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This article looks at how the power converter designer can use the
system-level and detailed models togetherto enable exploration of the
design space and also achieve high confidence in the results. An
example of this process will be shown using MathWorks system- level
modelling tools Simulink® and Simscape™ with detailed SPICE
subcircuitsrepresentingInfineonAutomotiveMOSFETSs.

Introduction

Duringthedevelopmentofelectrical powerconverters, numeri- cal
simulations are typically used during the concept and feasibil- ity
study.Thesimulationmodelsneedtoincludeboththeanalogcircuit
and the corresponding digital controllers. Examples of the design
questionsthatmodelscanhelpanswerinclude:

Whichtopologyshouldbeused?

- Foragiventopology,whatperformancecanbeachieved?

- WhatPWMswitchingfrequencyshouldbeused?

- What values and ratings are required for the passive compo-
nents?

+ Whatkindofpowerswitchshouldbeused:
. type(likeMOSFETsorlGBTsorBJTs)?
- technology and voltage ratings (like Infineon’s OptiMOS™ or

CoolMOS™)andmaterials(likeSiorSiCorGaN)?

- What are the requirements on the gate driver circuits including

minimumrequireddead-time?

Finally,basedonpreviousassessments:

- System efficiency and component losses may be estimated, and
subsequentlyasuitablecoolingsystemcanbedeveloped;

- The trade-off of system efficiency with EM compatibility can be
investigated. Switching losses and EMI are both dependent on
switchingfrequencyandpowerswitchslewrate.

SPICE simulation tools are the go-to solution for circuit designers.
However,thedesignstepsdescribeddependonbeingabletosim-ulate
thepowerconverterinreasonabletime.Circuitsimulation toolslike
Simscape™Electrical™havesimpledevicemodelsthatareessentially
idealswitchesplustabulatedswitchinglosseswhichmeet this efficient
simulation need. Moreover, tight integration withSimulink® means
thatthedigitalcontrollerisalsoincludedinthesimulationwithnoneed
for co-simulation. However, the ideal switch assumption creates
some uncertainty for the later design steps focused on determining
efficiency and fine-tuning the design. This uncertainty can be
addressed by using detailed SPICE device models developed by the
component manufacturer. In this paper, a process is defined that
enablesfastexploration ofthedesign spacewhilstalsocapitalizingon
thedetailedfoundrySPICEcompo-nentmodels.Centraltothe processis
makinguseofmultiplemod-elswithdifferinglevelsoffidelity,matching
themodelthespecificdesignquestiontobeanswered.Alsoimportant
is the use of low- fidelity levels to pre-initialize detailed simulation
modelstherebyreducinginitializationtime.
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Buckconverterdesignexample
A48V/12VDC/DCstep-downbuckconvertershowninFigure 1isused
astheexampleinthispaper.Abuckconverterstepsdowntheinputvoltage
(V_IN) to a lower-level output voltage (V_OUT), and the main equation
characterizingitsbehaviorisgivenby:

Equation]

V_OUT
d=

= V_OUT=d+V_IN V_IN

where d represents the duty cycle of the high side power switch
(HS_SW).Thedutycycleofthelowside powerswitch (LS_SW)is given
byd’definedby:

Equation2
d= 1-d
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Figure 1: Structure of buck (Step-Down) DC/ DC power converter

Basedonthereferencevoltage (V_ref)and measured outputvolt-age
(V_meas), the discrete-time proportional plus integral voltage
controllercalculatesrequireddutycycle(d).

Infineon SPICE MOSFET model

SPICE (“Simulation Program with Integrated Circuit Emphasis”) sim-
ulators are the most commonly-used technology for analog circuit
simulation. Therefore, as de-facto industrial standard, many semi-
conductor manufacturers develop SPICE models of their products to
supportcircuitdesign.

Infineon’s portfolio of automotive qualified OptiMOS™ power MOS-
FETs offer benchmark quality in a range from 20V-300V, diversified
packages and an Rys(ony down to 0.55 mQ. Structure of typical Infi-
neon’s SPICEmodel of MOSFETisshownonFigure 2. Thisbehav-ioral
MOSFETmodel[1]describesboththeelectricalandthermal

characteristicsofthepowerswitch.


http://www.ijbar.org/
https://zenodo.org/records/14632225

www.ijbar.org
ISSN 2249-3352 (P) 2278-0505 (E)

https://zenodo.org/records /14632225 Cosmos Impact Factor-5.86

A — — — = e ARTEL -

aritserit
Temperaure

o= Tngh MR ET PApIcE

1 ¥} B o et

I e .-\.-__.-l . . u a

1 He I -
® ran e ] e 1

1 = L |

—

Figure2:Schematicofinfineon'sSPICEMOSFETmodelstructure

The model reflects that current flowing through the MOSFET causes
changesinsemiconductortemperaturewhich,in-turn,influencesthe
MOSFET electrical parameters such as charge carrier mobil- ity,
voltage threshold, drain resistance, gate-drain capacitance and gate-
source capacitance.ReferringtoFigure 2,thermalbehavioris modeled
inthefollowingway:acurrentsource(P,)representing
MOSFETdissipatedpowerinjectstheheatintothePN-junction(T),
andthatheatisthenpropagatedallthewaythroughMOSFETpack-

age to the case (T,). The thermal dynamics is modeled as a Cauer
network made up of lumped thermal resistances (Ry,;) and thermal
capacitances (Cyyj)- By means of analog simulation of the thermal
model, the optimum cooling/heat sink (Ry, g and Cy, ys) can be de-
termined for given design parameters like load current, maximum
allowed junction temperature (T;), ambient temperature (T;mp) and
thickness/numberofPCBlayers(Ry,pcgandCippcp)-

Importingasubcircuitinto Simscape

Simscape[5]fromMathWorks providesablockdiagramenviron-ment
to model multi-domain systems, including electrical, mechan- ical,
magnetic and thermal aspects. The accompanying Simscape
language expresses the underlying physics using differential equa-
tions,associatedalgebraicconstraints,eventsandmodecharts.

