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Intelligent Flight Control Development System Based on Reinforcement Learning
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'(Academy for Engineering and Technology, Fudan University, Shanghai 200433, China)
’(Ji Hua Laboratory, Foshan 528200, China)

Abstract: The design and development of unmanned aerial vehicle (UAV) controllers are complex system engineering.
The traditional development method based on code programming has the disadvantages of difficult development, long
cycle, and high error rate. Although the intelligent flight control algorithm based on reinforcement learning has achieved
good performance in simulation, it still lacks a complete development system i practice. Thi‘s"study presents a model-
based development system for intelligent flight control, applying th;: reinforcement learning algorithm to the embedded
development and deployment for flight control with modular programming and automatic code generation technologies.
The system is equipped for the training simulation, testiﬁg, and hardware deployment of the reinforcement learning
algorithm, and it is expected to improve the"deployment speed of intelligent control algorithms represented by
reinforcement learning and to reduce the development difficulty of intelligent flight control systems.

Key words: unmanned aer‘ial vehicle (UAV); reinforcement learning; intelligent control; model-based design;

development system; path planning

BEE R RO, TN BT & (UAV) THIRTE AR ELAT T2 (B RS DAL LA AR e AL
HRE G o S RN, BT e AN A R PUAR SR J2 AT I FETT T IR AN IIRT AT, I B 1A
N R BLIELE . B T aEl E U AR R BT R,

S A N UL Bl P RE S5 0 A, A8 ZE AT RS A A0 gt i T AL CAT F2 il % 22 5K L A5)- R -l 2y

O BEEWH: T~ ARG N FERT 7T R4 (2019A1515110352); ZAR5050 = TFBORE (X190021TB194); BHL G137 2025 KL 1 (2020Z073)
AR IS 18] 2021-10-18; LA [8]: 2021-11-17; SR I E]: 2021-11-30; csa £E2& H RIS []: 2022-05-31

System Construction &4t 93

© EREERREST  hup/iwww.c-s-a.org.en


http://www.c-s-a.org.cn/1003-3254/8591.html
http://www.c-s-a.org.cn/1003-3254/8591.html
mailto:cas@iscas.ac.cn
http://dx.doi.org/10.15888/j.cnki.csa.008591
http://www.c-s-a.org.cn

it E RGN

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

20224F #5314 57

(PID) 4% #5038, X FhIE T PID H ke E PRt al LA
ik BIRGT 4 I R B, SR T 7E I 52 43 e, A%
552 BN AR, BV RIEAR 2 RAT. X0 K
TR AR IR T R A ER, B i R,
BT b 2 2] R B | A TEA IR R T R
Ik RE, X N TE AN R T A AR AL TR B 7 1. H ET
A7V 9 R AR SEBR R AT AR Bk = — B PUE B B T AL
IR R RS

T RS T AN B CAT IR B 28 00 R, A
SRR R T AR IR RS Z RG]
DASI IR B A0 27 > 98 ) S0 (0 477 S B DT s A 30 2
F i) B T R R FH 56 TR A () v vk 5 5K, AT DA Ak A
AR g R 05 2R Bk, RS el ds T A L. A

FIR R T — B0 EIRT &, BA T TF R

BTED FUT 6 AL SR T AR R AT, 8E T %
TF- % R G f0 A. Y ‘

|
.

1 AHRTAE

e AT R R BRI R 2 — R T I 2
(IR TE TR, B T, S0 5 ST R S0 K AL
[t — A B4R, B AT TR A 2 5] S8 AL
(R BREF 5E LIS T 5% H 1 SR,

TR AL 2 ST 108 SR L 4% S I AT 2 1
17 5 5 5F . Koch %8 A\ Fl 3 b 2 5136 3t 566 s 12 1k
(PPO) Sy sEBL T T AL B o, 2 VIR T
LSS A5 2 1) B 7E 0 BUR S o 7T LSRG < AT F 36
B T AR PID Hl Stk A, SCik [13] shaRih T —

Tl B T SRk 2 3T 10 15 2 4 B 2 A 2% 5 ) g it

Jrik, IR TR A RIS A S0, R T
RV 2R TS R 8 2 R PR R R 22 5, ST T
SR 2 T 4 S R IR R (1 P SO [14] iRt 7 —
BT 3 10,2 51 0 B0, 1% L A B
5 P B SR 2, R B ) 0
PP, (T B 2 DY e T AT 5 TR 1
BERA. A NE B 2, STk [15] DAsRth 2% )5
Yo F R, BT B T 5 2 I 2 0 R B
PR LR N A 5547 1 TR, (LT R 7
SR SR, % B TG 1 TT R B AR
T,

SRR ST A B 7 7 2 e U e

94 R4 % System Construction

B, AEAESEBR ATk = — 2 58 2 B 9 A 2% 2] RATHE
AT AT 6.

