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Abstract

Abstract: To eliminate the effect of the governor dead-band nonlinearities and guarantee the system
stability, for load frequency control (LFC) of power systems with governor dead-band nonlinearity, the
active disturbance rejection control (ADRC) was adopted, and the effectiveness of the control method
was verified through the describing function method. A linearized method of dead-band was proposed,
and the generalized active disturbance rejection control (GADRC) was adopted. Further, an error
compensation scheme was proposed to eliminate the dead-band nonlinearities effectively. Simulation
results show that the proposed error compensation scheme can eliminate the dead-band nonlinearity
effectively and guarantee the control performance of the system. The describing function method can be
proposed to obtain the range of the compensation coefficient.
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Abstract: To eliminate the effect of the governor dead-band nonlinearities and guarantee the system
stability, for load frequency control (LFC) of power systems with governor dead-band nonlinearity, the
active disturbance rejection control (ADRC) was adopted, and the effectiveness of the control method was
verified through the describing function method. A linearized method of dead-band was proposed, and the
generalized active disturbance rejection control (GADRC) was adopted. Further, an error compensation
scheme was proposed to eliminate the dead-band nonlinearities effectively. Simulation results show that
the proposed error compensation scheme can eliminate the dead-band nonlinearity effectively and
guarantee the control performance of the system. The describing function method can be proposed to
obtain the range of the compensation coefficient.

Keywords: governor dead-band nonlinearity; load frequency control; describing function method;

generalized active disturbance rejection control; error compensation scheme

B D TR A T 2550, R ML CL 2B th %
AR SRAL 1 2 B0 I ) R4 T T 1
N, 2 Y 3 ™. N, I—l N

BATTC R i bty AR, BRI, ey e g1 it R A A T A R0
- P4 2 105 e T 6 T i 2R R A e
G20 0730 BRI 20000906 gy g SEURS R EE IR L T IR

REIH: ERARPFIESE(61573138), HIRE .
SR S 6 015XS61) FRYCHUBRI S Aok RN th R e85 3

BRI #1987, W, WV E, 181 J A R RS ARG . BT LA, R T iR vk ) RN
'k, WP B

http: // www.china-simulation.com

* 818

Published by Journal of System Simulation, 2017



Journal of System Simulation, Vol. 29 [2017], Iss. 4, Art. 15

5529 B 4 19

2017 44 11 Wb, A& BATWEAIEX M LFC 2481 X A b=l

PRAE L RE TR, JU 20 EAT — A A AR T R 5E
(load frequency control, LFC), &1IIXANZAGHH
(R B2 K 5 G IR Y R AT AR PR A I T e Al 2 1l
X 45k 2 18] [ A TRl (R 3B % 2 A8 e Th 2 g /N

H A A B Sk 4 7 2 Ml o7 vk T
fi# vl LFC 1)@, antIpifid$6) /7 2{(coordinated control
mode). EFE$E i (sliding mode control, SMC) J7i2:+
2- H i J¥ (two-degree-of-freedom , TDF) N 5 4 il
(internal model control, IMC)] PID (proportional
integral derivative)¥%g 72, SCER[S1H* LFC
RGN EBPEAT T HEIR TS, (HE, XL
SCHR NG T RGAFAETL D AR LRI O, B2 L R4
il T A HVEs o AE RGATAEIEX ARLAEIS
e pEEAR IR RE . PTEL, —NREAE RGAT
TEFEDX ARG ARG O T, M IH SR A B P Re 4 )
FME AR L . A SLIEAE T J8 R GATAE W 45 IE
XA b, Bk Sl g, RIE RGN
i FE -

