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Disturbance Rejection Control of Quadrotor UAVs Based on Deep Reinforcement Learning
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%
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Abstract: As the demand for unmanned aerial vehicle (UAV) applications contiques to expand,-the design of disturbance
rejection controllers which aim to ensure that UAVs can complete designated tasks a§ required has received significant
attention. Traditional control algorithms widely used currently ekhibit good stability but poor disturbance rejection
capability. To address this issue, a hybrid disturbance rejectionAcontroller based on an improved twin delayed deep
deterministic (TD3) policy gradient algorithm_is proposed. This method utilizes nonlinear model predictive control
(NMPC) as the base controllerand infroduces a disturbance compensator based on improved TD3 for hybrid control. This
approach combines the, advaﬁtaées of the NMPC controller as well as addresses the shortcomings in disturbance rejection
of traditional control algorithms. This study introduces a multi-head attention (MA) mechanism and long short-term
memory (LSTM) network into the Actor network of TD3, enhancing TD3’s ability to capture spatial management
information and temporal correlation information. Additionally, a continuous logarithmic reward function is introduced to
improve training stability and convergence speed, and training is conducted using random task scenarios with random
disturbances to enhance model generalization. In experiments, the NMPC-MALSTM-TD3 architecture is compared with
architectures using DDPG, SAC, TD3, and PPO algorithms as disturbance compensators. Experimental results

demonstrate that the NMPC-MALSTM-TD?3 architecture exhibits the most excellent disturbance rejection capabilities and
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a smaller influence on the stability and real-time performance of NMPC.

Key words: deep reinforcement learning; nonlinear model predictive control; TD3; multi-head attention; LSTM
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Hor, AR A, FIRIEHICT 2 I RIFEEE, B4R
RTINS, FIRAZE G xoy V- TH 1) w5 72 R, AsARFR HAL
I 1) AAT AR BE S, 1 AR AT K, MARR AR I
SR R R 580, TR A, BAE, L i
321533 A, S ARRBE AT

\ | Bi=U(-n,n), i#0
Bi~U(-n,n), i#0
By~ U(0,27), i=0
Bo~U@,m), i=0

\

(33)

Goal
Ak == NMPC

1.0
0.5
JV(m) 0

B2 NGS5 5oR bl
3.6 MALSTM-TD3 #M%2§

TD3 i Actor % %% A\ H A8 & U HL AN A LI
FrE . BRPLA . 3R DS L, 7 AR petg B
TN 53 b2 ) R 3 i 2 (8] DL R AL S g Lz
R, 5l N2 kiEE JIHLH] (multi-head attention,
MA) AT A, 2333 B ML BRI AL EE 2 A7 51, A
M 3B AS [F] 7 51 2 (8] R AH B OQ &R Ak, ek R ST
AN JF B A [E AL B RS S, 2 T4 s 7 81 S S
PEORHK. 2 Skyd B MLl o ¥ 3 = o e e 2 A
S, AFAFFEAS S AT LIS 52 2 7 A AN [ R AR R 0K,
o 77 AV LE A ERE B SRAS A E
BN UE B, T SGE X E B R AR R, AN, R
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ML R v, 2R 2 3 I TR SCIRAE, D 1 A Rl
PRAXFh TR, 5] A EIHICAZ 24 (long short-
term memory, LSTM), LSTM s&—F % [T H T 42 Ad
A 1) 7 4150 o R AR I OC 38 BRI A 42 X 5.
XTI Z) N HRAS S, R T 2 kiE R T
PRI AL RT, TEAH IS = (S; S.) € R4
WS BAETLEPRE T HNNEp = (1 pe)~ BRAAO =
©; 0. HEv=(; voANAEEQ=(Q Q)X
4 1x6 BRI &, FHHE T2 Al AN [ () A 4%
JE W B SRR S E. 25, K 4 N EEEEN
1x128 i H F REAS [F] AR AE ST B 268 1x4% 128 i

12 1x24 47 1x16

H%H ra

__———‘______________ \\\\\__
S=(S S
JbREA

PV, 0,Q

FLIAHA BRI

4)% 1x128 ReLU

N BN B 2 S = LS, R 2 kim0
MU SR BORH ¢ 25 (B RFAE, AR SCRTAE A R I 22 Skt 3 7
MU & 4 NMER IR, BEJG, B2 kB IR m
1x4x128 % [ B4 N\ LSTM 1, FIH LSTM kb2
4 FRRFAE TR J5 SR BRRT (8] 5 145 &, dE— DAt 2has
RBE I B AR AN TN AE 7). B, Kl i LSTM 15 21
1x256 [HRFAE ) i i 2 40 4 2 ik — D S BURFAE
oM B . 2 3kiE & I HLE S LSTM 247
a, ﬁ‘é@%iﬂmé%%)\iéi)\ﬂji?&qﬂﬁﬁi&yné}iﬁﬁ)ﬁaﬂﬂzu
Hh 2 25 1 7 TR) R T 96 2R 3N 228k v 7 JO WL A &%
LSTM 519 Actar Pl e b 3

