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1. Thong tin chung:

- Tén 4@ tai: Thiét ké bg quan sdt trang thai bén viing cho cdnh tay robot

- Ma 86 : T2024 — 06 — 05

- Chi1 nhiém dé tai : ThS. Vo Khanh Thoai

- Thanh vién tham gia : TS. Pham Thanh Phong

- Co quan chu tri : Truong Pai Hoc Su Pham K§ Thuét - Pai hoc Pa Nang
- Thoti gian thyc hién  : 01/2025 — 12/2025

2. Muc tiéu:

- X4y dung va phat trién bd quan sat trang thai bén vitng (robust observer) cho
canh tay robot phi tuyén phu thudc tham sb Nonlinear Parameter-Varying
(NLPV), dam béao kha ning wéc luong chinh xac trang thai trong diéu kién hé c6
nhiu, bat dinh mé hinh va tham sb thay doi theo thoi gian, gbp phan nang cao
hiéu ning diéu khién, giam chi phi cam bién, va dam bao an toan, 6n dinh cho hé
thdng robot cong nghiép.

- Lam chuyén dé tham khéao chuyén sau vé Thiét ké b quan sat cho hé thng phi

tuyén voi tham so thay doi va c¢6 nhicu tdc dong.

3. Tinh mdi va sang tao:

3.1. Vé mdt khoa hoc — Iy thuyét

- Pé xuat khung thiét ké bd quan sat thong nhat cho hé NLPV c6 phi tuyén
Lipschitz va nhiu gidi han: Pé tai di md rong mo hinh cénh tay robot tir dang
LPV tuyén tinh sang hé NLPV c¢6 xét dén nhidu va tham s6 thay doi theo thoi gian,
diéu ma phan 16n cac cong trinh trudc chi xem xét trong moi trudng tuyén tinh
hoc phi tuyén c6 dinh.

3.2. Vé mdt mo phong — trng dung

Thiét ké va kiém chitng trén 2 mé hinh NLPV thuc té



Thay vi chi mé phong 1y thuyét, dé tai da ing dung khung thiét ké observer
trén hai hé thong khac nhau: M6 hinh robot khép linh hoat 1 lién két va Canh tay
robot 2 béac ty do (moi truong phi tuyén co dién tir). Piéu nay ching minh tinh
tong quat va kha ning tng dung cao ctia phuong phap dé xuit.

4. Toém tit san pham deé tai:
- 02 bai bdo khoa hoc, trong dé bao gom:

+ 01 bai bdo duoc chip nhan ding trén tap chi nim trong danh muc Scopus:

Bai bao nay dé xuit mot bod quan sat trang thai Hoo manh mé cho cac h¢ théng
tham s6 thay d6i phi tuyén (NLPV), véi tmg dung thuc tién cho mot bo diéu khién
robot 2 béc tu do (2-DOF). Phuong phép dé xuat nhim muc tiéu dat duoc sy hoi
tu nhanh va do chinh xac udc lugng cao déng thot1 gidm thiéu nhiéu trong moi
truong dong. Két qua mé phong duoc thue hién trong ca mién thoi gian va tan sb
xac nhan hi€u qua ctia bd quan sat, cho théy su cai thién dang ké trong udc lugng
trang thai so v6i cac phuong phap thong thuong. Két qua ciing khang dinh kha
ning nang cao hiéu suit hé thong trong diéu kién hoat dong thyc té, bao gém ca
su khong chic chin cia mé hinh va nhiéu do ludng.

+ 01 bai bao trong danh muc Scopus: Bai bdo nay trinh bay mot b quan sat ty

1¢ tich phan dao ham (PID) cho cac hé thdng tuyén tinh thay ddi tham sb, duoc ap
dung dé uéc luong lyc giam chin trong mot hé thdng treo ban chi dong. Tinh 6n
dinh cua bd quan sat dugc chirng minh bang cach st dung ham Lyapunov phu
thudc tham sb, va hiéu suét ctia noé duge dam bao thong qua viéc ti thiéu hoa do
loi Ly gy ra tir cic nhifu khong xac dinh d6i voi sai s6 u6e lwong. Hiéu qua cua
phuong phap nay dugc chimg minh thong qua phan tich mién tan s6 va dugc xéac
thuc thong qua cac mo phong thuc té.

- Chwong trinh trén Matlab-Simulink: chay 6n dinh

5. Tén san pham:

5.1. San pht’?m khoa hoc ‘ ’

Cac san phdam khoa hoc dap vwng theo yéu cau theo dang ky trong thuyét minh

[1] Khanh-Theai Vo', Thanh-Phong Pham '*, Tien Dung Le >",

“Design and Evaluation of a Pole-Placement-Based H o Observer Using FNN
for Nonlinear Parameter-Varying Systems: Application to a 2-DOF Robotic
Manipulator.”, Vietnam Journal of Science and Technology, Accepted



Journal thudc Scopus
https://www.scopus.com/sourceid/21101101853

Cic sin phim khoa hoc ting thém khong cé ding ky trong thuyét minh

[2] Thanh-Phong Pham, Olivier Sename, Thanh-Ha Duong-Thi, “PID-LPV
Observer for a Semi-active Suspension System”’, [FAC-PapersOnLine, Volume
59, Issue 15, 2025, Pages 73-78

Link bai bao: https://doi.org/10.1016/j.1facol.2025.10.060
https://www.sciencedirect.com/science/article/pi1/S2405896325014417

6. Hiéu qua, phwong thirc chuyén giao két qua nghién ciru va kha ning ap
dung:
6.1. Hiéu qua trong gido duc va dao tao

Két qua nghién ctru cta dé tai c¢6 thé duogc sir dung 1am tai liéu tham khao, tai
li¢u thuc hanh, thi nghi¢m, déng thoi hd trg cho sinh vién thudc 3 chuyén nganh:
Cong nghé ky thuat diéu khién va Tu dong hoa, Cong nghé k¥ thuat Pién — dién
tar, Cong nghé k¥ thuat Co dién tir nhitng ndi dung sau:

Tiép can phuong phap diéu khién hién dai mét cach nhanh chéng dua trén LMI
va quan sat bén vimg, déng thoi hiéu rd cach trién khai moé phong thuc té trén
MATLAB/CVX.

- Céc file md nguén MATLAB cua dé tai duoc xay dung c6 ciu tric rd rang, d&
dang tich hop vao cac budi thie hanh/Thi nghiém ctia hoc phan dang “M6 hinh
hoa — mé phong hé thdng diéu khién ning cao”.

- Sinh vién c6 thé quan sat truc tiép su khac biét giita bo quan sat PID-LPV, H,
va Hy,, tir d6 nim vitng cac k¥ thuat uwéc luong trang thai va diéu khién bén
vitng trong moi truong nhiéu.

- Ung dung trong dao tao sau dai hoc va nghién ctru khoa hoc: Trién khai cac dé
tai luan van thac si, luan an tién si, dic biét trong linh vuc Robust Control,
Observer Design, Nonlinear Parameter-Varying Systems va Al-based
Observer.

- Sir dung két qua mo phong c6 thé 1am mau tham khao cho dé tai nghién ciru

cép Pai hoc Pa Nang hoic Nafosted, véi hudng phat trién vé diéu khién bén

viing va tich hop hoc may.

6.2. Hi¢u qud kinh té — xi hji


https://www.scopus.com/sourceid/21101101853
https://doi.org/10.1016/j.ifacol.2025.10.060
https://www.sciencedirect.com/science/article/pii/S2405896325014417

Hiéu qud trong sin xudt va céng nghi¢p

- Két qua cia dé tai co thé hd tro k¥ su tai cac nha mdy, xi nghiép céng nghiép
trong viéc thiét ké va giam sat h¢ thong diéu khién ty dong c6 nhidu hodc c6 tham
s6 thay doi.

- Céac bd quan sat trang thai bén viing (H, , Ho, observer) gitip: giam nhu cau st
dung nhiéu cam bién vat Iy — tiét kiém chi phi thiét b do.

- Nang cao d6 chinh xac diéu khién — ting tudi tho thiét bi co dién tu.

- Giam 13i san xuat va thoi gian dirng may — tang hiéu qua kinh té rd rét.

Tac dong xda hoi va cong nghé

- Nang cao ning lyc ty chi cong nghé trong thiét ké hé théng diéu khién hién
dai tai Viét Nam.

- Téi wu hoa quy trinh giam sat, bao tri, va van hanh an toan trong cac day
chuyén san xuat thong minh.

6.3. Dia chi va phwong thirc chuyén giao

Dia chi irng dung tiém ning

- Céhc nha may, xi nghiép, doanh nghiép san xuit c6 lién quan dén diéu khién ty
dong, co dién tu.

Dia chi chuyén giao hoc thuit:

- B0 mon Ty dong hoa, Khoa Dién — Dién tir, Truong Pai hoc Su pham K¥ thuat
— Pai hoc Pa Nang 1a don vi luu trit, khai thac va chuyén giao toan bo tai liéu, ma
ngudn va két qua mo phong.

Phwong thirc chuyén giao:

- Cung cap ma nguén MATLAB/CVX va huéng dan trién khai mé phong qua
tai liéu giang day.

- T6 chuc hoi thao hoc thuat va seminar chuyén dé vé thiét ké bo quan sat bén
viing cho sinh vién va k¥ su.

6.4. Kha ning mé rong va ap dung thuc té

- C6 thé mo rong ap dung cho cac hé thdng: robot cong nghiép 3—6 bac tu do,
xe tu hanh, UAV, robot di dong.

- Tich hop phuong phap Al hoc xap xi (FAIOFS, RBF) dé ting do chinh xac khi

hé phi tuyén manh.



7. Hinh anh, so' @6 minh hoa chinh

A
6\ T T
_,.—";"‘2
10 - (o) S ,-f’,‘
4 =-=-2""

— Lot

h ° S:‘- ‘{,/ ---- ' —
‘:.':‘::."-“‘ S ual il leoo
E N

&1 Ho + pole
=21 Ho + pole
- &1H>

0 1 2 3 4 5 6 7 8

— s
:%2Hoo
ZoH s + polel|

== T9 H2 4 pole

— $9H, I

\.J/‘\w’/ 7N

4
t (s)
Két qua so sanh wéc lwong cdc trang thdi
Ngay thang 11 nam 2025
TM. Héi dong Khoa Chii nhiém deé tai
Chu tich (ky, ho va tén)
(ky, ho va tén)

Vo Khanh Thoai

XAC NHAN CUA TRUONG PAI HOC SU PHAM KY THUAT

KT. HIEU TRUONG
PHO HIEU TRUONG

PGS. TS. V6 Trung Hung



INFORMATION ON RESEARCH RESULTS

1. General information:

Project title: Design of a Robust State Observer for Robotic Manipulators

Code number: T2024 — 06 — 05

Author: M. Sc. VO Khanh Thoai

Coordinator: Dr. PHAM Thanh Phong

Implementing institution: Danang University of Technology and Education
Duration: from 01/2025 to 12/2025

2. Objective(s):

To develop and design a robust state observer for nonlinear parameter-varying
(NLPV) robotic manipulators, ensuring accurate state estimation under the
presence of disturbances, model uncertainties, and time-varying parameters. This
contributes to enhancing control performance, reducing sensor costs, and
improving the safety and stability of industrial robotic systems.

To produce a specialized reference module on the design of state observers for
nonlinear systems with parameter variations and external disturbances, serving as
advanced instructional and research material..

3. Creativeness and innovativeness:

3.1. Scientific and Theoretical Contributions

Proposed a unified observer design framework for NLPV systems with Lipschitz
nonlinearities and bounded disturbances:

- The study extends the robotic manipulator model from a linear parameter-
varying (LPV) form to a Nonlinear Parameter-Varying (NLPV) system that
accounts for disturbances and Time-Varying Parameters - an aspect that most
previous works have only addressed in purely linear or fixed nonlinear settings.

- The nonlinear component is approximated as a Lipschitz-type disturbance,
allowing the problem to be reformulated into a linear matrix inequality (LMI)

framework, which greatly facilitates both design and stability proof.



