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Output Voltage Indirect Control of DC-DC Boost Converter in the
Continuous Conduction Mode using Robust Passivity-based
Controller and Cascaded Closed-Loop PI Controller

Mohammad Hadi Molaei Ardakani, Amirhossein Rajaei *

Sahand University Department of Electrical Engineering, Shiraz University of Technology, Shiraz, Iran

of Technology * Corresponding author email: a.rajaci@sutech.ac.ir

DOR:
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Abstract
Journal of Nonlinear

. . This paper presents a robust hybrid controller based on passivity-based control (PBC) for output voltage regulation of a DC-DC
Systems in Electrical papetp y passivity (PBC) tp ge reg

boost converter operating in Continuous Conduction Mode (CCM). The proposed scheme integrates PBC within a cascade structure

Englneerlng featuring a PI voltage loop to mitigate the limitations of individual methods. Due to the non-minimum phase nature of the boost
converter, voltage regulation is achieved indirectly via inductor reference current tracking. This reference current is generated by

Vol. 12, No. 2 . . o . . .
the outer PI loop, while the inner PBC loop ensures stability and fast dynamic performance in the presence of disturbances and
Autumn and Winter 2025 parametric uncertainties. System dynamic equations are derived using an averaged model that accounts for parasitic elements, and
the controller is designed based on passivity stability theory. To validate the proposed method, a laboratory prototype was
ISSN: 2322 — 3146 implemented, and the controller's performance was evaluated under five distinct scenarios, including step changes in reference

voltage, load variations, input voltage fluctuations, and parameter uncertainties. Simulation and experimental results demonstrate
significant improvements in stability, dynamic response, and steady-state error reduction compared to a pure passivity-based
controller, confirming the robustness and effectiveness of the proposed hybrid approach under various operating conditions.

http:// jnsee.sut.ac.ir

Keywords
Boost Converter; Passivity-based Control; Cascade Control; Robust Stability
1. Short Introduction

DC-DC converters play a vital role in modern technologies such as electric vehicles due to their high efficiency. However, the
limitations of classical controllers in handling parametric variations have led to the development of advanced control strategies such
as sliding mode control. While these methods address certain challenges, they do not always guarantee the inherent stability of
nonlinear systems. Consequently, Passivity-Based Control (PBC) has emerged as an efficient solution for voltage regulation owing
to its design simplicity and robustness. Furthermore, numerous studies have integrated PBC with other control techniques to enhance
the performance of energy storage systems.

2. Proposed Work

To address the inherent non-minimum phase characteristics and stability challenges of DC-DC boost converters, this study
proposes a robust hybrid control strategy that regulates the output voltage indirectly through inductor current tracking. The system
dynamics are modeled using the Euler-Lagrange method, incorporating parasitic elements such as equivalent series resistances and
semiconductor voltage drops to ensure a realistic representation. The control architecture integrates a Passivity-Based Controller
(PBC) within a cascaded structure featuring a Closed-Loop PI (CCLPI) voltage regulator. In this configuration, the inner PBC loop
utilizes energy shaping and damping injection principles to guarantee global asymptotic stability and fast dynamic response, while
the outer PI loop generates the reference current to eliminate steady-state errors caused by model inaccuracies or load variations.
Theoretical analysis based on Lyapunov stability theory confirms that the system maintains Input-to-State Stability (ISS) even in
the presence of bounded parameter uncertainties. To validate this approach, a laboratory prototype was built and several tests were
carried out. Experimental and simulation results across five scenarios, including step changes in reference voltage, load variations,
input voltage fluctuations, and parameter uncertainties, demonstrate the superiority of the proposed CCLPI-PBC over standard PBC.
Specifically, the proposed method successfully rejected severe disturbances, such as a 25% drop in input voltage and significant
load changes, under conditions where the standard PBC failed to maintain regulation. Furthermore, sensitivity analysis revealed that
under a drastic reduction in inductance from 10mH to 1mH, the hybrid controller reduced the steady-state error from 2.55V to a
negligible 0.01V, confirming its robustness and precise tracking capabilities.

3. Conclusion

This study developed a hybrid CCLPI-PBC scheme to overcome the non-minimum phase challenges of boost converters via
indirect current tracking. Experimental results confirm that, unlike classical PBC, the proposed method eliminates steady-state errors
under severe fluctuations and maintains stability against significant parametric uncertainties, such as a reduction in inductance.
Considering implementation simplicity and high robustness, this approach offers an efficient industrial solution for voltage-sensitive
applications.


https://dor.isc.ac/dor/20.1001.1.23223146.1405.12.2.1.0

Colid Sl 58 0! BIDC-DC Jowo (39 5 SW9 patin S s
9009 Jd pud p i polio ouuis” J gus” S oslain! b diwgw
Gl T diw dil> PT ouiis” f gis”

* ¥ Ly e gl A S 2V SO oo

O|ﬁ“j|ﬂ$‘jlﬂzw°l§:‘jb‘djwwaS"‘:c&j{;d.“I;‘

O plsl cjlﬁé@ao&i&‘:céﬁ (i o Sesls G)L:ﬁd‘;r

a.rajaci@sutech.ac.ir :_f g o i (Swig W Sy (T 3

)Q;‘:’ &

DOR:
20.1001.1.23223146.1405.12.2.1.0

&{Jﬁ,’f/gbw/
Y O)la.n:l -\Y 0)30

cr

YA JIO Clxis

ISSN: 2322-3146
http:// jnsee.sut.ac.ir

VE £V V1A by gl VEEINN NN 9 V88V VS 28,53k g sb

VE8/8/) - : Jluyl &6

NS>

R4

DC- Jue (5 5 S5 ot gl Jlal 5,055 5 (g pslie (oS 5 0t J 58 oSG ellie ol 3
(PBC) 0555 Jle b 5 smn oS J 28 ((0lgiiiy = bl 0 )] gy Slin Ll 55 01 3 DC
.M;dz,:y_.\,p;”,;,aéuémtsu,us@(.ug‘}:ﬁ,splt;;fduwpwuﬂ)uu&);b
ke w2 Ob o (2135 Go b 5 5 e 8 D) gty S5 (205 (S gy Je SBpain 8 Coale w4 5 L
Sl 3 Shes 5 (6ol PBC G553 ail 5 odd W5 PL Sy aile Lo 5 o o OL > 355 o0 plon]
Jdo 57 G5 s Soalus Laulsy S b mend (6 ell (slalaabs ple 5 Slalazl sl 3 1,
il ol w ks gline 2SR 5 Al (250 LOW (6,8 55 b et oS b s
03 3l oS U285 Shes 5 ook 4l AL 3T 6 505 &S5 ¢ iyl (61 ol 0l b
b eyl Ol ks 5 (o, Sy Olus L Ol ks ‘@fjw} s Ol ol Calibes (6 00 5l
Sl ey Il 53 Kt 55 ¢ AT 5 (Sl ol ol 48 8 13 o535 90 s
,u,uuw.m@ou,;uAuL;ula.ufd,:ipww,ab)tf.uuausuasﬁlsjjcﬁ
Ll ST Calies Slhes Lol 3 5 (o3lgiin oS 5 sy S

Sl (saoilg

o) 31 Jdus
Sl 355 5 e d S
ol J s

polae oIl


https://dor.isc.ac/dor/20.1001.1.23223146.1405.12.2.1.0

ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

v ) e el (G (Y 5e (3l daze

doNdo —

$ladin 51 Ygene 015 ol el sl ils 5L slozel LB 4 e S8 a (SO S slaelKans ST sl

Sy g0 4083 )5 L @ s Ol 5 oo |y bddas opl ksl 5 5 s 03Lizul DC-DC (gladds dhox 1 &y 5 &S g 2SI
35 &los 28 (glas 8 DC-DCsladuus .3 8 o1 b 5 Sl (oialS 5 oul3) gzl b (odials 5 oknl 51) oy 30
iy S 5eb 5 slacs 558 51 (Sobms 5 S 555 (a1 ((SCSU (slagyo gt e S ealiinn glaaie
S J S o gast 53 [7-0] Llas § 1 5 a5 3550 sl - 6l)f~cmg5yp Olly s 4 baddes o) [F-V]les S
o Ul gl sl 8 SIS ST G g Oty bk slgity o gte ST Sy ndeos ol O
Ok s g ol ads (1 s BT a5l il 50 e (SO 5 S5 oo e g BT s
Lt 53 05 4 dadias (s 5 Sy b gl (iliee J RS Gt [V -V] Ll ann g 4 i J RS0
B A Lo ST 5 [V eSud (g5l s i Ol e 4 ilors Jlasl (bs 5 501 le) S o )8 ol 015 gla)b L oS
G s bais Ll S o 1y ol flas dslg o b sy ool 4o ST Llodds 4,5 8 4 (63,050 iz 53 [VY] (SMOC)
(PBC) 033 Jb o 2 (im0 587 ¢ o ot (glaontid S 03l 155 53 S gaS eands ) (s o8 s 15 (501

Hls (glos s ol (58 palin o S 5ns s esle (b gy s 43 S cal Llasl olj b a8

W5 by 5 5y b (et oIl pends ¢l DC-DC (gladis 55 550 55k 035 b b o e 0iS™d 1S

4 9l b Gy 3 Oleebl 61 PBC  ne J 87 = b oK 18] s ol jesdle [VF-1Y] sl o Jlasl (5 5
1) il PBC osiSJ 257 65 55 V9] por o ol o slgtiey (padetin o o elaw 53 (650 SW5 a5 5 550 <SOL
&_J;\)@L‘mupts@)f';u,{,__m&gc.m@m,ld.p;\&Ké)\%gwjgﬁwagw@;%

38T o Sz 55 Sl Ol 5L L eialS—ouu 1531 J e

Olge 4.l 35 0T 5 Shas b Cal o S 5 J 287 slag 51zl 5l LPBC ) o etiSd 28 cOladlas 5 5 5o
J.sj6.7-))5-5\:53&JFMQ&WJOTJMJAS@CB:\SMCQ\)PBC&&J&.’\;;‘)}:’-JB‘-&{\V])DJW
‘g_,d.l.'.':r.ﬁLS?L:.L&.G-ba»‘;&Q}d“)é)‘%h%bj}aamdfs&cw‘ﬁajw@‘MJ‘J&Q\LJ\:—&UQ}-MJ\:—WP

.[\A]xfﬁbWQYW‘jdaj)jQiﬁQuujc@fjtj}&\xﬁc)\{a|ﬁ:£AL..?)"

