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ARTICLE INFORMATION ABSTRACT

A DC-DC buck converter is an electronic circuit with wide application in power electronics. This
converter acts as a nonlinear system, so it is necessary to use a robust controller to control and regulate
the output voltage under load changes, circuit elements and other disturbances. In this paper, a new fast
terminal sliding mode control (FTSMC) using the property of the terminal attraction as a function of the
inverse tangent for buck DC-DC converter is provided. The performance of this new controller is
compared with FTSMC common type in terms of output voltage convergence time and input control
function structure. The superior property of this controller is its low singular effect on the control
function. Also, this controller has fast transient convergence in different situations for output voltage
stability. Simulation results confirm the proper performance of the new proposed fast terminal sliding
mode control method compared to traditional fast terminal sliding mode converter for DC-DC buck
converter.

Original Research Paper

Received 22 October 2015
Accepted 27 January 2016
Available Online 29 February 2016

Keywords:

Terminal Sliding Mode Control
Fast Terminal Sliding Mode Control
DC-DC Buck Converter

[ DOR: 20.1001.1.10275940.1395.16.3.45.2 ]

23355 512 outs o lans 5y a5 g5k 4 ablise (B slag,055
205 w2 g (e ;090 5 i) Vo jles ploaily b olj sletl>
b SL Jawe oy )5l 50 058 oo (el Joow cpl SS L5 ey,
Gy 3 A1) o g 1y oS glosel 5L onh Cots 25 5
Ol (S50l Joe 3 )o) gl o, Slee Jdo 4 b Jos ol 0
P e Sud 4 (23 5 ooy SUHIN 5 @8 el L
S cwl piy ead plo bYs 4 amgi b Laidl o ool 5 oy b e
ol o 3y canis g S jslate 4y atuy dil> pglie cuiS S S
ub):> LglJbJ..\.:.a L;l).; &;IJ.‘.S Sloal Oy s )'l g soalal l.:aJ.A.:.a

Please cite this article using:

dodo -1
Iy 63959 5Ly 45wt b e o paiiens & puiites bz sl Joe
Jdo 4 oo (nl ojg el aiS (o0 o Fomb b VL (b 4
Sy Qlol JST VL plosdly (S oz g s Ao 1ok bl
A oolitul g azxgi 590 i ot 4d8 mlie & o g (29
797 Wy gl 0aialS it @ el b2 Joae 0 NS o0
St ;0 Jome ol Gloo )5 alez 51zl (05,9 5Ly 5l S
5 Lol gyl o (Sl Glagse 4ds B oS S

1- DC-DC converters

amles edlitwl Jo3 &yle 1 o ol @ gla )l g1

S. Hasanpour, A. Baghramian, H. Mojallali, Fast terminal sliding mode controller design with a new structure for DC-DC buck converter, Modares Mechanical Engineering, Vol. 16,

No. 3, pp. 112-120, 2016 (in Persian)


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.45.2
https://mme.modares.ac.ir/article-15-10432-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1395.16.3.45.2 ]

al)l.ﬁubs)p,_t_cyual)hn

03RS paiiiiuno &y eadiimo Ylipd Jue Sl 3332 HUALE b &3y Jlise )5 (s j3) S0 0345 JyiiS (Al pb

boe 50 SbJowe (Hly Joo 5l rids gile and @S Jya>
05,5 oo aslial T Jolas e sl 4y e Sidgare

@ peltes Obyr o B a4 pgs S o ) die Gl o
Jyol poms Ghom 3 5o a3y ol ke Jae 5 onials puiens
e Jleey 0530 de g Jloo s (A5 s g (o> (LA s S8
Jbese s 0530 de p)loz (A5 50 1398 (o0 (o p 0l la e (sl
Sl oaals” Jase sl ol S5 ol 5 Brre ol @b b g
Sl ploil (il aige o psNl ST L gy clpd G 9 90,5 o0
0 e g olerin e Jlney (B S looass J 1S sln
D)) lodand @l pamiy (i 50 39800 dalons pgmire @ Jlne 5
2 oare s s oy Wy b Cweglie alex I el gyl
oo @y Jleay G55 s g5 by Jloel ooloiiny oS J 1S
ool glye 5 (655 e Jold prin g il i 98 o0 dlie

SN (uis 4 s O > Jokes g2 ) Juko -2
ol 1) oialS gt 4 paiies ol Jowe o sl 1SS
el ¢ Sy gSgw Vin pb 4 it 5y aie S 3l o cpl oo o
el ould JS25 Vo (29,5 55 9 R L Ceaglie « € S o315 o L ks
S ) ol e Sy s s Skee aa 55 sl Jame
3525 5 (Sum0N) Wil diy Su g & Sloj el (T Sizmsges
25 Sy 4 i 4 e Sl 5L colan (D0M) 43y pgels

el

di 1

PR A @
dv, 1, v,

2= cl-%) @

ol o (D=0n) el Shgals sgs0 ¢ (Sw=0ff) wil 5L Sw Tdgw &5 S
ilioe 25 Sz @ ol 4 Joee Sl slad S¥olee >

di, v,

e~ L ©)
dv, 1, v,

@ =cli=%) @)
(4) (1) Latg, 5l oolial b ouzals Jowo dasly, 5 65 Lawgze Jlocl b

O Jaw gl ddb Yol Sizedon (5,8 51 sl 0,90 S 0
st b (6) 5 (5) Lals, <55

di, 1

s Z(uVin —1,) (5)
dv, 1, v,

@ =cli=%) (6)

ol 55 45 el (53955 S8 el Jolas U 45356 (6) 5 (5) Lals; o
Ll uas Sloj o (Sum0n) sl dw S e 22 o b lp 2l

((Sw=0ff ) el 5L Sw g A3b Hio

Lic +
c > Vi
RS Vo
Fig. 1 DC-DC buck converter structure
00ialS ufitns 4 puitons b Jowe Jslo 1 S

Sw L

113

Sl Al aS el b sy las alid e 0 pies
el g b Ceglie 539,93y Sl 2l 5 og polie e
2,5 o)Ll Jowe sl el )y

2o Gl s b e S Gline Sleds, ol
[65] col oo Jloel 555b oials puiins 4 puiioms by Joue

. . 1 ... . .

