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Abstract—This paper describes a complete digital PWM con- vV,
troller IC for high-frequency switching converters. Novel archi-

L] L
tecture and configurations of the key building blocks are A/D CJ_
converter, compensator, and digital pulse-width modulator, are T Vo

introduced to meet the requirements of tight output voltage regula-

N

tion, high-speed dynamic response, and programmability without Switching power converter
extemal passive components. The |mplen_1entat|on techniques are 0| LT = IMHz
experimentally verified on a prototype chip that takes less than sense
1 mm? of silicon area in a standard 0.5u digital complementary ouT SENSE
metal oxide semiconductor (CMOS) process and operates at the . d c €
itchi Hybrid ompensator Delavy-1i
switching frequency of 1 MHz. iyt <: (lookeap table) (}: e:\%me
Index Terms—DC-DC switch-mode power conversion, digital
control, digital pulse width modulation. Digital controller IC 4 Ve
A0

. INTRODUCTION memory

D _IGITAL controllers can offer a number of advlantageﬁig. 1. Block diagram of the digital PWM controller IC for a dc—dc switching
in dc—dc power converters, and various analysis, desigshverter.

and implementation aspects of this emerging area are receiving

increasing attention [1]-[17]. Advanced power managementFrom the standpoint of the controller integrated circuit (IC)
techniques rely on integration of power control and conversialesign, the main advantage of the digital approach is that
functions with digital systems [2]-[5]. Compensator and provell-established and automated digital design tools can be
tection features can be programmable, reducing or eliminatiagplied to shorten the design cycle. The design is described
the need for passive components for tuning. As a result, tAkthe functional level using a hardware description language
same digital controller hardware can be used with a ranffdDL). Starting from HDL-based design, synthesis, simulation
of power converter configurations and power-stage parame@éld Verification tools are available to target the design to stan-
values. Digital controllers have inherently lower sensitivity t§ard-cell ASIC or FPGA implementation. The design can then
process and parameter variations. Furthermore, it is possiBfe €asily moved to a different process, integrated with other
to implement control schemes that are considered impracti€igital systems, or modified to meet a new set of specifications.
for analog realizations. For example, the ability to preciseff contrast to analog IC controlier realizations, the digital
match phase-shifted duty ratios has been applied to develof’ troller design scales well, and can thus take advantages of

simple, robust control for voltage-regulator modules (VRM Ivanc_(;:s |rf1tfr<]':1br|cat|on thhtml?gl'is' fits. broad ¢
implemented in a dedicated digital controller IC[7], [8]. Intrans- N spite of the apparent potential benetils, broader acceptance

former-isolated dc—dc converters, digital signal transmissi(c%id'g'taI techniques in high-frequency low-to-medium power

. . o . dc—dc applications is still hampered by a combination of is-
through the isolation can be used to address limited bandwi %es including cost/performance, availability, and/or ease of use.

and/or large gain variations associated with standard analg ilable DSP systems or micro-controllers either lack the per-

apprgachesi_ Ig generha_ll, more SOpg'S;'Cated_ control metth finance to even match what is readily available with standard
can be applied to achieve improved dynamic responses. 4.0 controller ICs, or are exceedingly complex for the in-
tended application.

, _ _ _The purpose of this paper is to describe implementation tech-
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Fig. 2. Architecture of the digital PWM controller IC.

2) processing the error signal through a programmable digpical voltage regulation requirements. The dynamic voltage
ital compensator based on look-up tables; regulation requirement implies that output voltdggt) must
3) generating a constant-frequency PWM waveform to coakways (including load or input voltage transients) stay in a spec-
trol the power switches using a hybrid digital pulse-widtlfied range around referendé..;, from V,..; — (AV,)max/2
modulator (DPWM). to Vier + (AV,)max/2. In addition, the static voltage require-
The paper is organized as follows: the controller architectuneent usually means that in steady state the dc output voltage
is described in Section Il. Architecture and realization of the hynust equal the reference voltage, with some allowed tolerance,
brid DPWM are described in Section Ill, together with experiy, = V,.. ; + AV, /2. To meet these requirements, we conclude
mental results obtained from the fabricated prototype chip. Tht the analog equivaleff, of the least significant bit (LSB)
delay-line A/D converter and experimental results illustrating the A/D characteristic must not be greater than the specified
its operation are presented in Section IV. The controller desigly; put also that the conversion range must include only a rel-
and experimental results obtained with the buck voltage réGively small rangé AV, ) max Of voltages around the reference.