2 s SIS H SRR B

AR SCAER e KA U A BT T A B, BEx E
AT RE W AR B A, 4R T — B e R IE N
PUERE ATEERDT R RS, B RGUHEZR WA 1 iR,

[ |

f HHLRAT

m W

ik g

F - e

k=1

?B I e 3T AL Simulink 7 Pixhawk f{f
%% : ’ g
=

4l &

" IR %4 DY e AR 1Y FUiEa s
% ) | Ii‘ T
1| || | | A | | i

% PNy : HEE

%] KERH ) 2% 22 %

%E R (.\&u mﬁzi’ﬂl

E MuS act . mongoDB

I

K1 %éﬁ%&ﬁj% \

|
3

2.1 REGRH | >

Z:%éﬁ%‘ﬁﬁ‘-\fl R R, 43R (1) B A7
R (2) Ak ST I 42 (3) 8T K2,
(A) RPN Z . 3 Bl 17 ik J2 AR A [ s 20 4
B AP, X2k R AR, WA R AT 2B AL R AN
[F] 5 AL ) S HO R i SR PERE, A2 7E MySQL
Bl Pe v % T 4Rk R B HE 8 MongoDB #4is 47
TEfi#, MongoDB ##fs P & — ik T 0 A O A7t )
e, & THIEE R s EARGEH, F
LA FH A 2% 2 AT 9k 2 STk, BRI SR I #0242 )
2241, KM MongoDB /)i sUAE B (1147 1if )7 .

SR ) IR 28 I 25 2 A T AT TR A 5 2] HR I 25 )
NI ZE, A2 R RS SN AT 48, 2
ARG ER AT iR T 2R, RGik
FHEUR R940 k554 K AE AT LI SR, FF7E Gazebo
7 B AE P g v T A DU e BB A, AR AL AT LLAR
P oA 57 > 1 22 0 28 At ) F LS o B, AEAREARD . e

© TEREBIK R

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


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

20224F #5314 57

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

i H AR SN A

B w3 ANJ7 1) b3 DY e AR A, #EHI 28T R )E
B TR R e 7 (MDB), R Simulink
FEALRTE AN B BATT K SCRH, (Pixhawk pilot support
package, PSP) AT Hil#8 ¥ i, FERI A B AR A pl
B AR 42 ] 25 5 B F Pixhawk B 4E . N4 E A
ARG I
22 BUFEIINEE

AL o) BV ) B A R L R B AR S R
AN A R 2 2] B SR, LA S I ] A KA BT
FEE Hbr. AL B W 2 s, TR —E %, &
Ae R IR B SR AR MES ,, IR YIRS E L
R T SR B VEAL, PAT SR B 7 95 SRR — B ZI IR
BAES 1. HA RS 30 8 SO BPIRAS s 2R,

B4 BiR 25 A EHE 49 B s R, B B BIR A5 o RS 7]

PLRIR A prisie1 = 5s; = s,a;, = al. %ﬁ%%ﬁ‘]ﬁ%ﬂﬂﬁ
TREE 8 X, ﬁﬁﬁﬁﬁnﬁfﬁ%%ﬁﬁ‘%’tﬁ%@%ﬂiﬂ@
(1] L 55 3 :

———
RE i ‘
S

a

g =

K2 sefbe) 5 B

ARGHERE UG G I, BRIy
Je 3 IE NN, FI T A48T ALAE TC A1 26 A T 1Y
AT (BEUL O R & EAE R BT NN &, AR

HEAT 380025 5T R0, 22 A 1 R T LUBL A o )

B0 B, J5 0 S 1 T 6 2 S M), 1 3
F, H T SR BRI Gazebo 17 B0 BEINES 52 S 2,
o T AU 3 S, T DR A 4 A F 13
U LI AT

S, r é

B3 gl I EOAR B h 22 2% 5 T8 AR B 22 L]

AR B A 2 2] B I FRAS BE A, K B RE AR
—> 4 R A SR S R 2%, RN R 9 A

SR S T

., ARE M Gazebo PAETH IR 9 MRS L, /=
A4 AR AR 4 A P HE 5 R
2 JREA 32 M R BGEUR, BRI RR T 5 S
il A 19X 2%,

20 00 2% 2 ) s LAJE A WL RAT IR A 2 L Ao
FE R ZEH T 9 EREAE NN, KA
AR AR TR B E SO

T _po
s =(¢.0.w,8,7.Du: Dy, Dy, Dy) €R

S0, 6,09 U T Ay Sy 2 HIFE R
LI = 5 B D, DD T 77 A 5P ] 22
e 5 2 P e 2RO 2 57, D, A G 5 2
N2 % 5.

