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Direct identification of continuous-time models based on PSO and its
application
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Abstract: To avoid the bias of continuous-time equation model’s estimation by numerical filters, the direct identification
of the continuous-time model based on the PSO and output error method is proposed, which uses a simplified fourth
Runge-Kutta method to the approximate system’s output, and used PSO for the numerical optimization to aviod the
estimation bias. The consistence of the proposed method is analysed, which shows that the parameters can be estimated
asymptotically consistent in an open loop. Simulations show that the proposed method has a good estimation in this
case than several continuous-time identification methods such as SRIVC. Finally, the proposed method is used for a good
dynamic model of machine with elastic load, which verifies its effectiveness.

Keywords: PSO; direct identification of continuous-time model; consistency; machine with elastic load

0 5 &

E T VT S ML 5 B AR ot B, 20 42 1 5
GEEiR LT 55 A R 1 T B8 SO (R . (L B
AR (g R RELE — Sl 1130, 514 U f 75 390 B R
TS T AR A T, 3 DS B 0K A (1) 58 R
RIBHL TGS BT I R L R TR
S5 WS R 01 4% AT B B, HL R % Rl 03, i
5 2 BRI PR T BT 9 08 A5 45 B I ok, S 4R
S, % Pl AE RGN T IR MARR . & S
ST AT, I T 3 5 A A I A B A
VA RGN IF i Bh AE R4 BT A W AR

Yis HEA: 2017-04-13; 1&[E HEA: 2017-09-18.

V2 I B A% 33 e B IR TR T — BT HERT i
CE B HERTTE S 228 R R 5 i AN B A R IRy
PRS00 KR AR N TS R G R, A T IR
S BEAUES FEHE IR BT 22 0 S B A i iR PR
RO IR 7 i 2R - B S TR ) 41 i /s — SR
JHEW) B SR R A SR, e
REDRAL SR IS R G IR 7 ik 1O AR 4k R L.
ORISR R GRS g 87 R R %2 (CEE) B
RAGEAT e/ el v, WK 2 W BB B o0 i AL
AR IER T NG | NS N0 o8 s
WA 51N, A 75 CEE A5 f e 75 % 72 Wi 21 0

HEWB: FEh “RBHEEEHTshitR” SR H (16111106300).

RIERE: S0

fEZ A 3G (1988—), 55, B LRI, it AT Rul i RE iR s ) RGEHHRAOAT L #°F (1954—), 53, ik,
il t:, SRS B SR et 15 1 5 HE R BOR S8 0E 7T.

PEIEE. E-mail: 191545876@qq.com



%6

o E ATPSOMEL R A AEHFIRNALFRE Q&R LI L F 1137

5 YT B 22, A R I O R A R A T, T
SR FH 2 B ) $ 0 4k 2 04, i ELAS BE R AIE S 50
T B — SR e m P e IR B BRI
Ji FER AN R FUEIE IR N A, R R4
e i R R IR I AR, U A% 38 o 5 B R ZE T T
HA L 7 LUK S AR i R R
R 22 48 LS (A B R SO AT AT AN e SRAS A P e AR
KRG,

Xof TR S 50 A 5 2 v U v (1 AR 2R PR AN
Ak P, AH R )7 U R BORT B AR AE 2 AN R B
A2 B AR LR PR R R BRI AN BE AR U A SR
AR AR USSR 1] L. TR B AR A (PSO) 5
% R T R R Ak B b 0 BUE TG 7 B SR R, B
X LR AR v 1 R AP AR A SUR, K PSO
VERIESE R 458 AR B, o e Sl i 2
(COE) BB HEAT Al 1, 4 AN 2 15 CEE A B Ay 11 i 3 41
PR AR R 7R (Y5 e, T L RERS T IR S BB R R
S 5340, PSO SHIE RAT (1 500 1 B8 TT DALRAIE 7E A
it 2 3R A 4 R ARAR A 6 0. DRIk, AR SCH HE — Fol
5T PSO F COE B8~ (R 2L R 48 B4R HH R TT VA,
H M AETE IR IR R S 5T v . R 5
AT A s R B LA B R
SEBR S, B TR I RUR.
1 ETPSORELRGHEIR

2 f&—/ SISO T 42 [ COE ## 74

y(t) = Go(p)u(t) +v(t) = yu(t) +v(t), (1)

bop™ + b1p™ 4+ by
Gl = L @
Hrp R H T p = d/dt, SR KRE T s tHX
s o(t) & SBME N 0 B ARBENLIE 7R G, (p) Fon i 2
(B A5 R, T Mty (8) s LSS A o 72 WU
&5 u(t) Tan N H R IR B