0 4 pamie SbeShg Jodo 4 [T] 7 oo58) wo (s é J S g,
gl 2ln 50 0o polie «s)lul el (@ (Seslus Gk ozen
4o [11-8] el 33 )8 ax gl 0j90 jlews LSl 0 Solu 5 el
e 535 e Lol (8IS 45 iy 5l o) ae S8
oSy aenly g 0,Sles Cdl ol 0w e sy a5l
[12] 55 anlssu Jlae olalacs! g sl b

s A (2 Ken £ 5 039 Gl (5 e S5 culae 5 (S0
Sl o (33 maw &bl eolaiwl Jdo 4y a5 ol Jobss alais 4
pY b S e 5o (2 Ses E 5 dsne Hsbiie & el s Sl
o0 b oS J 8 [12] sl (2l o & sunS J5S oj b ool
bt o 55 (53555 sl S o 555, 3l & Sy oo 4 Vb
A gl b sl 2 457 Jlie 5 (053 de 0anS S I ol el
8 ol 590 0aialS b Jome j3 5 (Byme Cul Jloy s 8
[15-12] cel a3 8

sl sl g sl (Jliey 23538 e oanS S o
o &y 3ga3e oloy S 0 lady) jho e abab el (295 3
Sy do b33l @b J3le & a2y L Wisde San Jolss abi
[12] A3l g0 BT (6 yims juo g 5 Sgazme Loy jo Jobs abdi U o Ken

rnrs @iKos £5 6o Sl B34 e 0asiS LS az ]
s adgl > a5 Sloy J cnl bl (o o8] ae 4 s
) Sy Sl o0gamme ol ol Se 5wl s 55 90 e
&3 S 5 Dyge 4 e Sl 253 e [16] cal zaS s
ole & 00 5 ool [16] ol Jlopai sl e 5 ot 530
asl e Joles abkais 5l adsl cll> oS olapinnes 0 Spglie ooisS J s
Wb Ol bl obigS Jlasl ales 5l ool o ool jo pgas 4
Sfles Jlpsy do 0aiiS JiuST &5 Jowe g e Sy b g 699,93y
PSS R VRNGH LD RPE VIRRCSUK g Pt B 5 00 ISPV K Ow £
omsi sly 85l |5 oy Sl g Jlia i (2253 a5 Jlis 5
[20-17] Sgdee Jolre J S b jo aad

do sl ir 553 b S il b S8 L alie ol o
(g 00 ST (nl (Shy 00,5 0 (e gy S 5053
5 Jolss o5 05 b o s 4l Ll 3 o fen 5 o Yl
Sl 00iiS S cpl 0SS Al aizmed Sl T 3l 590 Jles o2
oaS S culpe QL Cul pgmye g Jlie s (0530 de 5l keS
SOV Ol 9 e (Seelus ol Co g los p dp O 9o

.- 5 - K . . . - < . - Y B .-

&b 5 o ploil il ane wi)yeNl 5l g Sl (2955 Sy o keS
sohie 4 el 0ol eolatul 29,5 sy slas ojluil 1SSl Ay

1- Sliding Mode Control (SMC)

2- Terminal Sliding Mode Control (TSMC)

3- Fast Terminal Sliding Mode Control(FTSMC)
4- Singularity

5- Practical Swarm Optimization(PSO)

3 osleis 16 095 1395 sls i (e Suilke waiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.45.2
https://mme.modares.ac.ir/article-15-10432-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1395.16.3.45.2 ]

al)l&n&;),gcyual)hn

0B paiiiiuno &y eadiino Ylpd Jue S 3333 HUALE b &3y Jlise 5 (s j3) S0 0345 JyiiS (Al pb

Bl ) yge 4wl (J5S b g pf 86 (S254
u =uf Sl S;(x)>0
u; = u; S S;(x)<0 (11)
o ales Sl Syl G553 e (ht b b Joleo S (11) el o
Jelo 4 a5 el (T (W oy Sizmges (il 8 (il 2l yo 53
o (53) S5 @b I T Gase b S a psese by
sgie Sizdgm SR (nl b Joee ile ooly Joe jo el (254
GRS B )3 g e Sl GarVgde (g) SeS LA 3 s
Moo el USRS b (el Rl e Wb 2e
05 ol (12) alaly &5 45 lsiss |y 63905 J S o 1) [23622]
{1 ) S<-h
u=
0 s S>h
Gy &) s ol Joleo &5 ol 15 0 Jobeo U alal, ol 5o
ST ol 18 o5l gl G9y » s Sl a5 by el S g
ghe 5y p A e b asS 0y (Sw=0ff) =0 JuS b wb
(Suwmon) U=1 sl (B53) s o) oo o (285 5 055 18 53
WS S o sl bt sl ) s b b S 0
(13) alal; oy90 @ (hos (22580 e a5 J 25y (A58 el

Cute 338 fB g e slo Sl Xo g Xaabaly ool 50 098 (o iy puS

(12)

el
S =x,+fBx, (13)

[24] 35500 s 225 ©y90 4 SiLL
av(t,x) __dS

S—<0 14
dt dt (14

G g leq(t) dtwsn iSu Jold Cend g3 5l (5399 J5uS &b
il o (15) abaly &g 4y a5 ol oad LS5 uc(t) atwgml
s 4 s <l B 555 e el 5 sl Jobes 25 il Ueg()
UrS Jobes o5 Ugl) opde Jol> S =0 abal, 5l 5 sy Uisdl
o b ol 553 s 31 Byl pez o] Ay g ol 00 ek
&b wsles Szdow @l 5l Yoeno § 09t Lad> (053] gl 1 ptecs

Sg oo ool gLl Al by g wdle
u(t) = uc(t) + ueq(t) (15)

