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Ahnm - I n  this papcr wc give an overview of tarb. models 
and miied-sipal simulatioo tools to support design of 
digitslly rnatrollcd witching p w c r  supplirs whcrc thc digital 
controller is iinplcmcnted in a dedicated FPGA or ASIC. 
Mixcd-rip;nal simulation models 01 B dixiirally cmtrallcd 
switching M I I I Y C , ~ ~ ~  bunl  on MatlablSimulink 2nd 
HOUSpicc simulation tools arc prescntcd. Thc models arc 
osed io thc d n i p  of a high-lrcqncncy digital controller 
intrgrstcd circuit for dr-dc witching C O ~ V D ~ ~ E ~  Simulation 
and erperimeotal results are camparcd. I Description I 

Because or significant advances in low-cost 
microprocessor and DSP systems, as well as dedicated 
FPGA or ASIC based digital controllers, it is expected thal 
digital control will find increasing use in hi$-frequency 
switching power suppliL5. In general, digital control 
enables a nuniber of advantages in the system, iucluding 
-cn;er flexibility, lower sensitivity, reduciion or 
elimination of passive tuning components, 
pro~pmmahility. etc.. but at the same time it brings 
addirional complexity to system analysis, simulation and 
dcsign 11-31, 

In this papcr wc consider digitally controlled converters 
where the controller is implemented in a dedicated FPGA 
or ASIC (as in [1.2]). Following standard digilal design 
practices, the controller is described using hardware 
description language (HDL). such as Verilog or VHDL. 
Ijsing synthcsis tools, the dcsign is then wgcted to FPGA 
or ASIC implcmcnlation. The objective of this paper is to 
discuss modcling issues and simulation tools suilahle for 
design verification in this design process. 

Thc paper is organized as follo 
bascd digtal desig procedure is gven in Section 11. In 
Section III. mcdels and tools Cur different stagcs in h e  
design arc revicwed. Two mixed-signal models are 
presented in Section IV. Simulation and experimcnl;ll 
results arc compared in section V. 

I I .  HARDWARE DESCRIPTIO8 LANGUAGE (IIDL) 
BASED DIGITAL. CONTROLLER DESIGN 

Design procedure of a digilal system bascd on a hardware 
description Innguape (Verilog or VHDL for example) is 
shown in Figure I 
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Figure I ,  Design procedurr ofa di&ml system based on a 
hardware description language (HDL). 

Thc prcress stans w-ith a design idea and a system 
description through HDL code. The steps are highly 
automaled through computer suppon: functionality of the 
d i g i d  system cnn be verified using spec ia l id  HDL 
simulators. Once the functionality is conlirmed, a synthesis 
tool creates a pate-lcvel netlist tarpled to FPGA or ASIC 
implementation. At this stage, functional and liming 
verification ofthe d e s i 9  can be perlotmed. In h e  c a .  of 
ASIC design, place and mule tools generate the chip 
layow From h e  physical layout. it is possible to conduct 
exmction of parasitics (such as intcrconncct capacitances). 
back annotation and detailed design verification. Upon 
final verification that includes desip-rule (DRC) and 
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layout versus schematic (LVS) checks, the  ASIC can be 
submitted for fabrication. 

111 the design procedurc ofFifure I, simulation support is 
necessaiy in all stages. Funhennore, a digitally controlled 
switching conwrler is a mixed-signal system, which is 
even more complex for simulation. In order to illustrate 
how the design process is  supported by sitnulation models 
and took. wc discuss our experience in IIIC design o f  thc 
digital PWM cootroller ASIC described in [I .2J. 

Figure 2 shows a buck converter controlld by the digital 
controller integrated circuit chat is used in simulation and 
experimental examples in this paper. 
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Figrue 2. D e s i g  example: Buck convener controlled by 
digital controller integrated circuit. 

111. SIMULATION TASKS, MODELS AND TOOLS 

Table I gives an overview of tasks. models and mixed- 
signal simulation tools to support the design of digital 
controllers and digitallysontrolled switching power 
supplies. 

The top-level system design verification usually includes 
examiliation of mall-signal frequency rcsponses and 
large-signal transients. In addition to standard veriticatioii 
of input or load lranricnt responses. rime-domain 

simulations are also needed to examine elTects specitic for 
digital implcmenlation such as nonlinear elTects or limited 
resolution and fixed-point computations [4J> including 
possible limit-cycle oscillations [4-61, and effects of 
processins delays. A simple behavioural modol (i.e. 
equations) of the digital controller and an averaged model 
of the power stage are well suited for these tasks. To 
implement the models, we used the Matlab/Simuling 
cnvironmcnt. It has also becn dcnionstratcd how PSpicc 
can be used for similar purposes, with added convenience 
from a circuit-design point o f  view [?I. 

Once the conuoller is described in HDL (such as Verilog 
171,. i t  i s  essential to ve"@ comct operation of the 
controller operation at two levels: behavioural and gale- 
level. Bebavioural controller HDL model can be coupled 
with an averaged or a switched-circuit model ofthe power 
stage to c m i n e  correc!ness of  interface signals bctweeti 
digital blocks and bctwccn digital blocks and the power 
stage. Once the digital controller design is synthesized to a 
fate-level HDL model, gate delays can be included to 
provide an additional level or timing verification. For 
mixed-signal simulations based on the HDL controller 
model and the averaged or switched-circuit model o f  the 
powcr stage. we used the Cadence SpectrdVerilog tool. 

