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Application of Improved TD3 Algorithm in Motor PID Controllers

ZHANG Meng-Jie, CHEN Yao-Jie, DENG Jiang
(School of Computer Science and Technology, Wuhan University of Science and Technology, Wuhan 430081, China)

Abstract: This study analyzes the multivariate, nonlinear, and strong coupling characteristics of permanent magnet
synchronous motors (PMSM) in industrial applications, as well as the difficulties in their paramgter adjustment, response
delay, poor robustness, and adaptability issues encountered with traditional PID control. A novel approach combining a
twin delayed deep deterministic policy gradient (TD3) algorithm with PID control is proposed to optimize PID parameter
adjustment for more accurate motor speed control. In this method, bidirectional long short-term memory networks
(BILSTM) are integrated into the Actor and Critic networks, significantly enhancing the processing capability for time-
series data of PMSM’s dynamic behavior. This enables the system to accurately capture the current state and predict
future trends, achieving more p\'recise and adaptive self-tuning of PID parameters. Moreover, the integration of entropy
regularization and cufiosity-driven exploration methods further enhances the diversity of the strategy, preventing
premature convergence to suboptimal strategies and encouraging in-depth exploration of unknown environments. To
validate the effectiveness of the proposed method, a simulation model of a PMSM is designed, and the proposed
BiLSTM-TD3-ICE method is compared with the traditional TD3 and the classical Ziegler-Nichols (Z-N) method. The
experimental results demonstrate the significant advantages of the proposed strategy in control performance.

Key words: deep reinforcement learning; TD3 algorithm; permanent magnet synchronous motor (PMSM); PID parameter

self-tuning; BiLSTM; intrinsic curiosity; entropy regularization

O HEETH: & KR ERAT3) T H (62602010214)
WA N ] 2023-11-28; A& B [A]: 2023-12-29; SR FH IR [A]: 2024-01-05; csa 7548 H AR [F]: 2024-04-01
CNKI [ % & K I []: 2024-04-03

262 i FH K& Research and Development

© EREERREST  hup/iwww.c-s-a.org.en


mailto:chenyaojie@wust.edu.cn
http://www.c-s-a.org.cn/1003-3254/9498.html
http://www.c-s-a.org.cn/1003-3254/9498.html
http://www.c-s-a.org.cn/1003-3254/9498.html
http://www.c-s-a.org.cn/1003-3254/9498.html
http://www.c-s-a.org.cn/1003-3254/9498.html
http://www.c-s-a.org.cn/1003-3254/9498.html
http://www.c-s-a.org.cn/1003-3254/9498.html
mailto:cas@iscas.ac.cn
http://doi.org/10.15888/j.cnki.csa.009498
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

2024 4F 55334 5

http://www.c-s-a.org.cn

i H AR SN A

K W4 [F] 5 L ML (permanent magnet synchronous
motor, PMSM) PR H: 1 T 22 9% B f g e 1, 7EALES A
FEAA S B REIRVR LR A S IR SRS 2] 7 i M
FAU R itk BT SR 1 A, R
il PMSM )18 #53 FE AR & — DB MERE®),

PID #2 il #% PR . ] v A1 2 3 A R0 e %, 76 SE B B
RS2 Z A, BSEOR TR0, A4
ZHMLE R ERFENA R ENTR Y. RZ M
Ft O 4 R 2 e J8 i B AR R A% 4R SR 1 5 PID
[P fE. Ab Ghani 25 N TF 708 i il A AS0R 12 il £ 4
PID, #2157 2 HBCR AP T, Quang %5 ANE47 1Y
WA 2 BRI 2 M2 T PID HEE, BRI
B I 1 G B PR IS B 1. 7E Sanatel 25 A\ 1A 7T R 4
X A 2 M 51 Gt 1) A8 R It A o i) R g R ez
2% (LSTM) R T PID 45 il 4% % 2 $ 8 i, )
LSTM % PID ¥l 8 M1Kp s Ky FIKp 2 KO8T H 3,
A5 LSTM R A7 MR HH 50 55 ERR S 0 PID bt
G HER IR IR & KA K, #4224
s, I H, X BT AR 2R AR Y R i )
FERTF-HUTT BeME DA I8 B, 380 AR e KU

AR B N T8 Re U ) O R, TR B AR AL
SRR HAZ O TR B T T RGE. R EAR E
BB LR 55T B ), I EHE A ST IRk DR
FEWE . PID 45 1) 2 B0 T B4 9 SR Ak el L, R
54k 21 PID S 808 e 424 7 %17 7). Shi 25 A
1 Q-learning FJ H & B PID 5 ] &% 1 5 4% 1] 16 23,
{BHARTE F FELRAE-3h 25 1. Liao 25 NS5 &

