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Abstract

In recent years with the rapid advancement of artificial intelligence, there has been extensive research to address control problems,
which was previously unsolvable with traditional control techniques, using reinforcement learning-based controllers. This paper
discusses a challenge in controlling a double inverted pendulum system. With the commonly used 2-DOF control technique, once the
swing-up control is performed and a strong disturbance is applied, the system becomes uncontrollable and fails to perform another
swing-up. However, the reinforcement learning-based controller proposed in this paper overcomes this limitation using the
Sim-to-Real learning technique. To ensure successful application of Sim-to-Real learning, this paper proposes a design method for
the real-world system that minimizes the reality gap, a chronic issue with the Sim-to-Real technique. Utilizing these techniques, we
introduce a characteristic termed 'recovery property' denoting the ability to recover from strong disturbances, a feature difficult to
achieve with traditional control methods. We design a controller with this characteristic and validate its successful operation in a

real-world system.
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Table 1 Parameters of the double inverted pendulum used in the experiment

Link
Parameter -1 =2
m; 0.2351 [kg] 0.1452 [kg]
I 0.0012 [kgm?] 0.0010 [kgm’]
l; 0.0667 [m] 0.1288 [m)]
L 0.1645 [m]
¢ 4.5116e-04 2.9198¢-04
Aoleks ool Es A5A PFF IS e AlaF
Al o] ARE-E]= SAC(Soft Actor Critic)@d118]&5S E3f -
datqiet g g A58 FE e Ad B
gk SO =2 BEAAT Aol ASESleH, A
Egy & o5 Ao e RN E9ES 5t B A
o] ot M-S A 4 e BAS AL Q)
t15]. g garejES FAsk=dl ol AMEE sfolH wiat
Hjg 9] FE2 3 2004 FRIF 4= glon, F /e s|&
olojo] F4Wl =71 400, 30002 WA E A o]eol= FAEH
[15]9] #AAFZ0] ARSRE otetu]g s 2% FUsHA AHgst
ot G Yale|EE AMEste] FRE AEEkE oo|HE=
Python9] 2tk =R 2R} Algdo]d ST} A&H o8 4D
2hg-5b swing-up 8171918k Ao} 71H-& 5stA ok

KIEE



1710 The Transactions of the Korean Institute of Electrical Engineers, vol, 72, no, 12, pp. 1705~1713, December, 2023

H 2 SAC ¥ma|=o0l| AF2E stolm miztolg
Table 2 Hyperparameters used in the SAC algorithm

Parameter Value
optimizer Adam[16]
learning rate 3e-04
discount factor (7) 0.99
replay buffer size le6
number of hidden layer 2
number of hidden units per 1% layer 400
number of hidden units per 2" layer 300
nonlinearity ReLU
target smoothing coefficient (7) 0.005

2t =RRIRLO] AlEdlold SO S TRsEt 2O A
Al 3ok 7 A WAl Wt <, 0,0, 5.0,,6,> 2
o]FolZl 6712 TlelE® Mt o, 6,7} 0,= 55 H&t
Aol AAE 98 UmA] diks Agste] —x<0<n
o] oz Agtelth 8oz 0,3 6= ks T oA A
TrERel A5 ofids A7 Sl sin(d;), cos(6,)2] FEl= A
goto] AMRITE Aupr|om 7ol oflolHEdfA| Mgl AJE
) 1| Fell= <y, sin( 6, ), cos (6, ),sin(8,), cos (6,), 4,6, 6,>
2 % 8719 Hlold FEol Huh A3lslks ool EL= b
T A JEE QY om vol X419 F HAo mhE s,
& Alojgs gtk ojnf EEEe Al 2E Y 7
T 2k wol s, AA A" 5719 Ay Y L
ato] —15 <u<159] groz Aaksic}.

AlEdlo] el s eHgolA g ofulato] ol
2 AL AlEEo] S Ims 7= YHolE HH,
& 10msrfr} o] Foj 7l Eﬂr‘“#/ﬂ o] HE= ﬁﬁl}
offgarw o 10008 FoA-8S kAl Hal A3k
Yojube wAtmkch I A o) 1Ay ﬂoﬂ 7|kste] A}4l9]
= A MG BAF 2R ARESlr] 98 BAFSEL

(®)2] Fej= ARg-sklth

fu)

|
k
it

X

°l=°
Jz o2 O ok my N

Ru:exp(*0.03|u|) @)
R, =exp(—0.0015°)
R, =05+0.5co0s(6;)
R, =0.5+0.5c0s(6,)
Ry =0.4+0.6exp(—0.096,|)
R; =0.4+0.6exp(—0.096,|)

Reward = R, X R, x Rﬁl X Rﬁz % Rf?l % R(éz (8)

KIEE

s JHe] WAL HE =RE A
S

=2 B
] =2 O
o, = swingupoll 43¢ Aefell A wau DEBR

e /
//,.
08 ot
— _m
o
06
04
021
) . i . .