Integration of multiple design criteria (PID-LPV, H,, and H, ) within a unified
observer framework:

- This represents a novel contribution compared to most existing studies, which
typically focus on a single performance criterion.

- The proposed framework demonstrates the relationship between these criteria
through a parameter-dependent Lyapunov function, enabling systematic
comparison in terms of accuracy, robustness, and estimation energy performance.
3.2. Simulation and Application Aspects
Design and validation of realistic NLPV models for a 2-DOF robotic manipulator:
- Instead of limiting the analysis to theoretical simulations, the research applies
the proposed observer framework to two different systems:

A single-link flexible joint robot, and
A two-DOF robotic manipulator (nonlinear electromechanical environment).

- These implementations confirm the generality and applicability of the
proposed observer design method across different nonlinear systems.

Automation of the design and verification process using MATLAB/CVX:

- The research employs MATLAB and the CVX optimization toolbox to
formulate and solve convex optimization problems automatically, enabling
efficient computation of optimal observer gains and facilitating reproducible,

automated validation of performance criteria.

4.Research results:

- 02 scientific articles, including:

+ 1 accepted paper published in a Scopus-indexed journal: This paper
proposes a robust Hoo state observer for nonlinear variable parameter systems
(NLPV), with practical application to a 2-DOF robot controller. The proposed
method aims to achieve fast convergence and high estimation accuracy while
minimizing noise in a dynamic environment. Simulation results performed in both
the time and frequency domains confirm the observer's effectiveness, showing a
significant improvement in state estimation compared to conventional methods.

The results also confirm the potential for improving system performance under



real-world operating conditions, including model uncertainty and measurement
noise.

+ 1 article in Scopus: This paper presents a proportional-derivative-integral
(PID) observer for parameter-varying linear systems, applied to estimate damping
force in a semi-active suspension system. The stability of the observer is
demonstrated by using a parameter-dependent Lyapunov function, and its
performance is ensured by minimizing the L» gain caused by unknown
disturbances to the estimation error. The effectiveness of this method is
demonstrated through frequency domain analysis and validated through realistic
simulations.

- MATLAB-Simulink program developed for simulation and validation of the
proposed observer designs.

S. Products:
[1] Khanh-Thoai Vo', Thanh-Phong Pham ", Tien Dung Le 2",
“Design and Evaluation of a Pole-Placement-Based H oo Observer Using FNN for

Nonlinear Parameter-Varying Systems: Application to a 2-DOF Robotic
Manipulator.”, Vietnam Journal of Science and Technology, Accepted

[2] Thanh-Phong Pham, Olivier Sename, Thanh-Ha Duong-Thi, “PID-LPV
Observer for a Semi-active Suspension System”’, IFAC-PapersOnLine, Volume
59, Issue 15, 2025, Pages 73-78

Link: https://doi.org/10.1016/j.ifacol.2025.10.060
https://www.sciencedirect.com/science/article/pii/S2405896325014417

6. Effectiveness, Methods of Technology Transfer, and Applicability

6.1. Effectiveness in Education and Training

The research findings of this project can be used as reference material, a practical
guide, and experimental material, and can support students in three majors:
Control and Automation Engineering Technology, Electrical and Electronic
Engineering Technology, and Mechatronics Engineering Technology, in the
following areas:

- Quickly access modern control methods based on LMI and robust observation,

and understand how to implement practical simulations in MATLAB/CVX.


https://doi.org/10.1016/j.ifacol.2025.10.060
https://www.sciencedirect.com/science/article/pii/S2405896325014417

- The MATLAB source code files for this project are clearly structured and easily
integrated into the practical/experimental sessions of the "Modeling - Simulation
of Advanced Control Systems" course.

- Students can directly observe the differences between PID-LPV, Ha, and Hoo
observers, thereby mastering state estimation techniques and robust control in
noisy environments.

- Applications in postgraduate training and scientific research: Implementing
master's theses and doctoral dissertations, especially in the fields of Robust
Control, Observer Design, Nonlinear Parameter-Varying Systems, and Al-based
Observers.

- The simulation results can be used as a reference model for research projects at
the University of Da Nang or Nafosted, focusing on robust control and machine
learning integration.

6.2. Economic and Social Effectiveness

Industrial and production effectiveness

- The outcomes of this study can assist engineers in industrial plants and
manufacturing enterprises in designing and monitoring automatic control
systems operating under disturbances or varying parameters.

- The proposed robust state observers (Hz, Hoo) help: Reduce the need for multiple
physical sensors — lower instrumentation costs;

- Improve control accuracy — extend the lifespan of mechatronic devices.
Decrease production errors and downtime — enhance overall economic
efficiency.

Social and technological impact

- The project contributes to strengthening technological autonomy in the design of
modern control systems in Vietnam.

- Its research results can be transferred to enterprises or R&D centers to optimize

monitoring, maintenance, and safe operation in smart production lines.



6.3. Addresses and Methods of Technology Transfer

Potential application sites: Factories, manufacturing enterprises, and production
facilities related to Automatic Control and Mechatronics.

Academic transfer address: The Department of Automation, Faculty of Electrical
and Electronic Engineering, University of Technology and Education — The
University of Danang serves as the unit responsible for archiving, utilizing, and
transferring all research documents, source codes, and simulation results.
Methods of transfer:

- Providing MATLAB/CVX source codes and simulation manuals as instructional
materials.

- Organizing academic workshops and specialized seminars on robust observer
design for students and practicing engineers.

- Promoting integration between research, technology transfer, and education,

thereby applying research results directly into industrial and educational practice.

6.4. Potential for Expansion and Practical Application

- The proposed methods can be further extended to the following systems:

o Industrial robotic manipulators with 3—6 degrees of freedom

o Autonomous vehicles, UAVs, and mobile robots

- Incorporating Al-based approximation techniques (such as FAIOFS and RBF
neural networks) can further enhance estimation accuracy for highly nonlinear
systems.

This research serves as a bridge between academic research and industrial
applications, consistent with the strategic direction of scientific and technological

development in Industry 4.0



MO DAU

1. Tong quan vé tinh hinh nghién ctru thudc linh vue @@ tai

Trong bdi canh Cach mang cong nghiép 4.0, tay may robot d tré' thanh mét trong
nhimg thanh phan trong yéu trong cac hé thong san xuat théng minh, ty dong hoa, y
té va nghién ctru khoa hoc. Cac canh tay robot hi¢n dai ddm nhi¢m nhiing cong viéc
c6 yéu cau do chinh xac cao, tbc d6 16n va c6 thé van hanh trong moi trudng nguy
hiém ma con ngudi kho tiép can.

Pé dam bao hiéu nang va an toan khi van hanh, cac hé théng diéu khién robot
can thong tin chinh xac vé trang thai nhu vi tri, van tdc, va momen tai cac khép. Tuy
nhién, viéc do ludng truc tiép tit ca cac bién trang thai nay doi hoi hé thdng cam bién
dat tién va dé bi nhiéu, dic biét khi robot hoat dong trong mdi truong cong nghiép
phtc tap.

Chinh vi vay, b0 quan sat trang thai (state observer) dong vai troé quan trong trong
viéc udc lugng cac bién trang thai khong do dugc, tir cac tin hi¢u ngd ra gioi han.
Nho @6, hé thong diéu khién van c6 thé van hanh t6i wu ma khéng can phai trang bi
toan bo cam bién, vira tiét kiém chi phi, vira dam bao tinh bén viing va 6n dinh cua
hé théng.

Trong nhitng nim gan day, cac hudng nghién ciru hién dai dd phat trién manh mé
cac bd quan sat bén ving (robust observers) nham ning cao d6 chinh xac va 6n dinh
ctia qua trinh udc luong, dic biét ddi véi cac hé thdng phi tuyén phu thudc tham sb
(NLPV — Nonlinear Parameter Varying systems) nhu robot cong nghiép. Cac phuong
phap PID-LPV observer, H, observer va Hy, observer 1a nhimg huéng di ndi bat,
hudng téi viéc vira dam bao hiéu nang, vira duy tri tinh on dinh cua hé théng trong
diéu kién c6 nhiu va sai 1éch mé hinh.

2. Tinh cip thiét cia dé tai

Bo quan sat trang thai 1a cong cu quan trong trong udc luong trang thai va chan
doan 161, thu hut sy quan tdm tr ca linh vuc cong nghiép va hoc thuat. Tir cac nén
tang ban dau nhu bo loc Kalman va bo quan sat Luenberger, cac nghién ctru hién nay
tap trung vao viéc mo rong bd quan sat c¢d dién cho hé théng chiu nhiéu, phi tuyén

hodac khong chic chan; ung dung trong cac h¢ thuc té; va phat trién cau trac bd quansat



moi. Voi vai tro ¢d y nghia 16n nhu udc lugng trang thai khong do dugc, cai thién
hiéu suat diéu khién, chong nhiéu va xtr 1y bat dinh, phat hién va chin doan 15i nén
duogc tmg dung rong rii trong thuc té: hé thong 6 t6, robot, hang khong, ning luong. ..

Hién nay, tay may robot da tré thanh thanh phan khong thé thiéu trong cac hé
thdng san xuat cong nghiép, y té, va nghién ctru khoa hoc. Tay may robot dam nhiém
cac cong viéc doi hdi do chinh xac va tde d6 cao, dic biét la trong cac nganh san Xuét
va lap rap. Mot bo quan sat trang thai hiéu qua giup cung cip thong tin chinh xac vé
vi tri, van téc va gia toc, cho phép hé thong diéu khién toi wu hoa ning sudt va giam
thiéu thoi gian dimg may trong cac hé thong nay.

Thém vao do6, vi¢c trang bi cam bién dé do luong tat ca cac bién trang thai cho
robot 14 khong kha thi vé chi phi. Bo quan sat trang thai 14 giai phap giup udc luong
cac trang thai can thiét tir cac phép do gidi han, vira tiét kiém chi phi cam bién vira
dam bao thong tin trang thai c6 do chinh xac cao.

Hon nita, tay may robot thuong hoat dong trong méi truong nguy hiém, noi con
nguoi kho can thi€p hoac chiu rii ro cao. Viée thiét ké mot bd quan sat trang thai cho
tay may gitp dam bao ring hé théng co thé hoat dong 6n dinh va an toan, bao vé
ngudi lao dong ciing nhu thiét bi.

Ngoai ra, d6i voi cac hé tay may robot phi tuyén hodc hoat dong trong mdi trudng
c¢6 nhiéu nhidu, viéc str dung cic bd quan sat trang thai truyén théng thuong khong
dap ung duoc do chinh xac yéu cau. Viée diéu khién va giam sat trang thai cua cac
tay may ndy dit ra nhu cau cap thiét cho viéc nghién ctru va phat trién cc giai phap
quan sat trang thai t6i wu, nham dat duoc hiéu qua va dd chinh xac cao nhét. Xuat
phat tir nhitng yéu cau trén, dé tai “Thiét ké bd quan sat trang thai bén ving cho
canh tay robot” nham xdy dung bg quan sat hién dai dé woc tinh chinh xdc trang
thai mét hé thong phi tuyén trong diéu kién tham sé thay déi va c6 xét dén anh hwéng
ciia nhiéu; dp dung cho canh tay robot.

