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Single-Policy Multi-Objective Reinforcement Learning Based on
Maximum Norm Minimization

01 | olxCHetm M| D5tz

Myoung Hoon Lee | Department of Electrical Engineering, Incheon National University
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Abstract
In this paper, we propose Maximum Norm Minimization (MNM), a class of single-policy Multi-Objective Reinforcement Learning (MORL), to solve
multi-objective control problems and obtain Pareto optimal points which constitute the Pareto front, We provide simulation results of the proposed

MNM algorithm in five complex robotic multi-objective environments to validate the performance of MNM in multi-objective control problems,
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Algorithm 1 Maximum Norm Minimization

1: Input: number of objectives m, number of the Pareto optimal
points n, Pareto set ®

2: Qutput: %"

3: for objectives j=1,2,...,m do
min _ -1 T

4 cIJj 7mmi:ljj,m
max __ n T

5 T = max | jj,m

6: end for

7: for objectives j=1,2,...,m do

8: for Pareto optimal points i = 1,2,...,n do

J-:rr o (Dr.nin
ely. _ 5o J
’ (@571 = Gmax — gy
10: end for
11: end for
12 wmr ‘P] + ‘Pz
) 2

(s.A2-2) (Z} BHE kol A]) 54 7pgx] o)
7FEA WEL S E HA {3 ool 230 91
gom, 714 7FeA] WE7) 4 A WEz A
elEr) 124 gFom (s Al-1)-(s.Al-5)S Aadic)
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£ o] Egitt

(s.A2-5) del & HAAe 7 ko 2 vl 24 gt 75 A
et

(5.A2-2)-(s A2-5)F T3] & ShF(EH) |94t Kol o
3l WHEETE KO RhEAe] o5 & ool
MNM 7|5k Sl d vha i) Z4stelss dhare|s s E A
AL 38k ARSI S E A ARe Algeiet dare
2] MNM 7[R el g2 vk
S I E HA {9} 0 v 54 SRt g E A PE L

W} sl H4 43 29) BE velE HHe] BER A 3

PIEINCIES

Zholl FAEH, S E A Pl 19

o

Al ek

I
i MNM-based SPMORL algorithm

3
‘ Step 1. Initialization —I B Step 2. Target weight vector selection

P

i & B, i €
Step 3. Policy optimization -

Yes Ll No
MNM

s pe—

1
H (s¢,7¢) ‘ Wl = e; ‘ Step 1. Normalization
1 l @, o) Step 2. Maximum
! norm minimization
Step 4. Pareto set reconstruction
: 1 i) I wtar

lnccccccccccccc e c e - - ————
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Algorithm 2 MNM-based SPMORL algorithm

1: Input: RL algorithm A, number of iteration K
2: Output: Pareto set @

3: Initialize RL A

4: Initialize Pareto set ® = 0

5: Initialize basis weight vector set f = {ey,e3,...,€,,}
6: for iterationk =1,2,...,K do

7: if e; ¢ @, for e; € § then

8: @' = g;

9: else
10: Get @' by MNM in Algorithm 1
11: end if

12: Get ], tar by performing policy optimization using A
13: Update @ « (@', J ,tar)
14: for Pareto optimal pointsi = 1,2,...,n do

15: if J i # Jptar then

16: ifjj’f,’w, Sjj’.,’mm, forall j,j=1,2,...,mthen
17: Remove (@, J i) from &

18: end if

19: end if

20: end for

21: end for

YAEF2 MNM2|EHEHIEM LIS =5 2olols AN2|E OMAE

Environment Metric MNM (ours) | PGMORL | RA | PFA | MOEA/D
Hypervolume (HM) (x10°) 233 9.6 86 | 94 9.3
. 93
Ant-v2 (1.8 X 10° steps) Sparsity (SM) (x10°) 1.07 114 2.81 | 3.10 1.90
Number of points 44 27 20 20 20
-~ . Hypervolume (HM) (x10°) 9.8 7.8 79 | 17 7.8
Walker2d-v2 (1.8 x 10° steps) Sparsity (SM) (x10%) 14.6 14.0 8.8 | 378 18.1
Number of points 32 30 37 | 23 28
Hypervolume (HM) (x107) 14 13 10 | 11 12
- 9
HalfCheetah-v2 (1.8 x 10° steps) Sparsity (SM) (x10%) 2.7 16.0 50.7 | 18.0 452
Number of points 62 33 28 32 27
Hypervolume (HM) (x10°) 6.0 5.7 57 | 59 57
. s
Hopper-v2 (3 x 10° steps) Sparsity (SM) (x10%) 9.0 113|247 | 271 19.1
Number of points 17 15 20 | 20 15
. Hypervolume (HM) (x10°) 11.3 64 88 | 97 88
H d-v2 (2.4 X 10° st
umanoid-v2 (2.4 10° steps) Sparsity (SM) (x10°) 15 23 17 | 30 16
Number of points 32 23 6 | 18 17
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Abstract
In this paper, we summarize the analysis of disturbance components that reduce the control performance of drive motors used in manufacturing

and mobile vehicle drive system-related fields, and the research trends of disturbance observers,