FESEBR TSI, BT S 6 X )5,
RGN RIEREZ 20540, L2 AT E . BRI,
AR, —ESCERER X LFC RGATFAE IH A TEIX
HIE SLEAT TS . 2 7y JBE AL 57 3 (differential
evolution algorithm, DEA). Jf 5| JJ# &5k
(gravitational search algorithm, GSA). {427k
(pattern search, PS). ity RN F L (cuckoo
search optimization algorithm, CSOA). 3% i &
Pl(proportional-integral) ¥4 ] 75 7% . HUR 3 $ 455 il
(fuzzy logic control, FLC)J7vk. ke MR ik,
LI 925 5 $.72:(model predictive control, MPC)
FEeAR 2 OB P 2 B vk X s sk
X LFC RGAFALIELRIEIX AL eSO, 321
T 2RI T ORIE RS EIERE . A,
Pt P ds g AR 2 2%, THEER, Tk
I R HE o

T Atz s active disturbance rejection
control, ADRC)AHX T HABA FIR U, 4544 5 fi] 5
HIGH T & FhELe Mt RS0 2 filds K Eoe i

Vol. 29 No. 4
Apr., 2017

SR ETHEGE, THER, RE A S N T T
Mrbe SCRR[15T8EH T CE$ 2 il (generalized
active disturbance rejection control, GADRC) /%,
EAMLEA ADRC IR, RIS 73 A I 5
B 2 fs R T Bevk. Brbl, ASCH ek
ADRC JiiE i RAT AR JEIX 1) LFC R4, i
LA R BRI UEIZ TV RETT T FR FEIX K500 o $%
H, REHPEX A T 1%, IR T GADRC J5i%.
SR, ARG HBTH R PE DN RGE MM, A SR
TR ZEAME SN o JF HLER S A R 5
TR SRS AT 2800, RS s M2 SR rh s A2 R
B BUETE L, iz Rkt T 2%

1 BHIBR R
1.1 EREEBILXH LFC REEEY

ARICHEIEWE 1 R BAA TR 1
KRR, Hoh, AP, RIS, Ky &
KRNI, To Ty AT 2050002 & HLHLAS 7] 3% 3
VLIS 1) 3 BRI 8 T 3 I o) 5, AF (1) 2R
iZe, AP (t) RonyAe L AL, AXg(t) o
bz A Y

-
/L_/ 1+7,s
TEIX RS

AL

RS

BT BAT TR FEX 1 X I ) R 4

Fig. 1 Single-area power system with governor dead-band

RS, %R RGESE 3 AR

\ N 1
D) WA G, (s)=
) W) o(8) Tes+1
. - 1
2) iRHLEE: G(s)=
Trs+1
Kp

3) WHRGEE: Gyls)=—
P

ARG AR K

http: // www.china-simulation.com
* 819

https://dc-china-simulation.researchcommons.org/journal/vol29/iss4/15
DOI: 10.16182/j.issn1004731x.joss.201704015



Chang et al.: Analysis and Design of LFC System with Governor Dead-band via Gen

5§29 B 4 W
2017 -4

Af =G(s)u+ Gd (s)APd €))

G,
o GGG/ Gy (8)= o GGG/(z)
ROWHUZE FBFFEYE. Ik, LEC i)l 2 — A
PS5 SR i u = —K (S)AF BUERTE G(s)
IFHALLGF AP, XFARAR AF (P52t AR, HH
TUHAS IR AL AR, ARGV ERESZ 2L,
WO T A I S A MR IR o B L, ARSI
T3 4 DA BEAR Ui FRAE X AE L MEXT RS0
s, JEHZEESMER, THEOE, TN

1.2 BPiiEHE L

(BBl R G4 AR
y () =bu(t)+ f(y(t),u(t),d(t))

Hrr: G(s)=

3)

Hrr: njE ADRC B3 b J B IR 4 15 20 1 3
s F(y,u,d) e RGERANBSFINBIRE AL S

1t ADRC it AR BE AR AT, /J\jJFX?jEAjJ
f£ ADRC HEZ A, Horbo JEARUE R — N7
GRS LI 28 (extended state observer, ESO)ﬂ%ﬁﬁ‘