Jlsn i 330 ho oS J 5 -2-3
Sl oy )0 g dgammeli Jas 833 ae 0aisS S cules 51 (SO
ol o Lais) ma leslaial s 4y oS cl ol Jlade 4 piew
USSR Eet SO PO RS ETVNEEC JYJest SRS
4 e 2l en g (D53 gl Gl 4 azg b all o ot s
o u*’)—"J C‘]a“’ @U "‘\‘:'é‘nf L.‘BL""l Gy g Fogise Ql‘} » «J‘>L"3 abaii
[15-12] el (16) 4 50 & Sy 250

a
S =x,+ px] (16)
45 6l 4555 4 axil e 3,8 Cute Slasl g P ¢ St goae B alal, cnl o
Biowe oS S 3 Jisa 4dlx b asl, Q<P<2 Lya Ly P>Q
ghe $9) 2 29> Wy sl e &85 > 5l Glaebl jslaie 4058
g oolaial Wb ) bl byl 5l 5
$§<0 a7

3 osleits 16 095 1395 sls ya (urde Suilke wiie

slas oYsleo (T 5ty sl Q‘B‘m 4 X ,eSe u—«-"; A ek
Yol Sjse a4 Jow (29,5 Uy sl > snials Jow SJ>

(4, = % ) a8k (9) 5 (8)

X1 =V — Vref (7)
% = X, = Vg = Vier = Vg (8)
, X2 1

X2 = _E-FE(U'I/I _Vref_xl) (9)

s 4 i Ob 2 Jowe (Slp (N3 de ouws” s -3
ol

55 55 Jolt 2380 o sl oS S5 el g 0 i 0l 0

Oy sl Jom Glp @ Jley G058 5 Jleey (o0 (e

g oo 1Sy ouialS i 4 ke

3 ro oS J s -1-3

e 58 pglie oz 8 0aisS J S o lyie 4 (Lh5a) ae ealiS S
[7] 250 el &5 85 e e b Sllug g o el )b Sl
plsl al>ye g (b3 ) s eanS S (b s S (S
Dy

o> 3y sllas (lad) o gl o gl axbo ol Sy il -1
Sty b o] 4 9 adl sgazme Wb &S, ol 40 &5 (ouialS Jue
g8 oo (G )

gl 45 058 Cel b oplie b celie JS 9l Sy Jlael -2
Bl (A Gl ol s 554

ol o e oo s 1) (B3 s eSS s 0)Shes 2 IS0
che @5y 2 e pf adgl llid el s sl oo
2 by (oles slp e g () Al ye) 00500 )5 S=0 333
WS (oo S Job bl Ceo g wiiloor (b A mhae )

(330 > 0)

S S )3 p) Spge |y ped 4z (S d e S Al

{"fl % (10)
X; = f(x) + b(x)u(t)

Ao ol jelaie 4y st S 2l J U gX cans yy pitie e

2y
x(o)
Sliding surface Reaching
Phase
X1
Sliding Phase | x(,)
s=0

Fig. 2 State trajectory of the SMC in phase plane [21]
[21] 51 amio jo o530 de clo e 2 S5

1- Hyper Plane

114


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.45.2
https://mme.modares.ac.ir/article-15-10432-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1395.16.3.45.2 ]

al)l&n&;),gcyual)hn

0B paiiiiuno &y eadiino Ylpd Jue S 3333 HUALE b &3y Jlise 5 (s j3) S0 0345 JyiiS (Al pb

q
o3 adls glls 45 sgi e o Xy = —Bxf oo & o
(Jle s o553 e asilon) caud
de alal, oS b jho abili 4 Goe, Suz L 3y9e B30 olej
[16] st (24) by S50 & g Sl 58
14

te = =D (In (ocxl(O)T + [3) =In(B)) (24)

S Ly alay 5 o Jlaas ae 34 o Bite o 3 b
peiine 0l Jowe lp 1y (J5S @b g Jolae J5 &b abal, plgs o
Dgad dplee 00ialS pakine 4

4_q
S(J’C2+C¥J'Cl+ﬁ%xf 3'(1><0 (25)
LC (x v, q i
uFTSMC:_<_2_ax +2_B-xP x ) (26)
T YL \RC TEToc Pptt
Dogs sals (27) alal, & g0 4 ol JyuS
u= u(};}'SMC — Ksign(s) (27)

o g Jlea s (o553 o 0uiS S5 90 50 |y Sl s Sy 3 S
o o3ls (las JK& 50 o5 jeb ples aad e (Ui g Sl (B33
Jolsd 3 @ Jlas 5 (0530 e 008 S 0 53 &b (S oot
o Sel iy Jloe 5 (558 de 0anS S 4 S Jolas aball 5l 90
Sl cod il g Sl ooy G53 @l 4 b3 e o3l o Js
el s o ool e Gl il ol sales Gl Ses £ tall
oS’ Jawe )3 (o295 5y Jle plpe 4 JiS bl o ey
20,5 Sl o 4 il ot oo 1305 e

s g e (853 de sle oS J S )8 Py [ sla el by
A logzer (e 5 adle mSTas 008 bl s 4y wub g e Jlse 5
osls 255 (23) 5 (16) slaalad 5o o Py 0 il Ll & 5
o Jolas abaii gla o055 50 (Jlre 5 adler Comdy gy g Sonsl 00l
S wms s ol 4 S e P5 473 ol e 5l (o
425 LS g aloml 1) (e 5 3l oo i P35 0510.6 e
wil> 0.8 o Jis glyie 0 0.6 cos 5l 5YL polie 0 4 IS0 4
S il s 0.6 51 1205 polie yo 599,00 o 5 Ll e s
Wb oo Hhals

Solgidy @B b @ g JlwoF (SO5H o ouiS” J 58 (P50 -4
Wil obml o gSae CBE ke @b 0 4 yazie (Sho 4 a2 b
435 Wl om e alos alst ailon Jobes abaii gla 055 o Jlipeys

2x10
——S(FTSMC)

ir ===5(TSMC) ]
T e m———
5 S
> k. PO
2 4l —
N
x

2+

3 5

0
X1 (volt)
Fig. 3 State trajectory of the TSMC and FTSMC in phase plane
4o )3 g2 Jine s g Jlirasi (58 do Ll e 3 IS

115

Jool> (18) aslee (17) abal, 0 Jlio 5 s G5 @l e (80 15 L

D9 (50
s (xz + ﬁ%xf xl) <0 (18)
Joles JuS ol (18) alaly 40 sazals Jae <> dolas (5,3 L
oy (19) abal) ©jgo @ 353 0 Jol> S =0 bys 5l a5 ugg™©