Shecakse Ll s Cow 0T 5 Slas 5l sl Jdowd 5 4525 5 das o 61, PBC otiSJ 287 > b ) cdlis oyl

C)UJ@&.MJ@&‘)‘J-L:.AJ)J':.A‘J\%Lsug;.:ah;c-l&jLﬁ-)ﬁj\ﬂj&‘xﬁsc@-;&jlﬂj&‘ﬁ;céb}))jwj&uu}w
colre opl L ads gl als 58 el Gl gdos Lol das s &1 glotiS gl sla S5 s PBC ax 145 o o
okd (3lgihy (oS 5 oS J S a5 4 e S (o pbSI PBC LPIJ 257 5 e (LT iy il oS 287 0S5
375 Sl Sy p3Y el o plnil oS U S 93 o (Glamlin (S5l 5 0ks 1) @tiau_uﬂ“;jm:,z@u !
deféujjjgwﬂ.cw\‘,,»obﬁL;;;l,u\ﬂwju,ﬁawﬁ;dﬁfﬁgbaiias\,u&,;.mtwl
b oolgiin oy clitd alsn oot b 5,18 1 50T a0 GLeSalys ILLL Al bodnl 31 (sladde 53 &8 51y

S (o IS L 5 ee ;B Dy 50 41 (s A S (Sl e B L (6 it 5) il O o 5 b

! Current-Mode Control

2 Zero Dynamics

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VEF Olna 9 0l oV opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



ST s il PLousS’ 287 5 05y b b 2 (o pslie oS 287 1 03linsl b st sy Coliln Sl 3 0| SIDC-DC Juts (2 5 565 s 2 287

) e el (G Y 5e (3l daze

1l 5 gla it ol allie -yl

W 8 15 g psn 45 dsdie iw N idw

b okl 4l s3le de () S Sl 5 250k GOl 085 5o b sy e (8L S3ledie Y i
Wl 43 5 ool (15 DUl

Wl 4535 plomil Sy I (1 (3l hss 4l oSS (b i ol 03 X i

S (r o2 1) Joee sl el lacabibeis ) sl 3 pslie o)L Jo F 2

s gn w515 OThee (5luosly 5 3l S8 has ARELST 5 (Siloas mls O i

ML@G—‘JAJAL&VJ&U}OMG}J}TJL&A&;WJWJ\));yu

FITY (Faoligd SY0las (Slso p o B Jowo (Bl 5 (S 3ks Juke Y

s pa by e 23l s Sl coldl alS 0T 3 a8 cdas e 0l 1y S6 S L eSS 4 fuame o531 Jube V ISSS

HIN S J..«Le

—AM—= YN
e +

Z,
k- c >
EO !.H>G—ES 3R

=~
)
W

S s 25k ol 2 ks L ednl Bl Jue 1) K

e S S €111, SV (Saolos SV¥sles 3lede 3,55 ol 1ol 55 Jdee Sl s Je gl Al
FEs al g5 ol s V4] S o sy ey 31 Jn b a5 e (S50

4 (ofy_9f, 9D _
at(aq) aq+aq_F )

3L bl bl Sl Ct:D(c';) R W@;IJ?‘YI L b (SISl q Ok~ s g
.Fq = (.Fqlr ---r.Fqn) Doy '"\iTu;‘ ot V(q) u-iifg‘ Ol 655 5 T(Cb q) S pabliae 5518 o Jols
:@\Jv.gal}s ‘-U.&;-ﬂ‘ctﬂ‘\.:‘bﬁf 4:5\;«(..:@@\}5)" Slas goza
4,9 =709 -V(q) )
d (0T or oV aD
w(Ga) 5t o= et Fa ©
LS"L‘) ct{j ij‘}; LngJ:‘ C:UMCMA‘ o oals OLES Ji.z).safa.\,.il;l J..\...ALS.E:-J:GQY.SW C‘fﬁ.w‘ Ls‘j
RG] odaT (f) «bb B Yol U‘l‘ Jj—iu.a M\:u

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5ul ¥ oslad VY 0,55 (3 owikige 5> (b b aileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

q ) e el (G (Y 5e (3l daze

) 1 N2
Tu(qL) = E-L- (q1)
1
ACHEEw qz

. 1 ) 1 . 1 )
D,(q1,qc) = 5T (qL)* + 5 Te (qc)* + 5 [wrps + (1 —w.Re].(q)*  ©®

1 . .
+5 R0 =14 = 4e)* Py = E = (1 = ). Ve
Fj. =0

St(pefo1]) W da 5 g5 e DU sl 5038 i (bl b g (35 ST 0T 5 55 das s LS (F) ol
AT o S o) 531 Jdee o 8 SVslae (AL (V) Laslyy oS 5L opl oo o3 5y o
LG, =-RA = w).[A - p).q = ]+ E = (1 — ). Vp
- [TL;'.U-T'DS + (1 —w.Rel.q, )
?C =R[1—-w.q— g4l —7c.qc

g o e 334 (B) dasly O gy (0) day Z5 = % 321 = qp e i b

=tz (1—w) Z, + 5 (1 )VF
a="p 4 Wl e +R) 27 L W
1
= (1= W)e———— 7 ——————— .7
2= R ca ®Rimc” )

, [ TR
r=r+urps+ 1 —w.Rp+ (1 —p) '<TC+R>

(ol s ol o a8 i 53 [+ V] o3k 53 et sy S Olgte 4 [ it (B SVslae Sl 43 oS el S 0L
oube 5 5 035 Jbn Tos (6,8 Lo e Sl (5L Sk b Islas (8 dlasly) 51,5Y- Lol 2, 5 Jole (Salys ke
ol BV ksl Jae) A8 o Gt 5 (Sl g W13 Sladies (B85 5 53 03 by Sl S 3 o 1) e

Lo, 1) bt Joe Cuols
() SVslan izpas bl oo okl 31 Joos (0316 5 9) (55 Sy o e Zp 5 (Gl OL 2 (035,55 0L o 0 Z

35 a3t ) daly b Gillae oo Slop 3 4 O 5 0 |y

DZ+(1—-W.JZ+RZ =¢ %)
S
L 0 0 R r 0
D = C(TC+R) = R+r-|,R= 1’5

0 — ¢ 0 — ()

R -1 0 R
:[E_(l—H)VF]

0

@'LQU) @)b‘i LthQLo.” LS"L": QJ}N Ja\:JLj}‘J,fV—JJ._vJ‘ C_JL;A) )\ éj,f‘jédl““k‘-_{‘ﬁ‘ J.\...a | LSL'G" JJ.A
C'_..ﬁ)l.aﬂ} Jﬁ)r_jijjs;&\}g"_g"dﬁ Q)LL‘Q)B}J.»J)[&A Lsf.ﬂst\C_.ﬁ}Lin ‘}ﬁuuﬂ‘)h U'i| -lejfc‘j,r.:.m‘

DSyh e S 3l oS J 1S 1 b Lgy aslsl js (585 Jde cpl sl b sl oo Ctwle vy g o s

! Continuous Duty Ratio
2 State-Space Averaged Model

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VEF Olna 9 0l oV opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



ST s il PLousS’ 287 5 05y b b 2 (o pslie oS 287 1 03linsl b st sy Coliln Sl 3 0| SIDC-DC Juts (2 5 565 s 2 287

) e el (G Y 5e (3l daze \-

Judil oo oisS” J o7 > b ¥

LA{‘JJ}J(SG;,G.&JJJ ZZ =Z2_Z2dj’21 =Z1_Z1d Q)Mbéhﬁ‘PBc e“dﬁf@-‘;}éé\j

1l el (V) daily 3 6,8 13
DZ+ (- JZ+RZ=¢—(DZy+ (1 —p).JZ4 + RZy) @)
ol a3 ol Coda .l szl (gl e oy 5 085 (A3 K cpal Jeol 53 (PBC) Jlaisl p sne J 257 sy
S T 51sl (Zg) ollan Jsl b 53 (5l o 42aS K (o1 457 Col (514655 &0 s il o (6531 M0l ()
el 05Y Sl B 5 (Z0) o @ ol ) Ko ransl 511 ek izl (V) sl 3 e (sl 6Tl s Juke
o Sl s () alaly b b 4 Ry (o5 ol el 03551 b 1A 358 Goy 5 s 0 (Lol o0) (S5lme (6550 1
B! &l (5lmn S Sl Olos R Z Az @5 53 358 o0 (ot 55k (10) alasl) ) g 0 08 U 287 b sl

ke e |y Lallast b os

V=e—(DZy+ (1 —p).JZ4 +RZy — R,7) ()
iRd= r((i)l O], Td1>O&Td2>O av
Taz

1l 25 S E s Gl Sl ol 3 s L) e 05 Al pU 6 R e e

el e 5 (6 0B e e &SN

Rg >0) mgwqgﬂy\ysswéugbwu@.u\{'q&w.\il{.v

ol g e LSl I 2S5 S US55 a5 Lizs (6 jlme (Glaae slie AL 03,15 (65l BICum) 2yt 35 s ile ol ¥
S o s 4 Ty Ut B S o G 1 (2) e sl (551 8 lome slain sl

el ookt 4 S 5 53 05 D) 4 LU b 0 5 e eliel O LU MU I IL s1 ien
1.n . -
Hq =52"DZ>0; ¥Z #0 AV
b N 5 Sosa Hy Sl Gt

ZTDE——— r+r Z”2+ —1+r z~2 <0;VZ
( dl) 1 R d2 2 )
)

limH; =0 = limZ=0

t—oo t—oo
Joo o ol 0 Gy 5 (Taz) ol (o) e 5 0515 5Ws & (Tg1) ol 0L & 2l Goo 5 2 oDl (Il ol o
Sl 355 FS 5 e (S5 5 bl I Gy 5 0L ) Sl ke 93 8 53 o 4 st gl Sen Sy 555 0 Ly

led op o Soee Caay s 1 5 ol uﬁ@lfdbpi&l:lkééjjl@q(]‘id<0) 035 e (651 Grie Koo

oS J 2S5 b sl M el 5 (Taz) 036 s e Gro 3 Y pens oyl 3 sladin 53 ol S 3Y
S o 5l s Foske Siluesly 5 S8 08 gl el B ssk a3 8 M s Ty = 0Y sane codsl 33 Jbs (51 PBC
S Lol 3 3 g ST (510l 5 ol s LW Grie e S0 5 53T > 0 81l 1553 (6,8 sl (5 S ¥slas

aails 5l5d e SWolae Jo & 5L L 55 ey Dl LT (or Gy (1) iy S drlone sl 7 15 Alolme ol

! Damping Injection Matrix

2 Positive Definite

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5ul ¥ oslad VY 0,55 (3 owikige 5> (b b aileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

1 ) e el (G (Y 5e (3l daze

el P =0 5 Ksyle 355 )5, h =003 ol g1 S 4 J S 046 1 b Ooda bowty| 55 pl pl . AL
.45‘5,,@1:)gkt,wéw@j\’uus&ula\&;ﬂ\ (md)éjleméf&]aé‘éjﬁ}cwjbdlaééjﬁ}w
s Dol el s lads (e 3 plod Bl ot (53,0 S Gy 630 o7 3,0 5y (L) 6 K05 650 e

DZd+(1_,u)]Zd+£RZd—£RdZ=£ (\F)
S
L 0 . R
d 0 Z,d
C R)||# _ 1
R -1 0
. r 2 Zld] 3 [rdl o] [Zl —Zld] (8)
0 A Z,d 0 ollz,—-2,d
— [E -(1- .U)VF]
0
sy OlF e
LZyg+(1—p) Zog +7. 21— (Zy = Z10)191 = E — (1 = V5

R +rc %)
Clre +R) . 1
—fr  Z2- (1—-wZyq + gl =0

55B00St Juae 55 Ol e 4 03l 55 81 aKT Jglcstls p 0T 4 b 457 50 S Lol 53 oga f g g 53

(e 350 8 8 5 03 dds s 2 Olsie 4 53905 Ol S1a0T 35 sl B asin b s 358 43 8 i

SNl b 8 Gl o o O e (235 U s b 5k Juln (ol (a5 S 1ol WSl a5 56 aie

Sz 35 s oS S 4 ST L |y e Sy Ll (s 5 S5 S e pl bssd 8 8 s 53 Zag = Iy

I (5l (A8 0 56 ks & ol g ko (610 W par s 87 i b oy | (9 55U 5 bl 5 5 ol

oy 1y (19) SYlne 4 gome Conins Ay 51 Zog 1l 55 3L Z1g = Iy & o5 b ol ol 355 o 4smloes PWM
s

Z,q(t) = [E—(1—mwVe] + (Z1R_ Igray —1.1g av)
) e
AT oo Sy 555 0 03Ul PWM UL sl (51 45 U (sl J5S7 0 56 (19) g3 hslna 55 (W) el Ols 51 3

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VEF Olna 9 0l oV opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



ST s il PLousS’ 287 5 05y b b 2 (o pslie oS 287 1 03linsl b st sy Coliln Sl 3 0| SIDC-DC Juts (2 5 565 s 2 287