3. Muc tiéu ciia dé tai

- Xay dyung bo quan sat hién dai dé udc tinh chinh xac trang thai hé théng phi
tuyén trong diéu kién tham s6 thay doi va c6 xét dén anh huong cia nhiéu; ap dung

cho canh tay robot gop phan tiét kiém chi phi cam bién sir dung, hé théng van c6 thé



hoat dong 6n dinh va an toan, bao vé nguoi lao dong cling nhu thiét bi, déng thoi cho
phép hé théng didu khién t6i wu héa ning suat.
- Xay dung chuyén dé tham khao cho hoc phan K§ thuat Piéu khién tir dong, K¥
thuat Diéu khién nang cao, M6 hinh héa - M6 phong trén may tinh.
4. Poi twong, pham vi nghién ciru
Poi tuwong nghién ciru
- B6 quan sat trang thai bén virng cho hé thong phi tuyén.
- Canh tay robot c6 xét dén thong s thay ddi, nhidu tac dong.
Pham vi nghién ciru
- Thiét ké bo quan sat trang thai bén viing cho canh tay robot
5. Cach tiép cin, phwong phap nghién ciru
- Dua vao cac két qua nghién ciru, cac tai liéu tham khao
Phuong phap nghién ctru: Dé tai sir dung phwong phap két hop gitra mé hinh hoa
toan hoc va phan tich LMI trong khuon khé 1y thuyét diéu khién hién dai:
« M5 hinh héa hé NLPV: biéu dién dong hoc ctia robot duéi dang hé phi tuyén
phu thudc vao tham $0.
« Phan tich 6n dinh Lyapunov: xay dung ham Lyapunov phu thudc vao tham
s6 dé chtrng minh tinh 6n dinh.
o Thiét ké quan sat thong qua LMI: sir dung bét ding thirc ma tran tuyén tinh
(LMI) dé x4c dinh ma tran loi ich quan sat L(p).
« M5 phéng sé: kiém chung két qua trén MATLAB/CVX.
e Danh gia hiéu nang: dua vao cac chi s6 RMSE, toc dd hoi tu, do nhay véi
nhiéu.
6. Noi dung nghién ctru:
Ngoai phan m¢ dau va Két luan, Noi dung duoc chia thanh 4 chuong:
- Chuong 1: Co s¢ 1y thuyét va tong quan nghién ciru
- Chuong 2: Thiét ké b quan sét trang thai bén viing PID
- Chuong 3: Thiét ké bo quan sét trang thai bén viing cho canh tay robot

- Chuong 4: Ap dung bd quan sat trang thai bén virng cho canh tay robot



Chwong 1. TONG QUAN VE BQ QUAN SAT VA CO SO LY THUYET
1.1. Tong quan nghién ciru vé bd quan sat
1.1.1. Tinh hinh nghién ciru trong va ngoai nwoc

Trong nhiing thap nién gan day, linh vuc diéu khién va quan sat trang thai cho hé
phi tuyén da trd thanh chii dé duoc quan tim sau rong trong cong ddng khoa hoc qudc
té. Vi sy phat trién cta cac md hinh dong hoc phi tuyén, nhiéu phuong phap udc
luong trang thai tién tién da duoc dé xuit nhim nang cao do chinh xac va bén ving
ctia hé thdng phi tuyén trong d6 c6 hé thdng co dién tir va robot.
O nuéc ngoai, nhiéu cong trinh tiéu biéu di dong gop nén tang 1y thuyét cho bai toan
quan sat hé phi tuyén phu thudc vao tham s (LPV/NLPV systems).

Bai toan thiét ké bo quan sat trang thai di phat trién manh mé tir cac mé hinh tuyén
tinh ¢6 dién dén cac hé phi tuyén phu thudc vao tham s (LPV/NLPV). Céc nén tang
dau tién duoc xdy dung boi Kalman (1960, 1961) vé6i 1y thuyét loc téi wu va
Luenberger (1964) voi bd quan sat tuyén tinh, dit nén mong cho cic phuong phap
quan sat hi¢n dai. Budc ngodt quan trong xay ra vao thap nién 1990 khi Packard
(1994) gi6i thiéu mé hinh Linear Parameter-Varying (LPV), cho phép biéu dién cac
hé phi tuyén dudi dang tuyén tinh phu thudc vao tham sé. Tiép theo d6, Apkarian &
Gahinet (1995), Balas (1998) va Wu (2000) phat trién khung phan tich va tong hop
diéu khién/quan sat LPV dua trén cac diéu kién LMI, trong d6 cong trinh cua Boyd
et al. (1994) vé 1y thuyét LMI duoc xem 1 nén tang toan hoc quan trong nhat.

Giai doan 2005-2020 chiing kién su mé rong manh mé& cua LPV observer va cac
phuong phéap xu Iy phi tuyén. Trong d6, Zemouche & Boutayeb (2013) dé xuét cac
diéu kién LMI cho hé Lipschitz — mot trong nhitng huéng duoc sir dung rong rii trong
NLPV observer. Cac nghién ctru vé Unknown Input Observer (Koenig, 2002; 2005;
Kulcsar, 2010; Marx, 2019) va interval observer (Raissi, 2011) tao nén tang cho bai
toan udc luong trang thai — nhiéu — 16 trong bdi canh hé phi tuyén. bac biét, nhom
nghién ctru ctia Pham et al. (2019-2021) di dong goép nhiéu méd hinh LPV/NLPV
observer cho hé treo xe, mo ra huéng ung dung thuc tién manh m& cho LPV observer.

Budc sang giai doan hién dai (2020-2025), cic cong trinh bat dau tap trung vao
thiét ké observer toi uu H2/Hoo cho hé NLPV, fault-tolerant observer va hudng tiép

can dua trén hoc may. Cac nghién ctru cua Pham et al. (2019, 2021), Hoang Dung et



al. (2022), Wang et al. (2016) va Morato et al. (2019) da chirng minh hi¢u qua ctua
NLPV observer dbi véi cac hé cd phi tuyén manh hodc nhiéu tac dong 16m. Bén canh
d6, xu huéng méi do Toth, Weiland, Abbas va Meijer (2023-2025) dan dt tap trung
vao LPV modeling hién dai, equilibrium-independent LPV va data-driven LPV
control. Pong thoi, su két hop giita Al va LPV, vi du nhu RBF neural network (Cseko
et al., 2015) hoac hoc xép xi (Meng et al., 2024; Mohite & Zemouche, 2023), dang
tré thanh xu huéng chu dao nham ting d6 chinh xic va kha ning thich nghi cta
observer trong mdi trudng phi tuyén manh.

Nhin chung, dong nghién ciru LPV/NLPYV observer da phat trién qua bon giai doan
chinh: (1) nén tang tuyén tinh — Kalman & Luenberger, (2) hinh thanh LPV va LMI,
(3) phat trién robust/Lipschitz observer va UIO, va (4) huéng hién dai NLPV — Ho/Heo
— AL

O Viét Nam, nghién ctru v& bd quan sat bén vimg con twong ddi méi, chu yéu tap
trung vao diéu khién robot theo mé hinh PID hoic tuyén tinh hoa quanh diém lam
viéc. Mot sd nhém nghién ctru tai Truong Pai hoc Bach Khoa TP.HCM va Truong
Pai hoc Su pham K§ thuat, Pai hoc Da Ning d3 budc dau ung dung 1y thuyét LPV—
LMI vao mé hinh diéu khién robot linh hoat, nhung phan quan sat trang thai bén vimg
(H, /Ho, observer) cho hé NLPV vén con it duoc trién khai.

Nhu vay, co thé thdy khoang tréng khoa hoc con ton tai trong:

- MO hinh héa hé co dién tir dudi dang NLPV c6 phi tuyén Lipschitz va nhiéu.

- Thiét ké bo quan sat H, /H,, dua trén LMI dam bao o6n dinh toan cuc.

- Danh gié so sanh toan di¢n gitra PID-LPV, H,, H,, observer.

Pay chinh 13 van dé khoa hoc cdt 161 ma dé tai hudng téi giai quyét.

Dé tai hién tai ké thira truc tiép cac thanh tyu nay thong qua viéc st dung mé hinh
NLPV, ham Lyapunov phu thudc vio tham sd, diéu kién LMI va mé rong sang thiét
ké bd quan sat bén viing H, /H,, cho hé robot phi tuyén, phtt hop voi xu hudng nghién
ctru qubc té trong giai doan 2025-2030.

1.1.2. Téng quan cdc hwong tiép cin quan sdt trang thdi
C6 thé phan loai cac phuong phap thiét ké b quan sat cho hé co dién ti, robot thanh
bdn nhom chinh:

1. B) quan sat tuyén tinh co dién



Bo quan sat Luenberger, Kalman Filter (KF) — pht hop vé6i hé tuyén tinh, nhiéu
nho, nhung khong on dinh khi hé phi tuyén manh.
2. B® quan sat phi tuyén
B6 quan sat Extended Kalman Filter (EKF), Sliding Mode Observer (SMO),
High-Gain Observer — cho phép mé phong hé phi tuyén, nhung kho dam bao
tinh bén vimng khi tham s thay doi nhanh.
3. B0 quan sat LPV/NLPV
Mo hinh héa hé phi tuyén dudi dang phu thudc vao tham sd, cho phép thiét ké
thong qua LMI. Phu hop véi hé co dién tur, robot co cAu tric dong hoc phuc
tap.
4. B quan sat bén vig H, / H,
Két hop tiéu chuan ning lugng (H, ) va tinh chéng nhidu (H,, ) dé dam béo ca
hiéu ning 13n d6 6n dinh. DAy 13 huéng nghién ctru tién tién nhat hién nay.
Céc bo quan sat PID-LPV, H, va H,, ma dé tai phat trién chinh 1a mot chudi nang cap
lién tuc: PID-LPV lam khung co s& (chwong 2), H, tdi vu héa sai sé trung binh,
H., dam bao bén ving (chuong 3) trudc nhidu.
1.2. Co sé ly thuyét hé nlpv va thiét ké bd quan sat
1.2.1. Khdi niém hé NLPV
H¢ Nonlinear Parameter-Varying (NLPV) 1la mé rong cua mé hinh Linear
Parameter-Varying (LPV), trong d6 cac ma tran trang thai phu thudc vao tham s bién
thién p(t) va c6 thé bao gdm thanh phan phi tuyén f(x).

Dang téng quat cua hé NLPV duogc viét nhu sau:

x(t) = A(p(0)x(t) + B(p(t)u(t) + F(p(0)) f(x(t)) + Wiw(t) (L.1)
y(t) = Cx(t) + Wow(t)
Trong do:
e x(t) € R™: vector trang thai,
e u(t) € R™: vector diéu khién;
e y(t) € RP: tin hiéu dau ra do duoc;

e w(t): nhiu hodc bat dinh mo hinh;



e p(t) € R": tham s bién thién theo thoi gian, phan 4nh dic tinh dong hoc hoic
tai trong cua h¢;

e A(p). B(p), C, F(p) va W;: ma tran tham s cua hé.
Khi p(t) bién thién trong mién 16i:

p(t) € 2 = conv{py, py,...,pn}
thi c6 thé biéu dién mé hinh NLPV du6i dang mé hinh da dién (polytopic model):

AP) = Y w(PALB(P) = X m(BLF(p) = Yo w(F  (1.2)

vGi cac hé s6 trong so p;(p) thdéa man:

Zuz(p) =Lu() =0

Diéu nay cho phép sir dung cac cong cu tuyén tinh (LMI, Lyapunov) dé thiét ké
cho hé phi tuyén thong qua phép nodi suy da dién.
1.2.2. Mo hinh phi tuyén cé diéu ki¢n Lipschitz
Phén phi tuyén f(x) cua hé NLPV duoc gia sir thoa diéu kién Lipschitz voi hang sb
Ly > 0: I f(xr) — FQx2) IS Le llxg — x5 11, Vg, x, € R (1.3)

Diéu kién nay gidi han tc d6 bién thién cia ham phi tuyén, dam bao bai toan 6n
dinh c6 thé chimg minh dugc bang Lyapunov va biéu dién lai du6i dang rang budc
tuyén tinh trong cac diéu kién LML.

Trong thuc té, diéu kién Lipschitz thudng dugc st dung dé xap xi cac thanh phan
phi tuyén trong dong hoc robot, chiang han nhu mémen quén tinh va luc Coriolis thay
dbi theo goc quay.

1.2.3. Céu triic bp quan sdt trang thai NLPV

B6 quan sat trang thai cho hé¢ NLPV c6 cAu trac:

2(t) = A(P)R(®) + B(p)u(t) + L(p)[y () — 9(®)] (1.4)
y@) = Cx()

Trong d6 L(p) 1a ma tran loi ich quan sat can dugc thiét ké sao cho sai sd udc
luong:

e(t) = x(t) — £(t) (1.5)

hi tu vé 0 nhanh va bén vitng dudi anh huong ciia nhiéu va sai 1éch mé hinh.