PEARAL 2% ST B AR 4 I b, R 9206 08 P i
AL (PPO) ik, I ILIETE TR (L2 3 U 25
P IO, TEI5 35 B SUR R 6 ) (ke
552, R RHLEE AL, [, OpenAl ) Baselines
T H U SR T PPO Bk HUIEA APL, BB
Baselines 2 L[] PPO Ly Il 25 25 /R 2% .

TR — AN b B (P B O 0 2 98 0 2
75 Gazebo U AT — NI TR, FEAVELILS I
BB [ — A SR LV 40 5 3 R AT R . A
FEAE AL TR 3 A 2% ST 53 6 B 3 9859 4Lk
AT AT R A R R T KA
AR R P P LU R (R R AT I
I, R A S, 1 B 52
B RS A OBRER 5. 0L, S0 S b
P&t

R=r- sum(“v, - vtarge[”) — el

Ho, r o — A A7 225, PSR R AT 88 KAT
IR, AT R 2D AN 200, KAT (B R A, SR AR
B, 3 R 3R K AT I A o] 2558
ik g /A ST RE SR 7 BB EL N, USR] B LA R
RERASE RAT. —sum (|| = Viarger||) FERANEE AL FE 53 5
FEMIAENE, BT 22 2 08, R R TR T, DhaR /)
P PR EF R ZE, MR AT REAERA MR R E br g
BANGSREE— S A 72 #% CPU Ml 250 GB
A7 IR R940 R %5 o5 Btk AT, @ FH 947 1 H 5,
W2k 100 738 1) PPO 8L KA T E 1 h. Bl k&
ANV A R Re AR SR A5 10 22 Jeh, wT DAAS B a0 1 4 B

System Construction &4t 95

© ERSEBIK T

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 20224F #5313 5574

) reward 28 18], 38 H AEUIZRGE R BT AL SEIL 1
sk

20000 F
17500 | .
15000 | I
12500 | I\
10000 | oy
7500 |
5000 |
2500 |

Reward

0 50 100 150 200 250 300 350 400
Tteration

K4 srfeaz S Jilgrad B reward Hi £ ]

TEAEANAE 1 JE H PR, SRk 2 1 0 2 I 25 AR IR 7
B NRAS 4 A LIS, 61T B ANLEh 7%
HE T AR AR 150 42 ) BSR4 R AT A8, LAURG
NS P 5 U L 2 1 4 2 9 3K A5 R o
4. 23 AR H IR AL, (AL ) 2o 19 5
R SIC, FRATHE T 4 1 B B R D 6 4 o e A% A7
MySQL et i1, KU  111F426 2 477 ) MongoDB
Bl i vh, DL 28T R T {8
23 HEHIRFLE

ARG 5 55 B 3R A2 ST 2 I 4% 40T F
OHL AT 42 )52 0 o S0, A SR P 3 T
B I7 R G AR B g R A0 7 2. 3T B 4 -0
A B U 6E {5 45 400 B LR O 2E 7R 1 R BE T

TAE, MR RGAHMALE R, BB, %
IF PRI, B TR B T DA AN R .

S T B4 K TT R 5 28 AT A A TR
S T S T 1 55, e DASRE 0 S B REEASS .  H8 E
AR N IR VR 7 R AN IE B R 25 L. Simulink 52 —3K{E
1B MBD T & T A, it B LGkt 6 T30
T T R AEAE 10 B B, AT B S RO TP AR 4 T 38
. Wit b, Simulink FUAT 10 [ 3RS A4 R RS 7777 1A
AR L S e 28 4 30 24 P A o s 2 B 1
S IR A 25 145 ) S D 3 B R U, A2
Simulink KHATHEHIET K.