LC (x, v, q 11
uESMC=W(—+—°—ﬁ—xi’ 2 (19

@ 050 Jlasl Jare gise 4wl a5 ol J55 ol oS5 colyd o
e Sy 5 abaly O j50
u = ulSMC — Ksign(S) (20)
S sy Jolad a4 G, sl Sle 0pge Glej aslme e
9 g0 oolaiwl § = 0 alal, 5l Jlow 5
a

X = —px; (21)
5ol o b5 P ke (b (350 S s s ool S5 4 o
@ ey 50 5 0,90 Sgamme ey e YU alayl) s dzgi b el 1 loie
T13] w salss (22) alaly & jg0 a5 Jloe 5 de 5o sl alaks

0 dx p 14

t=—pt[ = mOI
A o . Bo-q@) (22)

xl

b oS Sl el s o558 0e J5uS s 45 ans e ol (22) ala,
Xt g0 ol 50 eyl 51,8 (X2(0) £ 0 ) yoo cillee adgl Loyl 15 8 isns
>t o loj sl g 95d o0 [[Ker Jolad aladi Caos 4y Sga0re yloj )0
2035 0 p ol Sl oily @dly o wilee (BL I o
[25] wibo oo sl s T o 9wl o 3L Sgazme olej e

9P 0 bl Ay odas LBt ey Do a5l 53 LLS

a
WSy e dge |y Gl G 4 ol S &Bly 0 X)) isw ol B
hen jo b a5 s 4 s Jlwy 8530 e 5L (S
g5 s (Il <1) Jobs abaii lo (o35 0 X1 pltmnnnsr Sl yims s
.(lel > 1) Sl Jolas alaiis 31 5 90 blis jo jieS ol Ken

o J s o055 33
58kas ail 590 () (2l sl bl s adgl cdl> o5 Sboj
q

2 XY Sl o bl 51005 e )8 0l Cod ol Ren 25 g e
o3l LialS 4y Liles ol abas jl alols Sy 4 o0t S Liiil s
b (o353 e 0 Shes p Wl ol Jloe 3 (L353 de )l 2 Sen 25
 [25] 25 e (P=Q pdas )

Jise s (o553 o 008 558 51 ooliciad o ol (6l U ol
abal; il oy Jlny g ad 853 e oS5 5 o5 cel e
el (23) alaly @90 g Jlia 5 (D53 20 333 o

q
S =x,+ax; + Bx] (23)

5 0 ¢ P ol Sbl bosee e slael By @ alasly ol o
ey (23) dsles lo Sealus « (X1(0) # 0) wivs yao 5 4yl
yro i IXpas Sy Sile 4 onn, wales X1=0 4 sgame )b
3 XY= 00X Sygo & o s Swelps Wil je0 Jole alais
5 (Gl 050 e wiiles) witle g Ko Gyl o anls
Swlzs Al ol jo wisd 0 S0y X1=0 Jolss ahais 4 a5 Sl

3 oslesis 16 095 1395 sls i (jurde Suilke waiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.45.2
https://mme.modares.ac.ir/article-15-10432-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1395.16.3.45.2 ]

gl)l&n&;),gcyul)b»

0B paiiiiuno &y eadiino Ylpd Jue S 3333 HUALE b &3y Jlise 5 (s j3) S0 0345 JyiiS (Al pb

===+ g/p=0.9

60 —=-g/p=0.7

40 —q/p=0.6

| q/p=0.5

20 q/p=0.4
X of
-201
40+
-60

‘ s |
-0.5 0.5

0
x (volt)
Fig. 6 The terminal attraction versus amounts of ratio of q and
p in inverse tangent function

osSans S5l s 0P g0 gy polis ey Jiay il 6 JS

. . . A
15 -1 05 0
x (volt)

Fig. 7 The terminal attraction versus amount of ratio k in
inverse tangent function

sSan Sl @ o K 3 e i adle T S

o s 1, TX) b ojlail oo @ el 050 (255 35 o s s
bl byl e 50 PSO o680l S8 b alie cpl j0 g amo
83,5 oo

£ ISt Jlass 850 a0 ile 5 msSae S ol 4
i e ales 1 ols 1y Joles adads 5l je0 bls o ol oK
alol oTa ) Gl (258 e 5l (s o3 wullyd (oo pomye s Jle 3
A anlgs (29) alaly & 90 0 45 oS

a

S =x,+a'x; + p'tan 1 (Kx7) (29)
5 P>0 a5 ol g% & anib oo cuto slael Qs P B @ abaly ol o
15 058 e 0aiiS ;S s Jlie s adle b ol q<p<2q Lb,s b
gl abi &5 Sloy o 2lSen 5 Gl ez ak e (29) 4k,
ol o0 LSl aly Jobes abais 5l 5,00 jleans

S yd Jols abll 4 o) lp Sl 9jse Gloy arule i
109 oo ool S=0 alal, 51 solpiig weSae ol g b 3
0 dx, (30)

ts = 7
O _gix, — g tan~1(kx})

Syl ©yge 4 (30) by crael JIS5! dnlne & pl 4 4255 L
S olFse e loy 0 Sgdote el i S dilre LB
abaly 1S5l 5,0 @b 5105 colaiwl (glaiijed (bs, 5 goae JI,Kl
oL B S 10 45wl ol oy b oS i e T¥(X1) b Joles 1, (30)
JrE i @L" S ) C‘Ia“’ )L\.B.o aS usjf Az Olﬁju‘“ Sl 00l salo
cnl o9 anlys Sgame (5 lade sl o ools HLas AL JSb y0 a5 Xg

3 osleits 16 095 1395 sls ya (urde Suilke wiie

150 T

100 g/p=08 |

q/p=0.7
50+ —qg/p=0.6 A
q/p=0.5

ok

50F 4

X 2 (volt/sec)

-1001 q

-1501 J

2087 -0.05 0.05 0.1
X1 (volt)