lator are summarized in Section V. In practice, the specifications faxV, and(AV, ).y are such
that only a few digital values are needed to represent the values
II. DIGITAL CONTROLLER ARCHITECTURE of the error signaV/,..; — V,,. For example, in Fig. 2, the digital

The power converter and the controller form a closed-lodgpresentation of the error signal takes one of only nine possible
feedback system, the purpose of which is typically to regulavelues, from—4 to +4 (decimal). In general, although the A/D
the output voltagé/, to match a precise, stable voltage referengg@nverter must have a fine voltage resolution to maintain the
V.. (or a scaled version of the reference) over a range of inplility to regulate the output voltage precisely, only a few bits
voltage values and load currents, and over a range of procaggneeded to represent the digital error sigpal. A flash A/D
and temperature variations. In the basic voltage-mode PWaanverter that meets these requirements is proposed in [8]. A
control method, the output voltage is sensed and compared toftlewel delay-line A/D configuration that takes advantage of the
reference. The error signal is passed to the compensator (i.e./élired static A/D characteristic, and lends itself to a simple
“error amplifier”). The output of the compensator is the input tgigital implementation is described in Section IV.
the pulse-width modulator, which in turn produces the constant-In addition to relaxing the requirements for the A/D con-
frequency variable duty-ratio signal to control the switchingerter itself, the fact that the error signal can be represented with
power transistors. In the voltage-mode architecture, analogly a few bits leads to a simpler implementation of the next
compensator design is usually based on averaged convebigitding block—the compensator. The purpose of the compen-
models and standard feedback techniques [18]. The proposatbr is to take the current]¢]) and previousdn —1], e[n—2],
digital controller architecture to implement the voltage-modetc.) samples of the error signal and compute the new value of
PWM control scheme is shown in Fig. 2. the duty ratiod, which is the variable that controls the power

In general, the sensed voltage is a scaled version of the outpariverter through the pulse-width modulator. The computation
voltage,Viense = HV,, but in this paper we assuni¢ = 1. (i.e., the control law) in the compensator can be designed ac-
The output voltage is sampled by an analog-to-digital (A/Djording to digital control theory well described in literature (see
converter, to produce the digital error sigrg]. The sam- [20], for example). However, standard implementation of linear
pling occurs once per switching peridd. Here, the index:  control laws in the compensator requires digital adder(s) and
refers to the current switching period. To justify the A/D condigital multiplier(s), which increases the area and/or the clock
version characteristic shown in Fig. 2, it is useful to examirfeequency requirements in a practical chip implementation. If
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the compensator coefficients are restricted to multiples of 2, or  1ll. HYBRID DIGITAL PULSE-WIDTH MODULATOR
1/2, simpler logic shifters can be used instead of multipliers In the system where a power converter and a digital con-

[6], but this a_pproach puts resrictions on the realizabl_e Cofoller form a feedback loop, the digital pulse-width modulator
trol laws. Taking advantage of the fact that only a few bits are

used to represent the error siamalve instead implement the serves the purpose of a digital-to-analog (D/A) converter. The
. P . . gea P OIdiscrete set of duty ratios and ultimately the discrete set of
required computation using three look-up tables and an adder, . .
as shown in Eia. 2. The current and the revious values of t chievable output voltages depends on the DPWM resolution.
. 19 < b : ﬁ?he DPWM resolution is not sufficiently high, an undesirable
digital error signal serve as addresses to the corresponding

