the system. Degraded
phase margin would cause load dependent stability issues that
may not necessarily show up in a linearized model. Based on
heuristic transient simulations, it was found that minimizing the
product of both design variables yields the most robust stability
margin, which can be formulated as

g =min{e,rus - (TN (f/ferk) (1= M))}.  (12)

InFig. 12, the product of the delay times the integrated quanti-
zation noise associated with lower oversampling at the differen-
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tiator input for the proposed design is plotted versus decimation
ratio. Based on the figure of merit shown in Fig. 12, a decima-
tion ratio of 16 gives the optimum noise and delay product and
also it provides simplicity of hardware design.

D. Comparison of SMC to Existing Control Schemes

Since most available designs, and particularly, most of the
commercial products in power management are based on small
signal approximation [8] approach and they require PID com-
pensation, difference between these approaches and the pro-
posed large signal PD or PID should be described. Other fast
transient controllers like Hysteretic controllers will be com-
pared with sliding-mode approach for their similarities and dif-
ferences.

1) Large Signal and Small Signal PID: The proposed design
of PD (or PID with the added integrator) is a large-signal PID,
as opposed to the small-signal PID utilized in typical dc—dc
converters. In a typical small signal PID, the controller is re-
sponsible for stability only and it is significantly slow since it is
designed based on local linearization of a nonlinear system. In
SMC:s (and the proposed approach), the PD or PID are the main
part of the controller. Although adding integration operation to
any loop makes the system slower to respond to disturbances, in
practice [16], the integral action in this approach (and in SMCs)
is enabled only when the system is on the sliding line/surface,
and only PD is in charge of the large transients. It is not possible
to obtain similar performance from a typical small signal PID
controller [17], [18].

2) Hysteretic and Sliding-Mode Controls: Hysteretic con-
trollers are in fact a simplified version of SMC (or generally
speaking hysteretic controllers and SMCs are in the larger cat-
egory of “Bang—Bang” nonlinear controllers). Hysteretic con-
trollers are fast since similarly to SMCs they do not require
a fixed frequency clock. However, hysteretic controllers do not
provide the wide range of robustness for line and load variations,
since they simply make the current (or in a few cases voltage)
toggle between two predefined values [19], [20]. They provide
poor load and line regulations and mostly being used as a sec-
ondary controller (along with a fixed frequency main controller)
when there is a need to respond to a large transient, or they are
used as a second stage following a low drop-out regulator (LDO)



DASHTESTANI AND BAKKALOGLU: FAST SETTLING OVERSAMPLED DIGITAL SLIDING-MODE DC-DC CONVERTER

P e e e ) —— =y

. —

‘ . — -

3

Il
1l
il
L

—— gwe rvw
E—--\"n P——-‘n

——.
e o=
.

-:;
pipnnaisinieinigis
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or another buck converter to provide fast tracking of a reference
as adaptive power supplies. One should consider the true effi-
ciency when comparing these types of hysteretic controllers to a
complete controller such as a self-sufficient sliding-mode buck
converter. The SMCs, on the other hand, work on the states of
the system and bring the system to a zero error constantly upon
power up and any other disturbances and they provide excellent
line and load regulations.

3) Sliding-Mode Control Shortcomings: It is important to
distinguish a practical SMC’s shortcomings and issues with
its implementation in buck converters [5]. Wide variation of
switching frequency and dc offset error are the shortcomings
associated with sliding mode in general, since ideal sliding mode
based on the Lyapunov theory [12] is difficult (impractical) to
achieve. Problems with the ESR of the filter capacitor, which
makes the difference between the capacitor’s voltage (the state
of interest) and output voltage bigger, and therefore, causing
accuracy errors at the output, is a trait that belongs to buck
converters and the way sliding mode is implemented. If one can
measure or estimate the values of the states of interests (or the
value of the state and its derivative) for every switching cycle, the
accuracy error or dependence of the output voltage on the ESR of
the capacitor is no longer an issue. In many implementations of
sliding mode such as this study, the value of the output voltage is
being taken in lieu of the filter capacitor voltage; therefore, a low
ESR capacitor is required. This does not project any practical
limitations or drawbacks in these implementations.