1. ME ZE H[0o] AJAZS| Y& o] ofd W= Abgfo] EII) BN vhake Fule] A3} el
) Z512 Jelnr) Ao 2 o Fal gfele] Fu4E %
A A2, oA T A28 T HololA] Zzke) Aol aaplol, gnle] 7hE Fuk tje] % ohek & wele] Fu}
%;9'% TRA] 0}7] Hg]. Z]Oi o) ,:r/]%_ 7H1£— ﬁ:lll:éo] ;\(_]z‘sgﬂ_,j 9}[ Tfm'c Striberk friction
o} Aol HeE 4 913 Alole] A% B ol%e] 47 | Viscousriction
o)1= A3} Zem2) whao] WISk Aol MPISHE v A = N
1
Ho] PG}, olelah mha AR SIS AU, o2 17 7

Te / Bw
13} 22 A4 724l (Coulomb model, the Stribeck model, the /

Coulomb friction

Karnopp model) 2 54 22 (Dahl model, the Bristle model, 0 w

the reset integrator model, and the LuGre model)2 &&=

I} [1), oJeiah Bl v AR Aule) $49) 5 L of /‘i
718le}, $49] cycle-time Z77)710l, kg F0E A9

A E3 2 3 AR ol s A3

FJ
x
—OL
rir
re
-
rir
r)v
)
oM

H e DFE TIRHEE [4]



PIEINCIES

The Korean Institute of Electrical Engineers Magazine

f
b
i
[
0
-
r o
°
£
ot
i)
m
o
2
N
2
1o
ot
2
4
=
Q.

o] 7THE A8k HE Alo] AlAHIe] 9o = 2hgato] A
o) - sk A2 % ek 1571, S 2EJe] AR5 A
A AN L7 a1, e o)) T3 Sis AF
S5 Aol FAo] WAL, T A4S AHEIHE 3
& B9 73, 19 23 o] 20| Wzt wht B g
T 2p<: 5Ado] Wzt o]ef 22 BH AlojE 9l el A
59 B BE o] AL ofko 7 4310, Q)
Y 3= o] el a1 zak Adw-g WA (8], ol gt A
9] 320} J3e HE] B2 Q12 A5 ob/IF  ohlek
7 Zgk 2 9)%] sensorless Ao E 3k 97|48 =4 Al A
5 Qo) olelat st i 1, 54 ol Hlelatel
Tl isle] 714 olelel sEal] W], w8 sle) 7
% thefoll thet Aol A5 541 77} Lasie) (9]
——70[°C)
— 80°C]
—90[°C]
_ °C] ——100[C]
9 H b
2
a
=
>
=
E
=
0 a i
0 90 180 270 360
Rotor position[deg]
J212 250]|[HE QAMO| X< 21T 8%} [9]
2. 2zt 57|
e]gho] =8 A AEIS- A|ojs)7] 98l Feedback-Lineariza-

tion 7 B A Ao} 7o) A ARSEIRLAL, o] EH, Alo]

Al2gle] Ao] i (Plan)& A¥stste], 54 Fak5= el
A HHe] Ale] Ads& A& = A [10-12], AR, ofefdt 7]

& Alo] 7He 9 AFE Fele mule) ¥AE FL b

=

_l

= 7 S0 E sl TAYsh= Slgtol] XAl FEFS W
Al et ol2fd & Aztsto] Ale] AlAEl eg S
71 9130, <l H=7HT} Agke e WA Alo] 7S] AT
w37 ik [13-18].