FiNl ly. the most detailed simulation can be performed at 
the deizice level for both the controller and the power sage 
using detailcd Spice models. However. such siniulatioii is 
usually not practical bemuse i t  is extremely time- 
consumins. 

IV. MIXEDSIGE;AL MOWL EXAMPLES 

The block dia-mm of the controller chip is shown in 
Figure 3. Thc controller consisrs of an analog-to-digital 
convcmr, a look-up lablc b d s d  PID regulator, and a 
digital pulse width modulator. 

A. Maflob:Sinrnlink nrodel 

A Matlab/Siniulink system inodel i s  shown in Figure 4. I t  
includes behavioural models of all controllcr blocks and 
the power mge. 

Analog-to-digital converter tnodcl consins o f  an element 

Tablc I. Overview of mixed-signal simulation tasks and tools 
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Fipurc 3. Block diagram oidigilal coniroltw integnicd cirwil drscrihcd in I l l  und 121 

thal performs subtraction of the oulput voltage valuc from where. d n ]  is the discrete value at thc output of PID 
the referencc. conyerler's gain, sample and hold, regulator. r[rtJ is discrele value ofthe error signal at the 
quantization. delay, and salutation blocks. The PID outpu1 of the analogtvdigiwl convener. iqn-i] and e[n-i] 
controller model reprerenu the equation: arc the oulpat and the error values i-cyclcs before the 

current cycle, respectively, while the coefficients U, hand E 

nln]=dln- I ]+0cln]+holn- l ]+celn-2]  ( I )  are the controller coefficients. In the considered design 
cmmple. the DPWM model truncation ofthe input (which 

r.--.'--.-... ...--------"- 
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Figure 1. hiatlabisimulink model of a buck converler controlled by the digital controller integrated circuit. 
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is a 9-hit value) to the M i l  DPWM resolution. A quantizer 
is followcd by a gain block and a 0-10-1 limiter. Finally. a 
pulse-width modulator gcnerates the output pulses with the 
duty cycle corresponding IO the input value. 

The buck converter i s  modelled as a pulsating input 
voltage. a state-space model of tlie buck L-C filter, and a 
load resistor that can be changed in order to simulate load 
transients. 

This top-level model provides fa..t simulation and 
conceptid system verification. EtTec~s of pmessing 
delay. quantkztion and fixed-poim computations with 
limited resolution can be examined. 

B. VerilogSpicc :Model 

Dutailed vcrification of the HDL-based digital controller 
and thc powcr-stage circuit irquires a mixed-sipal model 
supported by a combination of digital and analog 
siniulation tools. 

Figtire 5 shows a mixed-signal Spice/Verilog model ofthe 
digitally conuolled switching converter. 

In this case the system is divided into two parts. HDL- 
described digital controller and analog power stage. To 
speed-up the simulation, a behavioural (Verilog-A) model 
ofthc AID convener is included. The digital part consists 
of a decoder, PID regulator and a digital pulse width 
moduliitor. The analog and thc digital block communicate 
with each other through the analog-lo-digital converter and 
the digital pulse width modulator. The entire system is 
sinitdated using tlie Cadence Spectre/Verilog mixed-sizpal 
tool 

At1 important advantage of the mixed-signal simulatioii 
approach i s  that the sanie behavioral HDL description used 
for simulation leads to the digital controller 
implementation via synthesis took that produce equivalent 
gate-level netlists. In addition, the power stagc can be 
modeled either using idealizcd niodels to speed-up long- 
term transient simulations, or using detailed Spice models 
lo examine details of switching transitions and losses. 

V. SIMULATION AND E X P E R I M E N T A L  
RESULTS 

The mixed-signal niodels described in Section 111 nre used 
in  the design of the buck converter operating at the 
switching frequency of 1 MHz, and controlled by the ASIC 
described in [1.2]. The block diagram of the system is 
shown in Figures 2 and 3. 

Figure 6 shows results of Matlah/Simulink simulation of 
the systcm for the case when the resolution orthe digital 
pulse widch modulator i s  too low, causing “limit 
oscillations 14-61. 

Figures 7.a and 7.b compare load transient responses 
obtained by MatlabRimuling simulation with experimental 
results. experimental results. 

Figure 8 shows load transient response simulation results 
obtained tising the mixed-signal SpiceNerilog simulation. 
This simuk?tion over 200 switching cycles (thc switching 
frequency is 1 MHz) using the SpcclreIVerilog simulaior 
on Sun Iiltra IO workstation took several minutes. In 
comparison, an all-analog simulation of the same system 
takes several hours per switching cycle. 

r 
i 

I I I  I 
DPWM 

dln 

AID 
converter PID Regulator 

Verilog behavioral blocks I I VerilogA block 

figure 5 .  VerilogiSpice model d a  digitally conmllcd witching convmer. 
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IV. CONCLUSIONS 

In this paper we sive an ovcn'iew of tosks. models and 
mixed-signal simulaiion tools to support the design of 
digitally-controlled switching power supplies where the 
digital controller is implemented in a dedicated FPCA or 
ASIC. Two mixed-signal simulation models are described, 
togelher wilh a comparison of  simulation and experimental 
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44 

I results. 
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