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Abstract : This paper deals with robust speed servo control for DC motors based on a sliding mode
control (SMC). SMC is well known for its robust control performance against external disturbances
including motor parameter variations. An optimum switching plane, a key issue for SMC, is designed to
minimize control error and input energy in a state space model. Voltage command which is an output
of the sliding mode controller is induced to satisfy the Lyapunov’s second method for critical stability.
The robust control performance of the suggested sliding mode control is evaluated by two experiments
such as a load test and parameter variation test. The external load test was conducted by applying
100% and 80% of the rated torque using a powder brake. The parameter variation experiment was
conducted by increasing nominal parameters of the motor used in the controller by 3 times. Moreover,
the effectiveness of SMC is clarified by comparing with the PI control experimental results. The
experimental results showed that SMC has stronger control performance against the disturbance and

parameter changes than the PI controller.

Key Words : Sliding mode control, DC motor, Robust speed servo control, Optimum switching surface

1. M 2 o Az FA FEHEZ  slole] w4
(backlash), 70 2R E|Q] F7|3 & Fo] A7}tH

DCEHE 2R, ZZ7|A, 29347 7y 5 = 3% shelA S2&5 ddsA Aofsior o
ALF £ AR Ao]g AZoolHz de A EF DCEEE AN 21T B¢, €F EH
53 Tk o5 AAME BEZ} ZE 7] HEPIHe SARCERH T~y WEH

*+t 2J 241 2 (ORCID:http://orcid.org/0000-0002-1889-9208) *+t Seok-Kwon Jeong(ORCID:http://orcid.org/0000-0002-1889-
c g, BAYESn YETzEstdt 9208)' .: Professqr, Department of Re.frigeratic'm a'nd Air
E-mail : skjeong@pknu.ackr, Tel : 051-629-6181 Conditioning Engineering, Pukyong National University.

ropare *Sang-Won Yang(ORCID:http://orcid.org/0000-0001-8975-9176)
“(ORCID:http://orcid.org/0000-0001-8975-9176) : Graduate Student, Graduate School of Refrigeration and Air

A, FAtsta st YEsEsxEsd Conditioning Engineering, Pukyong National University.
*+ 7 §)] 4 (ORCID:http://orcid.org/0000-0002-1151-263X) **Tae-Young Jeong(ORCID:http://orcid.org/0000-0002-1151-
D Wg BAYS L A& stoks 263X) : Professor, Training ship, Pukyong National University.

SHA AT YR M243 FM4z, 2020F 88 17


https://crossmark.crossref.org/dialog/?doi=10.9726/kspse.2020.24.4.017&domain=http://kspse.org/&uri_scheme=http:&cm_version=v1.5

3] ol JJ'E}U]FJ tﬂEJJr —r7]z—1d 2= Bfel A
£ 71E9 PID Ao 2E A9 A
u3l7)7 AP &etold BEE A oJ(SMC)
= A7l AV BEetAAE ok vieleE
HE SOl ARlg Ao EALS e Zo= &
H o Rokddl HEsa Yok 53,
ACEE|Y DCEE] Alofol AW E(inverter)-} 3
(chopper)2} Z©] PWM(Pulse Width Modulation) %
2o AYMBAX I} AMGEHA 1 A8 "YUt
goiEa o

A3t "Ry H A 3
A71AFAE )&% ¥eE nES
ool SMCE 83 A7t RHAJL' 544
o] AFE HAEE B3 HAF GAHddE oEx
ok 371 AdH FEEAY fXA
Fge 93 sMcE Hgd AT, A7) -
A E HFololE A|lxHIL] X
PID SMCE # &3 d+D 5&
0.5 sec BE9 vz =
A AE AAAE T
(A714 NAZE | ms)S 2= DCEH é?—_‘,:_ AR
A oA ] Az Aol SR E
9} PI AlojE &% & 4% 9T ¢ Hj"?}‘:’]a
WHEol gk Ao A iz
HA? AR,
F3l A% 55 5% £= AR A
7t AT 5T d =
SFYAYMY ZElolyg =
A A7 HEEA g

olfl Hol| F&E3lH, B =FolAe DCEH
£5 AE AoA ] SMCE A
HAAgrE H43 e HFd 43 2yWHs
Azt AAR Aol7]e] BdAd-2 PIA| o] 7] 2
Hla A3 Axs S8 A5do. 53], AFdA
P A@or F AorY Hdeo] 5L
%, F3t 493 =H v ¥ME
3l sSMCe] Aol IS gt F
AGd F3tE Qrtetda, et g
< 4789 IepeEZE SR 3=

B

™ do
:?1:1’

3 o2 of o X

x Mo

t

4ﬂ£
ol 9
2

>

AL o o

ole
ofl
ox
o
N
N
rir
Ho

52
& Bl
i
oo
ot
o,

I
2
o

i

O

A= =]
T
gl
& O
=

Ay

5 4

£ _O,L‘ W o
offt ok

[;]0(' [‘10

18 SYAAHSTYX| H243d M4z, 2020 8

FA Wske ASE Pstel Aolsl FAN S
s

SMCx 299 =344, detvele] HEd
ke 731 Alol(robust control) 71W F 3t
o]t} Fig. 12 SMCY 7l xolth