3 1)7 1x256 ReLU
12 1344128 12 1x4x128 12 1x256 tanh

R —

T (Auy, Auy, Aus, Auy)
) i

ZKUET

LSTM

B3 MALSTM-Actor P48 2244

3.7 EEKRZEM

NMPC-MALSTM-TD3 ¥ fill &5 (17 52 44 22 44 1 (5] 4
B, B A 6 ZHE (1 284 29 51 X MALSTM J&5
(1) TD3 5k b I Zrid B, V40 R 2R 028 3.2 F5FTom,

Forb Sk R S H bR SRS B B4 O MALSTM-

Actor 1% 3, UL+ 116 2200 A R
53 R 4 Transition, V&l 06 B 4 HE Py 9 AL 1
R, Forp Bl /M HERE NMPC Pl 28, — A
YRABFI I MALSTM S0 24 bLJ% — 6 T4
5 5 B SR . prr BT 55 B L
fr, Fk O B B A . 5340, T
O R, 7 P o, AR 25 8 O e 20 P 4R
5 57, 7 SBRIEF 1, L e T B AR 5
LA £ (8] A SER ] R, S5 BRI MALSTM-
TID3 H L B 24§01 220 0 e L 5 UL HLAR A 2 P
— MM R a, T RO D B IR AL B
sl

4 AR5 550 Hr
4.1 17?&923@@3; . -
ARSI FAA 6 s = 51 T VA AE AR IR 3 53¢ R AT
T, 4% TD3. DDPG. SAC. PPO, LA J A%
HU MALSTM-TD3, X e T & AR A2 B, IR1E
ANFE R 73T TD3. DDPG. SAC. MALSTM-
TD3 AR e M DA S HL e RCR, RIRHIE T 51
MALSTM-TD3 %5 £ 4oy SR (1) LI P52 . AR SCHR A
B BT 43T Windows WSL2 6 & ) Ubuntu
22.04.4LTS &4t N 3.8 It A Python 3435, CUDA Jix
A 12.4, PyTorch fiAS N 12.1, ACADOS H5°F- & fix
A4 0.3.0, CasADi fiAS 3.6.4; T{E 1T H 8% H AMD
-4 R7-5800H 4bFH 2%, 32 GB 4%, NVIDIA RTX3070
Laptop GPU. 1/j EL525 41 NMPC (¥R FERS 18] 4 0.05 s,
i BRI 10 s, TS BN 10, RGUIRESIRZER
FRAPE QAN 4 AL EFLFE Q, Fom A
o) :diag([ 10 10 10 0.1 0.1 0.1 0.1

0.05 005 005 005 005 005]) (34)
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0, =diag(| 0.1 0.1 0.1 0.1 |) (35)

53 A, 5 BT A B SR A A ST SR S AR AR A I,

B MALSTM-TD3 DAAh A6 R S ey #5941 ] AR )1 25
1155 F IR KE, Z0d 5256 MR 4 Z 8L R

t I Z0 5 1
AL

(s,a,7,5")
Replay buffer| €—m———

§'=(s}, 50)

(815 @y 715 81), = (s @y 75 S3)

r
MALSTM-
Actor2 Actorl
Ty o5 .

" A

— ' o A 13

o'=my(s") %./&/"X&\/aQ mo(s) 1
a'+o'+e r’J/’\Q‘ i
g 1

RN Vi

y=rtyming , Qe;(s,s a)

EEREMREE, TR 3 256 4E4iE
22 X 4% B R A B804 . )7 B2 56 v D e 35 T8 AL
Z4. MALSTM-TD3 5L NS H UL Kl 43 5 Al
KBHYHIINE 1. £ 2. £ 3 Fir.

V@B 0l | _ Ve,
"

A

0j—arg, min L300, (s. @))?

| NMPC #il%e le—

72,(S)

B4 s

F1ERLANSH

ZH {1 FLAL SH B B
m 1.0 kg Fp 20 N
Jy 0.03 kg-m? l 0.235 m
Jy 0.03 kg-m? ¢ 0.013 m
J: 0.06 kg-m? g 9.81 m-s=2