[

d n
Hof ’ n
HILY u +
07| .qb i&_.
x +>x [ Plant y
i \\
QAEE7| (4 {

T
1] "\,

& = Ty

asy, 99, by BE A%
d: 38 QR A Ty, To: AHf W4
58 S Y:plant 2 u: Plant Y

B = a9171 + a7z +byut+d

y=z1+n

1J
o
w
o
r

FEHSD |2 SFRSHE|O] A|AEY

=] =0 -

9 3 o #5717F Ajk Alo] Algls VR o
9] A& A)AHEo] Byrnes-Isidori normal form ©. 2 F3%
= A3} Feedback-Linearization®] A3}-= 11&s}o], 719 39]
RE 753 A Ao} o (Plant) 2 2wk

A XS d= d— dol wek A7) Ao} A 2Ele] A

v, slet #2719] o] ofs) ol BE71e] FA Aol
AT, 17 4 T4 el A ofe BE71E U




Vol. 73, No. 4, April 2024

Ho17]

Extended State Observer

J2l5 ESO7|[EteRh =]

719 5= Extended State Observer (ESO) = AFg-3k o]z &
2 7)ol gt e ek S5 3, 59t male 9
88ke] 43 gre] AfolE ofg-ste], 2lghe F4FT ESO 7
ZZ 7|Hko 2 3}od, Generalized PI Observer (GPIO), Nonlin-
S o] Tk 2l 2] 27} e
+ 1% 63} 2k

ear PI Observer

e} olell tisto] dutslel ot #=7] 7%
Hof

: +
g uo| EE
> H 7] ——>O—O~Plant HO——
& ' Ty
ozsy| 5

&1 = xa

&y = an 1 + agers +byu+d

y=x+n

21, 422, by 2 A=
o T1, T2 SE B
T :relative degree
2o U:Plant &3
e

Y:pPlant =

] L1

9] relative degree & WERHTE 9k 57| 578 A5 o] Ik
¥} 92k of] tfste] of #o] HrFA o
Bl AHEE = A, o] g Fuk g

5=
< Z,; ]-/] relative deg1ee IHT/Q @_5'\_%1

SHe =4 7
o] o]gt I=719) A5
e 19 69 o

&, ol54tell et gty

lps+li

}4

| Dt = 1= mast, L = 0.275 (mH), R = 0875 (©)

o

E

~ ol ——1, = 6.0, I, — 28000
€0 ———1, = 4.5, I, = 28000
=

o 0| I, = 3.0, l; = 28000

=)

§ 60 #115;)1‘?1 p2 = Ly, #uViZIU:ViE[SA,"'aT] ‘

102 10° 10"
Frequency (Hz)
(a) (a) QAtol| Cifet 2t 378 QX 10k S, D(s)/D(s)
D(s) _  Ehs*+(Rl+LL)s+RL r _ _
N = e L= 0275 (mH), R = 0.875 (Q)

2 ol [—t =060 1=2s000 >
= U1, =45, I; = 28000 _ :
= 1, = 3.0, I; = 28000 As I, increases,
[l o more sensitive
zgn i =1,g, pe =13 for high-freq noise
S ophiti=0Vi€ 3,4, | | |

102

10° 10%

Frequency (Hz)

I
o
~N
=]
n
S
2
B
i
W
0z

TH 7= o] A e
= EO#“?E]' (,ul
Vie [3,4, -
RS}

gholamo] B Hlio]

5 QX FI4 SH,

D Q] AIAR Of2h 21| 5
=7] 7%

9 o3 9=

r]) 91 719 2 (@9 o), Sk g+ A

D(s)/N(s)

|Fot+ S8

o) 34 5 el

= lp&!l"’? = ly:l~/v Vy = Oa(l”'i? Vi) = (0,0),

)

o

27} ARG TEE 7

D(s)/D(s)®] exponential decay frequency, damping ratio

ki

Sk, 15 AT 5 Sl 200

v 3} o] 1 g 7] A4 A

X251 polet zero®] WA d1efsto], ol B=

I ol
o2 vleo 2 19 7 (2] 3
D(s)/D(s)®] expo-

nential decay frequency?Z} 57F3l710l|, &gk 4 Aso] £t}

51 gk 5= QAR ofsglel Wl wet 17 2 (st 2o

o} o

Wl

(s)/N(s)e] 25

rel &S

oprIate], Aoy Al

8 Aiso] okodake- 7128 elsk 4= gt} wheba, lElE= ¢

2ol ot 34 A58 o) 24 18

o thk 9f%t 4 A5

HAEolo} Bl



The Korean Institute of Electrical Engineers Magazine

A, Tk e A AHEE =ol7] S8, relative
degree”} 391 749-2] A% =Y IATE relative degree”} 5

oS¢k Aol oIzt A Bl 5

7Fe 18 = At 21, o] = QIaY, s wmellxle= 5AgH
pole T35 A A9 oJgk AS71e] ti ot #=7] T &

rulo

X ek Qsglck e, slgk B5719] o)sgk A4 3
B AT SRBE7] 28] 314 o], Ao} Aol &
TP 0} S} QABHES Shz ]S A el thek ol