111§ S T aR AL ST (AT R
VB JLA BB i S b B2 5
LIRS I 4 e DL T AR 2 ST ) R
BB, e P R P IO (0T R4, 4 B L S A
TP ST A, R BB B BB £ 58 RC £
B R S S B NI . %
25 401 LA R I T TBRE R, I8 0 — AR B 2 £
B 335 P25 ST AT 24 DR AS  1 H 5E. %
VR ORAR 115 550\ DA J% R S 3R TE AL
Y H MO B R STRN R R R A N, B
5= (0.0.0.8.7.D0. DDy Dy € R, FEAE Iy 24 i1 %
IR A R\ B34 2 STt R G o

o REAREZ N
@

RL_network

\
.
L\
i =
_angle
w
angle
] ol_anguiar. _velocty
pitch_angular_velocity L »
é
4
motor_mixer
{_xVelocity ﬁ’
- PWM iy i i
toch Ao PR ER
2Velocty
W
PIRL

TR ST
SR

5 EETHARE G kit

7 Simulink BEAY A 75 B — AN 42 i 25 S 80 11>
B T O BT LIRS B #2822 2 5. 3R
AT A IR BE )l il 1 Y 4% 2 ${R— A7 £1) Matlab 7]
PABEH A mat” SO, JEIE R TCP/IP JE A5 R %8 3

96 R4 % System Construction

HUAIAR 55 &%, #5240 N Bl 85 2805 1Rk, 5y
&, MESHSREMANG 5 AR5 2] 2]
RGUEH, FERE— A R, AR BRI TR 2 (R
BN s, Geid gl o > fh 22 R 2% 1 HT A% 8, TR

© EREERREST  hup/iwww.c-s-a.org.en


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

20224 3146 7

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

i H AR SN A

TR Ea. shfEaxt N DY e R 4 ARl
F ok T A, A R R AT LR AR T EABL
38 I 5O R L R AR DY T B RAT B S, KB
T AHUHEAT AT AT SR 354 ).

3 RARCR

T WA SR LT A 28 M B, TR 2
TS O A A IR £, I
D PO A B PR 7%
31 ESHHEMATS

B 23R 07 2 (HIIL) 8 B8 05 07 20500 R 400
833 S0 28, S A o S 20 I o A
S, JE BN, H S AR A
U H L LB AT IR0, WIS it £
BT ECHRS,

@#rﬂmagﬁam@wrmﬁﬁk S AT
S 2% 5T A 2, 2 AL
B SE R 5, TR R AR B
2 LTI ABLIHI A, TR 2 R Ak B
e, o T 652 4 LR, T DS HIL S5, Sk
28 0 R . SRR B — 5,
FIIL 1K1 45 52, 5 F 320 173 24 10

H1E 6 R, AR I LILA T AL 0T FEHK £
SRR FUF &, 0 KRBT €4 — 4N fE R
T AL, o T 53 ST R ER o 6 e R
DB B 0 — 5, SCHoRt i Ly 440 g, B
% 225 mm (9-X 2 H DU ROE AL, 0, JE A AL
i PR TR U
T AR AF ML A PR )

-

BE I 5H,
-

w

N ERERRGETES
= SHAE

6
HIL S256 R, 8 50K I & B 5k 2 2] 45 il
F| Pixhawk i1, 34 Pixhawk {4 5T AT E %

LI R &
B

»

WA 5118 05 W

RS BE, 2 S5 T B b T B IR )
B 0 BN AT, S, TG R G
oW R TE A AILIA & T AT $0 I AT B, HFHEAT 4
WS, PR SRR o S i = b AL AT AL A
WLZE 07 EUBR 858 0 B RS 25 B30 00 3 7T L0 3%
DHLZED BR8P R ATHLEE; 2 %00 8 i
ST ML AT IR WU RS A M S
ﬁﬁu&mﬁﬁﬁwﬁiiw%%mﬁﬁ¢#&ﬁww
Sk, SR TR TR T

ﬁk%#*%ﬁﬁ%ﬁ¥5 u%ﬁﬁfﬁAm
HEAT Pl 23 %@Mﬁfﬁﬁﬂﬁ¢7uﬂLkﬁm
ﬁ%@ﬁﬂf&ﬁ@mﬁ&fTuﬁﬁh%%Mﬂm
H—.
3.2 BHURATES

GRS A ) 8 O R A AR BRI R R, AT
FUHLIUAR, BORE A REFE — 35 B0 1T FF K 0425 ) 28 7 3051
BB T B T P AR A0 TE K R R AT ) 5 T L
T E BN A A RSk 42 ) 2% [ 1435 3 21 Pixhawk fifi £
oh 922 E B DU e R AN b AT, 7 TR,
1 T R E DU R E AWLEITR R F 4, 1 7(a)
AT MRTEAN UTESANEG%E, T
AN RIS G EFGE, IR TAE T
RS A, g ) A ER R BE B BT, B 7(b) 2
E—Amimmﬁ%Amtﬁfk P, FATHE
KRR wm*#@@%%%mm%ﬁ*ﬁu§$$
HFFLHR LA BRRE SR BT R R 40 vl LATE 9 4 A, 9F