O3 7 BAg iz
Fig. 7 Reward function graph

[e]
A

F7He2 yol ol 04[m}E ZHshe Afole s o
HAaEE S5l =go] HA ¢7] il siE AldellA =
7] FEA ol % S5 AleP7IE AAl AlLHoA

AR AROA, AR A2dlo] S 4 gl AU

=
e 2t S WAsH] figtolth
A71E 219 AY A oAt E WHESte] AYE

agsiela, 7 Avke 719 8ol Bele 4 lek oF 18002
o Bhgo] ARt AFEE ofuat 10719 BAAGE Hetol
shgo] SustAeS BHIE 4 ok Teh sol S
ol YR ofju]ioi HAdo] dAS] WA Uehl= A
o] #EE=H, ol s Aol ARSE= Alo]7]7} Recovery
4 M 4 ES FAR 27 20l AREg]
otk 7t omarst AFE uf <y,0,,0,5.6,,0,>2 T
e Y] AH ARe FARES A 27|58, o
SJRET} SN Al HRE FET & UL o A
2 stk 72 A Aot e dee] Wels 4 )
o} ek,

v~ U(—0.2,02) ©)

6, ~ Ul—n,x)

6, ~ Ul—m, )

y~ U(—1,1)

6,~ U(—10,10)

6,~ U(—20,20)

H—J glofel7} o] shte] A
3 FHAETE 2R AE w2
Al e ARl T ‘il‘i}. old e HRE =7] =4
Aol olFolA |, == 9]
HiElo] =214 ofurt gle ARE Ui Aok Adstels oflo]
AES] M Aa7HA] e FsiEA] X3t e



The Transactions of the Korean Institute of Electrical Engineers, vol. 72, no, 12, pp. 1705~1713, December, 2023 1711

800 A

600 -

Total Reward

200 +

—— Reward
——— avgReward(10)

o 1000 2000 3000 4000 5000
Episode

T3 8 stz aMm
Fig. 8 Learning results graph

e ojoh 2 Al sHyol SRE Aol7]S AA A
2elo] A8 ol 3] nelx] gokw w247} H

Cart position : y

0.2 I :
I
0.1 q
0 / \f‘\v A\
\I N
-0.1 1
o2l ; f
0.3 . 1
0 5 10 15
15tpendulumangle:61
4 [
N [
2 i
\ 1N
0 b \—
i
2 |\
Y :
I

0 5 10 15

2" pendulum angle : 8,

i
i
2 1
i

H
1
-2 i
i
i

Time(sec)

7 9 o ot M Zat
Fig. 9 Results of Disturbance Injection Experiment

ok A AsdelAds Belael WAL sk Aol u

I 5ol 7]9kel Heet Aloj=F
< *L%ﬁkﬂ Swing-up Aol 435t At

20k ERRIR; A ARl EE ksl V)
7]% Z-gsto] 3t swing-up A|o]9] AIE UER
= ] swing-up Alojol] AJget F AE g
o 3ol 2= 9l QJFLof A
u} a9 901W Ao FAE Aol

o orr =
X
KT
I
o

Ir Al

Ol: 5% o]

ot
&
o

rE M 2 ot to

Alol719] A=
Age) Ane & o WS SIS Slel, 49 e
FFeR 7|55} Oq:rL 2 Youtube Aol =5kt i
AL https://youtu.be/4ELAGBIUYZo oA &g 3= 9]
ok (P
inverted pendulum with good recovery performance, @9 :
Embedded Control Lab). 3l FAoA 20k =FJ AR} A|AH]
of owgl QJgts VIR Aol AEksks 71Nt A7zt

HFHOR swingup AoIE SHUTH: RS BAF 5 ek

ol

oft

A& . Reinforcement learning control of a double

Recovery property

a2 10 43 IS JIS8t Youtube Y
Fig. 10 YouTube video of the experiment procedure

5. Conclusion

N

E =i Sim-to-Real S5 7]HS:
[l Xﬂ°17la AABE 7&%@ ct. E3], 7J 9] o]

N LR 5
AP = A ol WS W) Aol 1

il

ol

of A2l B2 erol
Eg, Agol Azt A4 &
A ok AAIBH

o=

3 el gEaE ol A
53} Sim-to-Real &5 7]%2]

KIEE



1712 The Transactions of the Korean Institute of Electrical Engineers, vol, 72, no, 12, pp. 1705~1713, December, 2023

20 wATAQl B A2

=
u, A AzglelAe] AEe B O RENS AFsoc

7], 35 =0} Zol T Ve e Azl ojEh 1T
= e glrk12]. olad shkE BAl] i & <
Q. ]

% L
TolA AR T WAol #8sH 282 & e e

il

References

[1] N. Muskinja and B. Tovornik, “Swinging Up and
Stabilization of a Real Inverted Pendulum,” in IEEE
Transactions on Industrial Electronics, vol. 53, no. 2, pp.
631-639, April 2006.

[2] Y. Otani, T. Kurokami, A. Inoue, and Y. Hirashima, “A
Swingup Control of an Inverted Pendulum with Cart
Position Control,” IFAC Proceedings, vol. 34, pp. 395-400,
2001.