@ e el (G0 2V e ol Aema v
R \2
. (1 B u) (R+‘l"c) 2
= (1—-w= 1y
c[E+ (Zy —1g).744] —
FO
B+ (Zy —1g).1q1 — (L — @)V
R )
R+rc
F2

R
_Td1C E—(l—u)[sz+VF]—r.Id

. | (R frc) 2

F3 J

2S5 e U5 5 S5 15 OA) oy SleaaT st U J 287 056

I,

——-
Constant value of F1 >
—_— »|F1[— +
-
Constant value of F2
E—»
—p

Constant value of F3I

E—0m7F—— —
e < b = - la
FOle—F§

-
 ———
T Constant value of F0

> [

1
S

B S 05 amlowa ¥ S5
ol shoe 5lesly 6l LS e Oy Lg Ol 5 ole sla eyl o 5 B (I 387 IS Ol i Gy s OA) el
G 0k G5l il ol 55 .Sl 0 oslizal (Y) S0 55 ok onls isled J 287 ksl 51 ¢ a5 alslas
palie Jols aeS ol ol 63555 ileds (cilude (Fy, Fp, Fp, F3) s Slaslos S sk &y o 45 (VA) sl o
Hoslimal b il s5le o 1y (J 2570 56 Gt o6 Slas dlast 1 oy LOT (25 5 5 03 5 s Sl (51a it 5 S

.Jb;wc\}w\w@du‘d‘ﬂ“‘s‘MJ‘v\i“(%)J;J‘Jiﬁ‘S"»L:

oJuLw‘l{W)ﬂ: UQJ}LJUU.&JBL:}.&UMZZ = Vd :Vref}Zl :Idw.la\..'{)\s;ﬁ.ibdn Q}.f\
bl (..:Al? (%) abasl, £33 dslae

2, =0
Z.=;=»>00-U)—m—m—™— ], ——m8M8M8MV, =0=>1-U
1—d ( )m+ﬁ)cd (R+71.).C ¢ (14)
Z, =Vy

" R.I,

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5ul ¥ oslad VY 0,55 (3 owikige 5> (b b aileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

A ) e el (G (Y 5e (3l daze

:V"Ub (?) 4]2;‘) d}‘ PAEY P QJ‘) J‘J;).d.‘p L: W

r E V
f=0=—7.0g—(1-U), +Z—(1—U).TF=0 (ve)

— .V
L(rc+R) ¢

1l ol g 03 S (I 1) (V) ey oY) ey 55 (1 = U) sl Il
r RVd Vd E VF Vd _ (YY)
——ly - ——t—— ==
L L.(c+R)'R.I; L LRI,

Pl el I 037 (s 5L (YY) sl ) &y gy Ol 5 oo 15 (V) ey
—T.Idz + E. Id - Kload =0
y ~ de N VF-Vd (Yvy)
¢ 7. +R" R

|J.nTC;M.1Lu.44§LC~w‘Id = (}J A=y d}hﬁ&(**)d}\&ﬁ el S Q&U})l{ u"f“‘ Q‘jjil.l\.uKload
M@‘J&:b%&M@W&\ﬂé6@‘6‘@)W?QW.A}JMW‘)V(1 “f’“"_ﬂld ‘d‘{b)J’

.J}A-;

E — \/ EZ — 4rKload Yv)

2r

Id:

5 w5 o (6 o il JSt b oy 8 dlous bn el e 5 (63505 5Ws Vg o 2 T (YF) ol 6 a5 b a1l
Jdon 5 Shas 5504 5 o 0lS o ade 5 late & .oy gy (2UTu3 gudons b 3)ls &8 oLl e o pde PBC oS’ 87
Ol IS ai 53 ol 457 ol ok oslizal PI p cze (65l I 28 Slsle 6 51 abinn (6,187 Lyl & 55 oy 31
S G5l 93 OS5 Jeol oS das e Ol 1) (golgrie oS S SSLs Y S il e ol Sy 5 S s
o S 45 0 5 (o8 s Jals) 51 68 0 b sl ol e gn otalin 1 Sls 6STsk 53 487 5 5b0les Ll 58 e
Slro S J 2S5l wltiad ga (il ¢ Flolous (S oy 00 208 L gy ol egly 43S o Ol 1) [g 0L sl ¢ S|
--”;@Wé‘tib'c‘”\iﬁi:‘?’}:-é—i“{ﬁi“\{v\’“@m)\‘)PBC 5 ol TPI

14(TO EQ. (18))

z1

Constant value

PL e g LT oS’ 28 o

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VEF Olna 9 0l oV opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



ST s il PLousS’ 287 5 05y b b 2 (o pslie oS 287 1 03linsl b st sy Coliln Sl 3 0| SIDC-DC Juts (2 5 565 s 2 287

) e el (G Y 5e (3l daze V¥

02241 (PBC osiS'd 28 atcs (oo il il (65 ¢ 2w 0] 53 0 1)) (o)l il 87 ol S50 5Y

(b ol sl gl Sl gilulier ool ulal g5l IS bl 51l .wdwﬁz@.ﬁduﬁﬂ REPGE
4 s Sy Sl s cames 53 Wl 0l Oesl Ob > Jt s a1 2aST Lol ea (PD) SW5 oyl il L slg
S sphgr o3 0 mlad Sjse 4 s adle o 5HA®) Ol pr o S 5035 Joe 5SSl 0L~

b gl o wbdpas jaax 38 polic (SHlwl i ¢
Ol ol 6113 (R, Crp) oS 287 (1 b 53 o oslitasl ol palis 4 Cs (R,C) b el yl a8y joslae &S50 5 5L

2~in'@dij6)|.ﬂ\;£))ro@QB\fﬁ‘ahu\{

C=C,+AC |AC| < 6,
1 1 (Y¥)
R Ry

(Sl s S¥slae iten (D i Yo oy blza Slaa) Cmlad pde 1S 85 5 B s 6 el sllast siasilis Ag 5 AC

PLsb g 33k 25 e 4 kil pde nl 38 5 53 L e (sl

Dath +[(1- w.J + ERact]Z = (Yd)
S
Dget = Dy + 4D (%)
Roct =R, +4R

e2ol3 (Y0) 53 (Y8) alayl MK - b

(Dy +AD)Z + [(1 = W] + R, + AR)]Z = ¢ V)

DhZ +[(1— ] +R,Z = e+ Yroras (YA)
Yrorar = —(ADZ + ARZ)

il e 6 b s (g il Sl 3 T (G 5b 4 Sl e (55 4 (23 IS8 PBC oS 28 O
7 =774 sl sl easl @ = 0) Lisbl gy i §1 .45 8 (Zg) osllan doles i 55 5 Ry) o shae
(R sl 3io5) 35 5n )l 5 ahsles
DZ+[(1—pw+R1Z=0 (Ye)

Cwrl g 9 ((Y/\)A.)a{b) S0 Lol J..oLaJ u;'é) yls S Sl y Caw o l)[)TOTAL r;-\fd.o:-iﬁl(*/\) i]ai‘J)J
T e 93 55 oy ge w los @Sals olg dolae 1 Lle o 3L dslas j3 Prprap Slazs! alex 0358 oo danloes o sl

DnZ+[(1 - .U.)] +R41Z = YroraL (+)

.C_,.u‘ aMJ&Jwyjﬁj\g@‘&fjw‘)bj IIJTOTAL

! Time-scale Separation
2 Quasi-static

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5ul ¥ oslad VY 0,55 (3 owikige 5> (b b aileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

\O ) e el (G (Y 5e (3l daze

Yrorar = Yroap + YcaraciTor ()

Pl il y s g s L S @ L0aD) S b 1 36 plizil
lpLOAD = [0) _Ag-Zz]T (“T)

bl (o6 5 (ol dbe 55 Sy Ol 53 sl 51 (86 e ool :WcapaciToR) O3B e 3l (56 iLazs II
13,87 Jue 03 0L 4 el S 6 o0 4015 0T Ol 5o (o )5
AC
~ . T
Yeapaciror = [0, — . ic] (v
n
v:.f@ oslazal! L;ab 65_,:\ J"LE':"A ;}}Jl{'g CU )\ 45)‘41\{ J:,\’J 6‘_};

1., . 5
Hy=5Z"DyZ > 0; VZ # 0 (rf)

1 L

A I
Hy = EZTDnZ +5 D, Z (®)

:v.w‘))u\}ﬁ‘jgvﬁ:\{é\la?jés(CjLJﬁu)@\d‘)u:ﬂjéjkﬁwijn O
Hy, = Z7(D,2) (r#)

pols () daly i Lo Sl s 1 a5

DnZ = —[(1 — W] + RalZ + Yroras V)
WLl poal g (FF) sl 55 (FV) oy (6,1 U
Hi=-2TA-wJZ - Z"RyZ + Z™YroraL (¥A)

:ﬁ)‘D‘MaJﬁQJL&IA .\L‘v: wjl.ﬁ]
Hd = —ZTERdZ + ZTI/JTOTAL (\‘ﬂ)

Sl pl Gl oo 1 el Sl 585 (658 g slusl 53 s ile b Slislons 5 Col s Sl ¢S Ry 8 &Kl 45 4 5L
S (or o3litl 5 o me (5l 511D LEL (1Z]1?) Uas- o 5100 Jols b o8 (S L esle Sole &Kl o Sle
Amin(md)llzllz < ZdeZ < Amax(md)llzllz (F+)

:ﬁ)t.s\.'u.\.,:,u\,s-uszw\;w > (e )3 oo
_Amin(md)llzllz = _ZTiRdZ (FY)

fpols Alindy aed
Amin(md)llzllz ~ ZNTSRdZ~ (fY)

(s 5 2T ProraL e amlee 4 AL -

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VEF Olna 9 0l oV opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



ST s il PLousS’ 287 5 05y b b 2 (o pslie oS 287 1 03linsl b st sy Coliln Sl 3 0| SIDC-DC Juts (2 5 565 s 2 287

) e el (G Y 5e (3l daze \#

T

AC
Yrorar = Yioap + Yeapaciror = [0, —Ag.Z,]" + [0: - lc]
Cn (F¥)

- _ . _ . AC
ZTIPTOTAL = [Z1 Zz]l/)TOTAL =Z,.09.2; + Zz-C_lc

n
ey o2l 5 ol el 41

. 2 . . AC
Hy = = AminRD||Z||” + (Z,.89.2Z, + ZZ.C—lC)

n

Dissipation Term = —Amm(ﬂid)”ZHZ (FF)
~ . AC
Perturbation Term = (ZZ.Ag.ZZ + ZZ.C—L'C)
n

3550 Sk ol 058 e odaline 457 boles das e 0L 1y (Hy) 4 4l 65 50 ob Sl Sl ¢ (FF) ala
O o)l o (ol (”ZHZ) Usst o5 sgdome 5 (Rt) (ol 5 le 0329 Dlie b icosnlize &7 gl tdn ool 0l S5 250
Coale & Ll (Ag 5AC) (sl sl Saimbiipds oaslh Ol 51 Kby o33 03 S 0 Wl 1) (6551 N1 25 5 03 e
Sl g3 a4 a5 b ST e BLazEl oy (3O e 5 6T ol yl sl bl g plie (55l b sl sLiel
o el &85 slia gl eitn 513018 (IZID) ot Il a3 0 51 Btes iliz! L;L»(JS)((”Z”Z) s 55 43 50
tan oo 60l (MISS) Sl —a - 53555 Mk sl 3l e 45 LS o0 DU (S50 5 pl s dal i I i
e Ol b1 53 6o oS Siban & 4 ulgs 3 ooy sl 5 0z 1515 alpababpe 5 o 55 2 Il sla e oS
YL oS 3,5 S s b (Hg < 0) sl ite Bl e ol 3¥ w6yl readi sl ol 3550 |, Son
a5 e Jals 5 Sy [WroraLll S 8||Z| syt byt @50 4 clslazel