Actor-Critic H A& PID, H BP 4 M4 IT ISR, |

W 500 £ B B, A BT M e, (L Pl T AR o
TEi: RS2 L. Lu %5 AU DDPG ) PID 5505
Seitt ¥ A% PID 240 {0 DDPG *# 2 MUK, JF 5 it
L B 5L Fujimoto 25 AR H T TD3 503k, 5IAT
X Q M%% (twin Q-networks) FIHES:, XA Q M4 1
TR/ ME B 5. T TD3 Sk,
Shi % N4 TD3 8 5 PID #4454, S PID &
KUIEh A4 . 9 T o DDPG Bk (1R sE M, TD3 76
SEE O 4 LR MR 7 DA AR R . AR, 1 T
FEIIN, SV I 2 R IR A B 4 1032 S5 AT ik
WRE, TR B2 A R S T, SBCH IR
RN,

25 UK B 5 WAL AT 36 R, 456 PR S 1

TD3 HZx ALY PID #2138 1t 2 80k 47 B e, A
SCE R UL 21 IO A, 26 Actor FIZEA Critic
W2 5] N BILSTM LA SE BN IR 25 137 471 £ 8L 17 4347,
MTT 1 P 45 5 5 25 5 1 5 o2 PR SRe A3 8, S35 92 7
s S5 O T P 2 B B 81, 9 5 4 4 — i
R TE I T 7340 RS 428 S50 R IR 25
S 31N TE AL AR S — R I FR R, WA T 388 Gt 2
MM SR — AT 52 1 9 S, 3 P2 40 BB 0 4
252 L oK 25 S o 6 4R 5
9 T Y BT 477 9 I P SRR T AR 4 o
WL BB, I B R TD3 ik (54500 TD3
KL Z-N 70 M5 PID ZH0HAT T LR, 5%
L G ), AT SR 17 AR TE T R RS, 6
REOS LIS RASE T 80 A0y 2 AR B I s o
W, T AR B2 o L 32 AT

1 KGR A LY 43 by

K 7] 25 WL F3 46 2R 5 SR P LB R L i
e YR g AR 3 B T MR, 43 A
FE B 34 ol B 43 S A IR 8 v L R e 24
R TR, R R G, S PRE T PID a8 ki
5 HLEE, BN S TE P wrer, RBEE N0y, REEIE
RS IR RBOE L I, 5 3L A PID
T B, R4S SLA AR i BRECTHON (55, DI04 i
112 %50 N B 0. g AT #6571 PID 42 1 48,
it PMSM HEHE S i e HLR . g K )
HLRBCSEBERY, ST DR 2.

(1) HLHLSE T4 1% = HAE 2 [ F bR A

(2) R 2 3.

(3) A THREH R R

(4) ZREER T,

(5) 2 U WP 5 M ST A PR B

Ml 3R 1 L, 58 3 48 5 25 e A B R D-Q
T, i = OFURCE R, 0k T HUE T 85 A

ug = Rig +de%id — weLeig 0
uq = Rig +Lq%iq +we (Laia +¥y)

H, g ug S IR T HUE R D-Q A iy ig )
SR T R0 D-Q BB RS T IIHLBL, va s
Vo E T BEE 19 D-Q il 4y Bt; o, B A La s

Research and Development fJf 75 & 263

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

2024 4F #5334 5

L3 7& D-Q Hh UK B o p AUFRTK B S (I R
R B T RE T AE O

3
Te = 5 puig|ia(La = Lg) + U] 2)

HLHLLIIE ) T FE R RN
st’t’” =T, ~T; - Bwy, 3)

LS AN 1 s, 7K R0 R pL A i i 2
0B 1 B, Herh 30/pi ) R A B ) e bR A

R 1 IKELRD NS

¥4 Hfl
Wt He pn 4
SEF UK Ly 8.5 mH
T K Ly 8.5 mH
SEFHBE R 2.875 Q
Rk v 0.175 Wb_
R J ,0.001 kg-m?

iy -

*T PID

1 BT PID 26 A K B R 20 LS5 44 B

2 PID = SR E w2
2.1 PID i=4l

PID #1482 BT LA FR A PID #5448, 2 e
B2 3 N RS LT Kpe . AR TK 1S

KT Kp . 1X 2 SO AT S N AN 2 ] A R 22 T

e(r). PID Fiofi tHu(r) X (4) ikl v

! ¥ L d
M(f) = KPXe(t) +KI X\\f}e(t)dt+KD % Z(tt)
F 0

|

“4)

2.2 TD3

5mAk 2% > (reinforcement learning, RL) fEAL#8 5 >
=93 32, 1% 0o EARAE T 2% >0 i R B R AT 3
SREME, AT A58 BE PR 7E 5 A5 A 22 B b BB 8 3R A5 B K
SR Jihmax RO,

T
R(t) =) y'r1, y€(0,1] ()
t=0

Horb, y R NI 1.
0T SELE A A MY g D iR A 2 ST TR T RS iR

264 7 H K& Research and Development

5 2T 1l SR 7R R By /R W R e s it #2 (Markov decision
process, MDP), S ARG, ANBIEE. RAK
Jih ek H, PRAEIRAS s N REENEa, ¥ 3 F—IRE
s IR,