(P +ap" T+ an)yu(t) =

(bop™ + bap™ 4+ by )u(t). (3)
11 EEMEIRERE
AW HER I FE AT N G(p, 0). & XS HE S
i iR 22 T 3K
e(t|0) = y(t) — G(p,O)u(t) =y(t) —9. 4
A E N AR T 5 (1), y(1), w(2), y(2), - -,
w(N), y(N), ZES4 H 157 2 N R 2N

1 N
In(0) = 5 D_e(tlo)*. ©)
t=1

B/MEI(S), PRGBS EUN A T
On = argminJy (6). (6)
6
TEFHR A, TFEST Ty (0) G (p, 0)u(t) AT
SIS R A ) (t) AT e 2 1S F A RS
500 Gp, 0)u(t) ASBEAF H AT AR, 1T K BB AT AR B
(K 0T AR A9 B R B A (VG P R0 B B, 7
ISR P 5 4 DG o A 5 3080 B vk, LA
N I R R Ay 051350 B A AR
~ o . i)lp‘F i)g
12X (2) A1, 2 (7) 52 — A B s O R, i i
HU&E 2 R A AR &, P S IR = AR X, /Y
&(t) = Az(t) + Bu(t),
() = Oz (t).
AR FIREWAE — AR Ayt (8) IR TR, B
: PR = (1 0. R K
—as3 0 bl
N h, IRRRALRE. Jfs 30 (8) fithh ¢ (¢) FIBUH, 7 %
WHz(t), A
z(t + h) = A%(t) + Bu(t) + C°u(t)+
u(t + h)] + D°u(t + h)]. )
Forfi: A0, Bo OO DO 4By
1 1 1
44:1+mQI+ij+§mql+ﬂmﬂ}

®)

—a; 1

A= B =

l?zz%B{I+hA{I+%hA<I+%hAﬂ}’

C%:%BPI+hA(L+%hAﬂ,

D° = ﬁB.
6

(10)
H =X (8) ~ (10), P15 H (¢) BIEUE R
gt +h) =Cx(t+h). (11)
PAF (7) 9, T SRR AL T (0) P BRI T
Step 1: ¥4 2(7) 54 (8) T
Step 2: 3% 3K (9) ~ (1) B HFFH G (p, 0) /£
JilfE 5 u(t) TR 9(t);
Step 3: K H 4(¢) FH 52 Bl &4yt y () #2 X (5) 1
B TN ().
1.2 EFPSORI#HA
5T SCPSO 38 R 5 b $ (HE I o %50 A=K (5) 1
J(O), R AL i) AR AEH n, 4 HT kAR IR b, BT B
0; € DV THEEv € {(-3% ~,3%) x |D|}, Mk
Wﬁ%ﬁﬁ%}:afggﬂﬁwx%%mﬁ%ﬁﬁ



1138 = # 5 X R %33%
%:m¥%yﬂﬂj)M¥mﬁfﬁu§E¥ AN E{[AG (p,0)u(t)]v(t)} = 0, (18)
S
gh+1 — k+1 n 95}, (12) =0 (16) AT 15
Ul(cj-&-l _ w 7j . cyrt ](efjp QZ)+ JN—>oo(9) = E[AG(}?, 9)u(t)]2 + E[U(t)]2' (19)
k k B 5 A K B N AR, AR, A B I 4 R
CQTQJ(G —6; ) (13)
" SATHE —BUIMER: 2 N—soo i, AG(p,0) = 0,
o w RBRERT, wh = 0.9 — ——, m N EEARIK

e = 2,¢9 = Qﬁ%j.%,ﬁﬂ]mﬁcl‘ﬂ(&l)
() A N8 20 3 A I ML AL 2 T PSO HIELL RS H
PR R F BRI R

Step 1: 75 AT HE R AL 1Y S 0 i 25 (a0 0] 4 A 5032
ST | Waata =% tvAm Rl K VA= 1 BT - s A <
7 B A SR I MAIRAEAL B 0}, 3% (5) 154
RLT (R 3E L bR B T (6)), 75 R A R ARE AL B 0 =
a?gﬂ@w)

Step 2: 443X (12) A1 (13) 56 Hki v fE FAL B .