. . . . Ilr?fit—cycle oscillation can occur [7], [16], [17]. In particular
cations in the look-up tables. Since the error signahn take . . ' ' . '
. S if none of the achievable output voltages fall into the range of
only a few different values, the number of entries in the look-u . .
. . . . . » around the reference, in steady state the duty ratio must
tables is relatively small, and the implementation area is alS0 °
- . . . cillate through a range of two or more values. A necessary
small. In addition, the computation can be done in a single

in a few clock periods, so that the clock frequency requiremen(ignd't'on to avoid the limit-cycle oscillation is that the output

are also low. Complete details of the compensator impIemenYﬁ-ltage increment that corresponds to the least-significant bit of

tion on the prototype test chip can be found in [14]. the duty ratio command must be smaller thadV, [16]. This

The look-up table compensator can be programmed to p(%?_ndition has been evaluated as a function of the steady-state
form different control laws simply by programming the entrieEpUt and output voltages for different converter configurations

in the look-up tables. The most general control law support 71/'\”-\5'@ req_uwem:entt for a dhlght-_resc_)lutlon,t_h|g?h—fr?qu<ta_ncy
by the configuration shown in Fig. 2 is given by is an important consideration in practical realizations

of digitally controlled high-frequency power supplies.

A high-resolution, high-frequency digital pulse-width modu-
dln + 1] = d[n] + a(e[n]) + B(e[n — 1]) + v(e[n = 2]) (1) lator (DPWM) can be constructed using a fast-clocked counter
and a digital comparator [2], [6], [7]. To achiexebit resolution

wherea(-), 6(-) and~(-) are linear or nonlinear functions ofat the svyitching fr(_aquencﬁ_, the reql_Jir_ed cI_oc_k frequency is
the digital error signal. A variety of control laws can be imple2” fs- This can easily result in more difficult timing constraints,
mented. For example and increased power consumption. For example, an 8-bit res-

olution at the switching frequency of, = 1 MHz would

require a clock frequency of 256 MHz. It has been shown
d[n + 1] = d[n] + ae[n] + be[n — 1] + ce[n = 2] (2)  that the fine time resolution and much lower power consump-

tion can be achieved using a tapped delay-line scheme similar

wherea, b, andc are constants, corresponds to the basic Pii§ @ ring oscillator that operates at the switching frequency
controller. Similar discrete-time control laws have been used[ifl: [8]. However, this implementation requires a larger-area
other applications of digital control for switching power condigital multiplexer. The DPWM architecture we selected is
verters [1], [7], [8], [19]. based on a hybrid delay-line/counter approach similar to the
In the table-based controller implementation, once the co&esign described in [5]. In this approach, asbit resolution
ficientsa, b andc are selected (to achieve a desired closed-lodp achieved using am.-bit counter f.. < n), whereas the
bandwidth and adequate phase margin, for example), the pregmainingnq = n — n. bits of resolution are obtained from
ucts(a - ¢), (b - ¢), and(c - ¢) are precomputed for all possible2 tapped delay line.
values of the error and programmed into the look-up tables. On Fig. 3 shows a simplified diagram and operating waveforms
the prototype chip, upon start-up, the tables are loaded from@fihe hybrid DPWM, for the case where 44b £ 4) resolution
external memory. As alternatives to the external memory, the t&-obtained using a 2-b countes( = 2) and a four-cell ring
bles could be easily preprogrammed and hard-wired on the cRgsillator (ua = 2, 2"¢ = 4), which consists of resettable flip-
at design time, or programmed from other system componeflgps as delay cells.
via a suitable interface at run time. At the beginning of a switching cycle, the output set-reset
The programmable feature of the compensator means ttaR) flip-flop is set, and the DPWM output pulg€t) goes
the same controller hardware can be used with different pow&igh. The pulse that propagates through the ring at the frequency
stage configurations and parameters, without need for exterd&l f« = 4f. serves as the clock for the counter. The complete
passive components to tune compensator response. In additiyitching period is divided int@™2"< = 16 slots. At the time
using the same configuration, it is possible to explore the usevgien the counter output matches thetopnost significant bits
various nonlinear control laws. of the digital input (i.e., the duty ratio command)and a pulse
The digital pulse-width modulator (DPWM) completes théeaches the tap selected by theleast significant bits ofl, the
controller architecture. The DPWM takes the digital vatiie output flip-flop is reset and the output pulse goes low. In the ex-
of the duty ratio and produces the pulsating wavefoify ample waveforms of Fig. 3, the duty ratio of the output pulse is
that controls the power transistor(s) in the power converter. 14/16. The basic delay cell in the ring oscillator of Fig. 3 consists
high-resolution, high-frequency DPWM is needed to achiewd a single resettable flip-flop. The cell delay and the number of
the required operation at high switching frequency and tighells in the ring determine the switching frequenfy To ad-
regulation of the output voltage. Our implementation of thgist switching frequency, the cell can be modified by inserting
DPWM is described in Section lIl. additional delay elements between flip-flop output and the next
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0 M M 1 M analog components. Also, in the switching power supply, the
! sensed analog voltag€,.,s. comes from the output of a
0} M [ M [ - switching power converter. This signal usually has significant
o M [ [ [ 1 switching noise, which can be a problem for many conventional
set| [ M A/D C(_)nve_rters such as the basit_:_flash cpnfiguratior_m _
N M Taking into account the specific requirements discussed in
eset Section I, we introduce a novel delay-line A/D configuration
our | | L [ ¢ shownin Fig. 5. The delay-line A/D converter is based on the