Fug (policy) & X T FE4 EIRAE N R e 1A% K
BB E RS, BRSOk, SRR B LR A s > a,
Hop s 2IRE, a2 fE.

m(als)=PA;=alS;=s) (6)

T VA S0 I, B RS B 86 5 V()
ETE A0 1 5 O, @) 5 rh RS 0 i 0 B RN 2D £ A £
BRI £ f# FH Bellman /7 REE <0 R

FM@=&mm+wm&Hn&=@

On(s,a) = Ex(Ri11 +yQr(Si41, A1) | S1 = 5,41 = a)
@

TD3 5%t/ Actor-Critic (AC) HEZE T iy —
JEVEIRFE Al % 2] Bk, BEE S T IR FER & M SR s B
JERENNE Q %2, LB (L DDPG Sk HeAl 1
FEH T 3 A SRR

(1) X E %% (double network): K Hi /™ Critic
2, THEL B ARE I I 2 R IMEL, AT A Y 28 3o
At vt 7] R

(2) H brsEng-~F1g IE 4L (target policy smoothing
regularization): 115 H ¥ {EF, ET‘\*/I\/H(%? HIZ1E I
IO, AT L 73 00l VP4l SEAE .

3) f@ﬁﬁ%? (delayed update): Critic X %% 55 £
Vi, TR Actor W%, MM HRAIE Actor 944 11 45
ERE.

N1 SIS B ARSR i, 1 Y6 Actor HARIM
BAHET — MRS s THIshE:

a =u(s|6") (8)
T EEANEE AR R M, FEEE L kg
a =a +e&(e~ clip(NQ0,0),—c,c)) 9)

TD3 EyAd FI A Critic F AR F048 Sk At 20 1F
Q fH. 9 T it BE A, BB M rh 1 B /IME 1
b Q 4.
y=r+ymini; 20)(s"a’ 169) (10)
SR 1R FILRA B I 0 f M S (R b 2
IR 2 L, , % Critic 202508 AT H 57

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

2024 4F 55334 5

http://www.c-s-a.org.cn

i H AR SN A

Le, = (Qi(s.al62)~y)? (i=1,2) (11)

{E Criticl I Critic2 W45 ¥ d 2P 2 J&, Actor K
LR, BRI Actor RIS THE HR A s T OSNAE.

Anew = p(s | 6") (12)

SRJGFIF Criticl 852 Critic2 W% kit BIRES)

'ﬁzxd‘(&anew) E‘]ix%'fﬁ{ﬁ, 'TE%')T_E’{E}EH Criticl WJ%

Gnew = Q1(S, Anew | QQI) (13)

w5, N TGRSR E M, TD3 KA 7 E

BRI, fEH— AN NIRE R T e (0, 1),4 4 ET M

28R H AR I 28 EAT BT 38, AR TSR T T PR A
Rtk

0% =162 + (1 -1)0% (i=1,2) (14)

¢ =10" +(1 -1)0" (15)
3 it TD3-PID
3.1 E{REZR

PMSM (313 J% % i 18 157 91 5030 £ b B8, 3 ot
R LI 24 BIR A AR g T 24 BT N, 30652 513 2
RASTIEEI . A SCHEAE S TD3 S BILSTM 3]
N Actor %l Critic 4%, fisA BUNEE I Fhik 1] 31
BOpE, R I8 BN T AT O RIS T T 44, 10 B A 1 % 5
ligt, A SCHEH ﬁiLSTM-TDHCE FiXBHEEPID &
HEYe GBS P 2 .

B T e SR S T e !
2l Min 1 et S e |
| I [ BILSTMCritic || i : BLS;MC I
target poli AP i -Critic | |
i i ?Lrgfwsfkl(l:y : (== : [I ]_)__elj—_l/"—:_‘—Q—la i network 1 : i
| | [BILSTM-Critic E_"—Q—J ! i ! i —— Sample mini-batch
target poli [ -, v L7351 | BILSTM-Criti
i : nggfwgfklgy : : [I I_)__CE:Z '4_:_'—%4 i 1networkr21 * : i
| : | Eseirasgirend I by : I
[ e e e S - - i W VORI B
‘ l
} r-----L----------------—-—-—-—-—-—--—-—-—-—-—-—-"—————7 K il } Experience replay
} : BILSTM-Actor| Soft update [BiLSTM-Actor : | buffer
} | target policy network | } 3
| : network -
B e e e e e e e e e | [ ICE
| |
o[- —
Re\fgf;’gce t’T PID controller PMSM  —Output—>
K2 Bt TD3-PID ;%&I:ﬂi%’él@
32 RS, . BEIEHEN a= K. K1) (17
% S AT 7 25 s L0 3 PR o) ) 2 i g IR BER GRS TR Z ALIIR BERAS
MDP KT S FR 48 ROk 25 2 ). 2 25 i) RS2 ) 6 4 AR FE . IXAF BT AV AT B e /M i B 15 22, T HL AT
SR 4y # NN Pl N Y\ ¢ N < O 5| N
HEAT BB, AR BLIHL T3t Al ) BRI A . DGR FFEBLIE A RAF RO BRI, AR, Kbt
HALE DU