Fig. 4 The terminal attraction versus amounts of ratio of q and

P sQ gy polio s Jloy il 4 Yt
&bl @ Jleos e 33 @6 Glyie 4 oolital Sy (ol
oo ools (28) d.JaJ) 5 w‘); 1 u.u9§.t.a e b‘l) leo » LS‘)LQ"“"‘"
ez 3 ns adle ol i Car soliiag &8 ool 5 oand
25 4 walyd ol 51 A e el su solizl Py K e @ o
Ll o 4 asbl jo a8 aiie ge Jloy adls ials L5 il
a1, (28) o)y @jgo 4 T (X) b aasie 5SS 095 0 aislsy
Ll 00U ol olas f(X) @L‘ B SJLM.AJ.: adl> ‘5?).:9 Sgz>g o v‘"
F(x) = —a- tan~2(k - xv) (28)
olis g Py O akisee yolie sl) 4 (28) alayl, usSae il it o
oo ools ylis B K& 0 a8 cewl oo i K =15 g @ =50 <ol
Sl @ @ Jlaey 053 s (i wiles IS0 4 azg Lol
osSee SlEE Al eSS sl Glp s el Jols ey
435 e LBl ol a0l wales ces i Jlhow i cpels
o OleSe 5 By K calise cul o 50 Py O 5l s ke ol a0
b

) osxe S ite s o K il angy S e &
2y 9 Sl 0 e i K gl polis 9 =35 P=5 l3) ,0 ((28)
@ azg bl oo ools plas 7 S 50 loe S o035 ;o Jorie pgd
Sy oy i 180 5550 o5 Jleys et K e il L S
e jlade Gl KZ10 51 5V ol l3l o alce GliEl (2,5
795 b Sepe GRIPL 0 Slaiz 85U o salyS 2l O
o5 a5 s ool el K o)y a5l iy (a3l iz 5 3l

Fay |
1 1 _f X
40t ! | (x)
) [
o 20¢ | ]
= ol 1 Terminal attraction |
o
2
~ 20f g
x
40F 4
60 -
80 . . ! T
-2 -1 [} 1 2
X1 (volt)

Fig. 5 Terminal attraction in inverse tangent function
ovgSae il @b jo Jley adl> 5 IS

116


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.45.2
https://mme.modares.ac.ir/article-15-10432-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1395.16.3.45.2 ]

al)l.ﬁubg)p,_t_cyual)hn

0B paiiiiuno &y eadiino Ylpd Jue S 3333 HUALE b &3y Jlise 5 (s j3) S0 0345 JyiiS (Al pb

) e loaiiS LSl dingy Al poliis & Alis ool 5o
P g Jle s (253 s 0aisS JRS 5 pgre e Jle s
ol silwatgy wlysS 51 B 0 B e @ ol onds dlatiny egSxe
g oo oslainl @l )3

Gl 3 jludigy by o S ploosl (gle Ay ok )5S
50 ddlg oy, @S pleojl gile agy cwl glaizl igr sliw
Bl 5o ol el aiza @i Sl 10 oz ($ile dinge Pl J>
> oly canled a5 sl I3 5 simaz Jolis @l)d ploosl (o3l ain
O3l wix b p e g N glad Gl o SIS pl as
ey Al Jo oy 4 1SS golaws 5l ey aSGI L aS 0 oS > 0ol

5 0)3 bawgi ool 4y 2 Cunse (e & Ay 0)3 8 OS> S
ginz slad o Sluws b3 plod Lo ool 4,08 Cosdgn oy o
(33) alal; &30 4 0,3 1o S p alaly Giypad Beb p 3pdoe (e
)‘b).! < Xj g_;u.!é}.& )‘\))J. < Vi S s )Llﬁ Oy o)\s » dasin "\“"‘LQ_SA
pled ;0 Py rmliw Sumdga (i Jlop g Poi 0)3 Coxdge 0oy
vi(t+1) =w- v (1) + ¢ - n[pbi (£) — x, (O] +

& 1lpg(8) — x,(0)] 3
Vi = (Vig, Vig, -+, Vin) (34)
Xi = (Xiz, Xis ---» Xin) (35)
Pvi = (Pits Pizs---» Pin) (36)
Pg = (Pat, Pg2e---» Pan) (37)

s O Bl aog b Bolas wolpo 1 9 11 (33) alal, jo
ol o re Wy (s palim 655 0k b €2 03 po caid 6,50k
[26] !
Sope & e Wy sl ojll JISl anse ol dlie opl o
w3 5 L o 155 200 slaw § 10 b Jobes Camaz ojlily (38) ala,

Cwl 00l

IAE = f “le(oldt (38)
0

Sl 4l b5 -5

o 9y 2 oliny @ Jlae s (S35 9o 0SS s jluesly
9 ISt 5o e 381 o5 St 5 0aialS pdiis &) e oy
sl 4 giids gile 4l mls Jeax jslaie 4 ool ool ool olas
sl o wsliad SU Jae bl oo 5 S¥oles oSS L (gjlo o
a3 oo s ) eaials Jawe sl el 1 Jgu

rd A

-3
x 10

O

f*(x 1)
>

1 2 3 4 5 6 7 8
x 1 (volt)

Fig. 8 The Waveform function f*(x,)
F(x0) e 5o U528 g

‘5.")5\0.27 shyls 6]4} &”J"’l S puSe @L’ ol 1A el ts oonsles C.]a..a
WAl e Sgume e

CoSon S g Sl s 5 b G ol S L
IS @b alal; s (17) alal) gl byt alal, po solerin
Dyl Al | oaialS” Jow gl (JyaS &b g Joleo

a_
K2a,x?
S{x,+a'x,+—L2——|<0
» (31)
1+ (Kx7)?
Kx,xP
uarctanFTSMC — E X_Z_ a'x +£ _ B’ p s (32)
cd Vin \ RC e 1
1+ (Kx})?
oo 3530 3n 5 Jlico i (2330 o sl oS 5 DISe J1 50

q

(19Lals)) cosl Jolno Ju8 alaly 10 X7 X p5 3529 pyeye g2y
S ol Jde 4 ask XT0 5 A0 & Sl ((32) 4
S5 or Jen Sliiis e &2 Jolao S8 @ (D=1 <0) X it
odudy ol 4 a5 b wales Ueg (599,9 J oS &l ;o wuad lugs cuely 1
for S ) aa oS J5 s U [20-17 ]S e o5
Ml (32) ably o juS g Syt 4 (Lol o S 4 golgiiny
@Fes Co s LSy Llps o 55 @l sad lug e oS 05,00
Sl ae b oogl cdo k sl Sbedl o b andl sl ansls S
(32) abaly 51 o5 juS g0 o Dygo ol pf 58 20,55 Lol S5
OS5 ele it S0 Ll 093 45 00,5 o0 ol ol Jole 9o