principle that the propagation delay of a logic gate in a standard
CMOS process increases if the gate supply voltage is reduced.

Fig. 3. Simplified diagram of the 4-b hybrid DPWM, together with operatingro the first order. the propagation delayas a function of the

waveforms. L

supply voltagel’pp is given by [22]
cell. The additional delay elements can be standard logic gates, =K Vbp 3)
or gates with adjustable delay, if switching frequency tuning or 4= (Vbp — Vin)?

synchronization with an external clock are desired.

The self-oscillating DPWM implementation shown in Fig. 3vhereVy, is the MOS device threshold voltage, alids a con-
has several desirable properties: itis a simple HDL-based desi@nt that depends on the device/process parameters, and the ca-
with an even number of time slots in a period, and it offers tHeacitive loading of the gate. It can be observed that increasing
ability to stop and restart the oscillations on command (by gatifgp results in a shorter delay. For the supply voltages higher

the propagation of the signal through the ring). than the thresholif;;,, the delay is approximately inversely pro-
In the experimental prototype chip, the DPWM was designdrtional toVpp. _ o
for 8-b resolution (L — 8) using a 3-b CounternQ — 3)’ As shown in F|g 5, a Stnng of delay cells (COﬂSIStIng of

and a 32-cell long ring7{; = 5). The DPWM operates at logic gates) forms a delay line supplied from the sensed analog
the switching frequency, = 1 MHz. The ring oscillates at Voltage,Vop = V... Each delay cell has an input, an output,
2ne f. = 8 MHz. This 8 MHz signal is used as the system clocRnd a resek. When the reset input is active high, the cell output
for the entire prototype chip. is reset to zero. A possible implementation of the delay cell is
Experimental results of Fig. 4 show the measured duty ra§§own in Fig. 6. To control the cell delay, additional gates can be
of the output pu|ses as a function of the 8-b d|g|ta| |n¢“'fhe added to the cell implementation. Also, in the Configuration of

minimum (3.1%) and the maximum (97.3%) duty ratios are ski0. 5, the taps do not have to be taken from consecutive cells,
by design [14]. giving an additional degree of freedom in designing the A/D

conversion characteristic.

Typical timing waveforms in the delay-line A/D converter are
shown in Fig. 7. To perform a conversion, at the beginning of a
As discussed in Section Il, static and dynamic output voltagavitching cycle, a test pulgestis propagated through the delay
regulation capabilities depend on the characteristics of thee. After a fixed conversion-time interval, which is equal to
A/D converter. Conventional high-speed, high-resolution A/[6/8)T in the example waveforms of Fig. 7, the tapstbirough
converters consume power and chip area, and require precigignare sampled by the signsample which is the clock for the

IV. DELAY-LINE ANALOG-TO-DIGITAL CONVERTER
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Input 1 V[I VI Output O In the delay-line A/D converter design, the length of
NVIRTER e the delay line effectively determines the reference valug
around which the A/D conversion characteristic is centered. The
number of taps and the tap delay determine the r@Ad& ) ..
and the effective LSB resolutio, of the A/D converter. In the
Reset R experimental prototype chip, the delay-line length and the tap
delay were designed (by simulation) to resulljn; ~ 2.5V,
andV, ~ 40 mV. Eight taps are used to result in the A/D
Ii’/oltage conversion rang@\ v, ) max = (8 + 1)V, =~ 360 mV.