NG BAE LS Ie TR o, R
e Ll PID £ S HUNZAAE O, AU 1 fdliz
AT ORI RF I, 30 Sk 1 42 8l &5 T3 1 s A8 I AR RS
s AR AT LRI A

§t = {wtsetsKP, Kl}

(16)
shE =2 a2 SN PID 4, BIELBIIE 25 Kp . FL4

W K ISR, X5 T PMSM #5175 78,
i H R EAIX A S

(1) HEEZIRE (er): ZHHEEL (wrer) MHATESE (wr)
Z IRl 22 1.
(18)
(2) B HEIRE (health): %S5 W T HALIT fgE
REIRZS, 25 18 AL AR HREIR B0 7HE H Ry 5 R LA F) R i, L
TETME (Hp) U 2 3UHiE.

Hp=(1.0-h)x0.1

€r=Wref — Wt

(19)

Research and Development fiff 7L & 265

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

2024 4F #5334 5

Horb, h RN LI BERSL, & — AT 0-1 Z [al Y
B, Horh 0 AR ZE R BRAS, 1 1 AR B I 5
ARZS. 255 FE R I AR U, b A 2 AH R, B AL
e i T2 T IR . 3X — LI DR T 54k 2% o] VR AR
A2 SR I, 5] I =% R& FEATL A R S .
(3) HAHLIEE (temperature): 3 7~ FEHLTE &/ [E]
SNSRI, AR (Tp) A N:
Tp = |Tactual — Tideall (20)
LR XRZEI, 13 B SR G iR
1 =09xle)| +0.1xu@)| -Hp +Tp  (21)
A DL R R

1 2
reward = exp(—z(ﬁ) ) +0.0lxr (22)

(o

Hrb, o 2N 10 B E A, ﬁﬁiféﬁﬂéﬁﬁﬁﬁﬁﬁﬁé
R N IUEE L E [0, 1) 2 17 I BEHLAL.
3.3 BiLSTM-TD3:

X A] K S I {22 M 4% (bidirectional long short-term
memory), i #X BILSTM, & — FlRe ik 28 B (1) 18 1wk 22
P25 (RNN), ‘B AR T KA RHEIZ M 45 (LSTM) 1 fg
JIRIL i) 4 24 485 R A 3410 TRk BILSTM 454 7 IE
I A0S i) 7 D7 T 5 A, s A AR AN g 2 ) B
Mot 22 BRI 7 E S, R AR KRS L 1E R
FR g 3] XA LR R A R S 4 AT
S5 I 2 It (. ZE A3 PID 458 1) 2 %o 7K B[R] 35 AL
(PMSM) FJE B BEAT 0 1N, 75 B r & % 8 ML i
LR KIZATIRAE LM REFa bR, LSTM A RETLI% 78 4

T SRS ok 36 2 8, 17 BILSTM il s i

S SIALA, A5 TR A% ] 5% 16 i RIS A 20N R A
3. ARWFFLIS BILSTM il &5 T3 11 Actor FJ% 1 Critic
W& Ky T i 3 AT s ) BILSTM-Actor A1 4
7 BiLSTM-Critic % 4% 4244, 7£ BiLSTM-Actor % %%
ik E 2 MRS, A E HO R — N )2
MIEIN S, Se—1, Si—n, F T HRAEAL T NS, DL (R S0
AR AE AR TR 0 ROBE b, ek N8 00 A8 B 2, hn ik
IR FE, I 22 i ok 004 ) L. s o A 10 2008 12 N
BiLSTM JZ, IR AL BER (8] 77 51 508, i i [a2b K 2
B8] BT KR o5 &R, 2 f5 ¥\ Dropout [, 18 5B T (1)
AR BIR AW E ek T i — P R
PERG R, 15 B A & a f . X T BILSTM-Critic ™

266 W7t JF & Research and Development

2%, B NRZS s, ENE a, & F 50 N TE L3 bR AL 5 fi
F BiLSTM XA EBEAT $R 1Y, & 5 it 4 iE 82 52
RES-FER] Q M M it

LSTM —
S,., — Batch normal LSTM x

v—— LSTM
» LSTM »

|
S, —» Batch normal ﬂ—l—‘ LSTM
» LSTM
| ¥

L Dropout layer

|

Full connection layer

'

Full connection layer

!

