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Abstract: Through the parameterization, we obtain the bilinear-parameter identification model of the feedback nonlinear
controlled autoregressive system, which is composed of a controlled autoregressive model in the forward channel and a
static nonlinearity in the feedback channel. By decomposing the product term of the bilinear parameters in the identification
model, a stochastic gradient identification algorithm is developed to estimate the unknown parameters of the feedback
nonlinear system based on the gradient search. In order to improve the convergence rate of the proposed stochastic gradient
algorithm, the forgetting factor stochastic gradient algorithm is given by introducing the forgetting factor. Also, this paper
establishes the convergence theorem of the parameter estimation and proves the convergence of the proposed stochastic
gradient algorithm by means of the stochastic process theory. Finally, the simulation example is carried out to verify the
effectiveness of the proposed algorithms from the aspects of parameter estimation accuracy and prediction performance.
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1, ZRFrH TeA N LI A .

RGARRNEZ 4% A BH KA EN TR, HT
i) 18 /& 52 4% H [8] )3 (controlled auto-regression, CA-
R, Fikx N

A(2)y(k) = B(z)h(k) + v(k), (1)

Hrp:y(k) € RERS ARG (k) € RER

LMD ST RERIN; v(k) € RERHEANET;

Z2 N IBENL S A(2) 1B (2) 70 )37 AL

BHT M2 IR, 2 SCh
AR)=14a1z" +az >+ +a, 27",
B(2):=b1z7 4+ byz 2+ -+ by, 2™

B R, Fllng 2 CAIT, H2k < OB, Hy(k) = OFN

v(k) = 0.

L
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wl) o hk) [B@ x<k>4l® y k),
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90) | <
K1 BRI SZ 45 E 1A RGEHE ]
Fig. 1 The feedback nonlinear CAR system
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h(k) = u(k) — y(k), 3)
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ib: b; i c;g;(y(k

=1 Jj=1
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lp(br—1, k)|
7*(k)

D2 k) +

2
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A, AR (k — 1), §(k), @(bri, k), (k) FIE (k)
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E[l9(k)IIP] <
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HﬁT(k)‘P(i)k—&-i—la kE+4)|* <
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il So(l;kﬂeh k+7)
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P 1 440 A7) P15
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izl LP(IA)kH—l?]@ +7) NP
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HJ; ht ) e(k+ )7
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N 2P+ D) | ek o+ )
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H10(25)-(26) 14, lim E[||9(k)||?] =0. &L IHiE.
JE PR FAAIE WY I AR R W, A AR RE SR U E B 12 A
4) JROL, MR T 22 SRR € (k) A S, FN-SG 5k 2
sk, HiEEE.
5 BEMIA
B 07 FRRAE SRR A RAEAHERE ) 2.
WA RG22 B A R 5
A(2)y(k) = B(2)h(k) + v(k),
h(k) = u(k) — 5(k),
AR)=1+a1z7 +az 2=
1—-0.182""—0.062"2,
B(2) =biz7  + b2 2 = 0.6827 ' 4+ 0.36272,
y(k) = ey siny? (k) + cosiny®(k) =

0.20siny?(k) — 0.12sin y*(k),
]T

—~

9= [Gl (03] bl bz C1 Co
[-0.18 —0.06 0.68 0.36 0.20 — 0.12]".

PrEE, RGN {u(k)RRAZEEE AT ZA
HRMIBENUE S 751, {v(k)}RAZBETT 2 o

H S 700, ey B A S 8N R g
{y(k)}. FIH L. =4000 255 N i H 5, 2 5 8 H
FN-SG HiEFIFN-FFSGHIE T RASEL. RI14H
T ES M NC?=0.402F0? =0.20%f, FN-SGH %
IS Hh T M AR 2, R2MEIA R T % 0? =
0.202, 8 & K 7 2 5 AN = 0.99F1\ = 0.98Kf, FN—
FESGHULMI SR TH AR Z, B4t T A FINEFS s
7 FN-SG 51k Z H Al iF 1% 22 6 o= |9 (k) — 9|/
|| 9| Bl EAZ Ak i 28, Horh 9 A SECEAE, 9 (k) NI
THE, B34 H T AR K i), FN-FFSG & £ %
HfhirhirzEo BEERHIZR, Bl425H T FN-FFSGH.i%
B SHETHE R LA b 2R 1.