A unique advantage of the proposed delay-line A/D converter
is that it's basic configuration does not require any precision
D-type flip-flops. The result at the output of the flip-flops (sig-analog components, and that it can be implemented using stan-
nalsq; to gg) is passed to a digital encoder to produce the digitdbrd logic gates. Therefore, it scales well, and can be based on
output signak. The last portion of the switching cycle is usedHDL code. Sampling at high switching frequencies (in the range
to reset all cells in the delay line, to prepare for the next convdrem hundreds of KHz to several MHz) can be easily accom-
sion cycle. plished in modern sub-micron CMOS processes. Furthermore,

If the analog input voltage (i.e., the sensed converter outpghe configuration has a built-in noise immunity: the sampling
voltage V;.....) is lower, the cell delay, is longer, and the can extend over a portion of the switching period over which
test pulse propagates to fewer taps along the delay line. Foe input analog signdys..... is effectively averaged. There-

a higher sensed voltage, the cell delay is shorter and the tiese, the digital output is not affected by sharp noise spikes in
pulse propagates further along the delay line. The sampled thp output voltage of a switching converter.

outputs §; to ¢s) give the A/D conversion result in the “ther- The delay-line A/D conversion characteristic measured on
mometer” code, similar to the output of the well-known flasthe experimental prototype chip is shown in Fig. 8. The shaded
A/D converter. For example, for the case illustrated by the wavgertions of the characteristic indicate the voltages where the
forms of Fig. 7, the test pulse propagates to the tapgrough outputcode is flipping between the adjacentvalues. It can also be
tg, but not to the taps; andtg, so that the flip-flop outputs observed that the A/D characteristic exhibits some nonlinearity.
are(q1, q2, --., gs) = 11111100. Ideally, when the sensedMost importantly, however, the conversion characteristic is
voltageVs..s. equals the referendé.. ¢, the test pulse propa- monotonic, and the widths of the code “bins” are approximately
gates to the first half of the tapped delay cells. In the delay-liregjual to the desirel, value. In a power supply application, the
A/D converter of Fig. 5, this zero-error case corresponds to tbbserved A/D imperfections (code flipping, and nonlinearity)
flip-flop outputs equal tdq, g2, ..., gs) = 11110000. The have very little effect on the closed-loop operation. In steady
encoder is used to produce the outpun the desired code. state, the output voltage simply converges to the zero error
The digital outpute gives the digital error between the senseldin (¢ = 0). On a set of 10 prototype chips, we measured the
voltage and the reference. The desired steady state operatioavafrage of the zero-error bin width to be equal to 53 mV, with a
the power supply corresponds to the digital error signal equaldtandard deviation of 3.6 mV. The measured reference voltage
zero. Details of the encoding scheme implemented on the p®V,.; = 2.7 V, while the measured current consumption of
totype chip can be found in [14]. the A/D converter is only about 1pA.

Fig. 6. Possible implementation of the delay cell for the delay-line A/
converter.
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test
A. Calibration of the Delay-Line A/D Converter

The basic delay-line A/D converter results in a referencS@mple [

voltageV,..; that is indirectly determined by the length of the 1 i
delay line and by the delay versus voltage characteristic ~S¢lect: reference voltage Vi |+ analog input V.,
the delay cell. In practice, because of process and temperat ey A
variations, the reference value obtained by the basic delay-li 0 1,72

A/D configuration cannot be precisely controlled. Variations in

the effectiveV,..; result in variations of the regulated outputig. 10. Timing waveforms in the delay-line A/D converter with digital
voltage, and the power supply may fail to meet the specifigdlibration.