Hy <= =dmin®RD||Z]|” + 6]|Z]| (F0)

& 55 polie gl ool (Linear) Jyl as o 51 ilazel 05 s (Quadratic) ot o 3 p 93 4 e 5l Sl o5 87 T
/ el (ISS) Sl (535)5 €L Gl s &7 U5 0 D] Snsop o dalg oo sen (s g5 ol

0355 o0 | R o 4y ds Ut ¢l ply o gy otir BB ot Slilizel 1 o(Tin) ales alals S5 5 55 el ol
C;p‘sjjsuwt@;«f.m@@@u;@tﬁ@Cug?ud\;f.gp@wtp,uu_gp;;W@W&g&g
(Hg = 0) 555 ), plactl oy 5,0 A5

133 8 oo dlona (F9) sl Gk 5L )0 4 (B) LB e (sllast plas 0yl

AminRD||Z| = 8)12]| = —B ()

L —
Amin(st)

35k DLzl Sl o 5y (raind) s (slaaliipde (YL 0S8 sl L6 sllast ST b o) Son plasi B oS
Ll Rg) ol e w5l o3 s sldie o 1S Apin Rg) 5 (051
g 53 G B3 L e & Lne s 3500 S S B) s plad 5 edd K5 S g pe plb b
s a5 5 pllan ST 4k 4 aoakidps

! Input-to-State Stability

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5ul ¥ oslad VY 0,55 (3 owikige 5> (b b aileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

\Y ) e el (G (Y 5e (3l daze

o3 Y1) bl lalaabipode )b )5 tw 335 B, g p g 0 dd &) (6555 e Jdo (i slzel sk 4
Pl ok 5 S 53 5 (3l e Sy g0 4 (Ha) Dbl b Slej e iy olC 5 R yslie 55 o ol

Lzl o5 5 (e a3 oy b 5y je 3 sote) (BT 05 Ol BB 0355 on otalie C-F S 3 oS b0ken
(el I 2Lzl 5 allast 6 58 Sl palie 53t Bl 08 0 ST 5T 4 g 4 (s 55 L e e 1)
JS Grie Oud e g 5 03,8 ade DLalazl p Spl8 L (T e (B =0/F) ST e I e e dee 4 el
el (5555 Ll 3 ekt aalone ) Kon plat y late lads ¢ IO a1 33 5 o (e T L)

dmio a3 o 0L S5 5 O 2 sl Sl (gL 53 1) s (651 o (ulmae Shales ¥ S ol esde
I 3 gdme s 4l 0S5 53 W (6551 o clnliy &7 5 b0los .l (Hg) (55104 50 Sl clibians ¢ 28l
D i 5 1AST (Il slad Ty sle 3 5 GEle gl 4mb) ol 45, 513 i amis 1 (5 0 (s4l8) Tln
Il (gla it oS Line by el (3lgtkey s (ISS) ot (6355 ()l ool 0liS DUl (g s 15 151
sl o B I01S 5 S S (Solan oK 53 o)l mm 50t | 515 80 5 Coalibote Ll 8 oy 5 o

. . o
3D Visualization of ISS Stability (Uncertainty: 20%) 0 (Robust Stability Analysis (Uncertainty: 20%)

0 ~
v I
+ Bounded Error Region E 0 i < ISS Conver e Region _ _ _ _ _ _ _
— '
@ -4 o 20
|
> 54 >
£ -6 R
a = i
2 -8 & -60fi
20 C N [
s 0=, 80F [—H, (Total)
- : i |- - ‘Dissipation (=X || Z]|?)
12 m ' _
o e -100Fi |- - Perturbation Bound (5] Z|)
g T = 3 ! |—— Threshold Boundary (u ~ 0.4)
i -14 1
0 0 -120
Z g 2 0 5 10 15
Current Error [A] Voltage Error|V] ||z” (Error Norm)
(<) (0

Slap i (W ek 65 5L Gt it (sebmsn HB, (Gl b il (o sn Yo Casbaboids ) i 3 (s pslie ()L 34 b)) i S0
S5 o otal p ab 6 7S 1 amin) (gl domios 4 Cond Hd Tl St il (kS o s 1, B d_l@c&.&aé%l,&’}m

et e il (5L Sl ol ple 5 B Wl slast S 587 05 gomn o ins (LS

s (Silwosly 9 (Silwdms S -0

Solgy (A 5,095 9 3990 S Ly V-0

@V S Sl o b Gl ol oL e s 4 PBO) Jlaiil e slaoiSJ 28 4 S
.;ﬂﬂ@;@g@,b,uguf,.uuﬁzs)wéu,ubgjG,Ltud,uawé.\{mj;ﬁ\jungJsL.;w‘.u)u,?-ﬂ
o ozt 5 540 oeie SIS PBC 255 556355 565 Sllu s 5 b el )l pdbolosl Ol i ¢ Jas las )8 s
Db s JBLE L

b skl s PBC 25)) S15 solbl plesl b oS ol (oS 5 (J 287 Slstle &S5 6l ey opl (sosme 503 5

| Ls.,L:lfAJIJ)T)S@e-M&U;L;;% .sjgl))..\,fu.a4#);is5b£ﬂa).buﬂc(6jugTPI) D9 58S

! Bounded Error Region

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5l ¥ oyl VY 0,55 (3 5 (owikige 5> (s o slaailol 4 25



ST s il PLousS’ 287 5 05y b b 2 (o pslie oS 287 1 03linsl b st sy Coliln Sl 3 0| SIDC-DC Juts (2 5 565 s 2 287

) e el (G Y 5e (3l daze YA

2 e GO e 5 (6351 (23 IS8 aiby Glle a3 o) 5 Sl Salys SIS @
BBl Sl (sl ol 5,187 alal 83 oo iy oS S 3 (ool (PBC ouiS'J 28) s ail oge
Q)ﬂ))&&wféﬁ@@b&‘f‘r&d‘g;w\aM)Mf‘)(PIawdﬁf) @-Jl:-‘\j.la-o.l@&ﬁ
pi | K Ogllas Sy 4 503 S Laim |y 505 (gl 5 Cueslie b el ,b s O s

ol ST e oyl Bl s 03 56 paia 2 Ml ade ) late 4 ) eall ol 2 J ST @
j\ﬁmﬁ.&&)y:\{@jﬁjwj.:)\:J'Lémd)l:éjgg;,ﬂ\oﬁg&:}lqlwo\iﬂcdlﬁ-bdb):
Sl LI Gl 4t S ol 25 0 SRS S il L ([g) Ol o o o S, 5 3 b
el 0y3 8 Jghite (sla gy 4 i il b O3 s

J})JJQVKL{&GJL&LJQG&‘ﬂmjbj‘ifryfduj))g.}w){:Ga:{-bs@')ﬁ.&)&)’f" o
Sy s 53 45 0 =l (6355 5W 5 5 5k slabiod Lasl 3 b ke Oy g 4 RS I co0lgtig
RGO L;ma,gs;)uuu;\é;,;w%uﬂi‘%;ﬁ

Sl Pleses Gilwosly .Y-0
ooy 331 Jobe 31 (AT 45505 &S5 ¢ oty Loyl 5 55 Sk S5 oy 2 5 S0l 58055 5 Shos i slzel shte o
5 e ioled ) edd Jlesl S8 dils 5 (gl Bl sn (giluesly JST Sl B guad ol ol wisle 5 b
el ols S8 T 4 e (6| I Sms DL g Lo 151 Y el 55 ot ol (gl el
ES b g oS Sl okis el &yl Lol Tism Ulge w IRFB4110 il 3 eyds ide 55 10,05 e (Al
5550 STPAOHIO0CW 5o 555 ¢ s 5 65l 3uSs g cpiomad 355 oo 5510061, QP12WO05S-37 41,5
ool 43 8515 65 0 e
2s5s STMB2F103C8T6 2875 S 5l edlims Sy 30 40 J 28 0205580 5l (sl 1555 n S5ls 5 (o
&l S JUT slie Ol ails g comlio 3515 5 oo Lol opl oSl 0ts o3lizal ARM Cortex-M3 s
)13 edge 1 e )8 4 LPWM U a5 5 ot b i J 287 0L ) Slonlons
Sk S oS 4 ks 4 IS e (L 5 83 ks (s5luesly DDl 5 (68 05 e (2
:@\au@\,bﬁ;;,u}mpJuiz#@m;uuéﬂfa;\.u\w%ma@ el &l
S5 D e (SN0 gl a5 s S5 6 S oS g sl 5 S ll
Ao Lo 5 5L 0L 5 ol Ol e Lol o 03l L300y 557 ) ot s 51 ed 287
S ga a3 15 p5Y O eV gl clio udlS 3 Gy (2315 e oS L5 o (5,8 05161 ACST12 s
37 SIS Y 83 sla s 5 55 5 Sk S g Colo a5 LIS S A 0
0313 38 RC I8 ol s oK 5l J 1875 Sen (ADC) Jlims 4 5 JUT Jos dolg 40 5555 31 g Lo ) gutr
il a8 Y ey 5 S g 25 DI G W e
V;J_J,ﬁuﬁ‘g;;uyj G S0l slap 5 3 5L sl bbb 3 (8 sl shite 4 (gl P S sl 2hs o le

el o Blodd b s 05315 5 55 15 )1l Dlgad o J 28

! Aliasing
2 Bifurcation

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5ul ¥ oslad VY 0,55 (3 owikige 5> (b b aileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

\4 ) e el (G (Y 5e (3l daze

3 5l e 3 048 (g 5ludle i izl ADC 3l o oil 5 pls slaesls 1 5lodle 5 5 6 S oSk
38 ol oiladly sl 5 5 (Slalined Dl b S o 5 (1Bl 5 oS e 18 KoL
L (slgy Lai s 4 Llods (o5 (Gl 0 S il 55 PLosiS'J 28 ol b il i ol
0338 s Sl g ) i )3 s (S5 45l (o e
O S8 ol Slus oS gl B s Izl ok | b S ST Sl ils e 3 (53l o5 S L ol 5 st 4
PL J =S glaails 5l )08 ol sla s 51 s 31 my Ol 5 5105 6 G dUm bl 55 5 8 (g5luduts
Sl 338 A5 dale plys S o186 PWM UL b i o il s S (Scaliys 0ijls S5 s
s IS Ss oy lde Jald () Bl e i pl Ad (ileesls & JSKE Gollas ol 31 Jie i lejT 4 g
b n ol Bl 6 85 S G a5 LI 6K )5 o, OISl o7 Ll 383 (6,8 0311 S g 56,3 2875 S

From control p [MOSFeT| Power System
system 7| driver
- d
8 Bt
+
E P lc 3R
G |S '—|7
EM ™=
To control “f71m
system 1 72M

Contol System
1 @ Limiter

Nonlinear, Passivity ﬁl]l]
71 72 [The output from EQ. 23] | Based dynamical duty—* i — PWM——H

ratio synthesizer

Id

Al

72M |Low Pass
EM _ | FILTER

A

olgrig oS J 28 ol Sls oS k10 YKo

os ilesly A&l 6 gas ol Slaiio 1) J9i>

aly ke faew & 5o,k
Volts 0 Vyer e e
Volts ~ Y\/6 E $2505 35
mH \e L LS 5l
uFE oy C T O
mi ve T o= ESR!
mi Ve 1 <. ESR
mi) YIV. DS s s Saslie
mil v Ron 323 Ron
Volts  .ov Vg 353V

KHz AR fSW &";’f_}"’ U""'K/&

! Equivalent Series Resistance

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VEF Olna 9 0l oV opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