0.55
0.50
0.45
0.40

< 0.35
0.30
0.25
0.20
015 1 1 1 1 1 1 1

0 500 1000 15002000 2500 3000 3500 4000

k
Bl 2 FN-SGHIESHUb IR % s Bk B IL 2 (02 =0.40°
Mo? = 0.20%)
Fig. 2 The FN-SG estimation errors § versus k with o2 =
0.40% and 02 = 0.20°

00 0 500 1000 15002000 2500 3000 3500 4000
k
Kl 3 FN-FFSGH % 2 $fli tH 1% 2 0Btk B 1 i 2k (02 =
0.20%, A = 1, A = 0.99F1\ = 0.98)
Fig. 3 The FN-FFSG estimation errors § versus k with o2 =
0.20%, A =1, A =0.99 and X\ = 0.98

0.6 - bi (k) 7

0.4 b, (k)

0.0 F a, (k) -

0 500 1000 15002000 2500 3000 3500 4000
k
K 4 FN-FESGHIEZHUbiHERE LB 28 (02 =0.202
A\ = 0.98)
Fig. 4 The FN-FFSG parameter estimates versus k with
02 =0.20% and A = 0.98
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E. BISZEH T R Gk N S Hh 2k R R e s Oy %
o? = 0.20%, k = 40000 73 3 ) ZHfli T HE A IR 241
FEAL A 11, 2 5143 3 HFN-SGH. 1 AIFN-FFSG . %=
(A = 0.98) B3R 15 1) TN AR B, T R 1R A5 2% HH 4y
SNGL (k) gy (k), B

ji1(k) = @" (b(Le — 1), k)9(L) =

—0.22570y(k — 1) — 0.09715y(k — 2) +

0.58164u(k — 1) + 0.29207u(k — 2) +

0.58161 (0.07359 sin(y*(k — 1)) —
0.04446 sin(y*(k — 1)) +
0.29210 (0.07359 sin(y*(k — 2)) —
0.04446 sin(y*(k — 2))),

92 (k) = " (B(Le — 1), k)D(Le) =
—0.20218y(k — 1) — 0.05060y(k — 2) +
0.69814u(k — 1) + 0.35007u(k — 2) +

0.69651 (0.19756 sin(y*(k — 1)) —
0.11197 sin(y®(k — 1))) +
0.35194 (0.19756 sin(y*(k — 2)) —

0.11197 sin(y3(k — 2))).

T SEAG TR i % 22 38 7 AR (mean square
error, MSE)
1 LetL:

MSE(H () = (7= 5 (@) ~ y(k)))?

PR TR 5, IR BIMSE (71 (k) = 0.24908,
MSE(g»(k)) = 0.20427. El6-745H T FN-SGHZH
FN-FFSGHLi%: 5 Gt th S5 4 M R ZE R K2Rk

TR0 2R .
2 - T T T T T T T T
_p L FITEREEEAEL SERT A PV
0 500 1000 1500 2000 2500 3000 3500 4000
k
2 - T T T T T T T T
gé 0
72 _ 1 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
k

5 FGL N H 2
Fig. 5 The input and output signals

MFN1-37T LLE H, BEE K 138 0, FN-SG
FIEMFN-FFSGHVESEU i THR Z BN, ZEUS TR
JEE R . HH E2—4 T4, EN-SGH LI Slos 1R 18 L
Xof M 7 AR AL AN BIURK. 7E 5] NS R T )5, FN-SGHLi%
FRIVAL SACE 52 W S b 305 IR 7R/ N, FN—FES G192

SRR ZE WU, B S8 SCHE k. 75
FVETT UMY BL, FN-FFSG BiE P shi V2%, b k
(38 N, FN-FFSG Z> il v & g i sl H K 6-7
AJ 41, FN=SG 595 M1 EN-FFSG 535 Fr $5:45 i T
R Ay B+ R Gu kA REERER R 4t
UM TR REAR U MU PR RAEN A, ELIRGR
TEAG TR A R ZE I AR KN, RINFN-FFSG 51
Al VTS AL L R 22 35 7 AR BB /N T EN-SG R At 1
R R ZE S AR, B M bRl o+ B,
T B T 7 AR R ol AU