static and dynamic voltage regulation. Precise calibration of

the delay-line A/D converter against process and temperatdiige results obtained with the prototype chip used as the con-
variations can be accomplished in a number of ways. Ouneller for a closed-loop PWM voltage regulator are summarized
possible approach is to apply a stable, predise (generated in this section.

using standard bandgap techniques) to the input of the A/D

converter, and to subtract (digitally) the conversion result frof. Prototype Controller IC

the value obtained when the actual analog input voliagg,. The chip design was described in Verilog HDL. Synopsys

is applied. The delay-line A/D converter with this digital nthesis and timing verification tools were used to reduce the
calibration scheme is shown in Fig. 9, together with possiblfasign to standard-cell gates. Digital and mixed-signal simu-
timing waveforms in Fig. 10. _ . _ lations were performed using Cadence tools. Given the stan-
Two conversions are performed in each switching period. iy cell based digital design, it was possible to use automated
one 'half of the switching period, the reference voltage; is (Avanti) place and route tools to produce the chip layout.
applied to the A/D converter. The result of the reference con-|p,o chip layout is shown in Fig. 11. The chip has 84 pins
versione,.; is ideally 0, but the actual val_ue_ can be different, <t of which are used only for test purposes. The only I/O
because_z of process _and temp_erature_ variations. The refereﬂﬁg essential for operation are OUT, SENSE, the supply and
conversion result,. s is stored in a register. In the second paignd, as well as the pins needed to interface with the external
of the period, the input analog voltad@..... is applied to the nomgry | ess than 0.2 minis taken by the delay-line A/D con-
A/D converter, and the result is subtracted fremy to obtain \erter The total active chip area s less than 12with further
the (precisely calibrated) value of the error signal. If des'regptimization of HDL-based design and the synthesis process,

the reference conversion for the purpose of calibration of thejg expected that this area can be reduced further. It should

delay-line A/D converter does not have to be performed in evelys, e noted that the design scales with the technology so that
switching period. the overall area can be significantly reduced by moving it to a
deeper sub-micron process.

As described in Section Il, the compensator includes 3
look-up tables [addressed layn), e(n — 1), ande(n — 2)].

The digital PWM controller described in Sections II-IV, wag he error signal generated by the delay-line A/D converter can
designed and implemented in a standard/OGMOS process. have nine possible values. The outputs of the three tables are

e R

V. EXPERIMENTAL RESULTS
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8, 9, and 8-b values, respectively. Therefore, the total on-ct ol
memory storage is 225 b. The bit-lengths of the table entries '3

determined by the range of error signal valued (< e < 4), )
and by the desired precision of pole-zero placement [17]. T 65
adder produces a 10-b signed value which is reduced to the d HIL ” )

duty ratio command(( < d < 255) by limiting the value to  0.60}
unsigned, and by truncating the least significant bit. When tl
converter is powered up, it loads the compensator table entr 0-5 HJ [ l
from the external memory, and then starts to sample the out] 050

voltage and produce the pulsating wavefar(t). ’

0.45
B. Voltage Regulator Example 2.90

v, [V]

To demonstrate closed-loop operation, the controller ch
is used with low-power synchronous buck converter shov 280
in Fig. 1. The input voltagd/; is between 4-6 V, the output , -, iy -
voltage is regulated at, = 2.7 V, the load current is from I \w |
0-1.5 A, and the switching frequency is 1 MHz. The filte 260 -
components aré, = 1 yH andC = 22 pF. Another voltage i T T i)
regulator example with the same controller IC is shown in [15 050 0 10 50 30 100
The digital compensator design was based on a discrete-time
model of the power converter. Note that the synchronous bugli. 13. Load transient (0.5 A to 1.0 A) waveforms obtained by
converter shownin F|g 1a|WayS Operatesin continuous Cond@@TLA?/SimulinkY simulation of the closec{-loop voltage regulator of
tion mode (CCM). The small-signal linearized model derivation: s =2V Vo = 2.7V L= 1 pH, €' =22 uF, f. = 1 MHz.
follows the steps described in [21] to obtain the following dis-

crete-time control-to-output transfer function: into account as the separate block. Using the root-locus tech-
o nigue [20], the coefficients = 32, b = —62 andc = 31 are
Gua(z) = i found so that:
(T2/LC)Y, 1) stable_operatio_n_with_ sufficient margin is obtained for all
= . (4 operating conditions;
22 =(2-T;/RC)z+(1+ T2 /LC =T,/ RC) 2) the table entriega - ¢), (b - ¢), and(c - ¢) can fit into
For the purpose of designing the compensator, the complete the controller memory for all possible values of the error
discrete-time model of the voltage regulator is shown in Fig. 12. -4 < e < 4;