IV. EXPERIMENTAL RESULTS

The IC is fabricated on a five-layer metal, one-level poly,
0.35-pm radiation hardened CMOS process. Fig. 13 shows the
die micrograph. Of the three conditions that are required for the
implementation of a sliding surface as a stabilizing reference
path as stated earlier, the hitting condition in a buck converter
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is satisfied due to its alternating structural modes (see Fig. 3).
To meet the existence condition, the ratio of the proportional to
differential coefficient should be as much as twice the natural
frequency of the LC filter to maintain the sliding condition [6].
To achieve this Kp and K were set to the values of 0.06 and
6.8e-6, respectively, and K was set to a value of 32, along with
an inductor value of 1.5 y¢H, and a capacitor value of 220 uF
(typical ESR = 0.012 2), and the values of K, A, and Tk for
the prototype are: 2%, 0.4, and 1/32e6, respectively. The ADCs
provided about 7.5 bits resolution, enough to get LSB of 12 mV
(from a 2-V full scale reference).

The manufactured chip was tested and measured for various
conditions, and its performance matched the theoretical results.
In order to observe the load regulations as shown in Fig. 14,
the load consists of a low impedance resistor in series with a
high impedance resistor, and a power FET in parallel with the
high impedance resistor. The power FET is switched OFF and
ON with a pulse generator to change the loading from no-load
condition (low output current) to heavy load condition (high
output current).

Most dc supplies do not provide pulsed outputs or Vp p, and
most (if not all) signal generators cannot tolerate heavy loading
on them. In order to observe the line regulations, a separate board
was designed. A power amplifier was designed in buffer mode,
and the signal generator was used as its input. The amplifier
output was pulsed accordingly and used as Vp p or line.

Fig. 15 shows line regulation for Vix = 3.6 V, and Vouyr =
1.2 V. The input voltage (line) is changed to 20% of its value at
a frequency of 1 kHz. The controller settles 1% accuracy within
20 ps with less than 3% overshoot/undershoot.

Fig. 16 presents load regulation (zoomed in for a better ob-
servation). The converter achieves 1% settling in 5 ps with an
average switching frequency of 1 MHz, and maximum under-
shoot of 5% for Vi =3.6 V, Voyr =12 V.

The measured peak efficiency of the converter for: Viy =
3.6V, Vour =2.5V, oversampling clock frequency of 32 MHz,
and switching frequency of ~1 MHz was 83%. The efficiency
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON
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and its multiples.

can be enhanced by a fine geometry process with reduced power
supply voltage.

The measured output voltage PSD is shown in Fig. 17, and
as stated earlier, due to the novelty of this approach not only the
switching frequency and its harmonics’ tones are not present,
there is only a small hump due to the band-limited Fgv .

The measured output ripple for a wide range of oversampling
clock frequency of 22 MHz—42 MHz, which translates to a
typical switching frequency of 900 kHz—1.7 MHz is 23 mV,
neither a function of switching frequency nor the ESR of the
filter capacitor, as long as the ESR is reasonably low. This
matches (6) pretty well and it is shown in Fig. 18.

Parameter [6], 2002 [71,2010 This Work
Technology 0.25um CMOS 0.35um CMOS 0.35um CMOS
Die Area 1.43mm2 1.3mm2 2.72mm2
Vin/Vout (V) 2.51.1~2.3 1.6~3.3/0.9~3.0 2.8~3.8/1~25
Vout Ripple <15mV <30mV <23mV
Switch. Freq. (MHz) 0.460-0.860 0.250* 0.800-1.2
Efficiency 89%~95% 96.5% (max) 72%~83%**
Settling Time 5us (for 80mA) 0.6us (for 45mA) 5us (for 600mA)
Overshoot 65mV 122mV 60mV
Settling Time Line reg. pre-regulated input NA 20us (for 20% line-jump)
Overshoot for line reg. pre-regulated input NA 3%

*Not Reported, extracted from the plots.
**Due to process limitations, see text.