SMC 27+ F53H e FHHsE S
2 HW(sliding surface) Aol HEEE &go|d

71719 AAd™® ult)(=u.+u,)E 2
3

S

45t zlo] Aotk SMCe Aoy e @
AAds u,(t)e BdE ALY ow,)=E F
Btk u ()& FEWFrE Setold HH 9
A o, e A=e] WEE FRHo2 HA5

f

© Y49elth u,(t)= FET7E 27] dHud =
d B3dy o o7 ) &toly HAS
Holyhs ), o] 58S AAZHOE Sefold HH
S dEolth B =fodAe AHvs ¥
& A& FA FEHHTES HHY Y
B2 A3 (switching) ZHW] TEA7]7] 98]
HAHA o] o]BE =Y HH A3 =YWL Z
= ARAE AARG HAZAAS FeFt =
2l A (D] FEEE 2 () A u(t)ol B3
H7HT A 5 =Ystd AAAVE AT &%
I @ R @t 2 (F HAE e Alojd™
u(t) & AASE Aol 2] (DollA 4, B C

A x,
Sliding surface
Desired final value

oc=0

xy Initial value

X1

Reaching mode

Sliding mode

Y

Fig. 1 Conceptual diagram of SMC



= AdE, FHA 7= yE 2] A X|(transpose)
& Yepdth
{:’c(t) = Az (t) + Bu(t) 0
y(t) = Cz(t)

J= / Ow{x(t)TQw(t) () TRu (1) Yt @

Fig. 2= PID #lo7] ¥ SMColl 7|4kt DCEE]
&£ AR AoAY NFH EEHN =0T PID
AAA (@)= £= A7I(ASR) WHF-ol HF Ao
(ACR)E W& FE(inner loop)E Zte 2% T2
AAlEE Zlo] dutd ot ofd Bl (b)e] SMC
E &5 Aojrute s FAHRZ (a)d] Bl A
7] AA9} F&o| {4} £3], PIDE AU #E
o] Aot Ao setu|Eo] oJEEE 2d
o B, setulE WEe] s g Ao
o] Wolan, a3y SMCE detu gl o &3}

b= BAL Ao o, (1) & Q& =d 2%

N
&O

A4 g FetuE dEel s 2 A8
< 35T F
PID Controller DC Motor System
1 H 1
i : 7 i
P | i I "o
m . | - I+ 1 Tey-[1 | |¥m
ASR ACR K, T
'i +l.a* v{ﬁ _|Les+R, ia t +Tm]S+B i
1 ]
| | [k —
: Do (S i
(a) Typical PID control system
SMC DC Motor System
u; | |
u, cal. b :
*
w. cal U l+ i U 1] DCMotor | | ®m
ST+ 1 1] System |
[ 1
................ | | Smr—

(b) SMC system
Fig. 2 Speed control system of typical PID and

sliding mode

SMC A E AlojAle] A W A 3GA=
TEAD AA, AU delEt 2dy 3
7E 7INte 2 HA HE 2y us Ao
ol MEAYE nEstd FUjAE TR E
A, Lyapunov®] HIZHHo] WIEHEE AojYdd

() @ H:} AA, zHEia(chanenng) A4e

kS Z &3 AbEl Lefo)

T AEAE Ads Bl Al sl A5H
Elod#} wk2le] DC M E 2E 2] H7]A %‘—E—*é
FEAL A e Zoh

&

ilfe3

oﬂ

va(t)—vb(t) 3)

2
2
=
"~
2
—
~
N
I

dwm (t)

Jdt

+Buw,, (t) =1,(t) —7,(¢t) 4)

oA7\H, 45l I, R A7 Aduz 2
A&, B, Je= Wolg AT AR
Zh vt 2w
A5 2O HA&E
712, v, ()& A7IRE O R2A o,(t) =
olth. olu] K = 9717E oltt.
= EHY 7&4717‘4 E

o
ft
Hu
o
_{

o
£
e
)
> 2
FlF
e
ok
ft
lu
i
>

vAe] sigel] SAYHEE Ao mAME
Atk ool A AMGEELS H719 Wel S 9
u(t) & ush 2ol A&

DCRE 9] AR 2 (2= Az + Bu) 2 3)%%

2 EFEH A (5)% 2ol :FHTh A (5)0llA,
FARGFE 2, =w,, 1,=2,°11, v A7
e v, HEA ‘@ A7) A (armature)E ZH2E 9] H]

gtk
Eetold RE FH A AT MES H
22 e HA 48 29E 4 02 4 O &
A o

SUAN2HAZUDK| H243 M4z, 2020 8 19



AN ME WU

: 0 1 0

“?1}: RB+KK,  JR+LEB {I1}+ K | (5)