T s il PLosiS'J 87 5 035 o b 2 g p sl 0uliSTJ 57 5 aslisnl L s g ks Sl 3 03I DC-DC ditee 5 5 5 s 1 J 257

ey e el (S350 5 Y e (63l Aemes Y-

PR RSRPREIg ARG RWPNCEA S PHVCICIFEIVE By v

P L3T 9 (S ldnd s F-0

aalsl 53 4 ot ) 2wl PBC 5 CCLPI-PBC oS’ J 257 53 ) g 3 oyl 3l dobie a0 Le3Ts (5L 4 ol
5,8 o s st 350

CCLPI-5 PBC oiS'J 257 53 0l p oo oukiyl 31 St 5 S a8l 3T 5 (5bnas s o K5 551 3T
FY/0 4 I3 00 51 o o S5 slaly ok Joli 05031 63 sliw el jadeiin gl 534S 5 sbOles .ol ol awslis PBC
ETRNCH

,;,ﬁ%fus,};@mum<wcéw.§s)_;mogﬁ,(g,;m\éup)@,ﬁjwjdu,u}‘.;w,ﬁg
S5 Selus jt, CCLPI-PBC (gslgziy otiS'd 25 Ll ok Sy o 5 e o e (35 4 Ghae JAS s
35850 PBC g o hs 4 S VL o Son St 5 50l 58T S Ola3 03 33 4 6551l s o0 0L 55 |

338 o s e s 4 e S

RIGOL Output Voltage (V)
ﬂgf:SSV
< g 2 PBC. U
355 —PBC "%i z o
<) —CCLPI-PBC 1ot
©
=50 CCLPI-PBC Vref=42.5V|
z - age Div: 500mV
545
2 .
340
0.2 0.4 0.6 0.8 |
Time (s) : ;
(J‘) CH1 10.0v CH2 10.0¢ 500.0ms Delay:0.000s
<)
RIGOL Inductor Current (A)
_ ﬂéf=55\[ TR SRR o
g v, PBC Vref=42.5V
c4 — PBC o N e |
o —CCLPI-PBC .
3 3[V=50v CCLPI-PBC T
= | ref V=42.5V
2 ref
S2
°
[=
- 0.2 0.4 0.6 0.8 1
Time (s) .
(@ CH12.0v CH22.0¥ 500.0ms  Delay0l000s

)
S5 AT ams (O o 5 S5 5laans (GO (T 1y dibe ol slagz so S8 (s3loas 5 (a2L5T s tY SO
ik 0 o A8 leT s (5 o 0L o (3l 45 (e s

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5ul ¥ oslad VY 0,55 (3 owikige 5> (b b aileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557
AR

) e el (G (Y 5e (3l daze

Conslie 2al8) 5U (laly ok b agalsn 55 Jobon 55 ¢ 2ba3T ol 5o 5l Sl ol 53 3,8 L3, Y Galo3T
Lledd 031> 2l 4 5 A gla K s (i lesT ol les 5 (5luans BB el ok oy » (19Q 4 25Q 51 o5 5

l)u.q-}f‘-jbbjo:;c’:\)asj\}UZL.':.:.&—\Q.:E.%};QCCLPI-PBC oS J 2S4S 5 4b e salie A S Lo L
0355 b 31 oS 0l 4 536 PBC eSS 0uiSTJ 287 a8 ol Il 53 ol sl 03 505 s g O e Mas )
(oA JSKa 55 5540 55 i) ol o S wile Sl (gllas Slas

-4 J&aﬁsubom.wdw;(ogﬂwﬁjmwuumﬁbWG{:A\;{;,\:;)AJﬁw
Sl (s fY 55u-) B M)JjoMJfﬂ(djb')Adj&TMj‘M)KMPBC Sy 00 sl
ol (o8 &) CCLPI-PBC. 255 53 Sl e ¢ blie 3 .ol Sy G35 oot 3 150 odiasOlis o7 555 s
el o | Kan (2500 0lon) Bl 53 5 42285l gl Sl ol 4y Tacme (2550 S S 51 g s o5 a3 o

— Output \%oltage (V)
AGO CCLPI-PBCy ;EZS'O’h'm' ST UCCLPI-PBC
S 50—\ oo =--=-----otooooo e ; ,
g0 / - pec  [R=190hm
= PBC o w2 onm
> 30 ;
5
220
=]
° 10
0.2 0.3 0.4 0.5 0.6
Time (sec) i i i
. CH1 10,0V CH2 10.0v 500.0ms Delay:0.000s
(<9 (2)
RIGOL Inductor Current (A)
¢ 1 m N .
CGLPI-PBC | R=19 0hm..
< 6 CCLPI-PBCw ; ;
I
Ea PBC
%)
S»
o
=)
T
£o
0.2 0.3 0.4 0.5 0.6 ‘ P
Time (s) CH1 2.0v CH2 2.0V 500.0ms  Delay:0.000s
@ (®)

s (g o 365 AREST s (0 o 2 S5 (3l 4 (1Y sl (6t LT 5 (5l s gl A SIS

Cal 0 (AT does (5 el Ol (53l

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5l ¥ oyl VY 0,55 (3 5 (owikige 5> (s o slaailol 4 25



ST s il PLousS’ 287 5 05y b b 2 (o pslie oS 287 1 03linsl b st sy Coliln Sl 3 0| SIDC-DC Juts (2 5 565 s 2 287

) e el (G Y 5e (3l daze Y

52 pec] 92 CCLPI-PBC
S50 @ S50/ § B
&0 &
S48 =48
= =
> B >

46 46

3 35 4 3 3.5 4 4.5
Inductor current (A) Inductor current (A)
() (<)

.CCLPIHPIC cus'J 25" (© PBC oS’ 28 (Ll ¥ g5k (sl o 51 06 Calos O o bl pp m s 5 55 g 18 S0

GL 5 Olabl S (2 lesT ool s (Line Regulation) (g3, 5Ws Sl i ol 53 Cuslie ob, ¥ b3l
(ol 0 o3ls IS S5 VP & I PY 163555 S5 ¢ shiie ply el ol (s 1 005 i Sl 5 b g o 53 e
odd WSae VY 50 L;ud.ixpdquﬂ&lg&p,@u@@u.@\quu,m S50 A e s S Je 5o
o]
4 536 oS Y Sl 3955 5y 3L &S (6 5b 0t 550 PBC o 2875 Slas Cans ) S il L
st 5, CCLPI-PBC (g3lgiiny oS J 18 ¢ blis 55 .Sl 03 S bl s 4 0T (g 5 55 50355 0 gem¥ S 5 Lai>
el 0 I O L;,,;u,>4,,u¢~:;,ju;;|&sé>@@yuujfﬂfgi,.ym,umw>}>~5t & 5o s
o 3| s 518 aba (Y ) PBC iy 55 &8 aas e 0lis (1) Ji:u);uwpij,w,ﬁw
b (sl Sl o8 ol o bl (I3 TV 3505) B olaals 5 it Jsled alali 4y 5 ool )l (5 00) A o plae
A ol i B o s o LS b e ()Y JS5) CCLPI-PBC 5 55 bl cosl 2
Y Caslin 5 4 gl ) ol 0 | Ko Byl Jsls o 4 Tacmn o pllas oSl s oSG b Lok ab 5513 63555

S o Aol (639,59 Wy s Sl ksl s 1) eolgrin )

HIGI]LI . : ‘ , . : : . :

. ‘ ‘ | | CCLPI-PBC (OUTPUT NOLTAGE (V)
| CCLPI-PBC .\ PBC(OUTPUT VOLTAGE (V)) .
40| (OUTPUT VOLTAGE (V)) A S
2 Masa g oens ianmnasnnes AT SOAAIONG
=35) PBC | S A SR ST A S
~ 30 (OUTPUTVOLTAGE (V)) | 0 N

-l A A e 1_ _____ INPUT VOLTAGE (V)|

,,LINPUT VOLTAGE (VY R

0.2 0.4 0.6 0.8 1 B

Time (seconds) : : ; ; : ; Lo :
(&) CH110.0v CH210.0V CH310.0V 500.0ms  Delay:0.000s

(<)
L;}Lu-t:....j:(J.S\@JJ}ABMJP{))sz:?JLifLfd?jjij6)))}3\2]}é‘ﬁrﬁjbé‘ﬁ‘@&&ibjT)é‘ju%@uwuﬁ:" <

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5ul ¥ oslad VY 0,55 (3 owikige 5> (b b aileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

Yy ) e el (G (Y 5e (3l daze
5‘53 _60
<.,| CCLPI-PBC < | PBC A
95 51 8 %
[ <
- e
O 50 A B 3 40
” >
; 49 -
[ = 30
Sa :
3, B
25 3 3.5 4 4.5 5 0.5 1 1.5 2 2.5 3 3.5
INDUCTOR CURRENT (A) INDUCTOR CURRENT (A)
(<) ()

24V 432V I 55,5 Sy i Sl 55 Calis b 2 o (255 S S o e 1Y) G

533,85 o B G5 3550 e el Conlad pde 5 Caglie gy 5 Sl o LT nl 55 8 Gbe3T
et oS 28T b 53 0k eslinal (o slie b e il (gl el o7 (ol 55 (J S w3 Shes ¢ 2w o
S £20% 0150 & R) b slan 5 (C) G5l b b polan cpshite s 35 on (b 5)1 (620l Samlad pte) L)1
Sl (8 e ol polie 4

Vorr ol Hlae s S g 5 O3 Cud b 53 (L5315 LaalS) (sheoyn Yo s Jlesl bt g5l b b Ol o (L)
Dbl 530S U287 55 805 45 gn odalin &7 bOlon ol ods fuols VY S Gillae A8 LT gl 3135 e
los S i ol ol O3k |y (s 2 S5 503 g pslie S5 L b

Tl okt 4§ L5 s 2 Y0 L (ol e ¢ sl ol 53 1l e slie Sl i (o

I3 L s Sas S rs) 53 8 cCuslin (RI1IL ST das s OUS GV S o 1Y 7D glie o531 )
.xtm\;&@fﬂmdﬂ\);w”mb

365 (Ob Rl Caslie [ials L aST sl 6358 0 Obled VW IS 5 ol il (YD) Caeslie zalS Y
Li> L CCLPI-PBC (gslgiis oSJ 28" bl el Cond e o sl Sl il 5 5 0 <ol PBC 5, 55 25
Wl o3 SO 565 (65 s S 385

& byl sla ks r.\;ﬁlﬁ,g&gu)ud@,w;,puu;a CCLPI-PBC iy, & S o b b jilesT oyl

el 135 5 51 0 50 0 B3 4 S SV Sl Sanslin 51 DL 288 Lyl 5 53 05 9)

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VEF Olna 9 0l oV opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



ST s il PLousS’ 287 5 05y b b 2 (o pslie oS 287 1 03linsl b st sy Coliln Sl 3 0| SIDC-DC Juts (2 5 565 s 2 287

) e el (G Y 5e (3l daze

Yy

RIGOL

RIGOL

Output voltage (V)

/. ;

CH1 10.0v¥

CH2 10.0¥

H00.0ms Delay:0.000z

(A O3 e sde 3 Ve AL Al L s S AT s 1Y S

R=250hm

Output voltage (V)

CCLPBC
kel

o i

o BB AN WA A -

“pBC

tR=20o0hm

"R‘ZO%*R' I ORI

RIGOL

Output voltage (V)

CUUCeLPBC

CH1 10.0v CHZ2 10.0V

36:%L;o.l;;fdj:;fj:)}.,é}J;;,'c.l,»f.al)l;’anéjjlﬁJ:JﬂngHﬁ&nJ:bﬁﬁthd\)s 0 Jaﬁlﬂ)T

500.0ms Delay:0.000s

(@)

