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Adaptive Fuzzy PI Control for Electric Load Simulator

JIA Dongxu, LIU Liang, XU Zhaoping
(School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, Jiangsu, China)

Abstract: In order to restrain the surplus torque in electric load simulator and reduce the influence of uncertain
factors on the system performance, an adaptive fuzzy PI control strategy is designed. First, by analyzing the
composition and working principle of electric load simulator, a mathematical model for electric load simulator is
obtained. Based on the model, the causes of surplus torque and the uncertain factors in the system are analyzed, and the
system characteristics are also analyzed. Second, the torque differential negative feedback correction link and the
adaptive fuzzy PI controller are designed, and the feed-forward compensation is introduced to further restrain the
surplus torque. Third, Matlab is used to simulate the effectiveness of the designed adaptive fuzzy PI controller. The
simulation results show that the control strategy can restrain the surplus torque by more than 99%, the error of
amplitude is less than 10%, and the error of phase is less than 10° when system is stimulated by 8 Hz sine signals.
Finally, tests are carried out on the built test platform to verify the designed control strategy. The results show that the
suppression rate of surplus torque can reach more than 85% , and the dynamic loading can meet the “double ten” index.
Therefore, the control strategy can effectively suppress the excess torque and make the system have good dynamic
tracking performance.

Key words: electric load simulator; surplus torque; torque differential negative feedback; fuzzy PI controller

0 3= AR 520 56 A% P, 52 N 4 A LG A 2 7, B 0L
2 A I R P S B AR R TR TR B MR BL R S PR L B R R
WU HLTR 2 SO PR IS B R B LR R SR8 B e 7 RS I 7 T L

Y78 H#7:2020-08-24; 1&E A #§:2020-10-23

ESWE:HEARRERS(51975297,51875290) 5 b A K B4 61 #7 5 4 (SAST2018-107)

EE B BUAB(1993—) , 6+ 78 4, 3= B0 5 05 1) Sy AL Al ] i 3R e s i

BAEES N R1984—) B b ml#z, BB 7 10 IR S ARG MIE A G R A



AR (R 3E30)

132 AEROSPACE SHANGHAT (CHINESE & ENGLISH) 4 38 % 2021 445 5 )
KAFH] TR AE , B 5 HEAT 1 SR B SR IE .

H i, 0 2 4 5 P i R G s R e
B AR ST 0 R, AR AL S A I R
W X 22 4% 03 R A — o I R ) L {H e T H Bl B
P& RGP AEATE N R, BT 28 15 m
Tl A4 SR AN AL HE T 52 g 381 2R 49 ) 4 TDRS E RY Re
32 1) S s U] i e 3 A )

SCHR L3 )7 PID S fot 45 il vh 51 A2k U5 2 57
2, DLsE il R AR R ME R R s w30 2 % )
B RGN AL . SCHER[4 )3T 7 A A N i AR
il LATH R 28 6 v 2 60 0 AN ff 7 R o) T A A 45 A 45
il PR B B 5 L HRE v R R S AR . B XAE S
PID 5 il &% B 3 Ny 7k 22 19 [a] @, SCRk[5-6 142 1 4%
W PID #E il o SCHERL7 182 1 7 38 Ny #0804 i, LA
PRAIE B 25 B 25 M B N A & IR B A B . SR8 148 s
T — b 3 T2 O /)N i #2845 (Cerebellar Model
Articulation Controller, CMAC) B o ] - fif 43 (
Proportional-Derivative, PD) 1 & 45 il Jr i , fif e R
i R PR LT CMAC (4 PDIR & F il )y %
AT ) R, ] R GE 0 248 J1 5

BT H 2l B AR AR R e 0 22 A% D) AR R ()
A, SCHER 9] 42 T 42 ) 2 R %% (Radial Basis Func-
tion, RBF ) #1 8 [ 4% R 5 42 4% il PID M5 5 M2 &
Py, AR RGP T L A IS D RE ) R0 R R
TERE

AR SCHE 43 BT W Bl 17 2RS40 4% 3R 40 A T LR
S RNV ST 57 VAR R &Nl S )
A A I8 N PR 2%, LS &5 3R G000 3l 5 m 4k

Um + 1 +
B Kew RitLes

1 B RBRENERRE 2

1.1 BEIGHRMBENTIEREREHFER
FL ) B R AU A T Sl A R L AR AR R
2y e AP 2 LB, S M TR AN IET 1 BT R o R AT
PRI, 2 3+ S HL T ks Fa il 45 4, 1 R4 AR AL AR
JIE A% R o3 R SR AR B B D AR 5 A A S R gt
B0 28 R AL T A o 28 v WL K ) 45 K 2l i 28 R AL
ARt 7 RO AR AL BE AT 0 2, R AT 3 4 T 2K
RLAL S AEHILI] A2 3 g 22 ol g A

n Tl R B g A

i FY 53

il

5 "