In the controller part of the model, all signals are represented as3) limit cycle oscillations do not occur [16].

signed integers. The A/D converter is modeled as a gain and &ig. 13 shows load transient waveforms obtained by
delay. The A/D gain is equal tb/V,, whereV, ~ 50 mV isthe MATLAB/Simulink simulation of the complete voltage regu-
A/D resolution, i.e., the analog equivalent of the least significat@tor model, including the effects of sampling, discretization,
bit. The delay, which is approximately equal to one switchingaturation limits of the A/D and the DPWM, and switching in
period, is from the sampling time to the time when the updatéide power stage.

duty cycle of the output gate-drive waveforet) affects the  Experimental load transient responses are shown in Figs. 14
converter operation. The PID compensator transfer functionamd 15. It can be observed that the output voltage stays regulated
Fig. 12 follows from (2), except that the delay has been takamside thg AV, )max range, and that the output voltage returns to
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Tek Stop: 5.00MS/s 7 Acgs +30
I k| J V-V ,f[mV]
U ] 1 o 1€ .
E +20
I
[ +10 .
v (1)|[50 mV/div] H 0 .
L 1
-10
AL
-20
1A 30 (a) : 1,[A]
0 02 04 06 08 10 12 14 16 18 20
1 ¢ +30
5 0.5A : V=V, (mV1 .
L +20
CAT SO.0MVA ChZ 5.00V M 10.0Ms ChZ 7 7BV .
. . . +10 0 = -
Fig. 14. Experimental 0.5 A to 1.0 A load transient response for tt .
closed-loop voltage regulator of Fig. ¥, =5V, V, =27V, L =1 pH,
C =22 uF, f. = 1 MHz. 0 . =
-10
Tek Stop: S00kS/s 137 Acgs
F H |
-20
(b) VIV
30 V]
35 4.0 45 5.0 5.5 6.0 6.5

vo(0)|[50 mV/div] \ N\— Fig. 16. Measured (a) load and (b) line voltage regulation in the closed-loop
1 i . voltage regulator of Fig. 1.

L

V2 e s s B L B B

of high-speed dynamic response, tight output voltage regulation
and programmability without external passive components.
The DPWM has 8-b resolution and generates the switching

1A 3 frequency of 1 MHz, and a system clock frequency of 8 MHz.
C & The delay-line A/D converter has 1 MHz sampling rate, a
S 0A 3 50 mV resolution, high noise immunity, and a small-size,
[ low-power implementation based on digital logic gates without
. [ the need for precision analog components (other than a bandgap
ChT S50.0mVA . Ch2 .00 M~T00uSs ChZ J 2.8V

reference). The control law is implemented in a small-area,

i ) ) low-power compensator with look-up tables. The table entries
Fig. 15. Experimental 0 Ato 1.0 A load transient response for the closed-loop .
voltage regulator of Fig. I, = 5V, V, = 2.7V, L = 1 uH,C = 22 uF, are programmable so that the control law can be redesigned

fs =1 MHz. for various converter configurations and parameters without
the need for external passive components. The complete chip

regulation AV, around the reference) within tens of microsecquIgn is based in hardware description language (HDL), and

onds even under large (0 A to 1 A) load transients, takes advantage of modern tools for digital ASIC design.

. : . The controller architecture and the implementation tech-
Measured static load and input voltage regulation results a}]rie Les are experimentally verified on a prototvpe IC that takes
shown in Fig. 16. It can be seen that steady-state output voltfi\g% P y P yp

- ; Ss than 1 mr of silicon area in a standard 0/ digital
stays within the zero-error bin around the reference value. CMOS process and operates at switching frequency 1 MHz.
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