Dy

Yo -\ Vref

Sw

Vin_le N o

T Current
measurment

<
(% rRZ Vo

1 T
:
> X1

— T1 [ S=x,+ax+Barctan(kx’)

A

Hysteresis T
Modulation |

1
| PSO Algorithm H Cost function IAE |-—

Fig. 9 Block diagram of buck converter with the proposed FTSMC method
ol g Jio i (530 o 0SS g 5l eolicial L owials” Jae ol Sho Sk 9 S

117

3 oslesis 16 095 1395 sls i (jurde Suilke waiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.45.2
https://mme.modares.ac.ir/article-15-10432-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1395.16.3.45.2 ]

al)l.ﬁubg)p,_t_cyual)hn

0B paiiiiuno &y eadiino Ylpd Jue S 3333 HUALE b &3y Jlise 5 (s j3) S0 0345 JyiiS (Al pb

4
x 10

FTSMC
= arctanFTSMC

X2 (volt/sec)

0.5 N
ol |
05 . s s .
10 -8 6 -4 2 0 2
X 1(volt)

Fig. 11 State trajectories of the FTSMC and proposed FTSMC
methods

R e e T P (%

ol g Jins (s34 e 00 J58
10r
= 8r 1
°
\E, 6L Vo (FTSMC)
3 — Vo (arctanFTSMC)
> 4t 1
2, 4
O L L L 1 1 L L
2 4 6 8 10 12 14
Time (sec) x10™

Fig. 11 The output voltage of the buck converter (Vo)
owials’ Juws 5o (295 55 11 JSCo

T T T

15 _—_Ueq (FTSMC) 1
1h U eq (arctanFTSMC)
0.5-

|

-0.51

L I L L [ [ |

2 4 6 8 10 12 14
Time (sec) x 10"

Fig. 12 Equivalent control function (u,) on FTSMC and
proposed FTSMC methods

s e e 5 23 e S S o (Usg) Joban S5 b 12 g8
et e Sl (g5 ae oS 5
oy alaly bl 4 o5 ool 0.33 sae b Joleo J515 o ol e
S sl 25 10 (255 5 25 B0 (509,9 lil 55 esials Jass o 5l
U5 Ly a5 o5 dalss gipms sly 6,5 S 0.33 1 Jolea
P9l adg easS

3ok Caglie s plSin 50 (golgiiin eatiS J 7S 0 Shae 14 IS
SaS b s ez 0976 9 4l (oo 0.15 Loy j0 ol 4 & 2l 10
oaiS wwlb K& opl &5 e i ) @lee glo b i
e Jl3ged Cesl b D5 Blie 5 (g3lida 0aiS J7US (1392 polie
ol 15 U 5o sunis J 8 9 )8kee 5 b Cunglie i ploj o Sl

] 00l o0l

3 osleits 16 095 1395 sls ya (urde Suilke wiie

00ialS” i 4 ks (3l y2 o Slasie 1 Jeue
Table 1 Specifications of buck DC-DC converter

Slade eyl
1.5mH (L) usliss g
125 pF (SRS TR

10 Q (R) b gl

0V 99,5 35

10V 9P er e s

a5 sbidy g JUey (B3 de 0aliS SRS culyo 2 Jsor
Sl plojl il aigy piysNll b o | g Sl 553
Sl a3l JiSlas sl jelaie 4 ams o plis 1) Canl ool Al
oy el 0 b S L 0 0 =35 P =0 Jolbw abais sla oo o
el 0030,5 Sl N =0.02 b Joles 5 s yonnes wib

2 oty @b (7 JS8) ey o Olposds (dionie & 4255 L
i 38 (32) aal) 5 s s e 5 K ol o
ooy 9t el (Byb 5l g ey e ol ey oo Kzl o
Sl clie anjS a0 ol sl S ol pleg B 0SS
Aol 0 10 sgam Jlaie K al )y

o ol 00iiS J S g0 0 |y XoXg b s daieii 10 S5
Ol 1) pomye gy JUso i (0530 S g (ooloiion @ Jle S (5553
79> s SOVl Ol GareS llpd 5o S s Gl o o0
90 Bbbil & az g b cl oad (2l ol Sen S i b oljen
S flos pgwye g3 dilen (soloring oaiS JHS SAS Glgi o i Sonie
a2 oo &l el

ey 5530 s Sl 90 0 oaals’ Jowe (g5 5ks 11 U
4295 b aadoe Ol 1) pomye @ Jle s (553 e g ol @
o 157058 L Joleo oaiiS J S 90,0 50 Centii gloy 11 IS5
Lol 4l

oz o o905 U &b @se JSS ol amlie 12 S5
0330 e g soleidn @y Jle 5 (B34 S 0018l s &) podine
4 el (155 o S Gl 5o Al S5 s e Gl ) @ e Sl 5
aialy o3l Cewl yusSas ciliil conle slil a5 golpring i3 &b
by 0 pgmye oy Jlsay (B3 sl ST s oS5 emyy
oS S (b 4 Gz ol Ojse cnl o cel Ol al Ko
Ll jl 72eS 0S5 lag s (IS5 als ol (ol 53 S (2S5 8
wblee 5 camlin os giluesly

ol ) S5 wly ol ool I siids sl 13 U5 0
P IS b & oS e Oy oo Ly JSE 4 gl s
13 Uy az g b el s 5 logs (g (golgpdi ouiiS' J 58