5 o8 ; 2

mE i i
T HLHL %
‘ 56 R
In# -« i
i > SR T

N
SR QE . &
@% fEbLE
B
E1 mpRAENEEHEE

Fig.1 Structure diagram of electric load simulator
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Fig.7 Block diagram of electric load simulator system with torque differential negative feedback

i R AR PIIE #2511t

22 H
F 3 L AR P14 i 25 4F S PTE il #5 5 BOM) 45

il % 59 2 5 2, Bh BAT P ] 4% 45 04 1) 5 64 40
SR SCHA R 4 1 A I P R 9 4 L T AE 2R



95 38 %% 2021 4E45 5 1

UM, %5 - vt gl S R DL 288 F 11 3 IO AR P A ) SR i 135

HE PIEGR S NS S8 REELEREZN T
o, R AP R G HA R 00 3l S 0 Rk
B3RO P4 i 85 K R S8 1 18 25 e R 2278
T2 ec AE Ry i A, 26 22 ) 2 P9, AR A0 1 S 1 A5 A
RO P il a4 19 K (e 250 (K (R R A0 2
NSHGHTT BB E  BEARERISE R
Ky =AK, + Ky (4)
K, =AK, + K, (5)
A AK, AK & PLEE il 8% 1018 1 2 880, 2 BORI 4%
il % 0 5 Koo K2 PLAE T 28 00 IR 18
SR P42 ] i 1 425 ) 45 4 AE 4n 181 8 i
IR o B, Ry 2 Bl B AR A A R G 0 A RN
WL w ok B IE AR P 55 04 S

B
p- Tl
AKP AKI
vy
rt e |
; u | BEE Y
-~ d_% VPlﬁtrﬁ'J%% > i >

E 8 BIEREM P& 2E & HIER
Fig.8 Block diagram of the adaptive fuzzy PI controller

HR 4k DL 143 B 0] 0, BT 38 AR 42 1 2 S U
AUk 25 o BUREA e ec Rl AK, BRI 45 4
{NB,NM,NS,Z0,PS,PM, PB} , i i AK, 1) 154
£ R1{Z20,PS,PM,PB}, 3R & B R 54 BUN ) 52 B
B X5 =T PR, AR P i 4% 10 2 50 2 R
UL S B 3 2 56, 0T 41 AK, CAK, Y BER AL 0]
F®WFEIME2,

R1AK,HIEHIH R
Tab.1 Fuzzy rule table of AK,

R2  AK B R
Tab.2 Fuzzy rule table of AK,

e

NB NM NS 70 PS PM PB

ec

NB PB PB PB PB PM PM PS

NM PB PB PB PM PM PS PM

NS PB PM PM PS PM PB PB

70 PB PB PM PM PM PB PB

PS PB PM PM PM PM PB PB

PM PM PS PM PB PB PB PB

PB PS PM PM PB PB PB PB

e

ec
NB NM NS 70 pPS PM PB

NB NB NB NM NM NS NS 70

NM NB NB NM NM NS 70 PS

NS NM NS NS 70 PS PM PM

70 NB NM NS NS PS PM PB

PS NM NS NS PS PS PM PB

PM NS 70 PS PM PM PB PB

PB 70 PS PS PM PM PB PB

i Ji K Mamdani #fi BEE580 06 BOR) #E B, 450 1
AN ASER) a HE A P 20 O T 0 AR A i S R
b, 58 B A 3 WA PTE ] &% 9 1T .