Figure3:Infineon’sAutomotive MOSFETIAUT300NO8S5N012inTOLL (PG-
HSOF-8)
SimscapeElectrical™[6]isabletoimportatargetedsetofSPICEdevice
models, such as MOSFETSs, into an equivalent Simscape lan- guage
implementation [7]. Simscape’s tight integration with Simu- link then
enablessimulatingboththedigitalcontrollerandtheana-logelectronics
withasinglesolver,thisresultinginamoreefficientsimulationthanco-
simulationbetweendifferentsimulationtools.

The SPICE model import capability is used to import the Infineon
IAUT300NO8S5N012 [2][4] device (shown on Figure 3) into Sims-
cape.OnceimportedintoSimscape,someminoreditsweremadetothe
Simscape code to provide access to the Cauer model states from the
published block. Providing customized access tothe inter- nal states is
neededfortheinitializationprocess.

Simulation workflow

Having imported the Infineon device into Simscape, the next step is to
create a Simulink model of the complete converter including the
imported Infineon devices, remaining analog components and the
controller.ThisisshowninFigure4.

The controller is implemented using Simulink discrete-time library
blocks, and the complete model is simulated using a variable-step
solversothatthefastertime constantsassociatedwith parasitics and
theMOSFETchargemodelareaccuratelycaptured.Thesimu-
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lationtimeforonecontrollerPWMcycleis2.3secondsonanlintel® Core™
i7-9700CPU@3.00GHzrunningMATLABversionR2021b.Thisisfast
enoughto analyze circuit performance at current op- erating state,
but not to assess circuit sensitivity to design param- eter sweeps orto
directly optimize the circuit parameters. Further- more, it is not fast
enoughtosimulatetoa periodic steady state which, given athermal
timeconstantofapproximately10seconds,equatesto200,00020kHz
PWMcycles.

e e

Figure4:Detailedmodelofthebuckconverter

Toaddresstheneedtoexplorethedesignspaceefficiently,asys-tem-
levelversion of the buck converter model created. Forthis, theimported
MOSFET devicemodelsarereplacedwithideal switches withfixedon-
resistancesettothedatasheetRyg(on) value. Thisis showninFigure5.
Someofthefasterparasiticsarealsoomitted,
suchastheMOSFETleadinductances.Thissystem-levelmodelis fixed
temperature, the user setting an appropriate Rysn Value for the
assumed junction temperature. The model takes around 0.05
secondstosimulateonePWMcycle,46timesfasterthanthede-tailed
model.Astherearenothermaltimeconstants,theslowest
dynamicisnowassociatedwiththevoltageregulationandisoftheorder
of 5ms or 100 PWM cycles. Hence simulation to steady state takes
approximately5seconds.

Withthissimulationperformance,thesystem-levelmodelcanbeused
tothoroughlyexplorethedesignspaceandoptimizethecon-troller.With
themaindesigndecisionsmade,thefinalstepistovalidatethedesign
using the detailed simulation model that makes use of the Infineon
MOSFET models. This validation is typically reported at a set of
operating points defined by load power and ambienttemperature.
However, we have seen that to simulate the detailed model to steady
state requires 200,000 PWM cycles which is not practical if each cycle
takes2.3secondstosimulate.

[ENRYY

Figure5:System-levelSimulinkmodelofthebuckpowerconverter

To initialize the detailed model at a specified operating point, an
iterativeapproachinvolvingmultiplemodelsisproposed.Overall, the
idea is to separate out slower time constants into separate models
that run faster. Before explaining in more detail, one more model is
required which is one that models the MOSFET and envi- ronment
thermalstatesonly.ThisisshowninFigure6.
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implement two or three MOSFETSs in parallel for both the high-side and
low-side switches. Theimportantthingtonoteisthattherecanbeahigh-
level of confidenceinthisresultgiventhatthevalidated foundry SPICE
MOSFETmodelswereusedtogeneratethemandthattheresultsarefor
the actual circuit. This gives a higher-level of confidence than the
sometimes-usedalternativebasedondata-sheetplotsofon-stateand
switchinglossesforarepresentativetestcircuit.
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Figure8: Proposedsimulationflowforswitchingpowerconverters
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A summary of the overall process followed is shown in Figure 8. The
process is implemented as a MATLAB® script which can be
downloadedfromMathWorksFileExchange[3]. Thescripttakes four
minutestorunandproducetheresultsinFigure 7. For com- parison, it
wasdeterminedthatrunningthenon-linearmodelfromanon-initialized
statetogettothesameresultstakesoftheorderofaday.

Conclusions

It has been shown how detailed SPICE foundry semiconduc-
tormodels canbe usedinanapplication circuit model to make high-
confidence predictions about expected circuit performance. The
challengeofinitializingamodelwithwidelyvaryingtimecon-stantsand
with a periodic steady state has been tackled with a two-pronged
approach. Firstly, avoidance of slow co-simulation is achieved by
importing SPICE subcircuits into Simulink, and solving the complete
analog system plus controller using a variable-step solver. Secondly,
thesteadystateisfoundbyusingmultiplemod-elswithdifferingfidelity
levels with a simple iterative scheme. The end result is an end-to-end
designandsimulationcapabilitythatisfasterthanifworkingsolelywitha
SPICEsimulationengine.
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