Out layers

o

3 BIiLSTM-Actor

34 ETHFFOMNBENAESIREREE

N T RE SRR 2 TOA IR R, ARSI T —
AL 20 R0 L U (B PR SR S g vk
Gty 1 PSS Ok SEph R B 2 M R E A,

(1) 2T AT O HIRER

o KROCBETE T — AN E X 28 R T — IR

A, AR FL TR 2 5k 7= A — A dF A B i X
Fh AL AL AT DL i AREE B 2 M PR R PR 8. N TE )
BgrtHEIT:

re =B-lsi1 _§z+1||2 (23)

Horb, sy 2 SEBRI R —ANRES, Seet SR IE I 22 0 2% T3
MET AR, B — NS BRI U 77 0 22 i)
S

(2) JiIEfE

ASSCIEFIN T I AR S5 ol S DR 15— A,
X AT A G M I 1 WA S — A E T SR 6 I
WA E SR

E=-a-)  plals)-logp(als) (24)

S,1 —» Batch normal —1

© TEREBIK R

http:/fwww.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

2024 4F 55334 5

http://www.c-s-a.org.cn

i H AR SN A

Horr, pla| s) & SKIG P2 — D E S E IR, a2 —
AN ZHOR PR 95 1E AL ) 55 2
FEARSCHME A SR, G 23 0 22 il AT 1 U A 73
FEWRE LA, AT TAE R SACEE IR R g,
FAARYL, H45 7300 R I BN i A 55, LA AR
BERR AR R FPRE . FI, A SRR AL

LA AN T 005 IE D) A 35T, R 35l SR DR FF — E R
M. PR, AR SR 2l R BT AR OR O
Tiotal = reward +r. —a - E (25)
i I X AT 2, AR SR Y R S AN RT DL 4
TRE I, T HL 38 m] DUIRE G 57 USe S5 81 — AN o 1k
SR, ITIE 27 S AR vh DR — E I 2RI

S i i r + LSTM — — LSTM « 1 — i —
- — Batch normal —— 'y — Batch normal «—— a,.,
. N T LSTM +
IS, — Batch normal — X * LSTM LSTM « I~ Batch normal « a,, -
% LST™M * LSTM < '
S, —* Batch normal — v > LSTM RN — — Batch normal «— a, |
+* LSTM LSTM =
> Dropout layer !
Full connection layer
Full connection layer
Out layers
Kl 4 BiLSTM-Critic \
\ B
4 SCEh R gE FLANKT # 2 BIiLSTM-TD3-ICE Hikill% 25
- sH% - Kot
4.1 SCI§ .
+T5‘4EE§ L R ZREE T 1000
A CHT PyTorch G HE T — AN K BEIR A HHL \ s 1000000
PID F il (47 HAR 8, Seif sp A 1 22 LK) Ziegler- AMICEEIRREA R R 256
: oo o g Mo % 0.005
Nichols (Z-N 2~ PRiER] TD3 b P T »
icho s(. ) i hRAER L ,ﬁ#&’f&%‘ ﬁ?ﬁr‘ﬁ I T 0.99
2 tH ¥ BILSTM-TD3-ICE 8R4l 40 1. A SCHE L 0.1
AR S 2% AR T 4T T R, 3 I 3 SR HHTI 2
L - Wt o p - " J 1 U AR 0.5
7 . i 7)), LS B 52 AN 5
S MG B 3, W SRR i !

S BRI B 2 RIVE BN Kp € 10,301, K € [0,5].
T IRNIEAL TD3 1 BILSTM-TD3-ICE 7£#U4T H #&
1E55 B I PERE 25 57, AR STNEL il 23 B LA e PR 3ok 8
HBEAT T VPN R RS HNER 2 B,
4.2 A soLg
42.1 %o

AR S 53 AT 32 AN 1R B [0 235 149 22 i o A ok B e 7
Fh BV REAN R . X EE TD3 5% 5 BiLSTM-TD3-
ICE SR ZR 2 phE W&l 5 o,

FE 2B Y L UIRY B, TD3 B3 B0 1 5 3 1 24 b
Wesl), X BT HAEHEAT T 2 RS R R B AT e 1.
ZIG W T TD3 Bk R R I B 2l 7 2 Fhk
W LB AR IR BN A, BRI LL RS T & T 2 h )
TR HIEEZ R, BILSTM-TD3-ICE $3& 3 H 5 infi
75 AR RAT NFI BRI 2 S B, 1X 1925 T BILSTM
IR 26 (1% R 77 7 b BRIN 1) 5 57 50408 O T RO 3, DA R 45
A U A o U RO LE DAk PR R SRS B I RN

Research and Development fJf 72 7T & 267

http:/fwww.c-s-a.org.cn

© TEREBIK R


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

it E RGN

http://www.c-s-a.org.cn

2024 4F 55334 5

ARSI B, TD3 Sk BARTT R R B H — 2 1) 2
IR PFfe e M, (HAE I Z R, BILSTM-TD3-ICE 5%
TE PR FRI o 22 i 7K ST 5 T S T 5 A i 3 R AR e e A
PR A S B . R, BILSTM-TD3-ICE $i%:4E
SRR e M DL R W S B U T AR LT bR E TD3
FOE B B2 RS, X SR A FL T A B R B
FE B A A (S 2 B AR B i T R,