KIENHT SXHhsh f(y,u,d). &

5L,=Y,2,= y’”"zn = y(n_l)’zm—l = f(y,U,d) (4)
B f(y,u,d) AT B f(y,u,d)=het), WHR
ST (3) T 5 Y,
7=Az+Bu+Eh
{ . (5)
y=Cz
Hor
[010--0] (0] (0]
001---0 0 0
A= it ,B=|: JE=|:
000---1 b 0
_0 00:-- O_(n+1)x(n+l) _0_(n+1)x1 L~ d(n+1)x1
C=[t00 - O]IX(M),Z:[Z1 2, 2y 20,
ADRC & /Mg sl g w5 v vk B2
MIghA o FEWT, | X2 e A AENT, 1isE
brRsh e RN . % PID fiflas, ‘&g ik

R, ESE, AR ML A AR 9 2 N
{Ho 1M1 H, ADRC &7 g2 s R i)

ARG HAR

Journal of System Simulation

Vol. 29 No. 4
Apr., 2017

R SR, ST B A S A n B A
235 bo #5IH, ADRC "] R HssE 2 Mgl
A 5 we DI 58 wo)o DRI, TRZ% 5 K45
2T BT HA
H T SEBR R, fE ADRC H AR BB e A —

AR A (3), AR KN 4 0 G A (1 —
SefE R, AR K X LeF BT ] ADRC 1, M
M hIbEaE? Ak, — Al R e S R
1 CAME B AT ¥ H Y GADRC J7rikgiide

e — AN B AT a0 TR A A 1A SE B R
N RS
X=AXx+Bu
P®={_ (6)
y=Cx

RGHPRSUERR BN n, RG] XD
f LI R R I A F

X=Ax+Bu+B;f
(N
y =Cx
XFIRRE—N RS, KYE ADRC HYEAR, ]
PUE SCATR A P I0 52 «
» = Az +Bu +Eh
{Z ~Z+ u+ )
y=Cz
Hrp
HUES LN
z=| _ |,h=1,A= ,B=
f 0 0 0
©)
- [0
c=[C o]Ezm
WK, A
[0 1.0 - 0]
0
0 0 1 0 :
A=l: = 7 ,B=|
0
000 -
b
00 0 - 0] md (10)
0
B =| | C= 0)..

W, ¥ eyl &nl LAfEifk b ADRC
[11(5)8%(3)-

http: // www.china-simulation.com

Published by Journal of System Simulation, 2017

* 820 ¢



Journal of System Simulation, Vol. 29 [2017], Iss. 4, Art. 15

5529 %5 4 W Vol. 29 No. 4
2017 4F 4 1 b Ee, 25 B EERIEX M LFC REM AP Apr,, 2017
XY R EI 58), KT ADRC, —4 y(s) =C(sl — A+ BK)™'BF,(s)r(s) = (19
=Pt Luenberger JRA I #5455 vt Ty ()F ()r(s)
{Z‘=/§2+EU+E(V—9> an R, b I T 2% £ 5 %6 AL
y=Ci T, (S)F.(s)=1.E/ M THEH GADRC [EREE:
76 ADRC 1, M ges2s [ . AEMIZL Ry /)*%Z%& TMERERBEA I — N R 4
S A O " e (20)
7£ GADRC, thn] DLt tik #6457 A— LC (T S A AN L T4
G E -, iy FjE(O)ro e

LAt B4, FraRkESz=[x I
Al ESO ffiit. 7F ADRC 1, |7 XH4ksh f #i4E N

—ANRE R, H )7 AT AP A 0 ] o
KH— G4 ESO, AT RS =
AT
U=F—-Ki~f-Kx—k,f (13)

XH, F O HEREEM > #5(tracking differentiator,
TD)VWREMY BB H (5T, HIEhlas st K & SCh:

K=[k, - k k]=[K k] (14)
H, K=[k, - k1o

WA BTN, IR R G L
X~ AX+B(f - Kx—k, f)+B, f =
(A-BK)x+Bf + (B, —Bk,) f (15)
y =Cx

RIS ) B, WA AL U N DU RC SR
By = Bk, (16)

BEANGEAHAR T X8 5 A u 2
FIUCHCHT o FEVLRCACAE T, BB MMAIA RGN
X =(A-BK)x+Bf
y =Cx

(17)

KSR S r 2Ry (SN, e
ARG K Yog . K B 2m
W& (A, B,C) 313

FIEY RS H, BBEMEHRNSEES
G WA W33

F(s)=F.(9)r(s)
W2 BT IR I IR R GE(17) 22K,

(18)

o] ZEH UL, 6T — AN R 2 R (6),

GADRC BA W F PR A
()= (A= LC)a(t) + Bu(t) + Ly(t)

{u(t) = P(t) - Ki(t)

HEE, 7 XE) fEE TR EUAN E R
MR RSN, #E ADRC B, B
ANTEENIE, AR R ESO flivh. A FifE, T
GADRC ¥, nTEMK By =B o [, k

ST 1. GADRC J&—Ffrny DUR A ¥ 0 4 .50
5 BT R s s & O, AR .
i H., GADRC 7] 3 F £ 4k d5e/MHA S 7R, 1R
ADRC HEAT# 2 35 hy PRI (1 6

2 TREASFEX KR

TESERR R, IEARIEX SURAFAEN, B
TR G M HIERE, HRRIARE. fEAL,
KR G, W R ARIEX ) LFC R4
BT MRS T %Mﬁ?mﬁﬁﬁﬁﬂﬁ/ﬂﬁﬁx&r
FiR R L 3BT 7 A BL R 3 A

1) FFAFAELR rimﬁ:aﬁ#@
BRI IA B EL —1/N(X) il 2k s

2) RALHEEG(jg)

3) L AL R AL G(jq) A 2 s th £ 88 5
I AR 2 ke A PR EA T 0 AT

A ARG MR R s 2N (X) W R,
L B0 DX AR Ze PE (¥ B0 DX i 3 R 2 P A o T
AN 0.000 5 1 1:

2D

&N(X) Frez

http: // www.china-simulation.com

* 821«

https://dc-china-simulation.researchcommons.org/journal/vol29/iss4/15

DOI: 10.16182/j.issn1004731x.joss.201704015



Chang et al.: Analysis and Design of LFC System with Governor Dead-band via Gen

5529 44 4 1) E R Vol. 29 No. 4
2017 44 1 Journal of System Simulation Apr., 2017
N(X)= 5 Nyquist diagram
2 4t
KIZ sint (1228 )40 12280) A (A |- 3t
| 2 X X X X 22t
g Al
40 (2AY |1 £ o
j ——[—j —X=A (22) % 1)
X X T .E ol
ST 1 TR S A b R i s 3
1 1
:G 5 = , = y -5 L L
9 =05¢,9; Tos+1 9; Ts+1 -15 -10 - =S 0
(23) Real axis
Kp 1
= ,0s =— i) 12528 e ith 26 F0 — i £k
94 Tos+1 9s R K2 G(ja) MzZe ks g f —1/N(X) itk

Hrp, Ge e ilds ks e K. Rl 5
i BRI 23 AT LASRAG A% 3 e £ G ()
G(jq) = 929394915 91929594
-G
FrEL, FeAl Tl AT LUl MATLAB ¥ G(jq) i)
IR AR A —1/N(X) 1) il 2 2 il 7 [R])— A A
P2 . 45 G(jq) AR 2 ks i e AL -1/N(X)
IhEe, WZRGAE: 4 G(jq) Mz 2Ry th 2k
AL -1/N(X) I HhZe, MZRFEATEE . 4 G(ja)
MIZ 2R 2 5 —1/N(X) I I ZRAHAT, W R S
ORI R, BT AR BREA
H TR AR AL N LFC RGN, 2%