[3] K. Graicehn, M. Treuer, and M. Zeitz, “Swing-up of the
Double Pendulum on a Cart by Feedforward and Feedback
Control with Experimental Validation,” Automatica, vol.
43, pp. 63-71, 2007.

[4] J. Kober, J. A. Bagnell, and J. Peters, “Reinforcement
Learning in Robotics: A Survey,” The International Journal
of Robotics Research, vol. 32, pp. 1238-1274, 2013.

[5] S. Israilov, L. Fu, J. Sanchez-Rodriguez, F. Fusco, G.
Allibert,C. Raufaste, and A. Médéric, “Reinforcement Learning
Approach to Control an Inverted Pendulum: A General
Framework for Educational Purposes,” PLoS ONE, vol. 18,
¢0280071, 2023.

[6] J. Baek, C. Lee, Y. S. Lee, S. Jeon, and S. Han,
“Reinforcement Learning to Achieve Real-time Control of
Triple Inverted Pendulum,” Engineering Applications of
Artificial Intelligence, vol. 128, 107518, 2024.

[71 Y. Gil, J. H. Park, J. Baek, and S. Han, “Quantization-
aware Pruning Criterion for Industrial Applications,” IEEE
Transactions on Industrial Electronics, vol. 69, no. 3, pp.
3203-3213, 2022.

[8] J. Baek, H. Jun, J. Park, H. Lee, and S. Han, “Sparse
Variational Deterministic Policy Gradient for Continuous
Real-time Control,” IEEE Transactions on Industrial Electronics,
vol. 68, no. 10, pp. 9800-9810, 2021.

[91 G. Dulac-Arnold, D. Mankowitz and T. Hester, ‘“‘Challenges
of Real-world Reinforcement Learning,” arXiv preprint
arXiv:1904.12901, 2019.

[10] W. Zhao, J. P. Queralta, and T. Westerlund, “Sim-to-Real
Transfer in Deep Reinforcement Learning for Robotics: a
Survey,” 2020 IEEE Symposium Series on Computational

KIEE

Intelligence (SSCI), pp. 737-744, 2020.

[11] N. Jakobi, P. Husbands, and I. Harvey. “Noise and the
Reality Gap: The Use of Simulation in Evolutionary
Robotics,” Advances in Artificial Life: Third European
Conference on Artificial Life Granada, pp. 704-720, 1995.

[12] T. Gliick, A. Eder, and A. Kugi,, “Swing-up Control of a
Triple Pendulum on a Cart with Experimental Validation,”
Automatica, vol. 49, pp. 801-808, 2013.

[13] D. Ju, C. Choi, J. Jeong and Y. S. Lee, “Design and
Parameter Estimation of a Double Inverted Pendulum for
Model-based Swing-up Control,” Journal of Institute of Control,
Robotics and Systems (in Korean), vol. 28, no. 9, pp.
793-803, 2022.

[14] T. Lee, D. Ju, and Y. S. Lee, “Development Environment
of Reinforcement Learning-based Controllers for Real-world
Physical Systems Using LW-RCP,” Journal of Institute of
Control, Robotics and Systems (in Korean), vol. 29, no. 7,
pp. 543-549, 2023.

[15] T. Haarnoja, A. Zhou, P. Abbeel, and S. Levine. “Soft
Actor-critic: Off-policy Maximum Entropy Deep Reinforcement
Learning with a Stochastic Actor,” International conference
on machine learning. PMLR, pp. 1861-1870, 2018.

[16] D, P. Kingma. and J. Ba. “Adam: A Method for
Stochastic Optimization,” arXiv preprint arXiv:1412.6980,
2014.

[17] J. Jeong, D. Ju, Y. Fujiyama, and Y. S. Lee, “Transition
Control of a Double Inverted Pendulum Using an LW-RCP,”
Journal of Institute of Control, Robotics and Systems (in
Korean), vol. 29, no. 9, pp. 694-703, 2023.

SN

OJEHZ (Taegun Lee)

He received B.S. degree in electrical engineering
from Inha university in 2023, He is now a M.S,
candidate in electrical and computer engineering
at Inha university, His research interests include
reinforcement learning, embedded systems and
optimal control,

)]

—
N -

Z2 (Doyoon Ju)

He received M.S, degree in electrical and
computer engineering from Inha university in
2023, He is now a PhD. candidate in electrical
and computer engineering at Inha university, His
research interests include optimal control,
embedded systems and reinforcement learning,

=]

i



The Transactions of the Korean Institute of Electrical Engineers, vol. 72, no, 12, pp. 1705~1713, December, 2023

0|&A (Young Sam Lee)

He received B.S, and M.S, degrees in electrical
engineering from Inha University, Incheon,
South Korea, in 1999, and the Ph.D, degree in
electrical engineering from Seoul National
University, South Korea, in 2003, From 2003
to 2004, he was a Senior Researcher with
Samsung Electronics Co, Since 2004, he has
been with the Department of Electrical and
Computer Engineering, Inha University. He is
the author of four books and more than 60
articles, His research interests include computer—
aided control system designs, rapid control
prototyping, control and instrumentation, robot
engineering, and embedded systems,

1713

KIEE