Tt mo hinh hé va b quan sat, ta co:
é(t) = (A(p) — L(p)Ole(t) + F(p)Af + Wiw(t) (1.6)
trong 86 Af = f(x) — f(R)va ll Af IS Le Nl e |l.
1.2.4. Phén tich én dinh Lyapunov
Dé bao dam sai s6 e(t) hoi tu vé 0, ta chon ham Lyapunov toan phuong:
V(e) =e"Pe,P =PT >0 (1.7)
Dao ham theo thoi gian:
V(e) =eT[(A—LC)TP + P(A— LC)]e + 2eTP(FAf + W,w) (1.8)
St dung diéu kién Lipschitz || Af II< Ly |l e |l va bat dang thirc ma tran chuan,
ta dua ra diéu kién du cho V(e) < 0:
(A= LC)"TP+ P(A—LC) + L;P + 2BP + PW,WP <0 (1.9)
v6i B > 0 1a hé s hoi tu.
Tuy nhién, diéu kién nay phi tuyén theo P va L, nén can bién d6i vé dang LMI tuyén
tinh bang cach dit:
Y =—-PL (1.10)
tr do suy ra:
(A—LC)TP+P(A—LC)=ATP+ PA+ CTYT +YC (1.11)
1.2.5. Bién déi Schur Lemma va diéu kign LMI
Ap dung Schur Lemma dé dua diéu kién 6n dinh sang dang LMI kha thi:

ATP + PA, —CTYT —Y,C + szcP +aP PW,; _
[ - ,1<0,i=1.,N (1.12)

WP -yl
v6i cac bién quyét dinh P > 0, Y;, va tham s diéu chinh ¥ > 0.
Twr nghiém P, Y;, ta suy ra ma tran loi ich:

L, =Py, (1.13)
va noi suy L(p) theo céc trong s6 p;(p) trong mién da dién.

1.2.6. Tiéu chudn thiét ké H, va H,

Tuy vao yéu cau cua h¢ thong, hai tiéu chuan thiét ké dugc xem xét:



a. Thiét ké H: Observer
Muc tiéu: tdi thiéu hoéa nang luong trung binh binh phuong cua sai s6 dau ra:

Juz = Jy 2"(®©)z(t)dt = trace(W] PW,) (1.14)
Diéu kién LMI duogc xay dung sao cho ma tran P va Y; thoa man:

ATP + PA; - CTYT —Yv,C PW,

[ wlp —1I

1<0 (1.15)

v6i ham chi phi J;, nho nhét.
b. Thiét ké H ., Observer

Muc tiéu: gidm anh hudng cuyc dai cua nhieu w dén sai s6 dau ra z:

I T, o= sup 2z ~ o, (1.16)

w0 ol
Diéu kién LMI twong tng:

ATP + PA; = CTY' —Y,C+aP PW,

<0 1.17

Trong d6 y > 0 1a murc suy hao nhidu (disturbance attenuation level) can tbi thiéu
hoa.
1.2.7. Quy trinh thiét ké by quan sit NLPV-H ,,/H,
1. M6 hinh héa hé théng robot dudi dang NLPV:
o Xdc dinh tham sé bién thién p(t) (mémen, vi tri, tdi trong...).
o Viét lai déng hoc va déng luc hoc robot theo dang A(p), B(p), F (p).
Pat diéu kién Lipschitz cho phan phi tuyén f(x).
Chon ham Lyapunov V (e) = e Pe.
Chuyén diéu kién 6n dinh sang dang LMI bang Schur Lemma.
Gidi LMI bang CVX / YALMIP, tim ma trén P,Y;.

Tinh todn ma tran loi ich quan sat: L; = —P~1Y;,.

NS AN

Xdy dung ludt quan sat: (vi du)

x=A(p)% + B(p)u+ L(p)(y — CX)
8. M6 phong — kiém chimg
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Chuong 2. THIET KE BQ QUAN SAT TRANG THAI BEN VUNG PID
2.1. Giéi thi¢u
Khung mé hinh Linear Parameter-Varying (LPV) di néi 1én nhu mét cong cu
manh mé& dé xir 1y tinh phi tuyén, cac tham s6 bién thién theo thoi gian, va cic muc
tiéu diéu khién thich nghi (xem Sename, 2025; Sename et al., 2013; Mohammadpour
va Scherer, 2012 cung cac tai liéu tham khao lién quan). Trong bdi canh udc luong
trang thai va phat hién 18i (fault detection), nhiéu cong trinh d3 phat trién bo quan sat
v6i dau vao khong biét (Unknown Input Observers — UIO) (Marx et al., 2019; Ichalal
va Mammar, 2015; de Oliveira va Pereira, 2021; Kulcsar et al.,, 2010).
Thong thuong, cac bd quan sat dugc phan loai thanh ba nhom chinh:
- Proportional Observer (PO) — chi bao gdm thanh phan ty 1¢,
- Proportional-Integral Observer (PIO) — b6 sung thanh phan tich phan dé loai
bé sai 1éch tinh,

- Dynamic Observer (DO) — c6 cdu trac dong hoc tong quat hon.

Gan day, Gao et al. (2016) di dé xuat bd quan sat hgp nhat (Unified Observer) —
mot cdu trac tong quat bao gdm céc loai PO, PIO va DO nhu nhiing truong hop dic
biét. B quan sat nay da dugc mo rong cho cac hé LPV va ching minh hiéu qua trong
nhiéu tng dung thuc té nhu tuabin gié (Pérez-Estrada et al., 2018) va hé thong treo
ban chii dong (Pham et al., 2019). Tuy nhién, qua trinh thiét ké ctua bd quan sat hop
nhit van kha phtic tap va yéu ciu chi phi tinh toan cao, tir d6 thuc ddy y tuong phat
trién mot ciu tric quan sat méi don gian hon nhung hiéu qua cao — bd quan sat PID
(Proportional-Integral-Derivative Observer, PIDO).

Mt khac, thiét ké bo quan sat cho hé théng co dién tr n6i chung va hé théng treo
ban chi dong 1a yéu t6 thiét yéu nham nang cao hiéu suat diéu khién va kha niang phat
hién 16i (Savaresi et al., 2010; Tseng va Hrovat, 2015). Do d9, trong nhitng nim qua,
d4 c6 nhiéu bd quan sat dugc dé xuat dé giai quyét cac thach thie dic thu cua loai hé
théng nay, bao gdm phi tuyén manh, nhidu khong biét tir mat dudng, va nhiéu do cam
bién (Yi va Suk Song, 1999; Dugard et al., 2012; Tudén-Martinez et al., 2015; Pham
et al., 2019; Savaresi et al., 2019; Pham et al., 2021; Cseko et al., 2015; Koch et al.,
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2010). Phan 16n cac phuong phap nay da dat duoc hiéu qua dang ké nho sir dung bod
quan sat trong khung LPV, cho phép mé hinh hoa dong hoc bién thién ctia hé thong.

Trong chuong ndy huéng dén viéc dé xudt mot bd quan sat LPV dang PID,
trong d6 cac ma tran dugc cau tric dé tich hop ba thanh phan: ty 1& (P), tich phan (1),
va vi phan (D). B quan sat duoc tng dung cho bai toan udc luong luc giam chin cua
bd giam chan dién—rheological (ER) trong hé thong treo 6 t6 ban chii dong.

Céc dong gop chinh ctia chwong nay bao gom:

- Lan dau tién, mot bd quan sat PID cho hé LPV duoc phét trién nham giam
thiéu anh huéng cua nhidu va nhiéu do théng qua tiéu chuan He, (L, -induced
gain).

- Phuong phap thiét ké sir dung Dinh 1y Finsler dé chuyén d6i phwong trinh binh
phuong trong cdu trac ma trdn quan sat va diéu kién 6n dinh thanh bat ding
thirc ma tran tuyén tinh (LMI), giup dam bao tinh kha thi tinh toan va ching
minh 6n dinh théng qua ham Lyapunov phu thudc vaotham sd.

- Hiéu ning cua bd quan sat dé xuit duoc kiém ching bang mé phong trén mé
hinh xe ban chu dong thuc té, ching minh kha ning giam nhidu va cai thién
chat luong udc lugng so véi cac phuong phap NLPV thong thuong.

Nhu véy, khuon kho theo dang LPV hién nay cho phép mé rong cac cu trac quan
sat cd dién (P, PL, hodc Dynamic) sang dang tong quat hon, va viéc tich hop co ché
PID vao bd quan sat khong chi tang cuong dd bam nhanh cua tin hi¢u udc lugng ma
con gitp giam sai s6 dong hoc trong diéu kién c6 nhiu. Piéu nay mé ra huéng nghién
ctru tiém ning trong thiét ké bd quan sat PID/H,, -LPV cho cac hé théng co dién tur

nhu robot va 6 t6 hién dai.

2.2. Phit biéu bai toan va ciu tric bd quan sat PID-LPV
2.2.1. H¢ théng LPV

Xét mot hé thong LPV (Linear Parameter-Varying) dugc mo ta boi:

{x = A(p)x + B(p)u + D, w,

y =Cx + D,w, 2.1)

trong do:
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e x € R™ la vector trang thai,
e u € R™ 14 tin hiéu diéu khién,
e ® € R™ 1 nhidu dau vao khong biét,
e y € R™ la d4u ra do dugc.
Céac ma tran A(p), B(p), D, C, D, phu thudc vao tham sb bién thién p(t).

2.2.2. Céu tricc bg quan sat PID-LPV

Tuong tu nhu trong (Gao et al., 2016; Pérez-Estrada et al., 2018), bd quan sat duogc

dinh nghia dudi dang:
(%= A()% + B(p)u +v,
i
y = C%,
trong do:

e X € R™ la udc lugng cua trang thai thuc X,
e & € R 13 bién trang thai phu cua bd quan sat,

e v € R™ I tin hiéu hiéu chinh (correction signal) ding dé cai thién kha ning

udc luong.

Pé dat duoc cu trac PID, cac ma tran cla bd quan sat dugc dinh nghia dac bi¢t nhu

sau:
OTL xXn OTL xXn
A = [ e x "] € R¥Mx*2nx 2.3
b Onzxnz _TInZ ( )
voi T > 0 duoc chon trudce. Tiép theo:
R;(p)
B [ N 2.4

CL = [Inx Inx], (25)
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D.(p) = [Rp(p)] (2.6)

trong d6 Rp, R;, Rp 1an luot 1a ma tran hé s6 ty 1 (P), tich phan (I) va vi phan (D) phu

thudc tham s p.

Y tudng ciu trac nay dugc liy cam himg tir Apkarian & Noll (2006). Bang cach
tich hop céu tric PID trong khung H.., ta thu dugc bd quan sat PID/H, c6 kha ning
giam thiéu tac dong cta nhidu khong biét 1én sai s6 udc lugng nho st dung chuan Ho.-

norm.

2.2.3. Pong hoc sai sé woc licong

Goi sai sb uéc luong la:
e=x—2X 2.7)
Tir (2.1) va (2.2), ta suy ra phuong trinh dong hoc cta sai sé:
é = (A(p) = D(p)C)e — Cre + (Dy — Di(p)D)w (2.8)

Két hop (8) v6i phuong trinh thit hai trong (2), ta thu duoc hé dong hoc mé rong:

{é = (A(p) — D(p)O)e — CLe + (D — Dy (p) D) w (2.9)
§=B;(p)Ce+ A+ B, (p)D,w '
bat ¢ = [i], khi d6 h¢ dong hoc cua sai s6 ¢co dang rat gon:

§=AP)+D(P)w (2.10)

vOi:

_ [A(p) = D(p)C —C _ [P1 = D.(p)D
Alp) = [ BL(P)LC ALL],D(p) B 1BL(PL)D2 2]

2.2.4. Muc tiéu thiét ké

Bai toan thiét ké bd quan sat PID/H, dugc phat biéu nhu sau: Tim cdc ma tran

A;, B (p), Cr, D;(p) sao cho:



14

Vé on dinh: Hé sai s6 (2.10) 12 6n dinh tiém can khi khong c6 nhiéu, tic w(t) = 0.
Vé hiéu ning He,: Tl nhiéu khong biét w(t) dén sai s6 uwéc lugng e(t), bao gdbm
chuan H,, phai thoa man:

llellz <vlw®)ll2, Vo (t) # 0 (2.11)

trong d6 y > 0 1a murc hiéu ning H,, can duoc t6i thiéu hoa.

