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Modeling and simulation of non—smooth devices/circuits based on standard

mathematical programming

YAN Peiyu, LI Qi
(Basic Teaching Department, Shandong Huayu University of Technology , Dezhou Shandong 253034, China)

Abstract: Aiming at the non—-smooth characteristics of the non—smooth devices/circuits, a modeling
and simulation method based on the standard mathematical programming problem is proposed. Firstly,
the non-smooth device is modeled as a Piecewise Linear(PWL) function with a possible state jumping.
Secondly, some dynamic system equations of the non—smooth linear characteristic of the circuit formed
by the non—-smooth devices are given. Then, the time discretization is applied to these non—smooth
dynamic system equations, and various types of one—step non—smooth problems are yielded, such as
(linear) complementary problems or nonlinear(or quadratic) programming with equation—inequality
constraints. The numerical solution is carried out. The simulation results show that the proposed
numerical modeling method is effective for non—smooth systems with a large number of events and is
robust to the variation of model parameters.
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Fig.6 Switched circuit simulations

6 TFOG R B 177 2T
2.3 Buck THMBHHESLBER

15 E 1 Buck ZE e 2 WL 7 BT 7R o SRHER R . 20 BE 2R Mk AR 56 Z 0 A8 e v A 28 OF E AT A 88, DAAS 3 e b
BARZEE A RENIOCHEIE RS

1) Tj 3% MOSFET pMOS/nMOS : ‘& A1 i 45 o8 A FHAR A7 M 19 43 B 2 M o I IR 1og=fV g, Vi) AR AIE — 4
(DpMOS F1 DnMOS) i 41 &, & 5% ¥ i R 1V,
MOSFET % % K, % & 5 10 A-V', pMOS I nMOS 1 4
R 5N Vi=—2 VI V=2 V.

B BRI R 6 B, BUEANTE ¢ ¢,=0.09,¢,=

0.223 8,¢,=0.466 6,¢,=1.160 5,¢.=2.886 3,a,=0,a,=0.1,a,= .

0.248 7,a,=0.618 2,a,=1.538 3. &5 4 W d 1 v, .

Voo Vo RV AB AV £ (IERLA ) o ¥
2) AN R AR B LR — N HE 25 R 1% 10° FER W

1B A5 2R 2 30 MHz (1) % H A 38 I8 % 4% . L .
3) e an: BB — Ao Be R MR B, M x<- =7

0.15 VI HAE K0, x>0.15 VI} K3,
4) BT . BR R 600 kHz, 6 F7E 0 F10.75V,=

225V ZIEl . EFFEFIE] M 1.655 ns, FFERFTE] A 10 ns. Fig.7 Buck converter

2.3.1 %JH ELDO i B 4% 5 7 Buck 23

K F ELDO X A8 #2505 BB, ®IGR AR I B & REE R/ WE, BRE KRS0 ps, SRJEIHE 4x10°2
351 200 ps K 1R f s HLURE s FE BRI R 3 GHz 19 Pentium 4 4b B 2SI 52 05 BT 5 B2 A9 CPU I R] M 60 s .
BREZE R 8 Frn . [ 8(a) BRI AL VA i K, [ 8(b) Rl ad LR BS LR L, I NER A CHrsk
0.000 1's, 7E0.000 1 sJ5, I, bZ{RHEFHLZS 2R AL A 1H 2, 1] 8(c) 215 I 1) pMOS T i HiL s, 181 8(d) 215 B 1) V...,
TV o X EEZE R WY T LR S i 1 B A A E R, iR T 38 o pMOS 1 vV, 5 5 B ER V,,, 15 5 I B
FaE k.

2.3.2 % H SPICE iy {5 E.4%

15 E iR T MOS LevI=3 #7115 ELDO {5 B H R 09 43 BEER PERE AU A b, 1B AL % 18 T T 2 (19 4 BRI
SRS ARG LA, DRI YT R 2 A VRl 2 (R DDA ), 3 AR A Y A s B BONCSR IR R s K LA A A
R — A AR L R TR 1, =1.5[tanh(10V,)+1], XA, K AE R ARG SR A4 3 BoRR P I W Ak A B T SPICE U
$4; 1T ELDO {jj BL/Z R FH 50 ps (14 [ 2 B[R] 25 E A7 00, PR 0y 0 288 0 200 R F S (B0 R fe KA, R HL TR 1
TR R M E] 3.2 ns. B9 iR Aok H MOS LevI=3 #AY ( ff H45 5. v LLE B, i b Rue 78— AR il
FMH

A SCHE YT — 2R AR o B2 L) [ 50 1) A OG0 2 1/ i A AT, DR T — b T A i ) 2D i B A v
B AF S AL L O BCMEL (7 B X MR BT L B AAE T Dk TR TR AN R AR SR 8 S B R AR



48 3 BMEE: EFRERFAKRELERG/ RENEERTE 855
DA S 0 ek i Ay — A~ L AT B R 5 A 0 A AR 0, I B0 5 TR [ SR A 5 2) AT DL A 2R
HREFOR R A 2 AR U 5 3)REMEH T T RGO IR R RS 5 4) BERE 0 07 B0 BERGL . 7R
BRI, O PSP A R B T R, BOK R AR I — A By [

2.0

0.1
1.6 h T |
ol IM|‘|’ﬁM’h'!WMWW\WWWM’&W
> 1.2k 0.2 | f
% o < o3k |
o - 1
04 yawmwf,wwml ! |
0.4k 05 |IIIIIWEII|IWIW
-0.6 |-
0 1 1 1 ~07 1 1 1
0 50 100 150 200 0 50 100 150 200
t/ps t/us
@V, (b1,
35 2.5
30k
2.5 20
2.0 1.5
Z 15
510 o
0.5 0.5
0 —_— PR
W | 0
-1.0 1 1 1 1 1 -0.5 1 1 1 1 1
196.0 196.5 197.0 1975 198.0 198.5 199.0 196.0 196.5 197.0 197.5 198.0 1985 199.0
t/us t/us
(c) pMOS drain potential (A VY, and Vo,