U A A L A

o= 8z, + 5, (6)
t

J= / (zTQx)dt 0
t

A71A, o A& 2HY, 5,55 =TT,

QER™= AFTFE Q, =@ oItk @, 1=
AT Eefold RE2 HEHE Aztolt)

A (e A @9 2L 23 FAow HEAY
7] A8l RzRS oE 2 (8)F 2ol Hodt) o]
2g olgstel 2 (99 WlRFE FEDL

v=a,+ Q2_21 ngxl 3)
t/ *

J:/ (;L'lTQHxl-i-vTQsz)dt )
t,

7] A, Ql*fl‘f Q;:Qu*Qqu_Qlngo]j—w 4

5)9 z,E BzWF B o]gste 4 (100
AR Ao A E A=A, — A0, Q5 °ITh
2= Az, + Ao (10)
AAA o8 A (99 Q;(i=j=1.2)7} 24
A9, o] 4 Haw s AR Aol vi 4
(anel Z7teAga el s P o83l 4 (12)%
o] =EHH.
PAI*I +(A1*1)TP* PA12Q£21A1§P+ Ql*l =0 (@D
v== Q2;1A1§Pz1 (12)
21 (09 #HA dE =wgHe 2 (12)% 4 (8)

2HE 2 (13)7 Zo] FHXTh. o|Z2FHE At
Z2HWel 71e7] Se 2 (14 2}

o= 5z, +5x, = (A1§P+ ng)xl + Qpr,  (13)

20 FUAXHIZUYK] K243 M4z, 2020 8

2= setoly B0 o3t DCRE Q] YoIs A=Hof

S=1[8 8]=[45P+ Qb @) (14)

A 2ES ARARZ A7 3, ALzt e
=y—rE HES 2 2 (152 Fsd 2
(16)% 22 dAE 74T AolA 4.9 &
& A li=j=12)€ A (5 A9 zZ} otk

A A3 =¥d 4 13)= d9BE 15 o] &3}
o ARAZ Foistd, 2 (17)3% #Zo] A
¢
z:f (y—r)dt (15)
0
. 0C 0 0 —1
x,=|0An Ap| |2 |+ |0 |u+| 0 |r
04y Ay B, 0
=Azxz+Bu+Er (16)
o, =18, S, Iz, =8 z+ 8z, +z, 17)
AoAdd2 2 (179 oo #3F Lyapnov

2 V=(0l0,)/2> 09 o] Aoletm, 1 v

z,=SAx+SBu+SEr=0 (18)

= o] HozRE 13 ?ié Aol g2 o]
o &, EAE AAYH u, — Msgn(o,)
, AA AALE u=u,+uol FEHI F,

A 2AL VEFHEZ A 0)F Zo] FEIT

u,= —(S.B.)" (SA x,+S Er) (19)
u, = —(S.B,) "Msgn(a,) (20)
SMCe] ©HL& 4 (20)2 BAL 9 Hag

T(signum function)= I3l Aloj o e P Y
o] WAZT= Holt}. olF a|Astr] flsl LA



AolMe FE3TF ‘sgn’ WA A 2DE A9
¥ Z3}gl<(saturation function) ‘sat’E AR&3SHCh
wRF ZE9k 4o A e gErE YERE
Z=ol7] fJal K, > 02 Xgslo, HF AA8 &
A& o u,= A (22)9 2

. 1 s, >
Sat(e):{kse =qlsl=2 k=1/0 @D
P
—1 5, < —9
u, =— K;sat(ae) 22)
3. M8 21 W D@

Table 1> £ AFA A3 DCRES F&
sejrlEolth. BH Y HAMHLE 200 W, B4
e 75 v, AAHAFE 33 A, AU HLEHFE
16 A, AAEZ 72 0.637 N-mo|t}.

Table 2= AEolA AHEH SMCe F8 AHA
A=k}t AAIE PL A7 AdE 42 vER
o AoFrE T A7) BF 0.01 secE DA
At

Table 1 Parameters of a tested DC motor

Parameter Symbol| Value Unit
Rated speed w, 3,000 rpm
Armature resistance R, 1.53 Q
Armature inductance L, 0.0018 H
Back E.M.F constant | A 0.216 V-s/rad
Torque constant K 0.216 N-m/A
Inertia J  |1.76x107°| Kg-m®
Friction coefficient B |25%x107* |N-m-s/rad

Table 2 Design factors and controller gains for

experiment
SMC PI controller
Design factor Gain
K | ¢ 0 R P I | Anti-windup

35 [27000{2 < 107| 200 | 0.01 | 0.3 0.005
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Table 3 Reference profile for no load experiments

Time[sec] | 0-10 | 10-20 | 20-30 | 30-40 | 40-50

1500 | 2000 | 2500 | 2000 | 1500

Value[rpm]

Encoder

(b) PWM chopper
Fig. 3 Tested DC motor control system
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