2.3. K&ét qua thiét ké
2.2.1. Diéu ki¢n on dinh va higu ning H.,

Phén nay trinh bay diéu kién on dinh va hiéu ning H,, cho b quan sat PID-LPV
duge mod ta & (2.2)-(2.6). Cach tiép can dua trén phan tich Lyapunov phu thudc tham
sd va bat ding thirc ma tran tuyén tinh (LMI) nhdm bao dam tinh 6n dinh bén vimg
va tdi uu hoa mic H,, tir nhidu dén sai s uéc luong.

Xét ham Lyapunov phu thudc tham sb p(t):

V(E p) =¢TP(p)E, (2.12)

trong d6 P(p) = P(p)" > 0 1a ma tran d6i xtmg xac dinh dwong va phu thudc tron
theo p(t).
Lay dao ham theo thdi gian cua V (&, p) doc theo qui dao (2.10):

: . 0P
V=" (AT (IP(0) + P(IA) +pH2) § + 2TP(0)D (. (213)
Dé dam bao hiéu ning H,,, ta xét ham ning luong dau ra:
] = fooo (eTe —y2wTw)dt <0 (2.14)

nghia 14 nang lugng cia sai s6 udc lwong nho hon y? 1an nang lugng nhiéu.
Theo b6 dé Lyapunov- H,,, diéu ndy dugc dam bao néu ton tai ma tran P(p) > 0

thoa:
V+ele—y2wTw < 0,Vo # 0 (2.15)

2.2.2. Dinh Iy 1-Diéu kign LMI
Bai toan nay dugc giai quyét theo khuoén khd LMI théng qua dinh 1y sau.
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Pinh Iy 1: Xét mo hinh hé théng (2.1) va bd quan sat (2.2). Bai toan thiét ké bo quan

sat dugc giai quyet néu ton tai cac ma tran phu thudc tham so:

P,(p) = P >0, P,(p) = PI > 0,Y,(p),Y,(p), vaZ > 0, tim min y sao cho:

M(p) + B,IZBn <0, (2.16)
vOl1
B, = [Oanxnx Ian 02nxxny]:
My (p) Mi,(p) Mis(p)
M(p) = M1Tz(,0) My, (p) Mys |,
M1T3(P) M2T3(,0) _VZI
trong do

T TyT 4 A 0Py
M11:A P1+P1A+Y16+C Y1 +p%+l,
My, (p) = CTYy — PyCy, M3 = Py(p)D; + Y1 (p)D,,

. 0P,
My, (p) = A[P,(p) + P,(p)AL +p $;M23 = Y,(p)D;.

Khi do, hé sai sé uéc luong (2.10) on dinh tiém can va dat hiéu nang H,,voi muc y.

2.2.3. Chirng minh

Bwéc 1 — Ham Lyapunov phu thudc tham sd.
Chon tmg vién ham Lyapunov cho hé sai s6 mé rong & = A(p)& + D(p)wla

V) =[] [Pl(()p) Pz(()P)] & Pi(p) >0, P,(p) > 0. (2.17)

Lay dao ham theo thoi gian, thay (2.10) vao, thu dugc (gom nhom theo Eva w):
Yii(p)  Wi2(p) Yi3(p)

V=nT e Yl Wau)|m n=1%) 2.18)
Yiz(p)" Was(o)' 0

trong do
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Y1(p) = A(p)"Pi(p) — C"Dy(p)"Pi(p) + P (p)A(p)
P (PIDL(PIC +5 52,

Y12(p) = C"B,(p)"P,(p) — P (p)C,, (2.19)
Yi5(p) = P1(p)Dy — P, (p)D,(p)D-,

¥22(p) = ALP,(p) + Po(p)AL + 52,

W3 (p) = P,(p)B.(p)D-.

Budc 2 — Rang budc H,

Tiéu chudn ning luong | Ooo(eTe —y2w w) dt < 0 dugc dam bao néu

V+eTe—y?w w <0. (2.20)

Do e 1a mdt phan cta &, diéu kién trén tuong duong

Y11(p) Yi2(p)  Yiz(p)

N |Wi2(p)T  Waalp) Was(p)|n <O, (2.21)
Yiz(0)"T Was(p)' 0
Buwéc 3 — Rang budc ciu tric PID va phwong trinh ding thic bic hai.

Do ciu trac A; (ma trin v6i hang dau tién toan 0, xem (2.3)), ta c6
[I, 0]A,e=0<Ke=0, K =[0, xn, On,xn,] (2.22)
Viétlai theon = [T wT]T thu duoc rang budc ding thirc tuyén tinh
021, xn,

KB,n=0, B,=| Im, | (2.23)

Oanxny

Buéc 4 — Ap dung Pinh 1y Finsler dé “héa LMI”.

Theo Finsler’s Lemma (Iwasaki & Shibata, 2002), hé diéu kién “bat déng thirc bac
hai” (2.16) va dang thic KB,n = 0 tuong duong véi su ton tai Z = Z T sao cho:

{Q(p) +BIZB, <0,K[ZK, >0} (2.24)

ViK=[00]=K, = [(I)], diéu kién thir hai tw dong thoa. Ta giir lai LMI chinh:
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M(p) + BhZB, < 0. (2.25)
Budc 5 — Tuyén tinh héa theo bién quyét dinh.

Dé loai tich chéo phi tuyén P;(p)B,(p)va P,(p)D,(p),

Y1(p) = =P1(p)D(p), Y2(p) = P,(p)BL(p).
Thé vao (2.11), dong thoi rat gon theo cac khéi, thu duoc LMI “chuan” & (2.16)
M(p) + BYZB, < 0,

vOl1
My; My, My
M(p) = M1Tz M;, Mys |,
M1T3 M2T3 _VZI
trong do

P
My, =ATP,+ PLA+Y,C+CTY +p 0_,01 +1,

M12 = CTYZT - Pch, M13 = P1D1 + Y1D2,
oP,
dp
Pay chinh 13 (2.11) biéu thirc M (p)cta Pinh 1y 1.

M22 :AZP2+P2AL+p ,M23 = YzDz.

Buéc 6 — Suy ra diéu kién H,,va cong thirc thu hdi gain
Néu LMI (2.16) c6 nghiém P; (p), P,(p), Y1(p), Y,(p), Z, v, thi tir (2.13)—(2.15) & trén
ta co:
V+eTe—y2w' <0 =lel,<y lwly,,

nghia 13 dat 6n dinh (khi @ = 0) va hiéu ning H,, mic y. Cac ma trin quan sat thu
hoi boi:

B.(p) = P,(p)™'Y2(p), D (p) = —P1(p) *Y1(p),
dung nhu két luan cua Pinh 1y 1.

2.4. Mot s6 két qua md phéng

Kich ban 1: Khi c6 tin hi¢u mat duong hinh sin. Kich ban moé phéng nay dugc
thuc hién dé danh gia hiéu qua ctia phuong phap dé xuét khi hoat dong trén mit duong

hinh sin.

- Mét duong z, 1a loai tin hi€u hinh sin dugc thé hién trong hinh 2.1.
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- Tin hiéu diéu khién u duoc 13y tir b diéu khién Skyhook (hinh 2.2).

Két qua mo phong trong kich ban 1 duoc trinh bay ¢ hinh 2.3 va hinh 2.4. T
két qua nay co thé thay, bo quan sat dugce dé xuat hoat dong hiéu qua véi tin hiéu mat
duong dang hinh sin.

Bién dang mit duwong

0.02 .

| |

zr(m)

-0.01 U u U

-0.02 '
0 5 10 15 20
Thot gian(s)
Hinh 2.1 Bién dang mat duong z (m) trong kich ban 1
1 ;
0.5 .
0
Q
-0.5
-1
-1.5 ‘
0 5 10 15 20

Thot gian(s)

Hinh 2.2 Gid tri cia p trong kich ban 1
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Gia tri luc

—Fy
15 - I bo quan sat NLPV
10 - Fy bo quan sat PID
z° *
g 0 AVAVAVAVAVAVAVAVAVAVAVAVAVAV
R
'5 i 'a N
10+ |
-15+
0 5 10 15 20

Thot gian(s)
Hinh 2. 3 Gid tri lyc F, va F, cla hai phuong phép trong kich ban 1

Sai s6 wéc hrgng

15 - Fy b(l) quan sat NLPV |
~Ey bo quan sat PID
10
< 0
\(g
= Sh, _
c% |,'|“
¥l
0 ‘-'“'I"?!'M""'“"""""-'"-'"'-"----'--'---w---—----------.--....-.......................‘......_._,__,,__,H
-5 I I |
0 5 10 15 20

Thot gian(s)
Hinh 2.4 Sai sb udc luong trong kich ban 1

Kich ban 2: Khi ¢6 tin hiéu mit duong theo tiéu chuan ISO. Kich ban mé phong
nay duogc thyuc hién dé danh gia hiéu qua cua phuong phap dé xuét khi hoat dong trén
mat duong dat chuén ISO.

- Mat dudong z, 1a loai mit duong ISO duogc thé hién trong hinh 2.5.

- Tin hiéu diéu khién « duogc ldy tir bo diéu khién Skyhook (hinh 2.6).

Két qua mo phong trong kich ban 2 dugc thé hién & hinh 2.7 va hinh 2.8. Tur két
qua nay c6 thé thay, bo quan sat dugc dé xuat hoat dong hiéu qua trén mit duong theo

tiéu chuan ISO.
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Bién dang mit dwong

0.02 : ,
0.01
£ ouh i A
N
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Hinh 2.5 Bién dang mat duong z,(m) trong kich ban 2
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Hinh 2.6 Gia tri ciia p trong kich ban 2
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Gia tri luc

—Fy
15 - I bo quan sat NLPV
10 - Fy bo quan sat PID
—~ S =
o 0 fl‘
j=> "
— _5 I:l! . )
ITEN
10 1
-15 i
0 5 10 15 20

Thot gian(s)
Hinh 2.7 Gié tri lyc F, va F, cua hai phuong phap trong kich ban 2

Sai s6 wéc hrong

151 - Fy b(l) quan sat NLPV|
«Fy bo quan sat PID
~10F 1
Z
~— h
x(o
2 5k 1
3 1
w2 r"\
O -F,..........‘.‘.f.‘?..n-..—.._..........,...._.._......._..-.._......._..,..._..._.__._._._._.._.._.._._.._....
_5 | | |
0 5 10 15 20

Thot gian(s)
Hinh 2.8 Sai s6 udc luong trong kich ban 2

2.5. Két luan chuong 2
Nhu véy trong chuong nay d dit nén cho toan bo phuong phap:
o Phuong trinh (2.1) mé ta hé LPV phy thudc tham sé p,
o Phuong trinh (2.2-2.6) xac dinh cau triic PID observer, noi Rp, R;, R, dong vai
trd nhu khuéch dai phu thudgc tham sé,
« Céc phuong trinh (2.7-2.10) thiét 1ap hé sai s6 mo rong, giup ap dung tiéu

chuén H,, stability dya trén Lyapunov va LMI trong phan sau.
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N6i cach khéc, phan nay chuyén bai toan quan sat NLPV phi tuyén ban dau vé mot
bai toan tdi wu LMI trong khong gian LPV, tao diéu kién dé tim dugc bo quan sat tbi

wu bang céng cu CVX hodc Sedumi trong MATLAB.
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Chuong 3. THIET KE BQ QUAN SAT TRANG THAI

BEN VUNG CHO CANH TAY ROBOT
3.1. Thiét ké b quan sat trang thai bén viing H, cho hé thong phi tuyén véi
thong s thay doi: 4p dung cho mé hinh robot khép linh hoat mgt lién két
3.1.1. Hg¢ théng phi tuyén véi thong sé thay doi dang NLPV
Xét mot 16p ddi twong phi tuyén (c6 thé ap dung cho cac hé co dién tir nhu robot,
6 t6...) voi thong sé thay doi dugc trinh bay & dang phuong trinh trang thai nhu sau:

{x = A(p)x + B(p)u + F(p)f (x) + Wi
y=Cx+W,w

(3.1)
v6ix € R™ 1a véc-to trang thai cua hé thong;

u € R™ 13 véc-to tin hiéu diéu khién;

y € R™ la véc-to tin hiéu do dau ra;

w € R™» véc-to tin hiéu nhiéu;

p € R™ 1a véc-to bién tham s thay doi;

A(p) € R™*x, B(p) € R™*M,

F(p) € R™, W, € R™*", C € R™*"x W, € R™*" [ cic ma trdn hé thdng,
£(x): ham phi tuyén.