T7F 3k Ao,

3.2 8
Sh A Az ), oFsAl T AL A oluA]
Tl 2ofe] A w2l Alo], IHE] Al 8= Bl 9

2 #=719] relative degreeZ 271510 24 ] W& pole S 3
7FA, o kst pole-zero?] 251 A Yl Fib4
L A e R R e = e e
AEgE = AL, ofof whe} ofst 5] 2
7goll Tk Btdo] SRt of2fdt elgk =] A Hatde
estsi, Ao} Alxadle] B sk b S5 S
sk ofgt A7) 713 A9} olell gk o] 5 A dare]E N
2k A7} Qs

& e

gﬁ] ) 011:_7L

r)~

[EnEs]

[1  Johanastrom, Karl, and Carlos Canudas-De-Wit, “Revisiting the
LuGre friction model,” IEEE Control systems magazine 28, no. 6,
:101-114, 2008.

[2] Ruderman, Michael, and Makoto Iwasaki, “Observer of nonlin-

ear friction dynamics for motion control,” IEEE Transactions on

Industrial Electronics 62, no. 9, 5941-5949, 2015.

[3] Aggogeri, Francesco, Angelo Merlo, and Nicola Pellegrini, "Ac-

(4]

(5]

(6]

(7]

(8]

(]

[10]

(1

(2]

PIEINCIES

tive vibration control development in ultra-precision machin-
ing,” Journal of vibration and control, 27, no. 7-8, 790-801,
2021.

Jeong, Yong Woo, and Chung Choo Chung, “Observer-based
Robust Control: Its Application to Permanent Magnet Synchro-
nous Motors,” IEEJ Journal of Industry Applications, 12, no. 4,
575-587,2023.

Li, Shihua, and Zhigang Liu, “Adaptive speed control for per-
manent-magnet synchronous motor system with variations of
load inertia,” IEEE transactions on industrial electronics, 56, no.
8, 3050-3059, 2009.

Li, Shihua, and Hao Gu. “Fuzzy adaptive internal model control
schemes for PMSM speed-regulation system,” I[EEE Transac-
tions on Industrial Informatics, 8, no. 4, 767-779, 2012.

Park, Sunghyuk, Wonho Kim, and Sung-Il Kim, "A numerical
prediction model for vibration and noise of axial flux motors,”
IEEE Transactions on Industrial Electronics, 61, no. 10, 5757-
5762,2014.

Zhang, Li, Ming Zhang, Xiaoyong Zhu, Chenyang Dong, and Zi-
feng Pei, "Adaptive Harmonic Decoupling Sensorless Control
Strategy of A New Five-Phase Flux-Intensifying Permanent
Magnet Motor under Healthy and Faulty Conditions,” [EEE Jour-
nal of Emerging and Selected Topics in Power Electronics.
Park, Chang-Seok, and Jae Suk Lee, “A torque error compen-
sation algorithm for surface mounted permanent magnet syn-
chronous machines with respect to magnet temperature varia-
tions,” Energies, 10, no. 9, 1365, 2017.

Sira-Ramirez, Hebertt J., and Ramdn Silva-Ortigoza, "Control
design techniques in power electronics devices," Springer Sci-
ence & Business Media, 2006.

Slotine, Jean-Jacques E., and Weiping Li, Applied nonlinear con-
trol, Vol. 199, no. 1, Englewood Cliffs, NJ: Prentice hall, 1991.
Chen, Ben M. He Control and its Applications. Vol. 235. Spring-

er, 2013.




(3]

[14]

[15]

[16]

(7]

(18]

9]

Chen, Wen-Hua, Jun Yang, Lei Guo, and Shihua Li, “Disturbance-
observer-based control and related methods—An overview,”
IEEE Transactions on industrial electronics, 63, no. 2, 1083-
1095, 2015.

Jo, Nam Hoon, Hyungbo Shim, and Young |k Son, "Disturbance
observer for non-minimum phase linear systems," Internation-
al Journal of Control, Automation and Systems, 8, 994-1002,
2010.

Eun, Yongsoon, Jaeho Lee, and Hyungbo Shim, “Data-driven in-
verse of linear systems and application to disturbance observ-
ers,” In 2023 American Control Conference (ACC), pp. 2806-
2811. IEEE, 2023.