%2 MALSTM-TD3 &kl %55

BH 1t L M 18

P T 099 | Hissmssgisbagezs 015

S EESI R '0.001 N 74 B 0.35
ZIGFEEAR 1000000 ARS8 22 0.005
AR RN 128 S ONIENEE 3200
PRE W 0.1 KRS 200

%3 IEH=SH

24 (i 24 H
mp 0.06 Ymin 0.2
myp 0.12 Ymax 0.5

L 5 Zmin 0.25

Xmin 0.2 Zmax 1.0

Xmax 0.5 n 0.4
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ZIKXLJX@ﬁﬂc%27‘7?{4@%%%%&%@1)”%
FE Xt l:tTE1|‘{E§l§’é)@§%§%%ﬂ%ﬁﬁ\$ﬁﬁIﬂi‘ﬁﬂa’wﬁ%‘,
Ulléﬁ\ﬁﬁ%*i%ﬁﬁ)%ﬁE%ﬁ*%ﬁlﬁ ENE
SR B2 R an i 5 Fros, B R B2 R%R
HLSE BN AR A A, SR AR B S kAT A% B T 3
Ja W5 2 i AR A & # . A LT TD3 F1 MALSTM-
TD3, DDPG. SAC fll PPO HiE/E %5 FHIERINK
72, DDPG 7£ 600 J&y /e A7 223l th 3L 1 KR T %, SAC ##
PRI ZRFaELE 3000 J&y 2c A7 S — A EL R ZE KR
TD3 T 2300 /& £ A Y88, MALSTM-TD3 F 1900 J5
FEAWCEL, M T TD3, MALSTM-TD3 2 Jih $ i % 4k
B TD3 4 500. MALSTM-TD3 A Eb TD3 W Sk /&
AW mE. NGRS REE M, TD3 5 MALSTM-
TD3 B H AL R IR T, BAARRESCT — A4
KT

H T PPO SFVEMIBCRAME, MR A _FR I Z5:15
£*) DDPG. TD3. SAC LLJK MALSTM-TD3 #&%{E
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RNAMERR Y AIAE— AN 5 N T, B DDPG
KIS 600 I IS5 R E T, T8 7s £4MN

— N B E E 7 AR, SRS [FIBCR BT
LA 1. B35 5 NMPC 2678 N LR LE %37 5 R I
RIAE 6 fror, AFEE T REfREs g E 7-
12 FIiR.

o ~ MALSTM.TD3 E ) B
2500 | MALS e

-2500 r
-5000 r
=7500 r
—10 000 F
—12500 r
—15 000

1000 15004 2000 2500 «8000
Ease ¥

JEl's, R
[}

0 500
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z (m)

== Goal 0
NMPC 3
Leader 2

v NMPC-TD3 0 ()

--- NMPC-DDPG
NMPC-SAC

—— NMPC-MALSTM-TD3

K6 INIUHIBIEF R

T & 6 7347, B NMPC F%U%%F ITE R PR ZS
f$ﬁﬁ&ﬂ&ﬁ€l§7iﬁ(ﬁﬁ’]fﬁ% Tﬁ?z:ﬁl%l*@%&
(92 ) 3 R O R T R R B, R R 1 DY i
TN b7 o BRI E 7 Fios, ASFHEL
(R I LA e HAE TP b T AR BT (3R AL
R, {072 DDPG TEIETHIX 237 A — & I 225 y il
JiAr BRI AE 8 Fion, H A 52 BT P 52
ANAFAE R 3 2216, {H DDPG R AAAE — S5 22 25 J7
] b Ar BRI 9 iR, SUTTHLTE B 4h 3 i o
A7 — 285, DDPG 5 SAC 154 FE AR A & A L
FEAE TR BB, TD3 7555 8-16 s H= A4 T HLiK
(0 B9, AHEL 2 T MALSTM-TD3 fig i 4 45 L 5

JE 1 & SATALIRES ®AT, HAE T AP 8UR
LI/
35 F ——
30 | 7 N
L W/ \y
2-3 ./ &\
EO| /Y Goal
= L5 y 4 Lé):der \\
1.0 | ,,/,f’ —NMPC \\\
Vi NMPC-TD3 \
05+ / ~NMPC-DDPG :
7/ NMPC-SAC N
Ulve -~ NMPC-MALSTM-TD3 ..
0 2 4 6 8 10 1& ‘M 16 18 20
" I8 (s) -
-
\ '@7 AT B At 2k
| -
L 3.5 F—Goal e,
3.0 | Leader N
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2.5 - NMPC-TD3
50 L~ NMPC-DDPG Y/ N\
2~ NMPC-SAC 74 \
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.ol -TD3 /¢ \§
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12+ «
10 -l e -
E08L/ s
~ | — Goal
~ 0.6+ Leader
| —NMPC
0.4 NMPC-TD3
/ ~-NMPC-DDPG
0.2 NMPC-SAC
| - NMPC-MALSTM-TD3
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FIA] (s)

ozl B ARk 28

TEFE TN [F) R M2 28 A 428 ) SRV T R A 1 i R I
W, B AMLIR B ML SR BLWE 10 Fis, DDPG 7£
BAARD BT BRI mF, SAC TER I f ) b
(2 T B AA R B R4 2, TD3 A6 10-13 s [A] L T B 2
(% 5, MALSTM-TD3 7£ 3 s £ 4 8L T — AR
PIahE B AR ST N E, TD3 5 MALSTM-TD3 £
F- AL A B I HRBTRCR s To AWLEIHAR f 2825 3%
LU 11 fros, CEOR AR A 142 i R I EAS RIS 1 2%
G TEVR G A AN R IV AL T AN
WA R WK 12 PR, AHEEZ T MALSTM-TD3
BT WZE{EK DDPG 5 TD3 Hif, fEltin & T
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SAC (R I th, 4R A0 HE 05 52 E M & UM HUIRZS