Bién tham s6 thay d6i p(t) bién thién trong mot da dién ¥, duoc xac dinh boi cac
dinh tao thanh tir chan trén va chan dudi cua tung bién thanh ph?m. Cac ma tran hé
théng A(p), B(p), F (p) duoc biéu dién dudi dang t6 hop 15 tir cdc ma trin tuong ing

tai cac dinh nhu sau:

Alp) =X w4, B(p) =XE7 wi(p)B;,

F(p) = X725 wi(p)F;,

Trong do, ui(p) 14 trong s 16i (convex weighting function) twong tng véi gia tri p hién
tai. Chi sé ; dai dién cho s thi tu cua cac dinh trong da dién Y.

1;(p) = 0 va thoa min ¥2°% ;(p) = 1 (dam béo td hop 1a 18i). Cach bidu nay bién
hé NLPV thanh t6 hop cua nhiéu hé tuyén tinh tai cac diém dinh cua ¥ va co thé xir

ly bang cong cu LML
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Hé théng (3.1) dugc mo ta boi cac ma tran hé théng A(p), B(p), F (p) phu thudc
vao bién p, diéu nay lam cho 16p d6i twong phi tuyén v6i thong s thay d6i (3.1) tro
nén tong quat hon va bao quat hon so voi cac hé théng phi tuyén truyén thong v6i ma
tran hé théng cb dinh. Ngoai ra, 16p phi tuyén vé6i thong s6 thay ddi ndy ciing xem xét
dén tac dong cua nhidu w, diéu nay ting thém tinh thyc tién khi phan tich va thiét ké
bd quan sat ap dung cho cac hé thong thuc té.

Bién tham s6 thay doi p nay duoc gia dinh 1a c6 thé biét dugc thong qua cic cam
bién do luong hoac tir cac trang thai da dugc udc lugng. Déng thot, gia thiét duoc dat
ra rang ham phi tuyén f(x) thoa man diéu kién Lipschitz, v6i dinh nghia nhu sau:

1f () = fFOOIl < Lellx — 2|l vx, % (3.2)
Trong do, Lf la hang s6 Lipschitz.
3.1.2. Cdu tric ciia bé quan sit trang thdi
Trong phan nay, cau tric bd quan sat trang thai Luenberger (1964) dugc mé rong cho
16p ddi twong phi tuyén véi tham sb thay ddi (3.1). Dang cdu trac cta bd quan sat
duoc trinh bay nhu sau:
x=Ap)%+B(u+F(p)f(&)+ L(p)(y —CX) (3.3)
v6i X € R™ la vector trang thai uéc lugng cia vector x; A(p), B(p), F(p) la cic ma
tran hé théng (3.1) d biét; nhiém vu 13 x4c dinh ma trin bd quan sat L(p). Ma tran
bd quan sat L(p) thoa man t6 hop:
L(p) = ¥E7 wi(p)Ly, v6i L; € Ry (3.4)
Dé thiét ké ma tran bo quan sat L(p), ta dinh nghia sai s6 udc luong e nhu sau:
e=x—X (3.5)
Bang cach dao ham hai vé ctia phwong trinh (3.5), ta duoc:
6=x—%X (3.6)
Tir cac phuong trinh (3.1) va (3.3) va (3.6), ta viét lai é nhu sau:
e =Ap)x+B(pu+ F(p)f(x) + W,w

—[A(p)x + B(p)u+ F(p)f(X) + L(p)(y — Cx)]
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= (A(p) = L(p)O)e + F(p)Af + Wy — L(p)W,)w (3.7)
Trong d6, Af = f(x) — f(%) 1a phan phi tuyén cua hé thong, giy ra sai léch giita
trang thai thyc va trang thai udc lugng.
L(p) duogc thiét ké voi muc tiéu thoa méan hai diéu kién:
- Pé dam bao hiéu ning ctia bd quan sat, phuong trinh dong hoc sai s6 (3.7) phai dam
bao rang hé théng 1 6n dinh theo nghia ham mii trong diéu kién khong c6 nhiéu, tirc
la khi khi w = 0.

lle(®)lo

- Tim gi4 tri nho nhét ctia y, sao cho bat dang thic
llwm (Ol

< y, dugc dam bao trong
truong hop w # 0.

DPé dam bao hai diéu kién ndy, tir bai toan thiét ké bd quan sat, nghia 1a tim ma tran
L(p), s& dugc chuyén doi thanh bai toan giai bat phwong trinh ma tran tuyén tinh LMI.
Do d6, phan tiép theo clia bai béo s& trinh bay chi tiét qua trinh chuyén d6i bai toan
vé dang diéu kién ma tran tuyén tinh (LMI), cing voi phuong phép giai tuong tng

nham x4c dinh ma tran bd quan sat ti wu L(p).
3.1.3. Thiét ké bé quan sdt H,

Trong phan nay, diéu kién dudi dang bit phuong trinh LMI duoc thiét 1ap nhdm muc
tiéu xac dinh ma tran L(p) thoa min cac yéu cau thiét ké. Qua trinh thiét 1ap nay dua
trén phan tich 6n dinh cua phuong trinh dong hoc sai sé (3.7), théng qua viée str dung
mot ham Lyapunov toan phuong két hop v6i phuong phéap da dién.

Do vay, dé tim L(p) nhu & (3.7) chi can tinh toan cdc ma trin b quan sat L; tai cac
dinh cua da di€n, dugc xac dinh thong qua viéc giai cac diéu kién 6n dinh dudi dang
LMI, thoéa man dinh ly sau:

Dinh Ii 2: Xét hé thong (3.1) cing v4i bo quan sat trang thai duge mo ta boi phuong
trinh (3.3). Ma tran bo quan sat dugc thiét ké sao cho thoa man céac diéu kién 6n dinh
va hi¢u nang néu ton tai mot ma tran déi xtmg duong P, cacmatran Y, i = 1---2"»,
cung cac hang sé duong &, y,. Cac dai luong nay 1a nghiém cta mot bai toan tbi uu

hoa dudi dang diéu kién LMI duoc trinh bay dudi day:
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miny,
P)Y,&
s.t
([@21;+2BP + L;"Ly PF;, 0y
FTp -l 0]<0
\ o, 0 —I (3.8)
P I
x i a0

v6ify; = ATP + PA; + CTY;" +Y,C; 2y, = PW+Y,W,.
Khi do, cac ma tran L; tai cac dinh cua da dién dugc xac dinh tir nghiém cua bai
toan LMI (8) twong trng nhu sau:
L, =—-P71y, (3.9
3.1.4. Chirng minh dinh ly 2
Ta chon ham Lyapunov véi dang toan phuong, cu thé nhu sau:
V(e) =eTPe (3.10)
Trong d6, ma trdn P 13 mot ma tran duong, dbi ximg.
Bang cach ldy dao ham hai vé cua (10), viét lai:
V(e) = éTPe + eTPé (3.11)
Thay (3.7) vao (3.11), ta dugc:

V(e) = [(4(p) — L(p)C(p))e + F(p)Af + Wy — L(D)Wy)w] Pe
+e"P[(A(p) — L(p)C(p))e + F(p)Af + (W, — L(p)W,)w]

e T 2:(p) PF(p) 2,(p)|e
= [Af F(p)TP 0 0 [Af (3.12)
w 2,(p)" 0 0 w

voi 2,(p) = AT(p)P + PA(p) — C"L"(p)P — PL(p)C,

2,(p) = P(W; — L(p)W))

e
Pé don gian trong trinh bay, ditn = [A f ], (3.12) duoc viét gon lai nhu sau:
w

V(e) =n"M(p)n (3.13)
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2:(p) PF(p) 102;(p)
voi M(p) = |FT(p)P 0 0
2,(p)" 0 0

Chon tdc dd hoi tu cua sai sd udc lugng e 1a B, ta co:
V(e)+2BV(e) <0
Diéu kién nay twong duong véi:
nTM(p)n + 2feTPe <0

hay viét gon lai

n"Z(p)n <0 (3.14)
2,(p) + 2P PF(p) 02,(p)
voiZ(p) =| F(p)TP 0 0
2,(p)" 0 0

DPong hoc sai s6 & (3.7) vira phai 6n dinh theo ham mii, vira théa man di€u kién

Le@le Y2, s& tuong tuong voi hé bat phuong trinh sau phai duoc thoa man:

lwom (®ll2
V(e)+2pV(e) —w'w <0
eTe < yZeTPe (3.15)
Hé bat phuong trinh (3.15) duoc viét vé dang trong duong nhu sau:
V(e) +2BV(e) +n"Jin <0
eTe >0 (3.16)
0 0 O
véij; =10 0 0|, J,=viP— 1
0 0 -—I

Xem xét diéu kién Lipschitz duoc trinh bay (3.2), viét lai diéu kién twong duong (3.2)
nhu sau:
AfTAf < eTLLye
& AfTAf —eTL,Lre <0 (3.17)

Gop hai diéu kién (3.16) va (3.17), theo qua trinh S (S-procedure) [30], [31] yéu cau

lle(®)lloo

thoa man diéu kién 6n dinh theo ham mii V(e) + 28V (e) < 0, 10m Ol
m 2

< y,, vavua

thoa diéu kién Lipschitz (3.2), néu t6n tai mot hé s6 &, > 0 sao cho:
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{V(e) +2BV(e) +n"Jyn — g (AfTAf —eTL Lre) < 0 (3.18)
el],e>0 '
Viét gon (18) lai nhu sau:
{V(e) +2BV(e) +n"Jin—en"Qn <0 (3.19)
el],e >0 '
—L/Ly 0 0
voiQ = o I 0]
0 0 0
Két hop (14), diéu kién (19) duoc viét lai 1a:
{nT(Z(p) +J1—&Q)n <0 (3.20)
eT],e >0 '
Do d6, diéu kién (20) twong dwong véi diéu kién sau:
() +],—&Q <0
{ >0 (3.21)

Tir cac diéu kién & (3.14), (3.16), (3.19), thay cac ma tran 2 (p), J1,J,, Q vao (3.21),

ta dugc hé bat phuong trinh ma tran sau:

([2:(0) +28P + &Ly "Ly PF(p) 05(p)
4 F(p)"P —gl 0 |<0

3.22
2,0 0 -l 22

l YaP—1>0

Thay thé (3.8) vao (3.22), suy ra duoc:
If Q4+ 2BP + &L Ly PF;, 0y
T — <0

4 F; TP gl 0 (3.23)

l Y2P —1>0

v6i: 2y; = ATP + PA; + CTY," +Y,C; 0y = PW,+Y; W,

Pit Y; = —PL; vao (3.23), bat phuong trinh thi hai cta (3.23):
P I
2p _
ysP—1>0 (:)[1 ]/221]>0

ta duoc hé bat phuong trinh LMI trong Dinh li 2, va dinh 1i di dugc ching minh. H
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3.2.  Thiét ké by quan sat H,, cho hé thong NLPV sir dung dir liéu diu vao-diu
ra tir by diéu khién Mo - Truot — SAT cho cinh tay Robot

3.2.1. Mé dau
Cac bd diéu khién robot duoc st dung rdng rai trong nhiéu ung dung khac nhau, doi
hoi phai udce tinh trang thai chinh xac dé diéu khién day du (Spong, M. (2020), Siciliano,
B (2016), Jingyu Wu (2025)). Tuy nhién, dong luc hoc phi tuyén tinh va thay doi theo
tham s ctia chung dit ra nhimg thach thire dang ké trong thiét ké bo quan sat. Viée
udc tinh trang thai khong chinh xac c6 thé lam giam hiéu suat diéu khién, khién hé
théng dé bi nhiéu loan va md hinh hoa khong chéc chan.

bé giai quyét van dé nay, viéc thiét ké mot bo quan sat st dung dir liéu dau vao-
dau ra cung cap mot giai phap manh m&. B6 quan sat Ho, Giam thiéu anh huéng cia
nhiéu loan va dam bao uéc tinh trang thai chinh xac (Pham et al., 2019, 2021; Dung
H. et al., 2022). Hon nita, bang cach st dung cac phuong phap tiép can dua trén dir
liéu nhu nhan dang khong gian con N4SID (Verhaegen et al. (1995), Sertag T.
(2020), Katayama, T. (2005)),c6 thé u6c tinh mé hinh NLPV cua bo diéu khién robot.