Gil, Jeonghwan, Sesun You, Youngwoo Lee, and Wonhee Kim,
“Nonlinear sliding mode controller using disturbance observer
for permanent magnet synchronous motors under distur-
bance,” Expert Systems with Applications, 214, 119085, 2023.
Nguyen, Ngo Phong, Hyondong Oh, Yoonsoo Kim, and Jun
Moon, “Disturbance observer-based continuous finite-time
sliding mode control against matched and mismatched distur-
bances,” Complexity 2020, 1-14, 2020.

Lee, Han-Sol, Juhoon Back, and Chang-Sei Kim, “Disturbance
Observer-based Robust Controller for a Multiple-Electromag-
nets Actuator,” IEEE Transactions on Industrial Electronics,
2023.

Jeong, Yong Woo, and Chung Choo Chungk, “Nonlinear propor-

[20]

[21]

HALAIN
¥8
201643 SOlcfsta Z13sH 5

20234 Blojciotm T B8t BU(TSAL

2022'8~2023'H FA{2|AHHH|T MY A

Vol. 73, No. 4, April 2024

tional-integral disturbance observers for motion control of per-
manent MAGNET synchronous motors,” IEEE Control Systems
Letters, 6, 3062-3067, 2022.

Nise, Norman S, Control systems engineering. John Wiley &
Sons, 2020.

Zuo, Yuefei, Jiahao Chen, Xiaoyong Zhu, and Christopher HT
Lee, "Different active disturbance rejection controllers based
on the same order GPI observer,” IEEE Transactions on Indus-

trial Electronics, 69, no. 11, 10969-10983, 2021.

£ (Yong Woo Jeong)

o

2023F~4xl EACHSH Post-Doc
Z AFLE0F: M00|2, Xtgaal, 2E 5!
ESS H|of

%|2% (Woo Young Choi)
20158 2ACR L Ho{AIESe &
202714 oRITHE W 0 | Sakt SR (TSI

20214~202213 SH2afb 201719

SR
20224~2023 LBt KSAA ATt
oS

20232~ SAS oSSt e
7 UE0F MO0, Xt3el, DJ2 22|




The Korean Institute of Electrical Engineers Magazine ' PN EIES

7I8AIZI= | 2EZIE] Hof 7|E S

D O|HhA|0]o] 2A12] 712
Model Based Controller Basic Design

A3 | SAHEL OlLXIAIAE St

Wonhee Kim | School of Energy Systems Engineering, Chung-Ang University

Proportional-integral-derivative (PID) MOf2 = 1 2SI = S0PH01 IR Clfo S8 200X Z2| AFRE|1D QICH PID M|0f7 = 1A
O|PHME 2ot YO 2 X|0] T AARIC| £42 129510 0P, BFEd W A1 S SA P [= Tl ARSEI1 QUCH PIDL| Cifot g Hjof 4

2|50] 22Ee A0t AL, LMl PID X0 = 2R FE §l0| 2iTEhet X422 Mo | FHO| 2Hs0P [0 oS PID HOP | AkgS

o -
|TH, =L AP AT MR FS M= BIE HO 2125 § 2R DI

g
26110 UCE SER[EE PID MOP |2 g8 3Pt 2l 211250 g
| 2R D[R MO | FHIE 57| ISIH 2= 7121 K02 | FAH[of Eifet 7|

o| 72 Hlof Y21 4 H0| LR 4olCt 2 1o

=2 Al Zolet,

>
rr
]
4
i
|0

Abstract
Proportional-integral-derivative (PID) controllers are widely used for various application systems due to their simple yet effective structure, PID
controllers, as classical yet robust methods, are employed to enhance stability, responsiveness, and tracking performance by considering the
characteristics of the controlled systems, Although various advanced control methods have been researched, industries still prefer PID controllers
because they allow controller tuning with simple knowledge without requiring modeling information. However, PID controllers have limitations
in performance, and there is a need for the application of advanced control algorithms, such as nonlinear control algorithms, and model-based
advanced control algorithms, for domestic industries to compete with advanced companies, In this paper, we will introduce the basics of model-

based control design to assist readers in model-based controller design,
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Abstract

This study proposed a weighted voting method based on the Dunn index, applying the self-training technique, a semi-supervised learning
methodology. A simulation environment was designed for the test power grid, and the effectiveness of the proposed method was validated using

data collected from the test grid.
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