-2
1 1
4000 4100 4200 4300 4400

------ y&) gk

0.5 T T T T T T T
0.0
-0.5 ] ) ] 1 1 1 1

4000 4100 4200 4300 4400
k
Kl 6 FN-SGHIEIRIG TN 91 (k)5 R GH
y(k) BIRZERE LB HIZEE (02 = 0.207)
Fig. 6 The FN-SG model output ¢ (k) and the system out-
put y(k) versus k with o2 = 0.20?
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% 1 FN-SGH kA4 Rk £ (02 = 0.40°F20? = 0.20%)
Table 1 The FN-SG parameter estimates and their errors with 02 = 0.40? and 0 = 0.202
o2 k a1 as by by 1 s 51%
100 —0.15888 —0.15673 0.41742 0.16201 0.04737 —0.03037 46.77152
200 —0.17802 —0.14241 0.44130 0.19783 0.05219 —0.03214 41.87076
500 —0.19518 —0.13279 0.49252 0.23022 0.05740 —0.03712 35.23550
0.40% 1000 —0.20537 —0.12177 0.52248 0.25358 0.06271 —0.03891 31.10515
2000 —0.21265 —0.11185 0.54776 0.27343 0.06861 —0.04111 27.66355
3000 —0.21561 —0.10743 0.56004 0.28057 0.07168 —0.04241 26.16061
4000 —0.21784 —0.10458 0.56924 0.28634 0.07398 —0.04397 25.03627
100 —0.17362 —0.13514 0.42985 0.18780 0.04574 —0.03177 43.56201
200 —0.19317 —0.13053 0.45951 0.21865 0.05250 —0.03492 38.80114
500 —0.20681 —0.11985 0.50737 0.24647 0.05655 —0.03884 32.96477
0.20% 1000 —0.21518 —0.11195 0.53661 0.26515 0.06201 —0.04031 29.37505
2000 —0.22166 —0.10345 0.56139 0.28142 0.06812 —0.04224 26.32987
3000 —0.22388 —0.09961 0.57322 0.28756 0.07125 —0.04335 24.98450
4000 —0.22570 —0.09715 0.58164 0.29207 0.07359 —0.04446 24.04200
HiH —0.18000 —0.06000 0.68000 0.36000 0.20000 —0.12000 -
# 2 FN-FFSGH kA% A& BaE £ (02 = 0.20%F2) = 0.99)
Table 2 The FN-FFSG parameter estimates and their errors with 0 = 0.202 and A = 0.99
k al as by bo c1 c2 6/%
100 —0.19266 —0.13848 0.45896 0.21219 0.05481 —0.03674 39.23288
200 —0.21976 —0.12951 0.50531 0.25663 0.06790 —0.04139 32.31174
500 —0.23201 —0.09577 0.60264 0.30208 0.08338 —0.05081 21.55718
1000 —0.23442 —0.06060 0.66632 0.33559 0.11814 —0.05126 1491116
2000 —0.22760 —0.04025 0.68399 0.34856 0.16554 —0.06207 10.37556
3000 —0.22071 —0.04519 0.68297 0.33791 0.18715 —0.07570 8.12135
4000 —0.21709 —0.04666 0.68913 0.34310 0.19161 —0.09205 6.37608
HH —0.18000 —0.06000 0.68000 0.36000 0.20000 —0.12000 -
% 3 FN-FFSGH kA 446+ A% £ (02 = 0.20%F2)\ = 0.98)
Table 3 The FN-FFSG parameter estimates and their errors with o2 = 0.202 and A = 0.98
k al as b1 bo c1 co 6/%
100 —0.20921 —0.13955 0.48749 0.23530 0.06520 —0.04199 35.09446
200 —0.23770 —0.12208 0.54639 0.28750 0.08561 —0.04653 26.73416
500 —0.23612 —0.07334 0.64897 0.32734 0.11373 —0.06157 15.41409
1000 —0.23223 —0.04223 0.69172 0.35183 0.16265 —0.06034 10.96299
2000 —0.21849 —0.03179 0.68935 0.35802 0.20246 —0.07745 7.83157
3000 —0.20936 —0.04365 0.68066 0.34337 0.21230 —0.09423 5.70604
4000 —0.20218 —0.05060 0.69814 0.35077 0.19756 —0.11197 3.95122
HAH —0.18000 —0.06000 0.68000 0.36000 0.20000 —0.12000 -
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