R IR S H X sk ) R4
Kp =120,T, =20,T, =0.3,

24

(25)
T =0.08,R =2.4

KH L ADRC BT ¥, HSHORI T

w, =35,w, = 5,b, =250 (26)

R HER R BE T LFC RERaErE, 4
T G(ja) Mz 2 ke 26 F0 —1/N(X) ik, L4
R 2 Pros. vJLLER], G(jq) 2 ks i g
BHI-1/NX) ik, REATRE. HFHEWN
Mo FTUMEE AR RN . K5, TEAEIXEUE A
0.000 5 i, IIAMYERSS 5 APy, =0.01 (t=20s), &
Girma Y I Zean &l 3 fros. Horp, B S4 RN R
FAAFAE PR A TEIX GO, RO LR R G4
TEVARFED B L. AT LAUE 2, P SEIX
MAEAE, REMIEHIMEREZ BB, BIHATRE.

Fig. 2 The nyquist curve of G( jq) and the curve of —1/N(X)

i %1073
0 W\/\N
1t J
o~
== _2 L
A
E
5 3| ]
= 4t T &ﬁﬂﬂé
- —fAEBEIX
51
-6 . . . . :
0 10 20 30 40 50 60
ENRENS

K3 TEH L ADRC FIRHL) R GUH ERmR &Y,
Fig. 3 The responses of power system under conventional
ADRC

3 AEMSRIEX KM TTIE
AL, TR ALK A, RAAR
FE DL, ROV R AL 5 AEX (.

N T ISR RS L R, AR SCRR[17],
AR 5 AL AR eI BB dn ™ A 33 R U 5

0.8 225
=—Tn 27
" 14T,s @7

FREH 2 PR CECRSE, 1T LR R 4t
INEESUIERAE

—15.925+200
GI(S) =

s® +15.885% — 235 +85.42
ZARG AR AR MM RS, KA E M
ADRC ez, Fik, ®H 3 ¥ GADRC ik

(28)

http: // www.china-simulation.com

Published by Journal of System Simulation, 2017

* 822



Journal of System Simulation, Vol. 29 [2017], Iss. 4, Art. 15

5529 B 4 19

2017 44 11 Wb, A& BATEAIEX M LFC 2480 X A bl

P, MSAY LR R () ESO Boilh

o 1 0 0
o 0 1 0
M=l gsa0 23 1588 1)
0 0 0 0
"0
0
B = 00 (29)
0

C, =[1 -0.0796 0 0]
VDRI 2408 2 Loy 428 T 2089 2 Ko, 23501

Lo =[968.2 11732 437.6 3536.4] (W, =29)
(30)

Ko =[0216 3.3555 0.6707 1](w, =3)

K H IR oR BOE -t R AR e 1k, 22l
G(jq) 732 ke thZE R —1/N(X) [f gk, L4k
mE 4 fros. wTLLER], G(jq) FIAZEE thLk o
Fil —1/N(X) B2k, REEATEE - HAFE DA AL,
AT P AR BRFR o SR, AESEDCEUIE Y 0.000 5 1,
TN IRAS 5 APy =0.01 (t=20s), FRZE MmN i
s 5 fron. b, BENLFRIRRENEEN
THAS IO AT DL, B8 a5 R 2 R R AR AT X (1 2k
PRI AR 0, PR (5 S AR RN R AL S L IX
s dt. FTAER], TR SSIEX R, R
IHIAE . LRGN, )% GADRC feAb HfTH
PRACDX IR BL, (H R IEASREN BRIEIX (A T2
PEREME, TEEMNAT EXTBEX AR A T M