243 — TD3

242 t — BILSTM-TD3-ICE

24.1 ¢
24.0

ST

23.7
23.6
235

Avg reward

0 200 400 600 800 1000

Episode -
Vv

Bls %l bl

422 BREE SRR AT

TE KRR 2D PR ML 3 R R S, e T 4 2K
B850 A RTETHER 1 2 1500 radss, 76 0.2 s Abr=A:
Pran I e B . Fd s E N IE5Z R $100 sin(Snr)rad/s
VAR T A5 5. ik, R T & L[ Ziegler-Nichols
(Z-N) 775, AE4t1) TD3 FEAASCHE H 1) BILSTM-
TD3-ICE Bk %} PID 50347 B M €.

XFF TP B s ae i 6 froR, 5
Z-N IEFL G 1) TD3 FkAH LG, AR SCHE H K 7 vk e %
T I A IR R iy 25 T, T HR v R o S
DA B /N 1

2000 | “ref - ZN - TD3
~ BiLSTM-TD3-ICE
1500
w
£ 1000 F N\
=l
53
& 500 |
0 L

0 01 02 03 04 05 06 07 08 09 10
Time (s)

B 6 TP s R S ge b
MTEr = 0.2 sV 100 N [ 5k sh, 45 R 7
Fi7R, BILSTM-TD3-ICE 5 A8 1 1 %2 PID S
CAWS SR 2, 8 AL B BRG] )3 B e e RS, % 4t
TD3 FLIEAT Z-N 75792 00 32 B0 H 35K 11 8 R AN 2 K ik
AT ]

268 W7t JF K Research and Development

Speed (rad/s)

s ref —Z-N - TD3
— BIiLSTM-TD3-ICE

0 01 02 03 04 05 06 07 08 09 1.0
Time (s)

K7 AT R S A6 X L ]

X T IF 3% 5 505 % ik RS 0 S5 ) 8 S,
A i&efﬁ%i@? Z-N J5i%"TD3 1 BiLSTM-TD3-
ICE 8 3% 1 M 2 S0 IF 32 68 S s o v, 390 1 P
U BTHE 1 2, X R F L R I 0
VR L BRI X — A LA 3 R R R T R
PRI T TE 32 0 B I 1, SR e L 7 A
1% 5 2 1) 34T S #f B ) 3. BILSTM-TD3-ICE H3: %}
T 1E 325 %503 11038 B SR AR N H €5 Z-N T3
I TD3 378 185 W ARG 3 ) B et P o 77 7 — B3
. M2, BILSTM-TD3-ICE Sk A AR#F 1 3% &
HPFRATE, T ELTE %N 1 R BRI 7 S s RS i
YR MR T 3002 2%

— BiLSTM-TD3-ICE

Speed (rad/s)
=)

0 01 02 03 04 05 06 07 08 09 10
Time (s)

B8 IE9%id B ST EE

TEER R J7 A5 5 I SE i b, B TR B A 2
FIRAR 1) 2 2 A5 5 BEAT RS 1A BR B . J7 S 5 (e 22
SR 1) 28 G0 L 2% 3 T 1 e . g 7 DA R = B AR e
DU 7 A3 0 Bk A S PR Ik 2 3T AR S, [FIBT S/ Mk
R AR Y. Seie g R lE 9 2R, BILSTM-TD3-ICE
SRRAE AR B 5 A5 5 I SR B A G 5 1 T o
PEge. Bk, S EVEE A S EA LAEAT
R Ak R S P DRUIE HL AR R IR, 1X 15 25 T BiLSTM
I £6% (14 B 7E AL BN 8] 77 51 H5a B B2 it T A B
SCAE R, A BT SEE TR AE NOE ) 2R, 5 Z-N
Ji AL S TD3 S b, BILSTM-TD3-ICE 73 J¥

© TEREBIK R

http://www.c-s-a.org.cn


http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

2024 4F 55334 5

http://www.c-s-a.org.cn

i H AR SN A

P e D ARTMER A Ak ) 1R 3 S 35 /b, 2 WY HLAE Sl 2 I A
i B AT A R AR e .