Step 3: 4% 3 (5) T 5 & W0 T 72 Hr AL B N (1 IE B
FE oA B T (0F), 15 H & K0T 19 24 1 A A A A 17 B
0F, = argminJ(0}~%), JE4F i AVRE ) 21T 42 R ARAE

6, €D
ﬁﬁ@k = argminJ(G%:fl)
$w4ﬁk<T@ﬁ SE EAIRED), W # Step 2,
B ML 5, 15 H S I 7 B AN B 4% 42 JR B

O, 67 B A S L A .

2 —EES
& AERRZE N
AG(p,0) = Go(p) — G(p, 0). (14)
7 %X COE A A i) i 22
e(tl0) = y(t) — G(p, O)u(t) =
Go(p)u(t) +v(t) — G(p, O)u(t) =
AG(p, u(t) + v(t). (15)

KHERRSHE BB FEEEA, 29 N—oo
AP0 32 5y M A3 2 E U BR 5

t=1
E[AG(p, 0)u(t)]? + E[v(t)]*+
2E{[AG(p, O)u(t)]v(t)}. (16)
FARL I ZHAh THE N
Oy = arg;ninJNHoo(G). 17)

21 FITRHIFEHR
TR T Bl . A H B o (¢) N F A T
FRBEHLIE AR, HE N u(t) 5o(t) AR, H

S350 = 0,. VA SCHER 19 81 4 R AR AE PR R
HA BT ET — 280
2.2 HFIFRTRYEEHR

GO s e AR < B D AN G EZN R
v(?)

#(t) u(t) + (t)
—+><T>—>| G.(p) }—>| G.(p) }—+>£—>

1 HFER
Fu(t) Hr(t) Fo(t) Fos, B

B G.(p) .
W= T mam ™

G.(p)

T amam

(20)
éAF@ﬁ):fi%%igkzkﬁamﬁA

(16), 2 3 v (t) NELME R A2 FE NS R, H ik
EFNE T r(t) Hot) AFE,
JN—>00(0) =
E[v(t)]* + E[AF (p, 0)r(t)—
AF(p,0)G(p, 0)v(t)]*+
2E{[AF(p,0)r(t) — AF(p,0)v(t)]v(t)} =
E[AF (p, 0)r(t))* + E{[1 — AF(p,0)]o(t)}*. (1)
FH X (21) AT A, 5568 B Al o1 n) 2 B A5 4 )R A /DS
1HL, 2 B0 A THE A 2 0% — BT (5 2 M 5 i 4
FE BB, B2 Br2(t) i KT B2 (¢) B, Al THE
HUAS I B vH O
3 ﬁE%W’J
S — A W g S R S

bip + bo
t) = ——u(t t). 22
v = . @)

Horbo(t) NEBME ST ARSI u(t) = sint +
sin(3t) + sin(5t), 2 Na; = 5.a; = 6.2.b; = 1Hll
by = 4. RFEEIH 0.1 s, KAEEHE 4 1 0004H. PSO [1)
SHRE PR 30, B4R K ECA 300, 15 M B E
0.9 28 PEIG IR 2 0.4, % ST 7N 2, ar~ ag by Fl by
A RGN [0, 100)*. N 54 LR LE RSt A B
R AN B R AT R G A AN T i 4R
R YA R 5 R R 4 R 48 B PR 5 R0



% 6 5 ¥ H A TPSOMEL R A AR RN RME & LI F 1139

BEAT R .
3.1 RBEAEKFETRIEA

B SE R AR IR 75 KPR A 2 i 428t 5 925 B IR 1
P, W A5 L2179 2.3 %o, FTAAHHRSHUN S5 R AL 5 3
M TTERIRF L AR 1.

R RBAEKETHAREEPHRMR

Hik
b1:1 b2:4 a1:5 (l2:6.2
OEM 0.949 3.746 4708 5.8
v 1.05 4.158 5.23 6.454
SRIVC 1.294 3.974 5214 6.204
IVGPMF 1.277 4.02 5.102 6.276
KT 1.009 4.000 5.017 6.206
AR IEAEARIE: 75 K S5t FE R
WSt 26 an B 2 i .
100
...... b1
% 80 b,
= - - a,
g 60 — a,
8
g %
g 20
0 P e rrre P e
200 300
Iteration