CH1 10.0¥ CHZ 10.0¥

500.0ms Dielay:0.000z

(N

DMas 53 Gho 3 Y EalST L g 5 S (O e & b Caglie Hldde 5 (g s Ve u.i.llj'blLIU’},))&}L:S)(JI:GA&L_L:}T@\:J:\T’J&:;

T ok Caslae

o5 512 PIR PR PID « PIss oSCadIS” (slao i J =87 Y+ ] o o 5o V3 e 5,8 e 15 2l 5,5 PBC
SPBC s e 5y 53 amlie r S5 s cal 55 bl 14 8 515 )y 3,50 0l 31 DC-DC - Jats 53U
S gl eV w gl e Vel ol sl sl Hldie oST el 3 5 Jdee Sl bt p . CwICCLPI-PBC
33 ) 33 oS 5 Shes 4N 5ol 3l ol \fJi,:,ayu@u.@u.u@uwa(,ubg,\iuﬂg.:m.;g

oslizal Y/ L;\b}u\}l{y\w\}l:...«bl:&ejhdj.k?)::ﬁyMQL»)'ww)aﬁ@\;bogu.@\ax_sfﬁb\\’d}.k?

el ol

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025

VPP Olna 9 ml ¥ o)led VY 095 (3 (owitiga 53 (o b Glaaleli 4 a5



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

Yo ) e el (G (Y 5e (3l daze

80 r n
60 k
s 1\ =
N 40 -
()
o
S
o 20 ( .
> ‘ —Reference voltage
0 —Capacitor voltage-PBC |
Capacitor voltage-PBC+CCPIC
—Input voltage
-20
0 0.2 0.4 0.6 0.8 1
Time(sec)

@A e Y 4 gl o Ve Sl el e i b s 5 Sy (ileand ez 11E G

Sl bl i b agrl e 53 (60, T (ionte) PBC oS 287 el [asniin VP JSEE ls 505 55 7 ) sblen

g BB LB Ll Sl gl ¢ L &S (g ke ST s S5 00 6,‘)\md,,t,5wj.ut,:@;)cu%§uw

o6 ke (5 s 5a) COLPI-PBC (3lgity oS J 587 ¢ ilin 53 .3 55 g0 |, Kon (L5 0Y/0 5500) VL (65U 5 65,
s gr Gate I 00 e S5 (55 JolS 85 Lol S Sl S8 Olo3 S 1 ey b il 50 Ve e

SIS 93 G aelie IV Jgor

PBC  PBC+CCLPIC iolyl
0.0107 0.003284 (436 &Sy anls 0l
0.08182 0.01801 (45) S 0l

2.55 0.01 (L) LBl S s s

S e U 1) olgig iy e 55 oY et glaesls )
L) PBCJ”J’UG,WJMMQ_,EJ@W\: N 3 g (63lgty gy 53 i e A3y e =)
Al o (a5l 0/ AN
s Y00 il gl slyls PBC g, 87 Jbo s ol 8L Sl (glbs s Ls P e i old) Sds Y
Wl 03ls S EIy /0 5l ldie 1y s ol CCLPI-PBC s, el
S o 55 el 3L jlms Joo 333 sls el )L« PBC d:,,viz_.ﬁ\jsmwowcﬁj@@udu\ﬂ@
S g g Sl (sl ks gl ke il 53 1) s 3 Shoe CCLPI-PBC s jlest L
5 S | el Sl e Sy il 2alS (sl e ) (e e Ve 1 il Bl lie ST
sdaline (5l Hls 5e3) Call-V0 JSCa 55 S bl ot osls il V0 JSKi 53 Calw 0L o 5 29 5 Wy (g5 lwans
st s eyl it ol sz 53 e (o el sl 4 b (Sl s 4 (T oia) PBC oS J 2878 555 s
CCLPI-(sslgty oS d =87 ¢ Jolie 53 .Gy CondT sl ) Cned ((Slin (i) e o S5 L GUail 0 536 50 i
Sy ks o gllan (B yos S 1y Cale bl 0l p Ve R ek oo ki 508G L G s2e) PBC

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VEF Olna 9 0l oV opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



ST s il PLousS’ 287 5 05y b b 2 (o pslie oS 287 1 03linsl b st sy Coliln Sl 3 0| SIDC-DC Juts (2 5 565 s 2 287

) e el (G Y 5e (3l daze \id

M;u)&k}JéuJﬁ)K))&}%JjJ&bd;ﬁcﬁébuﬁ;&uj"‘a‘.wlc.}‘}«;duﬁcprw)i‘)6—,&
RGO PR (l:u‘a.\ij.f}J d‘wé\%&fdjb)é@‘@{d&%‘ﬁ

80 : : : : :
—Vref

S 60 —Vc-PBC
g — Vc-PBC+CCPIC
2 \
S 40
Qo
1]
o
w“
o 20} B
(]
(2]
8
o | i
> 0

20 ‘ ‘ ‘ ‘ ‘

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time(sec)
()
60 T T T T
—Vref

50 I —iL-PBC |
< iL-PBC+CCPIC
S
2 40} 5 ]
o
3
£ 30| 4
-
)
e 3
o 20 1
g 0.36 0.3601 0.3602 ,0.3603 0.3604

b L_/A\ ]

0 L L L L L L L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time(sec)

(<)

ok 0L 2 (5 5y (Call 00 g 5l 65\.»4.:..2@@:\0 <

S 8 Ol e S 5 ko palie 53 Sk Jlesl & PBCHCCLPIC 5 PBCslasuiS'J 57 anglia L 14
el 035 Jae 3356 PBC ostiS Y 55 o Jlo 3 035 o 55 o35 4 536 o 5w PBCHCCLPIC eS8

Lo 3 (CCLPI-PBC) wibanu 57 J 587 (651 2l 0o molor amglin 5 cs0lgiiy ) (651 5 o0l o 5 shata &
sl 0 1,1 U 53 DC-DC sladis J 25 Jsldae sla s

s 4536 g5 o3l bl 08 e (PI/PID) eSS 0t J 287 el 0k (g 1 § 5 50 Slodl )3 88 5 b0l
s 3 Slas caloalsd pde 5 b bl Sblag )i 55 Aol 5 Sl 0dd (g5lo Jost IS 4l b1 s ows (5l
Coaslin 5 (5l L 4 ST(SMO) 3530 e J 28 s st e sl by ¢ Jolie 53 [Yr A das s OLis 5 5
4] 35l o s 1y AT es (g5luesly & dzn (Chattering) 55 3 ooy s 13 Lol e yls Solalazel o, 55 oV
[VY ¢

Jolos el Sl (Bl 3L e s & (PBC) 055 Ui b e slaestiS 287 K05 (65
G353 oo 4 0T s Sawls Kl PBC otas oo el ol b [V OF] K58 o o guies Sl sl 5 0o 5L
é,Lgu};};@d,,,:&u)\f.uuauswkgw‘u,ui,gﬁgﬁuru\;;}jo,yﬁ&w@@.AW
(3o s SLaeSh i At g Sla sy e (W OF] ol oy ket slaezn; S 4 56 Y gene 4 o

[V‘F]u\a.{@dﬁ?ﬁ'r.:.v\«:—ﬂ4.)|)6:§~ﬂ@'ulmjbjaly)‘}&3hd“—‘5‘)‘u\{\iQU‘LA‘GJJJ‘J&YL&J:{A{QJM“\?;‘

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5ul ¥ oslad VY 0,55 (3 owikige 5> (b b aileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

YV ) e el (G (Y 5e (3l daze

(Sl oS Y 28" VL 35 s PBC 2y, 6l o 651k 32l L (CCLPI-PBC) (s3lgiin iy et opl 03
odalin 0 Jgdr 5345 5 sbolen bl o JolS 5 5b 41y Ll Sl (gllast YU Slalons S oy 05 Sl 0l 35 g0
pde oy 53 kel PBC Ol 5 0387 onndss 1) (gl 310 «SadS™ 5 805, O 2 sy ol 5 o0
b eyl o (51 g5 0 151 (55l Comba cdllin 55 ol ST p3Y el glin SIS (6 el (slaoalad
Ll 55 o T Sl b J 587 s (ML & L o (6 5 e ol jzan 87 pate sl IG5 PBC oS’ 87
33,8 7 e SIS aalsl gl slgriy Ol 4

uomJ,:Sji;_;\,’@%aMJ;f;ﬁé\wm :\'Jju\?

& bwlxo Hb 2y 38 Cwglio
A - Swoliad Fuly . e Glas .
Sl Gl Sl e Fowa) s Cunkbpos ‘ G 95
(s Olo3) Ik
(121 Solsl
QY:‘&A) ol Cods> . & £
Pl iy iy o sl o e pslin sl Sl 95
(G oo Ly ,3) (CCLPI-PBC)
! gl L s o | s
e - Sl oS b =3 - ’ 2 o S
Jote Sl s (Ui & ) (5 1) (PBC) it
Ao 5wl oS shols/ law g ol (o> a .
e 5 oy e S S e " ST g5
Gl GOl O ki J ) Sl (s @) (PI/PID)
ESREREE . 53 e J s
&l Lo g , lae =
(Chattering) e > e © g (SMC)
_ 3L ol
S Slslone oo o %
] e Ly ta Sltg) - Joe 255 4 acls s Ol ot J AT
IS 4y 5a - MPC) Jao
(T
L) oS ps Aadigd Gl
T f Sl )lpds L5 L g Lo g s . gS‘ 2
soll (s38)

& 5 doms 1

(CCM) w5y olts Sl 3 0| HIDC-DC Juts 5W5 0ot (sl 2 iy Gl 5 5o S8 ksl oS cllae oyl s
3l Dl 585 1) 5y it a5 oS ol 56 ot b oale (s ol S5 55 ol 2l s (g5l 5 41,
(s oS Y S plesl b (oS 5 (ST B K e p e sl B g) (ST 5 gdome & e s Ml o pade sl
SWy sslgiiy b 55 b osls axw g (CCLPD Pl sne (65T s dil 0aiS'J 287 5 (PBC) 03 Jlb 8
SO ml i me (oSl Sl o 555 0 J ST ik OL 2 G35 (b3 Gk 1 g et b D0 4 (s A
S or e 5 (PBC 4 Lgs o) s a4l 0t e (651 ol il (J 287 056 45 5 g

T 03 3 A 4l STMB2 aijls 5l eslizal | ARaLST 650 ¢ oslgiin oy 3 Slas ot lzel st o
b3 3550 (S alsly (Slaaalsd pde 5 b Sl (5358 Sy Dblu g cpom o Sy (gl Dl ks Jols 418 b 05T
L agrlge 3 Ll oS o Laim 1, S ()l eSS PBC eaiSJ 257 4 S48 5l 0l laglin guls (23 5 513
SIS 4 s 5 s S5l & sas Ol 4) 358 o g 5 B LB dile Sl gllast Hlos 5L Caoslin 5 (63959 S5 Ol o
o (53 o 4 I Kl Caols 51 6,80 00 L (CCLPI-PBC) (s3lgiiny oS 87 ¢ Jlie 53 (35,5 Lol 51 s
s 5 0 @f)\.uﬁw,ﬁiaﬁs;\)Lﬁ,ﬁ;w“ag;_b»&ts,}b@\J,tf,uu o slas (s,lly aim

&‘J&L&fﬁblﬂ&‘ﬁ:ﬁmw&)wwwéawu;})6:‘JQL&QJ}’C}L&¢L§&Q}A)TJ\}¢)Wu\.iLNGA

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VEF Olna 9 0l oV opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



ST s il PLousS’ 287 5 05y b b 2 (o pslie oS 287 1 03linsl b st sy Coliln Sl 3 0| SIDC-DC Juts (2 5 565 s 2 287

) e el (G Y 5e (3l daze YA

Oramen 5 Ol Caslie 5 G5l b b palie 3 geo s Tr Lo pde dlesl b (o 45 L5 ST A0l as il o)l e
S oo Bad 1) 55 Olag Dy 5 oshlan 5 Shes e (55l o ) 4 (gl e V0 D) i S5 S s
G ololis & 5L 05k s MPC i gl sy O ) R Slbmn b Joasd O (53l 38055 ¢zl
G5 S Judos omen s s S| Sy Dlle g 4 el slas 1) 6l smie 5 el TS el (sl
F3o3n U5 4 5 o (S S il 53 o ST ety Jlime DI 08 8 5 5 b LT e 5104

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

3,8 S s s ST R3Sl

&y

Sedaghati, F. and S.A. Azimi. 4 non-isolated bidirectional dc-dc converter connected to the t-type three level
converter for electric vehicle battery charger. in 2023 13th Smart Grid Conference (SGC). . IEEE.