900
800
700
600
500 |
400
300
200 F
100
0+
—-100

sref —Z-N - TD3
— BiLSTM-TD3-ICE

Speed (rad/s)

0 01 02 03 04 05 06 07 08 09 10
Time (s)

B9 Jy iR PR i sz B ok bl

AHFFCIE R EL % TD3 5981 BiLSTM-TD3-ICE
BEAEAN AR FE BRER A e P R B, 7R T BiLSTM-
TD3-ICE HikfE A 52 S 5 R G0 1 2 E 40 H 18
TCF P ] e B R B S 56, BILSTM-TD3-ICE 7%
FLALSi (1) Z-N J73% A1 TD3 ﬁiizﬁvﬁﬁﬂﬁﬁ%ﬁﬁﬂ@mﬁ
& FIEEA 168 A . 41T I e K 3, BILSTM-TD3-
ICE 83 s iRGE VA2 PID %%, i {5 B ALk 1 3Rk
P B R RS, T AR L NE K Sl fE a3 T
Pl e & 7E 1F 5% 0B BOR 7 A 5 10 BRERAT 55
BiLSTM-TD3-ICE %3] Fl BILSTM 4 25 48 412 ik [ /7
FUI A JRy e P, BT vk EE D J O e ok R R B A o
SURIERARAS 5 (R e A I B, SR I D IR 3 R R v
42 il B e 1
5 45

FEARSCIIHE 70, £F 0 PID 42 6 2404k o] FRUIR N

WE, X TD3 HE#AT 1 2 07 m KRB, AT, |

JEL 454 BILSTM M 4% 3 TD3 512 Actor 1 Critic
e, 351N T 84T A RURE AL SE0E AT 42
TR TE T 500k 10 B e M R i) 1 . 0 B SR e 4 IR R
B, 33 6 i BILSTM-TD3-ICE 8378 32 )
TS S R DA R i T 4% DR FE 7 THI R R 1 f£ 48 TD3
SR RS R AE B A R B ER AT 55, BILSTM-TD3-
ICE 5327 Fi] BILSTM M 4% [ K S A 12 fig Ja Ay 8
TFAF OB AR 2 g, S E AR S T X PMSM A 1)
AR RIE BB A7, TP T S NS R o A A 3
PREEPERE. A SCWF T RO B3, B E Ak a3 ). Rk
AR 5 5 e 0% 1) SR AN AR 2% I 44 S AL R B TE R GE g
SR 3 TN SR P SR AR AR, T TE BE 22 S bR sch B 9
HHAMRAFE ARG A

—_

oo

10

SE 30
Yuan TQ, Wang DZ, Wang XH, et al. High-precision servo
control of industrial robot driven by PMSM-DTC utilizing
composite active vectors. [IEEE Access, 2019, 7: 7577-7587.
[doi: 10.1109/ACCESS.2018.2890539]
Chen H, Wang X, Benbouzid M, et al. Improved fractional-
order PID controller of a PMSM-based wave compensation
system for offshore ship cranes. Journal of Marine Science
and Engineering, 2022, 10(9): 1238. [doi: 10.3390/jmse1009
1238] ¢\
Chen SC, Hao XH, Gao CZ, et al. An effective nontransient
active short-circuit method for PMSM in electric vehicles.
IEEE Trgnsactiéns on Industrial Electronics, 2023, 70(4):
3571-3580. [doi: 10.1109/TIE.2022.3176315]
Wa{ng YC, Fang SH, Hu JX. Active disturbance rejection
control based on deep reinforcement learning of PMSM for
more electric aircraft. IEEE Transactions on Power
Electronics, 2023, 38(1): 406—416. [doi: 10.1109/TPEL.2022.
3206089]
Wang YQ, Feng YT, Zhang XG, ef al. A new reaching law
for antidisturbance sliding-mode control of PMSM speed
regulation system. IEEE Transactions on Power Electronics,
2020, 35(4): 4117-4126. [doi: 10.1109/TPEL.2019.2933613]
Ab Ghani MS, Zin NM, Zakaria F, er al. Speed control
design for permanent magnet synchronous motor drive based
on PID-fuzzy controller. Proceedings of the 3rd International
Conference on Artificial Intelligen?:c and Data Sciences
(AIDAS). IPOH: IEEE, 2022. 170<175.
Quang NK, Al‘ltl"l NKy«Than H, et al. Neural network PID
coptrollef for PMSM drives. Proceedings of the 7th National
Scientific Conference on Applying New Technology in
Green Buildings (ATiGB). Da Nang: IEEE, 2022. 146-149.
Sanatel C, Giinel GO. Long short term memory based self
tuning regulator design for nonlinear systems. Neural
Processing Letters, 2023, 55(3): 3045-3079. [doi: 10.1007/
s11063-022-10997-1]
Xue Z, Wang YY, Li L, ef al. An adaptive speed control
method based on deep reinforcement learning for permanent
magnet synchronous motor. In: Jia YM, Zhang WC, Fu YL,
et al., eds. Proceedings of the 2021 Chinese Intelligent
Systems Conference: Vol. 1. Singapore: Springer, 2022.
275-286.
Shi Q, Lam HK, Xiao B, ef al. Adaptive PID controller based
on Q-learning algorithm. CAAI Transactions on Intelligence
Technology, 2018, 3(4): 235-244. [doi: 10.1049/trit.2018.
1007]