2 (RIEAKFE TS HEZ

HT 1B 2 Jfr s B Wi S0 2 mT LA Y, 7 T IE AR
150 AR RIFFR S5 A8 17 e, BT 5t i E R s
FARRE M. X T e PR SE, a1 AT LB
G RIS R G R AR TR AT HY RS 7Rl 22 4
LR 10 K T T 1t 7 350 AR 451 0 % RURS JE B I 2
28 S HRR T VA R 5 2 . X R MR T B2 1
SR R G EAEYER TR AR R
32 SRBREEKFETRPEA

PR e M 7 KPR It 7 ik ) s,

E 218 13.61 %. BTSN 45 R DL J 5 HoAh 7732
X HE L 2.
#z2 BREEKETHAREZEHFRRIIEL
Rk
by=1 by=4 a1 =5 ay=6.2
OEM 0.946 3.63 4713 5.702
v 0.619 1.581 3.001 2.432
SRIVC 1.278 3.938 5.171 6.127
IVGPMF 1.324 3.868 5.203 5.989
AT 0.992 3.969 4.969 6.118

ARSI AL R 7 KT T SRR R
e S i 2 4 P 3 BT

Hi 2 2 0] DL S HY, 7 e e KT S R, B8
B R G0 TR T VR P A R B0 i 22 AR K, TV

sor ] b,
b
= - - a,
§ 60 '. — a
5 e
5 40 \
g
S
A

Iteration
E3 SREEKETSHAREZ

JIT A A5 R 5 4 (e B 1 L SIEASE AR T T R R I 8 R
G H R T E MR I T R HRR R, AR
TRAEAG] I HEEAS L i T 2 SR L R G HL %
#EiH 7772 SRIVC 1 IVGPMEF. ¥4 [&] 2 F1 [&] 3 2 ¥ 9% iR
W th 2 32E 47 % e T DL HY, FEIE AR 150 AR A5 i 3
PG5 AR T T A%, R BRI LR RO S R SR AR S
JIEHAT IR LE R BRI R T BRI
TR E, WA HIUBOR BIFHR R 220K 3.
4 SEBRM RG]

KA U3 2 &) 1) 2 I & 3 v L% F L% )ik
06 2% B AT R4S M 4% R 40 1 o R e R i Y. R
4t B AH 0o AR B R AL O EE 141 (1 ek
PSRN PR 5 B ER R O F g D 2 2

W LA N LR N 16.85 V, FE A 4 0.01 s,
KA s HCN 1000, H LI 754 I8 PR 2% Sl e 1 (2 33 )
LA R ke/min). WA 1) 2 el BR me S it 26 G 1 4
Fiw. I ZGE I BR 00 R AR 5, 3% & — N B B R
W RAFESWAM RS, RARCTNEHHRSEH R
Gui B e R SR B AR IR T 1
iOEAbiZw
_artq
rp? +rop+1’

SR JE Fe NI s oy R AR T 1S5 TR K
—1.512s + 252.2

G(s) = (23)

G8) = Z 350605 1 1645 (24)
2 (24) BICA R G r4E 3 pR 4R
5
= 4
E
g.’)
3 2
&
0 \
0 5 10

t/s
B4 ARG RN
1 15 7T LA B T A SOOT VR T A AL Y
i R e 7 i 8 AR TSI 0 2 PR B B e 7 b 4 ik AR
B AE0~2s BN RE H, BT 15455 24 B By A e 1 it



1140 # % 5

F %£33%

LE B AR TE 70 S W T FCSE I R Bl A i ML X
T 2s LR MIRa AT e, 35 B AR ) — Se T AP AE,
WAL g e 5 Al B E G, R 7 A
JTEAE SR ZE 1 o L AT 2.

5

identification
— - observation

E

Speed /(kr/min)
—_ O = N W A

t/s

5 R ERIERIXTEE

5 4 ®

B S BT T 3 S R R TR LE () R A, AR S AR
T —Fh kT PSO 1 COE #5 2Y 1f) BL# HF 1R U7 VE, M
1M 36 %2 1 CEE 158 284 3% 15T S50 48 U 38 17 R 1 i £k
TH AT T TR TR A TR BT, AR T R R
)4 R R AE T IR N S8 E i — Bk 1 R IR
B, P tH 7 2 B B R A RS FE. Sk e v £
AU AR AT HERIRAT T RAF AT, TR 1
Firdie th 77324 S AR 5.
S E 3k (References)

[1]  Unbehauen H, Rao G P. Identification of continuous
systems[J]. IEE Proc of Control Theory and Applications,
2006, 153(2): 185-220.