Sofiya, S. and S. Sathyan, A series inductance based three-port isolated hybrid DC-DC converter for
microgrid applications. Renewable Energy Focus, 2023. 47: p. 100501.

Waghmare, T. and P. Chaturvedi, 4 higher-order sliding mode controller’s super twisting technique for a
DC-DC converter in photovoltaic applications. Energy Reports, 2023. 9: p. 581-589.

Basha, C.H., et al., Design of GWO based fuzzy MPPT controller for fuel cell fed EV application with high
voltage gain DC-DC converter. Materials Today: Proceedings, 2023. 92: p. 66-72.

Kim, H.-S. and S.-U. Shin, 4 High Conversion Ratio DC-DC Boost Converter with Continuous Output
Current Using Dual-Current Flows. Energies, 2023. 16(8): p. 3603.

Jung, Y.-H., S.-K. Hong, and O.-K. Kwon, 4 high-efficient and fast-transient buck-boost converter using
adaptive direct path skipping and on-duty modulation. Microelectronics journal, 2017. 70: p. 43-51.

Wai, R.-J. and L.-C. Shih, Adaptive fuzzy-neural-network design for voltage tracking control of a DC-DC
boost converter. IEEE transactions on power electronics, 2011. 27(4): p. 2104-2115.

Jeong, G.J., L.LH. Kim, and Y.I. Son, Design of an adaptive output feedback controller for a DC/DC boost
converter subject to load variation. International Journal of Innovative Computing, Information and Control,
2011. 7(2): p. 791-803.

Robles, J., F. Sotelo, and J. Chavez. Robust nonsingular terminal sliding mode control with constant frequency
for DC/DC boost converters. in 2020 IEEE 21st Workshop on Control and Modeling for Power Electronics
(COMPEL). 2020. IEEE.

Roy, T.K., et al. Robust adaptive backstepping sliding mode controller for a DC-DC buck converter fed DC
motor. in 2021 Joint 10th International Conference on Informatics, Electronics & Vision (ICIEV) and 2021
Sth International Conference on Imaging, Vision & Pattern Recognition (icIVPR). 2021. IEEE.

Salimi, M. and S. Siami. Cascade nonlinear control of DC-DC buck/boost converter using exact feedback
linearization. in 2015 4th International Conference on Electric Power and Energy Conversion Systems
(EPECS). 2015. IEEE.

Singh, S., N. Rathore, and D. Fulwani, Mitigation of negative impedance instabilities in a DC/DC buck—boost
converter with composite load. Journal of Power Electronics, 2016. 16(3): p. 1046-1055.

Sun, S., et al. An Adaptive Passivity-Based Controller for Boost Converter Supplying Constant Power Load.
in IECON 2023-49th Annual Conference of the IEEE Industrial Electronics Society. 2023. IEEE.

Gupta, L. and S. Bhandari. Modelling of Passivity based Controller for Buck Boost Converter.in 2022 Second
International Conference on Next Generation Intelligent Systems (ICNGIS). 2022. IEEE.

Rodriguez-Cortes, C.J., et al. Passivity-based control for a high reduction ratio step-down converter in a
battery charger application. in 2024 International Symposium on Electromobility (ISEM). 2024. TEEE.

He, W, et al., An adaptive passivity-based controller of a buck-boost converter with a constant power load.
Asian Journal of Control, 2019. 21(1): p. 581-595.

Zaidi, A., A. Chaarabi, and N. Zanzouri. Adaptive Passivity-based sliding mode control of a boost converter
with parasitic parameters. in Sth International Conference on Control Engineering&Information Technology
(CEIT-2017) Proceeding of Engineering and Technology—PET. 2017.

Yazici, 1., Robust voltage-mode controller for DC—DC boost converter. IET Power Electronics, 2015. 8(3):
p. 342-349.

Ortega, R., et al.,, Euler-Lagrange systems, in Passivity-based Control of Euler-Lagrange Systems:
Mechanical, Electrical and Electromechanical Applications. 1998, Springer. p. 15-37.
Padhmanabhaiyappan, S., R. Karthik, and K. Ayyar. Investigation of controllers for dc-dc boost converter. in
2018 International Conference on Power, Energy, Control and Transmission Systems (ICPECTS). 2018.
IEEE.

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5ul ¥ oslad VY 0,55 (3 owikige 5> (b b aileln 4,25



Sahand University
of Technology

DOR:

20.1001.1.23223146.1405.12.2.2.1

Journal of Nonlinear
Systems in Electrical
Engineering

Vol. 12, No. 2
Autumn and Winter 2025
ISSN: 2322 — 3146

http:// jnsee.sut.ac.ir

Automated Multi-Parametric Analysis of Brain Lesions Over
Time: A Detailed Deep Learning Framework for Quantitative
Characterization

Mahdi Bashiri Bawil', Mousa Shamsi'", Abolhassan Shakeri Bavil?

I Department of Biomedical Engineering, Sahand University of Technology,
Tabriz, Iran
2 Department of Radiology, Tabriz University of Medical Sciences, Tabriz, Iran
*Corresponding author email: shamsi@sut.ac.ir

Abstract

Multiple sclerosis (MS) diagnosis relies on MRI lesion assessment, but qualitative approaches suffer from inter-observer
variability, and advanced quantitative methods lack standardization, integrated longitudinal analysis capability, and clinical
interpretability. This study aims to develop and validate a deep learning framework for automated multi-parametric quantitative
characterization and longitudinal monitoring of MS lesions. T2-FLAIR data from 300 MS patients were analyzed using conditional
generative adversarial networks (cGAN). The framework implements context-aware lesion refinement and neuroanatomically-
informed classification to distinguish between periventricular, juxtacortical, and paraventricular hyperintensities. Multi-parametric
analysis quantifies lesion features including count, area, and location, while the temporal analysis system enables automatic
integration of multi-timepoint data and longitudinal change tracking. The framework achieved excellent correlation with expert
assessments (r = 0.975-0.989, MAE = 0.7-1.7), and workflow efficiency improved with a 73.9% reduction in analysis time (p <
0.01). This framework bridges advanced image analysis, automated longitudinal monitoring, and clinical application, providing
standardized metrics aligned with McDonald 2017 criteria for assessing disease progression over time.

Keywords
Multiple Sclerosis (MS), Deep Learning, MRI Lesion Characterization, Neuroanatomical Classification, Longitudinal Analysis
1. Short Introduction

Multiple sclerosis (MS) affects approximately 2.8 million people worldwide and involves heterogeneous pathological
mechanisms leading to demyelination and neurodegeneration. MS diagnosis and monitoring rely heavily on MRI, yet qualitative
radiological assessment suffers from significant inter- and intra-observer variability, especially for longitudinal monitoring.
Automated deep learning approaches have advanced lesion segmentation, but systematic integration of multi-parametric
characterization with longitudinal analysis and clinical interpretability in a single framework remains a challenge that the present
work addresses.

2. Proposed Work

The framework processes T2-FLAIR MRI through preprocessing (noise reduction, brain extraction, intensity normalization),
then dual cGAN models (pix2pix/U-Net architecture) produce initial segmentation masks. A context-aware lesion refinement
algorithm resolves boundary ambiguities via spatial adjacency and geodesic distance analysis, followed by neuroanatomically-
informed classification into periventricular, juxtacortical, and paraventricular categories. Five-domain quantification (count, area,
penetration depth, hemispheric position, signal intensity) and an automated temporal analysis module enable longitudinal
monitoring. Clinical validation with 3 neuroradiologists on 9 cases yielded r=0.975-0.989 across all lesion categories, 73.9%
reduction in analysis time (p <0.01), and consensus expert rating of 9.0+0.0/10 for clinical readiness.

3. Conclusion

The proposed end-to-end deep learning framework automates multi-parametric quantitative characterization and longitudinal
monitoring of MS lesions, achieving correlation coefficients above 0.975 in all neuroanatomical categories while reducing analysis
time by 73.9%. The framework provides standardized, reproducible metrics aligned with McDonald 2017 criteria with a readiness
rating of 9.0/10 from expert neuroradiologists, with implications for precision medicine and clinical trial optimization.
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Abstract

Semiconductor gas sensors are widely utilized in environmental monitoring due to their low cost and rapid response. Recently,
researchers have turned to periodic calibration methods and complex deep learning models to address the challenge of sensor drift.
However, conventional calibration requires continuous human intervention, while standard deep learning models are
computationally prohibitive for edge computing systems. This paper presents a comprehensive framework for drift detection and
compensation in semiconductor gas sensor arrays, combining sensor physical knowledge with lightweight deep learning. In the
proposed framework, raw signals are first preprocessed, and temporal features are then extracted using a lightweight one-dimensional
convolutional neural network (1D-CNN). Mahalanobis distance is employed for drift detection, while adversarial subspace domain
adaptation is utilized for drift compensation in the feature space. The proposed architecture is tailored to the hardware constraints of
edge systems. Evaluation results on the available chemical gas sensor array benchmark demonstrate that the proposed model, with
only 128k parameters, achieves a classification accuracy of 91.8% and reduces the Kullback—Leibler divergence to 0.137 under the
evaluated drift-related distribution-shift setting.

Keywords
Semiconductor gas sensor, Drift, Lightweight deep learning, Drift compensation
1. Short Introduction

Over the past decade, the rise of the Internet of Things and smart cities has increased the need for reliable environmental
monitoring, making metal-oxide semiconductor (MOS) gas sensors widely used because of their low cost, compact size, high
sensitivity, and fast response. However, their long-term use is limited by sensor drift, which gradually reduces detection accuracy.
Traditional recalibration methods are costly and impractical for wireless and remote systems, while many learning-based solutions
are too complex for edge devices. To address this challenge, this work proposes a lightweight framework that combines robust
preprocessing, statistical drift detection, and an efficient 1D-CNN for practical drift compensation in real-world MOS sensor
systems.

2. Proposed Work

This study develops a lightweight modeling framework for semiconductor gas sensor arrays that integrates robust signal
preprocessing, automatic feature extraction with a 1D-CNN, statistical drift detection, and adaptive feature-space compensation.
Evaluation results under the considered drift-related distribution-shift setting show that the proposed method outperforms the
classical and semi-classical baselines, achieving 91.8% accuracy, an F1-score of 0.909, and the largest post-compensation accuracy
gain. It also provides the best distribution alignment, evidenced by the lowest Kullback-Leibler divergence, indicating more effective
recovery of drifted sensor responses. In addition, the model maintains low computational cost, with only 128k parameters, 4.1M
FLOPs, and 11.4 ms latency, making it suitable for real-time edge deployment. Overall, the framework offers a strong balance
between accuracy, drift robustness, and hardware efficiency for practical gas sensing applications.