Research and Development ff 73 7 & 269

© TEREBIK R

http:/fwww.c-s-a.org.cn


https://doi.org/10.1109/ACCESS.2018.2890539
https://doi.org/10.3390/jmse10091238
https://doi.org/10.3390/jmse10091238
https://doi.org/10.1109/TIE.2022.3176315
https://doi.org/10.1109/TPEL.2022.3206089
https://doi.org/10.1109/TPEL.2022.3206089
https://doi.org/10.1109/TPEL.2019.2933613
https://doi.org/10.1007/s11063-022-10997-1
https://doi.org/10.1007/s11063-022-10997-1
https://doi.org/10.1007/s11063-022-10997-1
https://doi.org/10.1007/s11063-022-10997-1
https://doi.org/10.1007/s11063-022-10997-1
https://doi.org/10.1007/s11063-022-10997-1
https://doi.org/10.1007/s11063-022-10997-1
https://doi.org/10.1007/s11063-022-10997-1
https://doi.org/10.1049/trit.2018.1007
https://doi.org/10.1049/trit.2018.1007
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

i E R %N

http://www.c-s-a.org.cn

2024 4F #5334 5

11

12

13

14

15

Liao JR, Liu SY, Wu QH, et al. PID control of permanent
magnet synchronous motor based on improved Actor-Critic
framework. Journal of Physics: Conference Series, 2022,
2213: 012005. [doi: 10.1088/1742-6596/2213/1/012005]

Lu PW, Huang WK, Xiao JL. Speed tracking of brushless
DC motor based on deep reinforcement learning and PID.
Proceedings of the 7th International Conference on Condition
Monitoring of Machinery in Non-stationary Operations
(CMMNO). Guangzhou: IEEE, 2021. 130-134.

Fujimoto S, Van Hoof H, Meger D. Addressing function
approximation error in Actor-Critic methods. Proceedings of
the 35th International Conference on Machine Learning.
Stockholm: PMLR, 2018. 1587-1596.

Shi Q, Lam HK, Xuan CB, et al. Adaptive neuro-fuzzy PID
controller based on twin delayed deep deterministic policy
gradient algorithm. Neurocomputing, 2020, 402: 183=194.
[doi: 10.1016/j.neucom.2020.03.063] °

Ullah K, Guzinski J, Mirza AF. Crifical review on robust
speed control techniques for‘peﬁnanent magnet synchronous
motor (PMSM) spee& regulation. Energies, 2022, 15(3):
1235. [doi: 10.3390/en15031235]

270 W 7L JF K Research and Development

16

18

20

Dubey V, Goud H, Sharma PC. Role of PID control
techniques in process control system: A review. In: Nanda P,
Verma VK, Srivastava S, ef al., eds. Proceedings of the 2021
SSIC Data Engineering for Smart Systems. Singapore:
Springer, 2022. 659-670.

Pk, R, BN, & R I Fk S NG
HHLR SN, 2020, 29(12): 13-25. [doi: 10.15888/j.cnki.
¢sa.007701]

Yuan XM, Wang Y, Zhang RC, et al. Reinforcement
learning control of hydraulic servosystem based on TD3
algorithm. Machines, 2022, 10(12): 12'44. [doi: 10.3390/
machines10121244] ’

Siami-Namini S, Tavakoli N, Namin AS. The performance of
LSTM and BiLSTM in forecasting time series. Proceedings
of {he 2019 IEEE International Conference on Big Data (Big
Data). Los Angeles: IEEE, 2019. 3285-3292.

Li J, Shi XX, Li JH, et al. Random curiosity-driven
exploration in deep reinforcement learning. Neurocomputing,
2020, 418: 139-147. [doi: 10.1016/j.neucom.2020.08.024]

(B e 5K EHE)

© TEREBIK R

http:/fwww.c-s-a.org.cn


https://doi.org/10.1088/1742-6596/2213/1/012005
https://doi.org/10.1088/1742-6596/2213/1/012005
https://doi.org/10.1088/1742-6596/2213/1/012005
https://doi.org/10.1016/j.neucom.2020.03.063
https://doi.org/10.3390/en15031235
https://doi.org/10.15888/j.cnki.csa.007701
https://doi.org/10.15888/j.cnki.csa.007701
https://doi.org/10.3390/machines10121244
https://doi.org/10.3390/machines10121244
https://doi.org/10.1016/j.neucom.2020.08.024
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn
http://www.c-s-a.org.cn

	1 永磁同步电机模型分析
	2 PID控制与深度强化学习
	2.1 PID控制
	2.2 TD3

	3 改进TD3-PID
	3.1 整体框架
	3.2 状态、动作、奖励函数定义
	3.3 BiLSTM-TD3
	3.4 基于好奇心和熵正则化的联合探索策略

	4 实验及结果分析
	4.1 实验配置
	4.2 测试实验
	4.2.1 奖励分析
	4.2.2 跟踪速度实验对比分析


	5 结论
	参考文献