[2] Garnier H. Direct continuous-time approaches to system
identification: ~ Overview and benefits for practical
applications[J]. European J of Control, 2015, 24: 50-62.

[3] Rao G P, Garnier H. Identification of continuous-time
systems: Direct or indirect?[J]. Systems Science, 2004,
30(3): 25-50.

[4] Young P C. Refined instrumental variable estimation:
Maximum likelihood optimization of a unified Box -
Jenkins model[J]. Automatica, 2014, 52: 35-46.

[5] Xu L. Application of the Newton iteration algorithm
to the parameter estimation for dynamical systems[J]. J
of Computational and Applied Mathematics, 2015, 288:
33-43.

[6] Xu L, Chen L, Xiong W L. Parameter estimation and
controller design for dynamic systems from the step
responses based on the Newton iteration[J]. Nonlinear
Dynamics, 2015, 79(3): 2155-2163.

[7] Xu L. The damping iterative parameter identification
method for dynamical systems based on the sine signal
measurement[J]. Signal Processing, 2016, 120: 660-667.

(8] T H. RGEHHRFEIEAIEIRNE . WS St E AR
FC . FEm 5 TR, 2016, 31(10):1729-1741.

(Ding F. Complexity, convergence and computational
efficiency for system identification algorithms[J]. Control
and Decision, 2016, 31(10): 1729-1741.)

(9]

(10]

[11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

TR, EARTE. BUR B LS B AR S ) —
FeHFR 7V [J]. B 53R, 2016, 31(12): 2261-2266.
(Ding F, Wang F F. Recursive least squares identification
algorithms for linear-in-parameter systems with missing
data[J]. Control and Decision, 2016, 31(12): 2261-2266.)
Ding F, Wang F, Xu L, et al. Parameter estimation for
pseudo-linear systems using the auxiliary model and
the decomposition technique[J]. IET Control Theory &
Applications, 2017, 11(3): 390-400.

TRE. JET-H% ShHH A 1 1% 3 bR 202 9 B BE LB 2
T D). 4215 1R, 2017, 32(6):1091-1096.

(Xu L. Moving data window based multi-innovation
identification stochastic gradient parameter identification
method for transfer functions[J]. Control and Decision,
2017, 32(6): 1091-1096.)

Xu L, Ding F. Parameter estimation algorithm for
dynamical response signals based on the multi-innovation
theory and the hierarchical principle[J]. IET Signal
Processing, 2017, 11(2): 228-237.

Ding F, Liu X, Liu M. The recursive least squares
identification algorithm for a class of Wiener nonlinear
systems[J]. J of the Franklin Institute, 2016, 353(7):
1518-1526.

Jin Q B, Chen Z J, Dou J, et al. A novel closed loop
identification method and its application of multivariable
system[J]. J of Process Control, 2012, 22(1): 132- 144.
Yang Z, Seested G T. Time-delay system identification
using genetic algorithm — Part two: FOPDT/SOPDT
model approximation[J]. IFAC Proc Volumes, 2013,
46(20): 568- 573.

BVE, FH, TRIRAR, & B TR TR AL R 2 A
SRR 5 S H000R (0], hE AL TR 2R, 2012,
32(15): 155- 161.

(Zhao Y, Wei L, Zhang Y C, et al. Structure and
parameter identification of supercapacitors based on
particle swarm optimization[J]. Proc of the CSEE, 2012,
32(15): 155-161.)

Zhu Y. Multivariable system identification for process
control[M]. Oxford: Pergamon, 2001: 103-106.

W T DUR e - P B R B O JL 0], 5
WL 3L, 1987(3): 42-44.

(Yang P. Fast simulation of fouth Runge-Kutta method[J].
Computer Simulation, 1987(3): 42-44.)

Ljung L, Singh R. Version 8 of the Matlab system
identification toolbox[J]. IFAC Proc of Volumes, 2013,
45(16): 1826-1831.

Padilla A, Garnier H, Gilson M. Version 7.0 of the
CONTSID toolbox[J]. IFAC Papersonline, 2015, 48(28):
757-762.

AR, 1, TR, SR Al E ORI LR
FEALAN PID 4251 [J]. F 2 0ALR, 2016, 37(6): 8-11.
(Xie S X, Yang P, Yu H Q, et al. Experimental modeling
and PID control of DC motor with elastic load[J]. Process
Automation Instrumentation, 2016, 37(6): 8-11.)

(Grittmig: £E#%)