The performance summary along with comparison to two of
the references is presented in Table 1.

V. CONCLUSION

A DSMC for point of loadPOL applications employing fre-
quency domain A ADCs and a high-bandwidth digital hys-
teretic differentiator was introduced. The dc error associated
with the SMC controllers is suppressed by utilizing an integra-
tor, without impacting the first-order behavior expected from
the SMC controllers. To avoid a wide variation in the switching
frequency response, a frequency-limited operation was imple-
mented. The ADSM regulator achieves 1% settling time in less
than 5 us for a load variation of 600 mA. The SMC uses a high-
bandwidth hysteretic differentiator and an integrator to perform
the sliding control law in digital domain. The DSMC proved
robustness to disturbance and fast transient response to load and
line variations.

REFERENCES

[1] H. Hu, V. Yousefzadeh, and D. Maksimovic, “Nonuniform A/D quanti-
zation for improved responses of digitally controlled DC-DC converters,”
IEEE Trans. Power Electron., vol. 23, no. 4, pp. 1998-2005, Jul. 2008.
M. Barai, S. Sengupta, and J. Biswas, “Dual-mode multiple-band digi-
tal controller for high-frequency DC-DC converter,” I[EEE Trans. Power
Electron., vol. 24, no. 3, pp. 752-766, Mar. 2009.

B. J. Patella, A. Prodic, A. Zirger, and D. Maksimovic, “High frequency
digital PWM controller IC for DC-DC converters,” IEEE Trans. Power
Electron., vol. 18, no. 1, pp. 438—446, Jan. 2003.

[2]

[3]



DASHTESTANI AND BAKKALOGLU: FAST SETTLING OVERSAMPLED DIGITAL SLIDING-MODE DC-DC CONVERTER

[4] A. V. Peterchev and S. R. Sanders, “Quantization resolution and limit cy-
cling in digitally controlled PWM converters,” IEEE Trans. Power Elec-
tron., vol. 18, no. 1, pp. 301-308, Jan. 2003.

[5] A.G. Perry, G. Feng, Y. Liu, and P.C. Sen, “A new sliding mode like
control method for buck converter,” in Proc. IEEE Power Electron. Spec.
Conf., Jun. 2004, vol. 5, pp. 3688-3693.

[6] J. Kim and M. A. Horowitz, “An efficient digital sliding controller for
adaptive power-supply regulation,” IEEE J. Solid-State Circuits, vol. 37,
no. 5, pp. 639-647, May 2002.

[71 F. Luo and D. Ma, “Design of digital tri-mode adaptive-output buck-
boost converter for power-efficient integrated systems,” IEEE Trans. Ind.
Electron., vol. 57, no. 6, pp. 2151-2160, Jun. 2010.

[8] R.D. Middlebrook and S. Cuk, “A general unified approach to modeling
switching-converter power stages,” IEEE Power Electron. Spec. Conf.
Rec., pp. 18-34, 1976.

[9] F. Bilalovic, O. Music, and A. Sabanovic, “Buck converter regulator oper-

ating in the sliding mode,” in Proc. 7th Int. Conf. PCI, 1983, pp. 331-340.

R. Venkatramanan, A. Sabanovic, and S. Cuk, “Sliding mode control of

DC-to-DC converters,” in Proc. IEEE Ind. Electron. Soc. Conf., 1985,

pp. 251-258.

S. Tan, Y. M. Lai, and C. K. Tse, “General design issues of sliding-mode

controllers in DC-DC converters,” IEEE Trans. Ind. Electron., vol. 55,

no. 3, pp. 11601174, Mar. 2008.

J. J. E. Slotine and W. Li, Applied Nonlinear Control.

NJ: Prentice Hall, 1991.