BB R GE P A I 2 A ) R R TG E R X
ARG T, W 2 R AT AR . L
224 1] g P T 9 5 A SE R N BE R 2 A% T
F7 B ], PG, 51AR 5 R B2 05 B — 2B X 2 Ay
JIFE AT

3 BERIES 27

o B UE BT AL T A R ASOR PTA i 25 1 A7 R
£ Matlab 1 JEAT T {5 ELEGHIE

15 B4 0 R 1M A48 4 0 Nem, B HL
0L T A5 5 IR 107, 4505 43 51 /& 6 .10 Hz 1Y
EZ L. (5B, 43 B T 2 Ge A AT A 42 1
FURME B, IR 0 Z2 A D146 5 A 3E N RTH PTHE
Wil B B 22 4 J 5 REHLAL BLAR 5 00 % 6,10 Hz i
) 2 4% 1 4 i n & 9 A 10 T o

 VANANA

e e V v
= -0.04
B
-0.06
— HIE NP1
-0.08 —— FFER
-0.10 - ' t t
0 0.1 0.2 0.3 0.4 0.5
T /s

E9 MIMLEESHMEACHZNREZSRAE
Fig.9 System surplus torque when the servo position

signal frequency is 6 Hz



AR (R 3E30)

136 AEROSPACE SHANGHATI (CHINESE &. ENGLISH) 55 38 4 2021 4R 51
020 e HEBR 98 15 2R 0 1 B8 T i T R B
0.15 F 4 Im#k 48 A W AE AR b A K F 10% AR £ 28 1L
0101 f RKTF10°) , BA BLF I Fs v RE

g 0.05
Z N N
= ! 4 52 E
= -0.05
5
-0.10
015 4.1 SLHHER
-0.20 ' ' ' : B IE BT 1 g AT s bE VEAT T S 5
0 0.1 0.2 0.3 0.4 0.5

1] /s
E10 HEHNMEFSMEANIOHNREZRNE
Fig.10 System surplus torque when the servo position

signal frequency is 10 Hz

HH 9 mT AL HEAILOL B4 54058 6 Hz B, RS £
AR R B S AR PTEEHIET Y 3.553 X 10 ° N-m [
J T EEHE 9 1.894 10 7 N-m; f1 & 10 1] 1, fiE #L
N BAF S0 N 10 Hz B, RG24 J1 46 h B & B
BB PT 4% I BT 19 5.888 X 10 % N-m &y T #5115 114
8.932X10 °N-m, Ml J5 w2 & 1M g T
99% Lh b W /R T R Gk RE Bk, AT IE B T
BT R4 T 53 X6 22 4% 3 R A 0 80RO R A

B RGN I AT A IR 0.15 N-m, 4l
K8 Hz M IE 5% 15 5, E LB 07 B T A5 5 0 e {8
10°, 2% 10 Hz M IE 5% M1 26, 15 2] 1 [ 38 W AB) P1
A2 i s 19 g R Rl A A 11 s

0.20 =
— 1R A — Ml A — ERERRE
0.15F ~ A\ N
0.101f |
E 005
¢
il
5 -0.05
R
-0.10
-0.15
_0.20 1 1 L 1
0 0.1 0.2 0.3 0.4 0.5
1] /s
B 11 BiE MM PIIEH B R iR th &
Fig.11 Torque tracking curve obtained by the adaptive

fuzzy PI controller

P 11 AT i ) R LT S 4R 4 i s
LR A, ML T 4.03°, BB R 22 06 1.023 X
10 * Nem, BRER R Z AL T 10% N . Uil
F 3 I AR P4 il 25 0l f OB 4 AR R (A

WE, SRS W 12 frw .

_Ml-glhv,

B12 MBRFIXEFE
Fig.12 Loading system test platform

T e X 22 A 77 4 A A AR AT S5 e A 4
F6 4 T35 8 0 N-m, fEHLIZ s 15 4 R iR E 10°, 450 R
10 Hz (9 1E 5% M1 £k, BT 45 22 4% 07 %6 09 10 1 92 36 45 21
WK 13 PR

0.06
0.04 +

~ 0.02 -
g
<
&
= -0.02

-0.04

-0.06

0 0.1 0.2 0.3 0.4 0.5
NGV
E13 SRNEMEK
Fig.13 Surplus torque curve

Bl A0 3 S 5 25 R AN R 14 R o S 25 0E 4R

A 74 NI 0.15 Nom, #5148 Hz Y 1IF 3% {55, fit



95 38 %% 2021 4E45 5 1

UM, %5 - vt gl S R DL 288 F 11 3 IO AR P A ) SR i 137

Pliz g dE 4 W IRAE 107, 5% 10 Hz i) IE 52 i 26 .