Sy plosl i oSl 3l eolital L o) 1S (sl ey (s 2 Jguir
Table 2 Estimate Parameters of controllers using PSO

o B o' g oaisS S
2037 4020 - - oS S
&y Jle
WSHINGRRE P

- - 3700 700
Mty g Jlio s

118


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.45.2
https://mme.modares.ac.ir/article-15-10432-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1395.16.3.45.2 ]

gl)l&n&;),gcyul)b»

0B paiiiiuno &y eadiino Ylpd Jue S 3333 HUALE b &3y Jlise 5 (s j3) S0 0345 JyiiS (Al pb

A e L L T T

i i————l————-h————
1 1
1 1
1 1
. 15F ———— il
S
2
£ 10t
> .
o Pulse(switch)
> 5t —Vo (arctanFTSMC) -
===Vin
0

0 05 1 15 2 25 3 35 4
Time (sec) x10°

Fig. 16 The output voltage under low input voltage disturbance
on proposed FTSMC method

b33 o 00l SIS )0 o5 (5895 Wy (plasél b 2g )5 s 16 S
olerin @ Jbes

20
_________ . pm=mmmmmmmmm - - —
: : Pulse(switch)
151 ! | —Vo (arctanFTSMC) 1
I
! b eVin
i
! 1

Vo,Vvin(volt)

0 1 2 3 4 5
Time (sec) x10°

Fig. 17 The output voltage under high input voltage
disturbance on proposed FTSMC method

e 0aliS S 50 8l (6059 Sy wead lasél w25 Sy 17 IS0
oleriy @ Jbee S (2253

Hlie o solpting 0aisS J, S (409 polie o,Shee odinslis 18 JSs
Wy S @ azrg bl (b zoe g @z pe Sy Sl Dl
@ gz Sy 5l essledn oS S ST L ol o (295
WS (0 Sy b 55k

Sy 4o -6

033 de 0aiS S sln (25 @bl e g Sl dlie Gl e
calys ) golans s ,F Al esSae Sl ol LIl L3 m e Jlse
Oype 0l s & et (b2 Joe lp eanS 1S Gl
alpd (Bbowd S et S5 plsil (g5l ang oSl ST L age
ol 08k 09d Jolo (Jlise 5 43l ooy jSTLo 45 0sd a5 (laisS &,

S
<
2
>
o
>
2k wemee Vref J
— Vo (arctanFTSMC)
0 L L L L
0.006 0.008 0.01 0.012 0.014 0.016 0.018
Time (sec)

Fig. 18 The output voltage under reference voltage (Vi)
variation

(Vrer) @ 515 logs oo (29,5 315 18 S

119

0.7¢ —---Ueq (FTSMC) ]

0.6F —Ueq (arctanFTSMC) +

1 1 H

0.5 : | H

[ ] 1) 1 1 1

g 04 l H l\ ! | i ! R l‘ I

=) AT N ATV R T K- VR Y A VA

0.3 N '_‘\ MR A ERYEAYEREY R RYARAR

e v oy

o ] P v

0.2 ! I [ I . H

0.1t 1
11915 1192 11925 1193 11935 1.194

Time (sec) x10°

Fig. 13 Compare Singularity problem on FTSMC and
proposed FTSMC methods

S 3 e Jiom g o233 s oS 5 5 (55 alies aglin 13 S
ity 2 Sl 58 30 025

12
" ;
= Pulse(switch) b
g — Vo (arctanFTSMC) |
5
o
> |
1 15 2 2.5 3
Time (sec) x10°

Fig. 14 The output voltage response of the proposed FTSMC
method under load disturbance

U5 5 g Qs 558 e 00535 S 5o g Wy ol 14 g
@olordig e Jlre i (L34 S 00

0.15 Sy osb o 1y eaals Jaws (635,5 5Ldg oylwss il 16 o,les IS
oslaiul cdl> o (29,5 5L luss %20 150 0 a5l e 0.25 S
oauS S o Sles 17 s ame o plis solpiiny cuiss s
5y 45T (g978 4 (69,9 5Ly yo wal laxel 59 Sl e ) olpiin
o opl jo es e plas 1) Wl RelS gz pe 5l 5l yieS 4 (63955
) oo sy eansS J S Conl gy e 5l eS (6555 55 (52
Mo 4 (29,3 Sy (LS Gloj yo Sl al 53 (5399 Wy 2l (sl

23,5 o0y e 3
.
x 10

X 2 (volt/sec)

2 : s s ‘
- - -4 -
X1 (volt)

Fig. 15 State trajectories of the proposed FTSMC method
under load change

3 Sty o S o35 S0 sasiS S o o o 15 S
o S

3 oslesis 16 095 1395 sls i (jurde Suilke waiie


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.45.2
https://mme.modares.ac.ir/article-15-10432-fa.html

[ Downloaded from mme.modares.ac.ir on 2024-04-23 ]

[ DOR: 20.1001.1.10275940.1395.16.3.45.2 ]

al)l&n&;),gcyual)hn

0B paiiiiuno &y eadiino Ylpd Jue S 3333 HUALE b &3y Jlise 5 (s j3) S0 0345 JyiiS (Al pb

Edition, ISBN 978-953-307-162-6, pp. 3-25, Rijeka, Croatia:
InTech, 2011

[12]M. Zhihong, A. Paplinski, H. Wu, A robust MIMO terminal sliding
mode control scheme for rigid robotic manipulators, The IEEE
Transactions on Automatic Control, Vol. 39, No. 12, pp. 2464-
2469, 1994.

[13]IN. M. B. Romdhane, T. Damak, Terminal sliding mode feedback
linearization control, International Journal of Sciences and
Techniques of Automatic control & Computer Engineering, Vol. 4,
No. 1, pp. 1174-1187, 2010.

[14]C.-S. Chiu, Y.-T. Lee, C.-W. Yang, Terminal Sliding Mode Control
of DC-DC Buck Converter, Volume 65 of the
Series Communications in Computer and Information Science, pp.
79-86, Berlin: Springer Verlag Heidelberg, 2009.