<Eﬁ@ﬁmf%i

(@ £ B MREE
B 7 ) 2 B AL

(b) FHL AT

4 Fr5RE

ARHEH T — B R& AN e AT R4
i 8 MR 8 1) — R &, 2T MBD JFR T
B, Al R S 72 DL K B B ARHE AR B AR s Ak 2
S EEERE B Pixhawk A, FESEEL T H TG AL
1) AT M. %7 & RO ORI B RE 4% 1) 28 R A
LS FIREAR S T R AR AR AR, AT

System Construction &4t 14 97

© ERSEBIK T

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

20224F #5314 57

—BHh T G ThaE, LUER T AR ANHLR K
EITR. AR ST 6 5 8 SRS E, PLSE
H I 2% B BT ) R G, 1k iR A S 4 ) SR A S
B H 15 21 B4 (1 2

SE R

LRI, I, B . B TR B 5 2T T AR A 7
T ENLR SR, 2021, 30(4): 32-38. [doi: 10.15888/
j.cnki.csa.007894]

2 KER, oRIE, MEIESE, S5 T A 0 AL XL s (Y 6 E 2% A
IMT Tk HHEHLR SR, 2021, 30(6): 162—167. [doi: 10.
15888/j.cnki.csa.007977]

3 mEM, AR, WERE. T ANGERN S HERE. it
HEHLR YN H, 2020, 29(10): 68—74. [doi: 10.15888/j.cnki.
csa.007532]

4 XRAMER, Rk E, K, & %T%%RW%’EM%E‘J%AHWE
AELER R AL, W HEHL RSN, 2018, 27(12):
40-46. [doi: 10.15888/‘j.cnki.‘csa.-006668]

5 TR, VR, RS HE. DU e G AW KR SIE LRI,
FuwFAR SN, 2019, (9): 33-35. [doi: 10.3969/j.issn.
1009-6833.2019.09.019]

6 Fan BK, Li Y, Zhang RY, et al. Review on the technological
development and application of UAV systems. Chinese
Journal of Electronics, 2020, 29(2): 199-207. [doi: 10.1049/
¢je.2019.12.006]

7 Koch W, Mancuso R, West R, e al. Reinforcement learning
for UAV attitude control. ACM Transactions on Cyber-

98 R4i# % System Construction

oo

12

13

15

16

Physical Systems, 2019, 3(2): 1-21.

Zhang W, Song K, Rong XW, et al. Coarse-to-fine UAV
target tracking with deep reinforcement learning. IEEE
Transactions on Automation Science and Engineering, 2019,
16(4): 1522-1530. [doi: 10.1109/TASE.2018.2877499]
G|, R, TRk K ANETE A HLN ) A A A B R
PID #5511 K. B e R G714k, 2008, 3(2): 121-128.
Santoso F, Garratt MA, Anavatti SG. State-of-the-art
intelligent flight control systems in unmanned aerial vehicles.
IEEE Transactions on Automation Sqienge and Engineering,
2018, 15(2): 613-627. [doi: 10.1109/TASE.2017.2651109]

T A%, i ISR, S5 BTE REANL3RAL 5 51 ]
FR ST KAT A%, 2019, 37(4): 88-91, 96.
Schulman J, Wolski F, Dhariwal P, et al. Proximal policy
optimization algorithm. arXiv: 1707.06347, 2017.

Xu J, Du T, Foshey M, et al. Learning to fly: Computational
controller design for hybrid UAVs with reinforcement
learning. ACM Transactions on Graphics, 2019, 38(4): 1-12.
Hwangbo J, Sa I, Siegwart R, et al. Control of a Quadrotor
with reinforcement learning. IEEE Robotics and Automation
Letters, 2017, 2(4): 2096-2103. [doi: 10.1109/LRA.2017.27
20851]

Koch W, Mancuso R, Bestavros A. Neuroflight: Next
generation flight control firmware. arXiv: 1901.06553, 2019.
Dhariwal P, Hesse C, Klimov O, et al. Openai baselines.
https://github.com/openai/baselines. §