M. Hovin, A. Olsen, T. S. Lande, and C. Toumazou, “Delta-sigma modula-

tors using frequency-modulated intermediate values,” IEEE J. Solid-State

Circuits, vol. 32, no. 1, pp. 13-22, Jan. 1997.

L. Corradini, E. Orietti, P. Mattavelli, and S. Saggini, “Digital hysteretic

voltage-mode control for DC-DC converters based on asynchronous sam-

pling,” IEEE Trans. Power Electron., vol. 24, no. 1, pp. 201-211, Jan.

2009.

J. Baker, CMOS Mixed-Signal Circuit Design, 2nd ed. Piscataway, NJ,

USA: IEEE Press, 2009, ch. 4, pp. 126-129.

T. L. Skvarenina, The Power Electronics Handbook, Industrial Electronics

Series. Boca Raton, FL: CRC Press, 2002, ch. 8.

H. Ahmad and B. Bakkaloglu, “A DC-DC digitally controlled buck reg-

ulator utilizing first-order SD frequency discriminators,” in /JEEE Appl.

Power Electron. Conf., 2008, pp. 346-352.

T. Liu, H. Yeom, B. Vermeire, P. Adell, and B. Bakkaloglu, “A digi-

tally controlled DC-DC buck converter with lossless load-current sensing

and BIST functionality,” in /EEE Int. Solid-State Circuits Conf., 2011,

pp. 388-390.

P. Li, D. Bhatia, L. Xue, and R. Bashirullah, “A 90-240 MHz hysteretic

controlled DC-DC buck converter with digital phase locked loop synchro-

nization,” IEEE J. Solid-State Circuits, vol. 46, no. 9, pp. 2108-2119, Sep.

2011.

[10]

(1]

[12] Englewood Cliffs,

[13]

[14]

[15]

[16]

[17]

[18]

[19]

1027

[20] F. Su, W. Ki, and C. Tsui, “Ultra fast fixed-frequency hysteretic buck
converter with maximum charging current control and adaptive delay
compensation for DVS applications,” IEEE J. Solid-State Circuits, vol. 43,
no. 9, pp. 815-822, Apr. 2008.

Ahmad Dashtestani received the B.S. degree in elec-
trical engineering from The University of Shiraz, Shi-
raz, Iran, and the M.S. and Ph.D. degrees in electrical
engineering from Arizona State University, Tempe,
AZ, USA.

He has worked for semiconductor industries and
the leaders of Analog Integrated Circuits design such
as Burr—Brown and Texas Instruments, and currently
a Senior Analog IC Designer, Lead at NXP Semicon-
ductors, Tempe. His research interests include high-
speed amplifiers, analog-to-digital converters, power
management, and temp-sensors.

Dr. Dashtestani holds five US patents all in Analog IC designs and one of
his earlier designs based on his M.S. thesis was named analogZ ONE product of
the year in 2001.

Bertan Bakkaloglu (M’94-S°08) received the Ph.D.
degree from Oregon State University in 1995.

He joined Texas Instruments Inc. Mixes Signal
Wireless Design Group, Dallas, TX, USA working
on analog, RF and mixed signal front ends for wire-
less and wireline communication ICs. He worked on
system-on-chip designs with integrated battery man-
agement and analog baseband functionality as a De-
sign Leader. In 2004, he joined Arizona State Uni-
versity, Electrical Engineering Department, Tempe,
AZ, USA as an Associate Professor. His research in-
terests include RF and PA supply regulators, RF synthesizers, biomedical and
instrumentation circuits and systems, high speed RF data converters, and RF
built-in-self-test circuits for communication ICs.

Dr. Bakkaloglu has been a Technical Program Chair and steering Committee
Member for the IEEE RFIC conference and an Associate Editor of the IEEE
TRANSACTIONS ON CIRCUITS AND SYSTEMS and the IEEE TRANSACTIONS ON
MICROWAVE THEORY AND TECHNIQUES.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