0.20
0.15} A
0.10 | /
0.05 1/

ol
-0.05 |

J1%E / (N-m)

L Ay i

=0.10 ¢
—0.15 L —— SEIG AR 2k
' — TR A Lk
-0.20 s ‘ ‘ . ‘ .
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35
i

B 14 shEmE s

Fig.14 Dynamic loading curve

42 XIIWERSW

F P 13 R A5« S 56 B 3R 9 1) 22 4% 0 40 A9 R
47°0.033 N-m, [ L AR P14 il 1 (%) 22 4% 77 96 1R
{E 0 0.004 N-m, Z 4 S M KN 87.9% s 5 &
S5 E, S50 T 5 22 4% g 0 0 i) SR B AR W R
2ZVHRAR E R BRI B T — B TR R R 85 % LA
CF DT E BH 22 4% 13 0 40 20 2R s R A

Hy P& 14 RS S0 506 I 2R G0 1k B Re A I 1 O KR
2£°00.012 7 Nom, o Jin 2k 48 4 I {8 19 8.47 %6, M %
IR 8.64° Wl /£ T “ XA HE AR EE K 5 U HF R GE A
B Fa BB A R R 2% 4 0.011 35 Nem, (5 in#48 &
W AEL B0 7.57 %5, ARBE A IS 5.4°5 52 36 25 S 5 0 .45
AHEE , fe iR 25 80 K H AR 820 )

SRS T | B Y SR S IS
S5 Mk R AR bR R L H 5 0 ELAE R L, S5 R IR AR
R, DR S 5 4 rP A AR 1 A T B A 1 AN B
P2 R AR 2tk B 9 T, B LI 4 37 1) 302 58
U e, 5 1 — 2 ootk A o8 3

5 % FKiE

RSB T R AR BRI R AR A
TREMN TR I T REZ AN
0B I s AT AE R B L B R S
2 A 3 5 BOR R 2 L BEH T 9 S 105 U Bt
e AEFR A 8 R R FVEVE T 3 RO P
I 2 4 T IR 6 5 A 1 A HEAT 0 R L DL
RGNS IME R . (7 ELEE SRR 7 B vk T
Y6 2 A AR 99% DL BRI L H 4R

2y A5 A X" b R S R RS
BABESh S MBNE . &5t 7L RiE,
L5, Z2 A% J1 R AN OR B W5 P A 4
FRAR H ATk 3] — R TR BEOR A9 8500 R b, il A%
R, AN R W A L X" R b
kT B i e A R

S 2% 3k

[ 1] TR vl gl B2k f s8R0l m v B 2 B B 4 o OR
WEAFFE (D] R 5t i BUEL TR 2%, 2020.

[ 2] SHMISA A, KIANI Z. Robust fault-tolerant controller
design for aerodynamic load simulator [J]. Aerospace
Science and Technology, 2018, 78:332-341.

[ 3] B, 5855 T kA T 42 61 Y b 3l fal iz £ 4458 400
o [T ] E H LT AR 244, 2003, 23(12) : 123-126.

[ 4] sRMSC. Wl AR i & B il RT it (D] | /R
I W IR Tl K2, 2011,

[ 5] BY5 ] e A AL 67 SRS 48 28 e 5 il SR AT 58 [D . b
gt bRt AgE R, 2014,

[ 6] T, AR K7 FEOL AL BOHI PID Ay o 3 f1 405 0L 2%
e [T, AR, 2019,42(10) 1 16-21.

[ 7] WANG X J, WANG S P, ZHAO P. Adaptive fuzzy
torque control of passive torque servo systems based on
small gain theorem and input-to-state stability [J].
Chinese Journal of Aeronautics, 2012, 25(6):906-916.

[ 8] YANG B, GU N H. Semi-fuzzy CMAC and PD hybrid
controller with compressed memory and semi-
regularization for electric load simulator [J]. IET
Control Theory &. Applications, 2019, 13(18) : 3065-
3074.

[ 9] EBE, XM, 42520 BT RBE 1 28 0 25 F1 8 52 458
il PID 9 H 3l 5 a0 g &2 S 4l [T, B Bl 5 4%
R4, 2017,32(1) : 84-89.

[10] HE . i 3h i 3808 09 % e 5 SR T ], ks g
#L,2014,42(5) :70-74.

[11] FE# . A fEHL 5 B LA B S B 5E (D). Mg IR I
W R Calk 2R, 2010.

[12] 2% . v gl S B LR i 6 R (D], RIE
JER=#,2013.

[13] A& 3%, A Bl , S0 REE 55 . LBl f sl R Y JE 2tk
P2 7 i Je A2 ]. b R, 2016, 42(1) : 96-101.

[14] Z=71 . vl 3l 67 400400 4 (1 Jo i PID #E R SR g A 52 [D ]
AR5 LR, 2015,

[15] B AT B oe w, S, 55 AR AR 5 ) BE ik (ML) 6
R G- A R R S AL, 2011