KAT.
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Sort |0 / A
& AV Vi /N
& Of |} Ve Nyl R WY
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&-01 1 | Vi |
W0IR| R NMPC-TD3
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0.3 + NMPC-SAC
o4 ) Ry -- NMPC-MALSTM-TD3
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I (s)
B 11 R A RS AR 2
Kiiee
0.4 NMPC-TD3
— NMPC-DDPG
T 02 PC-SAC ;
= -- NMPC-MALSTM-TD3 ”
& 0 '
jzg
E 02
-0.4
0 2 4 6 8 10 12 14 16 18 20
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534, TEF S LA WML 38 1 %4 5 F 5 Uk
LB 404k 45 25BN 25 4 JF, T LA H 26
3L L ERB54E%5 B T DDPG B bt 375 0 x

I (s)

'

HoA FOERRCREL. BRb 24, W3E 4 B mT BLA H,
SAC fEZAE 55 LI TR, JRAEAE A 1e) R i B A%
A, (AR AR i) b HOR By

K 4 ARSI PAES T RFEPIRESIRE

1T x(m) y(m) z(m) ¢ (rad) 6 (rad) y (rad)
TD3 0.3888 0.3753 0.6474 0.3402 0.3313 2.1942
DDPG 1.5957 1.8181 2.6195 0.9255 0.9144 3.8705
SAC 0.4064 04277 3.3927 0.3568 0.4031 0.1561

MALSTM-TD3 0.4056 0.4006 0.3303 0.2892 0.4030 1.1201

9 T W R R 05 e SUTE R 0 57 o, R
R 488780 50 2 U B 7 T a7 5 - EAT AR, 9
S SE BN/ ARA 40 B0 IE L7 3 4R, R
SR A (E 55 F RS 13 s, 7071
HOIE % T RIMIE 14 B, 7T DUR B0 R R
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——— ] |
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% T4 AT 10 R HE S il &5 AR P 18 1T
I 8] J5 2EAT P 3915 2P 33247 I 6], Hod NMPC £
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HI 2% 1P B3 AT I A N 2.29 s, MR AR S2E6 45 3, AT

vl 7 ) A B RS 22 BE AN K, T 7 2 B 7 ] (1 4% 1)
| MALSTM-TD3 ZLiz im At T HAh 5925, 7 L&
R L, B DDPG LM AR SRR AR £ L1
RINZEFRFFA K, SAC FHEFADFIEAE L &S] B
T E I, MALSTM-TD3 A% TD3 £ fit f 1942 1
R AL T — £ FEE B AL B RIS -, MALSTM-
TD3 FHE At B2 R R DA, AH A2 FCAE D 0 AR 1) 4%
il F# SAC HECRER, 476K E, MALSTM-TD3 #%
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PR 10 s, ZHIEBETE 2 s 22 A4 ik o8 % il w5,
H5I N MALSTM-TD3 %M 2 UL (1 (8] 5 2% 5 48 Jin
AL 10%, TEASC 1S5 F & B AT BT 1 S 1.
SRIM I PC it B-F & A& T DY Jie 38 76 AL
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— — NMPC-MALSTM-TD3
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%
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A AR TH R, T eI A HH H Al o AT 55, HOX
BUUSATIIR] 5 s RN TS fE SOV 8/ ME, B4 BL
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AT DA 2SI B DY e 38 T2 A AL 1l s 24 o 2 s
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5 diivERE

AR SRR NMPC 4% il 2% £ Bt T80 77 1 1 AS 2 gk
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(1 8 B0 3k 5, 7E kA o6F TD3 SvE#T 1 ek, 5l
A T MALSTM-Actor %5, 4 2 ki3 = J1HLH 5 LSTM
HEATRA LU N Actor (4%, 2 7 A8 2 () Al
B [A)(E B AR IA B J), HRER T — o R T4 R
JiE 3% 252 284 5% 450 42 il o LR B B N SRR e PR A B — 8
$eTt, RIS T — R BEAL T PR BE AL 5o 255K

W R AR TR (32 AL . ) TS B0 4 SRR, HE T
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