Phén nay trinh by mot phuong phap tiép can c6 hé thong dé thiét ké bo quan sat
str dung dir liéu ddu vao-dau ra cho mét canh tay robot ndi tiép hai bac tu do (2-DOF).
B6 quan sat duoc thiét ké bang phuong phap t6i uu hoa bat ding thirc ma tran tuyén
tinh (LMI) dé dam bao hiéu suét.

Nhitng déng gop cua phan nay duoc tom tit nhu sau:

- Pua ra cac phuong trinh déng luc hoc phi tuyén tinh ddy di cuia mot canh tay
robot 2-DOF bang co hoc Lagrange, duoc xay dung lai thanh mot biéu dién khong
gian trang thai phu hop cho thiét ké bd quan sat.

- Thu thap dir liu: Xay dung mot tap dir liéu dau vao-dau ra bﬁng b6 diéu khién
SAT két hop logic mo, ché do truot va ham bio hoa dé dam bao hiéu suat manh mé
trong qua trinh theo ddi quy dao.

- Xac dinh mo6 hinh khong gian trang thdi NLPV thoi gian lién tuc sit dung

N4SID duya trén dit liéu dau vao-dau ra.
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- Thiét ké bd quan sat H,, thong qua t6i wu hoéa LMI dé udc tinh trang thai manh

- Panh gia phuong phap dé xuét thong qua cac nghién ciru md phong dé chimg
minh tinh hiéu qua cua no.
3.2.2. Tap dir ligu dau vao-diu ra va mé hinh robot
Phan nay gidi thicu mo hinh toan hoc ciia mot robot hai lién két va mo ta tap di
liéu dau vao-dau ra duge tao ra dudi bo diéu khién Mo - Truot - SAT, sau nay dugc
st dung dé nhan dang hé théng va thiét ké bo quan sat.

a. Mo hinh todan hoc cua Robot 2-DOF

Pong luc hoc cua robot duge mé ta bang cong thirc Lagrange [1], [11]:

. - o
1 e B 4 o PO R RS
Ma tran quan tinh H(q) Coriolis C(q,d)q Trong luong G(q)
Symbol  Giai nghia
Ty, Ty M6 men khép (dau vao diéu khién)
0,0, Goc khop
61,6, Van toc goc khép
61,0, Gia toc goc khop
hij Céc phan tir cia ma tran quan tinh H(q)
T Hang s6 lién quan dén hiéu tng Coriolis/hudng tim
91, 9> Moé-men xodn do trong lyc gy ra
Bang cach xac dinh vecto trang thai:
X = [X11, X21, X12, X22]" = [01,6,,61,0,]" (3.25)

M0 hinh ¢ thé dugc chuyén dbi thanh dang khong gian trang thai phi tuyén:

= f(x) + G(x)T (3.26)

Céc phuong trinh khong gian trang thai chi tiét dugc hién thi nhu sau:
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(X12 = X12

1 1
\5512 = D {hzz(szzz + 2T x17%57) + h12Tx122 + hy291 — hi292} + D. (hyuy — hypuy)
H H

(X1 = X3

1 1
\5522 = D {—hzz(Tx§2 + 2Tx12%57) + h11Txfz —hi91 + hy192} + D. (=hiuy + hyquy)
H H

Mb hinh robot 2 bac tu do dugc mé phong trén Simulink nhu thé hién trong Hinh 3.1:

. :
C? =k Integrator Integ
b
@ :C: Integratorz Integrator2

Hinh 3.1. M6 hinh Robot 2 bac tu do.
b. Céu trisc bg diéu khién mo truwot SAT
Pé dam bao tinh bén ving trudc cac bat dinh va nhidu loan ciia mé hinh, bo diéu
khién M& - Truot — SAT duoc st dung. CAu trac cta bo diéu khién nay duoc biéu dién

trong Matlab — Simulink bao gdm cac khéi nhu trong Hinh 3.2.

NN

= |,

©

Hinh 3.2. So d6 bo diéu khién Fuzzy-Sliding mode-SAT

Thiét ké bé mat truot:
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s; = ¢é; + e (3.27)
Véie; = 6; ¢ (t) — 0;(t) lasai léch bam (i = 1, 2)
Mo-dun logic md: danh gia do 16n ctia bé mit truot s; va diéu chinh muc ting diéu
khién cho phu hop bang cach sir dung cac quy tic mo.
Ham bao hoa: dugc ap dung dé ngin chin hiéu img chattering:
u; = —k; - sat(s;/¢) (3.28)
Pau ra: diéu khién mé-men t; ap dung cho khép i
Dau vio cia bo diéu khién mo 1a 18i bé mit truot, S = [S1 S2], biéu thi d6 léch cla

mdi khép so voi quy dao tham chiéu cua n6. Pham vi vat 1y ctia Si dugc chon 1a [-5,
5], bao phu pham vi sai 1éch bam dur kién.

Pau ra 1a mo-men diéu khién md Uy, ma didu chinh luc diéu khién ap dung cho
timg khép. Pham vi dau ra diéu khién dugc dinh nghia nhu sau: d6i véi khép 1, Usuzzy1

€ [-1, 1]; d6i v6i khop 2, Unuzy1 € [-0,5, 0,5].

y

4| Membership Function Editar: me1 — [=] >
File  Edit  View
File Edit  View
‘ 15 Variables : : Membership function plots 7" | 101
ne NS z P re
et | e
| DK 1 U fuzy
(mamdani) |
DK_1 U_fuzzy
FIS Nama mo1 FIS Typa mamdani ; ;
input variable *DK_1"
(6 L min LA Current Vanable Current Membership Function (click on MF to select)
O methad e Name DK _1 Name oK1 Name B
Type input
Implication min o P [ e Type G
AR 18 8] Params
Agaregation oo Range T 1917 5 2.637)
Defuzzification cantrold Help Close | ‘ Display Range 5 61 ‘ Help =T ‘

Updating Membership Function Editar ‘ ‘ Salactad variabls “DKK_1" ‘

4. Membership Function Editor: Untitled =] = 4 Rule Editor: mo2 o =

File Edit  View File Edit View Options

mber - - 181
Fi8 variables . ) _ Membership function piots " i

2 1 (DK_1 is NS) then (U_fuzzy is mf2) (1)
) e 51 (DR ie 2) hn (U 1o ) 1
> XY ! 3 1t (DI 15 o) them (D) ) 1)

5 1 (DK ia PB) than (U_fuzey s mis) (1)

R T T ‘ DI is
output variable "output i

Current Variabls Currant Mambarship Function (lick on MF to sslact) o2
Name. outputl Name mn .
Type output Type trimf I nat I nat

Params 04167 0 0 4167 .
Range - t 1 Connection Waight:

Coer
Dlopiay Range 01 ‘ Hel Closs ‘
o D | © and 1 Daleta rule Addrule | Ghange e |

Ready ‘ FIS Nams: moz [ vee | cese ]|

Hinh 3.3. Cau truc cua bo diéu khién mo
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Céc pham vi nay dugc lya chon dya trén cac dac tinh vat 1y va giéi han dong cua
tung bd truyén dong khép. CéAu trac va thuét toan cu thé cua bo diéu khién mo duge
thé hién trén Hinh 3.

3.2.3. Mo td thu thdp dir liéu

Bo dit liéu duoc thu thap tir mdé phong MATLAB/Simulink (dwoc hién thi trong

Hinh 4) va bao gém:

Tin hiéu dau vao ug,, ; € R?: Mdmen diéu khién tac dung 1én hai khép.

Tin hiéu dau ra y,,,, € R*: Goc khép va van toc goc 64, 65, 6;, 0.

- Quy dao tham chiéu: Puoc st dung dé tao dudng din mong mudn cho cac

khép.
Ldi theo ddi: Pugc tinh nhu e;(t) = 6; ¢ (£) — 6;(t)

—0

el

o
=

ﬂ rb ell "T‘
>+ Mu
ell pel2 J
A;D—IV X1241

[ x12

ul —»

X11d

A 4

X12d

o X12
|_

[ L

124 | %11 B *1 R
o  — Mu;
o
224 bx21 data

Lp{x22

X22d

A 4

X21d

x21
uz
»|x2262 4 x22

qdedchuan 22 e Robot

i

"

controller1 2

—

e2

Hinh 3.4. So 6 md ta viéc 1ay dit liéu tir Matlab

Céc tin hiéu nay sau d6 dugc st dung dé xay dung tap dir liéu nhan dang va thiét

ké bo quan sat trang thai H,, dua trén mo hinh NLPV da xac dinh
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Comparison of Input and Output Data

%1073 Channel 1 0 Channel 2
\ —Input — Input
%2 ‘ — Output E»OAOOS — Output
3 <
> >
\ O0lfr == = === m— === =
0=
0 200 400 600 800 1000 0 200 400 600 800 1000
Sample Sample
0 Channel 3 %1073 Channel 4
—Input | —Input
g -0.01 = Output g 401 — Output
— — ‘
< <
> -0.02 > 20y
————————————— A
0.03 ol
200 400 600 800 1000 0 200 400 600 800 1000
Sample Sample

Hinh 3.5. So sanh dir liéu dau vao va dau ra

Sai 1éch bam (Tracking errors) Hinh 3.5 so sanh cac quy dao dau vao tham chiéu
va phan hoi dau ra cua hé thong trén bdn kénh. Cac biéu d6 chimg minh rang bo didu
khién mo truot SAT duoc thiét ké dé diéu khién hiéu qua cac dau ra cua hé thong dé
can chinh véi cac dau vao tham chiéu, din dén cac 15i theo ddi nho, dic biét 1 sau
pha thoang qua ban déu.

Dang cht ¥, kénh 3 thé hién 15i trang thai 6n dinh 16n nhat, khoang 0,025, c6 thé
1a két qua cua tinh phi tuyén cua hé théng va dong luc hoc ghép ndi von c6 cua bd
diéu khién robot hai lién két. Mic du vay, cac diu ra trén tit ca cac kénh déu hoi tu
chit ché véi cac quy dao dau vao sau giai doan 6n dinh ban dau, cho thay hiéu qua
ctia b diéu khién trong viéc bu nhiéu.

Nhitng 16i ndy rat quan trong dé xiy dung mé hinh NLPV. Cac xu huéng 151, dic
bi¢t 1a cac gia tri vuot ngudng va dg 1éch trang thai on dinh, phan anh céc dac tinh
bién thién theo thoi gian ciia hé thong va thiic ddy nhu cau thiét ké bo quan sat manh
mé st dung cAu tric mo hinh NLPV d3 xac dinh.