Nyquist diagram

S = N W R W
T T T T

1t
|l
31
41

Imaginary axis

-5 . . , . . , . ,
-5.0-45-40-35-3.0-25-20-1.5-1.0-05 0
Real axis

B4 G(ja) M2 ke 2k f1 —1/N(X) 1k
Fig. 4 The nyquist curve of G( jq) and the curve of —1/N(X)

Vol. 29 No. 4
Apr., 2017

,x10%

N

=

H
-8t ; —— fF(EBEX
Ll N WATEX -

P BEIX (14 PEAE 0L
-12; 0 20 30 40 50 60
NS

5 {£ GADRC I HL ) R GEH ki [
Fig. 5 The responses of power system under GADRC

4 REAMZIRNE

T ES SEIX (15200, GADRC ASfgfe it 2
RIS . FrEL, ASCAE GADRC R I,
PRt T — MR e M RN, T B L A A
At IZAMEAIE QI 6 TR . HRARZ K U a1
SE Bt 5 B R 22 ) 5 R] ESO, 1@ i ESO
HEATAl VL, i GADRC 3 BN BRI 25 SE X JE 2k 1tk
(7 H I, A 2R GE 45 1 Be DT i 53 AN S o
Ab, ZFME A — A T RS M R AL K.

+ 1
QT

JEIX A
1

=

1+7s

6  HAPHASLX N LFC RS 115 25 M g
Fig. 6 Error compensation scheme for the LFC system with
governor dead-band

IR, FEASC, SRAIE e ekt & 6
Jzsif) LEC REtifsett, HDH\A L.
KT 6 P DR AIR RS 3 e

6, = G0y = =0y = —
PO T 417 Ts+1]

31
Y Tes+1’ RS

http: // www.china-simulation.com

* 823

https://dc-china-simulation.researchcommons.org/journal/vol29/iss4/15
DOI: 10.16182/j.issn1004731x.joss.201704015



Chang et al.: Analysis and Design of LFC System with Governor Dead-band via Gen

5§29 B 4 W
2017 -4

Horp, Gga 7= GADRC [RfLi e % SRJE ]
AL A 5T B R AR A 3R AR 18 B B G, () -

G,(jq) = 0,059405 +~G162~G3~gi+ 6,0,06

1- g, - glgzgé

DA, Fefl Tk n] UGB E MATLAB ¥ G, (jq) HI%3
ZEITRE I ZE R —1/N, (X) 1R I 2R 22 I 7E ] — AN A A
A G (j) 2R A R -1/N, (X) 1)
thek, MILRG A K2, G (jq) 72 Wiy
A —1/N(X) I ih gk, WRGEAFE. #5
G, (jo) MIZZENR 25 —1/N, (X) I i 2L,
W) 2R et ok R R, RIAEAEAR PRER

IR 2 WHURI BRI RS, R AE A
KLHYFAKB0EA 3 BY GADRC HEAT# i,
WMERBBCN k=1.8. 5L, RAMRRETES
RGMRGENE, 220 G (ja) 2% 2 0y il 2k A0
—1/N (X) g, g unlEl 7 fros. nfLES],
G,(jq) Mz ZEtrRe th e AL —1/N, (X) B ihk,
RYGEREM . R)5, {EAEXEUE A 0.0005 B,
AR RAS 5 APy =0.01 (t=20s), FRZEHI0 N i
LRI 8. SILRRIN RGATAE TR B ALIX [ U »
MR IR RG] T R ZE M SN S5 A L o 1T LA
B B, AR 22 AMEE SR S5, T BR T ZEX (1 5,
RGP HITE AT 2 T IR AP b St MR AZ . L iR &6
SRR, Bt AR S0 BB A BR S8 X A
Zettk, WERALIRIRI I, DRIE T REEMERE.

(32)

5 Nyquist diagram
4L
31
2 9|
<
g 0
.Sb _1 L
2o
— _3 L
4t
o5 ~10 - 0
Real axis
B7 —1/N(X) B HIZER G (o) 2% 2 ks iih 2 (k=1.8)
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