3. Conclusion

This paper presents an integrated framework for drift detection and compensation in semiconductor gas sensors, combining signal
preprocessing, a lightweight 1D-CNN, and statistical drift monitoring. Evaluations demonstrate superior robustness over existing
methods, achieving 91.8% accuracy (F1-score: 0.909) and an 8.1% improvement post-compensation. A Kullback-Leibler divergence
of 0.137 confirms effective distribution alignment. Furthermore, with only 128k parameters, 4.1M FLOPs, and 11.4 ms latency, the
model is highly suitable for low-power edge deployment, balancing accuracy, stability, and computational efficiency for real-world
sensing.
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! Feature Domain Compensation
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! Maximum Mean Discrepancy (MMD)
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Abstract

This paper presents the design, simulation, and optimization of a second-order discrete-time sigma-delta modulator intended for
biomedical signal acquisition. The modulator is implemented in Cadence environment using a standard 180 nm CMOS technology
and operates with a signal bandwidth of 500 Hz, targeting neural signal recording applications. The design employs an oversampling
ratio (OSR) of 256 and a sampling frequency of 256 kHz. The modulator achieves a maximum SNDR of 76.3 dB, corresponding to
an effective number of bits (ENOB) of 12.4 bits. A key contribution is the design of a low-power two-stage operational
transconductance amplifier (OTA) with load-capacitor compensation, featuring wide output swing and consuming only 5.26 pW.
The complete modulator consumes 10.7 uW, including the power dissipated by the OTA and a dynamic 1-bit comparator. The
resulting figure of merit (FOM) is 1.98 pJ/conversion-step, demonstrating competitive energy efficiency compared to recent state-
of-the-art designs. These results confirm the suitability of the proposed modulator for implantable and portable biomedical devices.
Keywords

Analog-to-digital converter, sigma-delta modulator, analog integrated circuits, two-stage amplifier, second-order modulator, low-
power biomedical electronics

1. Short Introduction

Sigma-delta modulators, introduced in the 1960s, have become a cornerstone of high-resolution analog-to-digital conversion due to
their inherent noise-shaping capability and low sensitivity to analog circuit non-idealities [1]. Unlike Nyquist-rate converters, sigma-
delta modulators utilize oversampling and quantization noise shaping to achieve high resolution at moderate bandwidths, making
them particularly attractive for precision measurement and biomedical applications [2, 3].

As CMOS technology scales, challenges such as reduced supply voltages and increased process variations pose significant design
difficulties. However, sigma-delta modulators remain a robust solution, although their conversion speed is inherently limited by the
oversampling requirement. In the context of low-power implantable biomedical systems, energy-efficient data acquisition with high
resolution is essential for monitoring physiological signals such as neural activity, which typically have bandwidths in the range of
a few hundred hertz [4, 5].

Motivated by these requirements, this work presents the design of a second-order sigma-delta modulator optimized for brain signal
acquisition with a 500 Hz bandwidth. The design focuses on achieving high resolution, low power consumption, and reduced silicon
area, while maintaining sufficient robustness for practical biomedical applications.

2. Proposed Work

2.1. System-Level Design Using the Schreier Toolbox

The modulator was initially designed at the behavioral level using the Schreier Delta-Sigma Toolbox [6] in MATLAB. The objective
was to determine optimal loop filter coefficients and quantify the sensitivity to non-ideal effects such as finite amplifier gain.

The system-level architecture is depicted in Figure 1. Behavioral simulations show that the peak signal-to-quantization-noise ratio
(SQNR) occurs at an input level of -5 dBFS, beyond which integrator saturation degrades performance. This defines the maximum
allowable input amplitude for the modulator.

Amplifier gain requirements were also investigated. As illustrated in Figure 2, increasing amplifier gain beyond 40 dB (100 V/V)
yields diminishing returns, with SQNR saturating above 90 dB. This provides a clear specification for the analog circuit design.

2.2. Proposed Architecture and Comparative Evaluation

A simplified architecture was developed as an alternative to the Schreier-based design, as shown in Figure 3. This proposed
architecture eliminates two summing nodes and uses unity coefficients to reduce circuit complexity.

The dynamic range simulations for both architectures are compared in Figures 4 and 5. The Schreier-based modulator delivers
marginally better SQNR (approximately 95 dB versus 89 dB for the proposed structure at 40 dB gain) and improved voltage swing
margins. However, the additional complexity of the Schreier design, including non-unity coefficients and extra summing nodes,
significantly increases implementation effort and silicon area.

Table 1 summarizes the key trade-offs between the two architectures. Considering these trade-offs, the proposed structure was
selected for circuit-level implementation due to its simplicity and lower area overhead.

2.3. Circuit Design and Simulation Results

2.3.1. Operational Transconductance Amplifier (OTA)
2.3.2. Comparator Design

2.3.3. Complete Modulator Simulation

3. Conclusion

This paper has presented the system-level design, comparative evaluation, and circuit implementation of a second-order sigma-delta
modulator for biomedical applications. The proposed architecture, selected for its reduced complexity, was implemented in a 180
nm CMOS process. A low-power two-stage OTA with load-capacitor compensation was designed, achieving 40 dB gain and 70°
phase margin while consuming 5.26 pW. The complete modulator achieves 76.3 dB SNDR (12.4 ENOB) over a 500 Hz bandwidth
with a total power consumption of 10.7 pW, corresponding to an FOM of 1.98 plJ/conversion-step. These results validate the
suitability of the proposed design for low-power biomedical systems, such as neural signal recorders.
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Abstract

This paper presents the design and implementation of a robust adaptive fuzzy sliding mode controller for the synchronization of
non-canonical chaotic systems. Unlike most conventional approaches reported in the literature, the system dynamics are assumed to
be completely unknown, and no prior information or bounds on uncertainties, external disturbances, or unknown parameters are
required. The proposed control strategy employs an Adaptive Neuro-Fuzzy Inference System (ANFIS) to approximate and identify
the unknown chaotic system dynamics in an online manner. Subsequently, a sliding mode control law is developed to ensure accurate
and stable synchronization between the drive and response systems. To rigorously analyze the closed-loop behavior, the asymptotic
stability of the overall system and the convergence of the synchronization error are mathematically guaranteed using Lyapunov
stability theory. Numerical simulation results conducted on the Lorenz and Chen chaotic systems demonstrate the effectiveness,
high accuracy, and strong robustness of the proposed method in the presence of external disturbances and unbounded uncertainties,
highlighting its potential for practical engineering applications.

Keywords

Chaos synchronization; Robust adaptive sliding mode control; Adaptive neuro-fuzzy inference system (ANFIS); Non-canonical
chaotic systems; Lyapunov stability; Unbounded uncertainties

1. Short Introduction

Chaos theory has attracted significant attention due to the complex and unpredictable behavior of nonlinear chaotic systems.
Synchronization of chaotic systems, first introduced by Carroll and Pecora, has become essential in various engineering applications,
with numerous methods such as sliding mode control, adaptive control, and fuzzy control proposed in the literature. Despite these
advances, many existing approaches assume bounded uncertainties or fully known system dynamics. This paper proposes a robust
adaptive fuzzy sliding mode control strategy capable of synchronizing chaotic systems in the presence of external disturbances and
unbounded uncertainties. The effectiveness of the method is validated through several simulation examples involving different
chaotic systems.

2. Proposed Work

This study introduces an adaptive fuzzy sliding mode control strategy for synchronizing chaotic systems under external
disturbances and unbounded uncertainties. The controller design integrates multiple linear sliding surfaces with an adaptive
switching law, while an adaptive neuro-fuzzy network is employed to identify unknown nonlinearities without requiring prior
bounds. Stability of the synchronization scheme is rigorously proven using Lyapunov theory, ensuring asymptotic convergence of
the synchronization error. To demonstrate the effectiveness and robustness of the proposed method, three simulation scenarios are
conducted: synchronization of the Chen system with different initial conditions, synchronization of the Lorenz system with different
initial conditions, and cross-synchronization between the Chen and Lorenz systems. The results confirm that the proposed controller
achieves fast convergence, strong robustness against disturbances, and superior performance compared to conventional sliding mode
approaches.

3. Conclusion

This paper introduced a novel adaptive fuzzy sliding mode control approach for synchronizing non-canonical chaotic systems
under uncertainties and disturbances. The stability of the proposed method was rigorously established through Lyapunov theory,
and the adaptive neuro-fuzzy structure successfully estimated unknown system parameters. Using adaptive rules, the required control
input for achieving synchronization was derived. Numerical simulations involving Chen—Chen, Lorenz—Lorenz, and Chen—Lorenz
synchronization scenarios confirmed the robustness and effectiveness of the proposed strategy.
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Abstract
Journal of Nonlinear

. . Melanoma is one of the most serious forms of skin cancer, and early detection can support appropriate treatment selection and
Systems in Electrical y pport approp

reduce adverse outcomes. This study presents a two-branch framework for dermoscopic image classification that integrates high-

Engineering level features extracted by DenseNet121 with local texture features derived from the Local Neighborhood Difference Pattern (LNDP)
operator. Images were selected from the ISIC 2019 and HAM 10000 datasets, and the task was formulated as binary classification

Vol. 12, No. 2 between melanoma and non-melanoma lesions. After resizing images to 224x224224 \times 224224x224 pixels, applying
normalization, and performing data augmentation only on the training set, the 1024-dimensional DenseNet121 feature vector was

Autumn and Winter 2025 concatenated with a 59-dimensional LNDP histogram. The resulting 1083-dimensional vector was fed into a fully connected
classifier with 128 neurons, ReLU activation, dropout with a rate of 0.5, and a Softmax output layer. Performance was evaluated

ISSN: 2322 - 3146 using accuracy, ROC-AUC, PR-AUC, balanced accuracy, MCC, and melanoma recall. The proposed model achieved 97% accuracy,

. . a ROC-AUC 0f 0.98, balanced accuracy of 0.94, and melanoma recall of 0.90. Ablation and cross-dataset evaluations indicated that

http:// jnsee.sut.ac.ir fusing deep and texture features improved discriminative performance compared with DenseNet121 alone. Nevertheless,

independent external validation and calibration assessment are required before clinical use.
Keywords

Melanoma; DenseNet; LNDP Operator

1. Short Introduction

Melanoma is an aggressive form of skin cancer for which early and accurate diagnosis is essential. Although dermoscopy improves
lesion assessment, diagnosis remains challenging because of visual similarity between benign and malignant lesions, image artifacts,
and data imbalance.

Deep convolutional networks such as DenseNet can learn high-level semantic representations but may not fully capture fine local
texture patterns.

2. Proposed Work

The proposed method is a two-stream framework that combines high-level semantic features from DenseNet121 with low-level
texture features extracted using the LNDP operator.

Dermoscopic images are resized, normalized, and augmented during training to improve the model’s generalization ability.
The 1024-dimensional DenseNetl121 feature vector and the 59-dimensional LNDP histogram are individually normalized and
concatenated into a 1083-dimensional feature vector.

This fused representation is passed through a fully connected layer with 128 ReLU neurons, followed by dropout and a two-class
softmax output layer.

The model classifies dermoscopic images into melanoma and benign classes and is evaluated using accuracy, precision, recall,
Fl-score, ROC-AUC, PR-AUC, balanced accuracy, and MCC.

3. Conclusion

The results indicate that combining DenseNet121 deep features with LNDP texture features improves melanoma classification
compared with using either feature type alone.

The proposed model achieved 97% accuracy and a ROC-AUC of 0.98 on the evaluated dermoscopic datasets.

The fusion strategy improved the model’s ability to represent both high-level semantic patterns and fine-grained local textures.

Cross-dataset evaluation showed that the proposed method maintained better performance than the DenseNet121 baseline under
dataset distribution shifts.

Nevertheless, further validation on larger, independent, and clinically diverse datasets is required before clinical application can
be considered.
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