[15]J. He, X. Zheng, W. Wang, Terminal sliding mode control for buck
converter with chaos, Power Electronics and Motion Control
Conference , Harbin, China, pp. 1532-1535, 2012

[16]X. Yu, M. Zhihong, Fast terminal sliding-mode control design for
nonlinear dynamical systems, The IEEE Transaction on Circuits
and Systems: Fundemental Theory and Applications, Vol. 49, No.
2, pp. 261-264, 2002.

[17]Y. Feng, X. Yu, F. Han, On nonsingular terminal sliding-mode
control of nonlinear systems, Automatica, Vol. 49, No. 6, pp. 1715-
1722, 2013.

[18]Y. Cheng, Nonsingular Fast Terminal Sliding Mode Controller
Based on States In Nonlinear System, Proceedings of The 4th
International Conference on Intelligent Human-Machine Systems
and Cybernetics , Nanchang, China, pp. 262-264, 2012

[19]Z. He, C. Liu, Y. Zhan, H. Li, X. Huang, Z. Zhang, Nonsingular
fast terminal sliding mode control with extended state observer and
tracking differentiator for uncertain nonlinear  systems,
Mathematical Problems in Engineering, Hindawi Publishing
Corporation, Vol. 2014, No. 639707, pp. 1-16, 2014.

[20]S. Xu, C. Chen, Z. Wu, Study of nonsingular fast terminal sliding-
mode fault-tolerant control, The IEEE Transactions on Industrial
Electronics, Vol. 62, No. 6, pp. 3906-3913, 2015.

[21]A. Phillips, F. Sahin, A comparison of chatter attenuation
techniques applied to a twin rotor system, Proceedings of The
IEEE International Conference on Systems, Man and Cybernetics,
San Diego, USA, pp. 3265-3271, 2014

[22] V. M. Nguyen, C. Lee, Tracking control of buck converter using
sliding-mode with adaptive hysteresis, 26th Annual the IEEE on
Power Electronics Specialists Conference, Vol.2, pp. 1086-1093,
1995

[23]S.-C. Tan, Y. Lai, C. K. Tse, M. K. Cheung, Adaptive feedforward
and feedback control schemes for sliding mode controlled power
converters, The IEEE Transactions on Power Electronics, Vol. 21,
No. 1, pp. 182-192, 2006.

[24]3.-J. E. Slotine, W. Li, Applied nonlinear control, pp. 276-307,
New Jersey:Prentice-Hall, 1991.

[25]H. Komurcugil, Fast terminal sliding mode control for single-phase
UPS inverters, The IEEE International Symposium on Industrial
Electronics, Gdansk, Poland, pp. 277-282, 2011

[26]J. E. Kennedy, R, Particle swarm optimisation, Neural Networks,
The IEEE International Conference on Neural Networks,
Washington- DC, USA, Vol.4, pp. 1942-1948, 1995.

3 osleits 16 095 1395 sls ya (urde Suilke wiie

e Blod Sl pgmye @ Jloes G253 e g9 b osiiS ]S
@4z bad awlie (JpS ol 5 Sl s (295 s ol Ko
@ oolerig (B S 0aiS S8 a5 3 Sl Ol il @l
Obwg Bl 5l Logad g o Slas s)ls g pglie oaS Jus Sy olye
2 09diee Dgmime gy Jlae s (SB5H de g9 A Cuns S8 &b o
Il (2S5 e D33 e oaisled 095 (golpitiy (53 &bl dons
G peites bz o gl (295 Wy col g S5 ol
W$,8 o 3 colatul 0y50 IS > S Glo et j0 AT i
Sl g Fmlie a5 wlgs o

cxlo-t

[1] C. Y. Yeoh, X. Wang, W. Y. Leong, C. Tan, C. G. Wong, Y. F.
Lee, Buck DC-DC converter for embedded control system, The
IEEE Conference on Sustainable Utilization and Development in
Engineering and Technology, the University of Nottingham,
Selengor, Malaysiya, October 20-21, pp. 144-149, 2011

[2] R. D. Lorenz, Robotics and automation applications of drives and
converters, Proceedings of The IEEE, Wisconsin Univ, Madison,
USA, Vol. 89, pp. 951-962, 2001.

[3] M. Lister, T. Salem, Design and implementation of a robot power
supply system, Proceedings of The IEEE Southeastcon, pp. 418-
421, 2002

[4] D. M. Bellur, M. K. Kazimierczuk, DC-DC converters for electric
vehicle applications Exposition, Electrical Insulation Conference
and Electrical Manufacturing, pp. 286-293, 2007

[5] X. Li, M. Chen, Y. Tsutomu, A method of searching PID
controller's optimized coefficients for buck converter using particle
swarm optimization, The IEEE 10th International Conference on
Power Electronics and Drive Systems, Kitakyushu, Japan, pp. 238-
243, 2013

[6] M. Rabbani, H. M. Maruf, T. Ahmed, M. A. Kabir, U. Mahbub,
Fuzzy logic driven adaptive pid controller for pwm based buck
converter, International Conference on Informatics, Electronics &
Vision , Dhaka, Bangladesh, pp. 958-962, 2012.

[71 1. U. Vadim, Survey paper variable structure systems with sliding
modes, The IEEE Transactions on Automatic Control, Vol. 22, No.
2, pp. 212-222, 1977.

[8] H. Guldemir, Study of sliding mode control of dc-dc buck
converter, Energy and Power Engineering, Vol. 3, No. 04, pp. 401-
406, 2011.

[9] L. Martinez-Salamero, A. Cid-Pastor, R. Giral, J. Calvente, V.
Utkin, Why is sliding mode control methodology needed for power
converters?, Proceedings of the 14th International Power
Electronics and Motion Control Conference, Ohrid, Macedonia,
September 6-8, 2010.

[10]V. M. Nguyen C. Lee, Indirect implementations of sliding-mode
control law in buck-type converters, Proceedings of the Applied
Power Electronics Conference and Exposition, Eleventh Annual,
pp. 111-115, 1996

[11]A. Bartoszewicz and R. J. Patton, Sliding Mode Control, First

120


https://dorl.net/dor/20.1001.1.10275940.1395.16.3.45.2
https://mme.modares.ac.ir/article-15-10432-fa.html
http://www.tcpdf.org