P et

© TEREBIK R

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


http://dx.doi.org/10.15888/j.cnki.csa.007894
http://dx.doi.org/10.15888/j.cnki.csa.007894
http://dx.doi.org/10.15888/j.cnki.csa.007977
http://dx.doi.org/10.15888/j.cnki.csa.007977
http://dx.doi.org/10.15888/j.cnki.csa.007532
http://dx.doi.org/10.15888/j.cnki.csa.007532
http://dx.doi.org/10.15888/j.cnki.csa.006668
http://dx.doi.org/10.3969/j.issn.1009-6833.2019.09.019
http://dx.doi.org/10.3969/j.issn.1009-6833.2019.09.019
http://dx.doi.org/10.1049/cje.2019.12.006
http://dx.doi.org/10.1049/cje.2019.12.006
http://dx.doi.org/10.1109/TASE.2018.2877499
http://dx.doi.org/10.1109/TASE.2017.2651109
http://dx.doi.org/10.1109/LRA.2017.2720851
http://dx.doi.org/10.1109/LRA.2017.2720851
https://github.com/openai/baselines
http://dx.doi.org/10.15888/j.cnki.csa.007894
http://dx.doi.org/10.15888/j.cnki.csa.007894
http://dx.doi.org/10.15888/j.cnki.csa.007977
http://dx.doi.org/10.15888/j.cnki.csa.007977
http://dx.doi.org/10.15888/j.cnki.csa.007532
http://dx.doi.org/10.15888/j.cnki.csa.007532
http://dx.doi.org/10.15888/j.cnki.csa.006668
http://dx.doi.org/10.3969/j.issn.1009-6833.2019.09.019
http://dx.doi.org/10.3969/j.issn.1009-6833.2019.09.019
http://dx.doi.org/10.1049/cje.2019.12.006
http://dx.doi.org/10.1049/cje.2019.12.006
http://dx.doi.org/10.1109/TASE.2018.2877499
http://dx.doi.org/10.1109/TASE.2017.2651109
http://dx.doi.org/10.1109/LRA.2017.2720851
http://dx.doi.org/10.1109/LRA.2017.2720851
https://github.com/openai/baselines
http://dx.doi.org/10.15888/j.cnki.csa.007894
http://dx.doi.org/10.15888/j.cnki.csa.007894
http://dx.doi.org/10.15888/j.cnki.csa.007977
http://dx.doi.org/10.15888/j.cnki.csa.007977
http://dx.doi.org/10.15888/j.cnki.csa.007532
http://dx.doi.org/10.15888/j.cnki.csa.007532
http://dx.doi.org/10.15888/j.cnki.csa.006668
http://dx.doi.org/10.3969/j.issn.1009-6833.2019.09.019
http://dx.doi.org/10.3969/j.issn.1009-6833.2019.09.019
http://dx.doi.org/10.1049/cje.2019.12.006
http://dx.doi.org/10.1049/cje.2019.12.006
http://dx.doi.org/10.15888/j.cnki.csa.007894
http://dx.doi.org/10.15888/j.cnki.csa.007894
http://dx.doi.org/10.15888/j.cnki.csa.007977
http://dx.doi.org/10.15888/j.cnki.csa.007977
http://dx.doi.org/10.15888/j.cnki.csa.007532
http://dx.doi.org/10.15888/j.cnki.csa.007532
http://dx.doi.org/10.15888/j.cnki.csa.006668
http://dx.doi.org/10.3969/j.issn.1009-6833.2019.09.019
http://dx.doi.org/10.3969/j.issn.1009-6833.2019.09.019
http://dx.doi.org/10.1049/cje.2019.12.006
http://dx.doi.org/10.1049/cje.2019.12.006
http://dx.doi.org/10.1109/TASE.2018.2877499
http://dx.doi.org/10.1109/TASE.2017.2651109
http://dx.doi.org/10.1109/LRA.2017.2720851
http://dx.doi.org/10.1109/LRA.2017.2720851
https://github.com/openai/baselines
http://dx.doi.org/10.1109/TASE.2018.2877499
http://dx.doi.org/10.1109/TASE.2017.2651109
http://dx.doi.org/10.1109/LRA.2017.2720851
http://dx.doi.org/10.1109/LRA.2017.2720851
https://github.com/openai/baselines
http://www.c-s-a.org.cn

	1 相关工作
	2 强化学习控制器开发平台
	2.1 系统架构
	2.2 强化学习训练层
	2.3 控制器开发层

	3 最终成果
	3.1 半实物仿真测试平台
	3.2 真机测试平台

	4 结论与展望