Fig.8 Buck converter simulations using ELDO
€18 K ELDO Y Buck 25425 1/ 1

’ T 1.5 eV
2k il
i it 1.0F
1k il
il 05
il e A
0 ok 1/ ramp’
_ 1 1 1 1 1 1 -0.5 1 1 1 1 1 1
192 193 194 195 196 197 198 199 192 193 194 195 196 197 198 199
t/us t/us
@V, and ¥, b)YV and V.

comp ramp error

Fig.9 Simulations using MOS Levl=3 model
9 SR MOS Levl=3 5B {lj BL4%5 S

S E k-
(1] XU MEMS 22380 5 JF 4t 2 g i ) B3t 73 BE R MR D7 i B E [D]. 75 %P5 4L Tl K%, 2015.(LIU Ying. Methods and

applications of nonlinear model order reduction based on trajectory piecewise linearization for mutidomain coupling MEMS[D].

Xi'an,China:Northwestern Polytechnical University, 2015.)

[2] ZHAL]J F,ZHANG L,YU Z Q,et al.A modified canonical Piecewise Linear function—based behavioral model for wideband power
amplifiers[J]. IEEE Microwave and Wireless Components Letters, 2016,26(3):195-197.

[3] ZHANG Y,SANKARANARAYANAN S,SOMENZI F. Piecewise linear modeling of nonlinear devices for formal verification of
analog circuits[C]// In Proceedings of Formal Methods in Computer—Aided Design. Cambridge, United Kingdom: [s.n.], 2014:
196-203.

[4] SR EEN . 4y Bk LED UK B H ) 1 T [D]. SRR L R K2, 2015. (ZHANG Jiangang. The design of Piecewise Linear
LED driver[D]. Chengdu,China:University of Electronic Science and Technology of China, 2015.)

[5] YAMAMURA K,TAKAHARA H. Complete analysis of Piecewise Linear resistive circuits using integer programming[C]// In



856

AHZEMEERFERER 520 %

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[15]

[16]

Proceedings of European Conference on Circuit Theory & Design. Catania,ltaly:[s.n.], 2017:1-4.)
AL TR . X FR A A 2Rk B AR 1R) U AY P s B 5T (D], Y %05 4 i T BB K2, 2018.(ZHAO Huali. Research on interior
point method for symmetric cone nonlinear complementarity pmblem[D]. Xi'an,China:Xidian University, 2018.)

INERSE . IR RM=-DRM 32 5 S HAE AT 330 At B 254 v 9 10 A (D). RO 2527 5 L 75 B2 i, 2019,17(6):1112-1117. (BU
Dengli. Mixed RM—=DRM logic and its application in reversible circuit synthesis[J]. Journal of Terahertz Science and Electronic
Information Technology, 2019,17(6):1112-1117.)

IANNELLI L, MARIETHOZ S, VASCA F. New modeling and control challenges inspired by switched electronic systems:
intriguing applications for averaging, model predictive control and complementarity[C]// In Proceedings of 2014 22nd
Mediterranean Conference on Control and Automation. Palermo,ltaly:[s.n.], 2014:670-673.

PN S5 KT . LR Boost 22 g rP AR LR PE LR BT SED]. RIRIME 27 Be 742, 2014,34(3):10-14. (SUN Ying,QI Fenghe.
Research on nonlinear phenomenon in current mode Boost converter[J]. Journal of Daqing Normal University, 2014, 34(3):
10-14.)

ZHAO Y,HE X,HUANG T W,et al. Analog circuits for solving a class of variational inequality problems[J]. Neurocomputing,
2018(295):142-152.

I JUAB 43 AN 2 2R B AN ) DG I AL S B9 [D]. WL DL K %%, 2017. (ZHU Lin. Research on the smoothing
method for several kinds of variational inequality and complementarlty problems[D]. Huaibei,Anhui:Huaibei Normal University,
2017.)

N L SR BEATL LA FREE T A ARG HE AL SAA Tk [D]. K% 31 T IMTE K%, 2016. (SUN Yue. Convergence analysis of
a smoothing SAA method for a stochastic linear symmetric complementarity problems[D]. Dalian, China: Liaoning Normal
University,2016.)

GUTIERREZ A E R,MAZORCHE S R,HERSKOVITS J,et al. An interior point algorithm for mixed complementarity nonlinear
problems[J]. Journal of Optimization Theory and Applications, 2017,175(2):432-449.

GIANG D M,STRODIOT J J,NGUYEN V H. Strong convergence of an iterative method for solving the multiple—set split equality
fixed point problem in a real Hilbert space[J]. Revista de la Real Academia de Ciencias Exactas Fisicas y Naturales Serie A—

Matematicas, 2016,111(4):1-16.

ABDI F.SHAKERI F. A new descent method for symmetric non—monotone variational inequalities with application to eigenvalue
complementarity problems[J]. Journal of Optimization Theory and Applications, 2017,173(3):923-940.

KIM Y,HUBER O,FERRIS M C. A structure—preserving pivotal method for affine variational inequalities[J]. Mathematical
Programming, 2018,168(1,2):93-121.

EEE N

ERE(1982-), 4, Bit, @IEE, EEHRN F RS, L, W, BB, ERFRT

[] R %52 5 0 H L .email:yssIrd9@163.com. [a] A7 I FH e .