Bo diéu khién Mo - Trugt — SAT thé hién hiéu suat theo ddi quy dao tét, kha
nang chong chiu manh mé védi cac yéu td phi tuyén tinh va nhiéu loan, va hanh vi hé
théng 6n dinh. Tuy nhién, ¢ trang thai 6n dinh van ton tai mot sai sé nho (khoang
0,025 ¢ kénh 3), cho théy hé théng chua dat duge do chinh xac hoan hao. Dit liéu dau
vao-dau ra dugc thu thap bang bd diéu khién nay 13 co so phu hop dé xac dinh mo
hinh NLPV chinh x4c hon bang phuong phap N4SID, mot yéu to thiét yéu cho thiét

ké bo quan sat.
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3.2.4. Nhin dang hé thong ding N4SID

Phan nay trinh by quy trinh nhan dang hé théng cho bd diéu khién robot 2-DOF
str dung dir liéu ddu vao-dau ra dugc tao ra boi bo didu khién Mo - Trugt - SAT. Muc
tiéu 1a xac dinh mot mo hinh khong gian trang thai NLPV thoi gian lién tuc c¢6 thé

niam bét chinh xac dong luc hoc cua hé¢ théng cho muc dich thiét ké bo quan sat.

Mo hinh khong gian trang thai thoi gian lién tuc c6 dang biéu dién b diéu khién

robot

{x = A(p)x(®) + B(p)u(t) + F(p)f(x(t)) + Wiw(t) (3.29)

y = Cx(t) + Wow(t)

trong d6: x(t) 1a vecto trang thai hé thong,

u(t) 1a vecto dau vao, o(t) 1a vecto nhiéu,

y(t) 1a dau ra duoc do (vi tri goc va van tdc);

A(p), B(p), F(p), Wy, C, W, 1a cac ma tran hé thdng;

/(x) 1a ham phi tuyén tinh;

p biéu dién cac tham sb 14p lich ndm bt ban chat phi tuyén tinh hoic thay ddi
theo thoi gian cua hé théng.

Dit liéu ddu vao-dau ra dugc trich xuét tir m6 phong nhu hinh 3.4 bang tép 10.mat,
bao gdm hai tin hiéu diéu khién (dau vao — u_sim1), bon phan hdi hé thong (dau ra —
y_sim) va cac tin hiéu 13i tuong ung. Di liéu nay duoc sir dung dé xay dung tap dir
liéu nhan dang trong MATLAB bang dinh dang d6i twong iddata. Phuong phap
N4SID (xem Sertag T., 2020; Katayama T., 2005) dugc sir dung dé xac dinh cac dong

luc hoc co ban.

Chuén bi dir liéu:
Tu tép 10.mat, trich xuét dix liéu:
U= {u(tr), u(t2),..., u(tn)},

Y = {y(t1), y(t2),..., y(tn)},
e(t) = y(t) — §(t): sai léch dau ra

Budce 1: Xay dung ma tran Hankel
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U. = U(Z) u(3) ‘LL(N —p+ 2)
p— : : :
u(p) ul@p+1) - u(N)
y(1)  y@ - y(N—-p+1) (3.30)
y=[P@  y® - yWN-p+2)
p : : :
y®) yp+1) - y(N)

Buée 2: Tinh todn phép chiéu chéo
Str dung phép chiéu chéo giira dau ra trong tuong lai va dau vao va dau ra trong
qua khtr:
0 =Y:/(UpY,) (3.31)
Y;: Ma trdn Hankel cua cac dau ra trong tuong lai.
Uy,: Ma tran Hankel cta cac dau vao trong qua kh.
Y,: Ma trdn Hankel cua cac dau ra trong qua khi.

(Up, Yp): Su két hop cua thong tin ddu vao va dau ra trong quéa khi.

Buoc 3: Phan tich gia tri don 1é Singular Value Decomposition (SVD)

0 =UzVT (3.32)
Trich xuat chiéu trang thai n tir cic gia tri riéng 16n nhét cta 2.
Budce 4: Udce tinh trinh ty trang thai
X =xw2yT (3.33)
Buée 5: Udc lugng binh phuong nho nhat ctia ma tran hé théng

x(t+At)—x(t)

Ttr chudi trang thai udc tinh:  %(t) = I

(3.34)

Uéec tinh cac ma tran:

A = arg min||X — AX — BU||?

3.35
C = arg min||Y — CX — DU||? (3.35)



37

Dit liéu sau khi dugc xac dinh, s& dugc hién thi nhu trong Hinh 6.

Comparison for Output 1 Comparison for Output 2
5 T T T T T T
4H
— 3
22
S
1
0
-1 : -0.2 :
0 5 10 15 20 25 30 5 10 15 20 25 30
Time (s) Time (s)
C‘ompanscn ‘for Output‘ 3 Comparison for Output 4
6 T T T T
0.8r
4
_06f
- ~
3 L ]
= 0.4 A ;%,' 2
F=4 ]
o2ft ©
0
0.2 . . . . 2 . . . . .
5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s)

Hinh 3.6. So sanh gitra do luong va du doan

Bang 3.1. Bang chi sb do 1éch cho nhan dang hé thé)ng dua trén N4SID

Num RMSE NRMSE MAE
Paura | 0.00039791 0.0489650 0.00033163
Paura 2 6.3651e-05 0.0066866 5.1568e-05
Paura 3 9.8841e-05 0.0039403 7.9487e-05
Paura 4 0.0015444 0.0602190 0.0012306

Giai thich cAc thong sb

RMSE — Root Mean Square Error (Sai s6 trung binh binh phirong cin bdc hai)

1 N A
RMSE = \/E > — %)

RMSE do murc d¢ sai I¢ch trung binh gitra gia tri thuc x;va gid tri udc luong ;. Pon

(3.36)

vi cia RMSE gidng voi dai luong gbe (vi du: rad, rad/s, m/s,...). RMSE cang nho,
mo hinh hodc bd quan sat cang chinh xac.

NRMSE — Normalized Root Mean Square Error (Sai s6 RMSE da chudn héa)
Céng thirc phé bién:
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NRMSE = —°F (3.37)
Xmax—Xmin
hoac
NRMSE = —M5E (3.38)
mean(x)

NRMSE cho biét sai sb tuong ddi so vé6i bién do hoac gia tri trung binh cua tin hi¢u,

latilé phén tram 164, gilp so sanh gitra cac bién c¢6 don vi hodc bién d6 khac nhau.
R? — Coefficient of Determination (Hé s6 xdc dinh)

Cong thurc:
(3.39)

Trong do:

e Xx;: gia tri thuc,
e X;: gia tri uoc lugng,
e X: gid tri trung binh cua dir li€u thuec.
R? thé hién ty 1¢ ph?ln tram bién thién cua dit liéu thuc dugec mo hinh uée luong
giai thich duoc. R? ndm trong khoang [0, 1]:

o R2?=1 — hoan hao, X trung khit vdi x.

o R?*=0 — mo hinh khong c6 kha nang udc luong.

o R2<0 — mb hinh té hon cé trung binh cua dit liéu (rit kém).
MAE — Mean Absolute Error (Sai s6 tuyét doi trung binh)
Cong thirc:

MAE = -5, | x; = % | (3.40)

MAE thé hién d6 léch trung binh gitta gia tri thuc va gia tri udc lugng. N6 do sai s6
tuyét d6i (khong binh phuwong nhu RMSE), nén it bi anh huong boi cac diém sai sd
16n. Pon vi cia MAE giéng voi1 dai luong géc (vi du: rad, rad/s,...)

Két qua nhan dang thu dugc thong qua phuong phap N4SID (trong Hinh 3.6 va
Bang 3.1) cho thay hiéu suat kha quan trén tat ca cac kénh dau ra. Gia tri sai s6 binh

phuong trung binh chuan héa (NRMSE) cho tat ca cac dau ra déu dudi 0,07, cho thay
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d6 chinh xac dy doan cao. Cu thé, dau ra 2 va 3 cho hiéu suat tot nhét, véi gid tri
NRMSE lan luot 12 0,0067 va 0,0039. Cac chi sd sai s6 thap nay cho thay su phu hop
tuyét voi gitra dit 1iéu do dugce va dir liéu du doan. Paura 1 cling duy tri chét lugng
du doan kha quan vo1 NRMSE xéip xi 4,9%. Mic du Pau ra 4 ¢6 RMSE va MAE cao
nhat, NRMSE ciia n6 van ¢ mirc chap nhan duoc 1a 6,0%, cho thdy mé hinh hoat dong
dang tin cay.
Két qud cua ma tran trang thai A, B va C sau khi nhan dang nhu sau:
A] =

-1.3512  3.0907 -1.3106 -1.8119

1.9060 -1.4636 -0.7185 -1.0548

-3.1181 21.5764 -8.6293 -13.5763

22.8287 3.1558 -21.4970 -54.5012

B]:
1.0e+03 *
0.0164 -0.0680
-0.0007 0.0041
0.0258 -0.0962
-0.3269 1.4481
C =

-2.2235 10.9926 -0.2047 0.1233
-1.9770 -1.1863 0.5236 -0.0906
-1.5250 -1.9095 0.5859 -0.1051
-4.9491 15.0933 -0.6208 -0.2042

Trong cac tinh huéng nhan dang khéac nhau, cic ma tran 4., B>, C> dugc xac dinh dua
trén cac gia tri khac nhau ciia tham s bién thién p (), biéu thi cac dic diém thay doi
theo thoi gian hoac cac diéu kién van hanh khac nhau ctia hé théng.

Nhin chung, mo hinh dua trén N4SID dat duogc biéu dién hé théng chinh xéc va phu
hop cho cac muc dich thiét ké bo quan sat tiép theo.
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3.2.5. Thiét ké bé quan sdt H

Dinh Iy 3: Xét hé théng (3.1) va bd quan sat trang thai (3.3). Ma tran do loi quan
sat dugc thiét ké dé thoa mén cac diéu kién mong mudn néu ton tai mot ma tran doi
xtng, xac dinh duong P, mot tp hop cac ma tran Y, i = 1--- 2™ va céc sd vo hudng

duong &, ¥oo. Cac tham sb nay 1a 101 giai cho bai toan t6i wu hoa dya trén LMI sau:

minye
P)Y;&;
S.t.
0y, PF; 0y
Fl-TP &gl 0|<o0 (3.41)

7% 0 -1

where:
0y, =ATP + PA; + CTY," +YiC

2;; = PW1+Y, W,
V61 cac ma tran hé théng A, B, C... dugc xéac dinh tir N4SID. Céac ma tran phi tuyén
va nhiéu F, Wy, W, duoc thém vao dé ting d6 chinh xac va do tin cay cua hé thong.
Sau do, ma tran b quan sat tai cac dinh cua da dién dugc xac dinh:

Ly=—-P7%Y, (3.42)
Str dung coéng cu CVX (Boyd, S. (1994). (2014)) trong Matlab dé giai bai toan ti uu
hoa trong Pinh 1y 1 (20) dé tim ma trin quan st tai hai dinh p, L, va L,. Khi d6, ta

cO ma tran quan sat nhu sau:

L Sy _|_p;
(p) p_91 "

p
=L 3.43
o2 (3.43)
Tir két qua L, va L,Ta tim dugc L(p) dua trén biéu thic (3.43) va tinh Y(p) = -

P(p)L(p).

Két qua thu duoc cho cac thong sd sau: Yo, = 5.1039¢-07 va bd quan sat tai hai dinh

cuiapla Lyva L,



L=
[0.6488  3.0907;
1.9060 0.5364;
3.1181 21.5764;
22.8287 3.1558]

41

L,=
[0.6588 3.1007;
1.9160 0.5464;
-3.1081 21.5864;

22.8387 3.1658]
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Chuong 4. AP DUNG BQ QUAN SAT TRANG THAI

BEN VUNG CHO CANH TAY ROBOT

4.1. Ap dung bd quan sit cho md hinh robot khép linh hoat

Dé danh gia va phan tich hiéu ning ctia bd quan sat dé xuat trong ca mién thoi gian
va mién tan sb, phuong phap nay duoc ap dung nham uéc lugng cic bién trang thai
cua mo hinh robot khép linh hoat, mot 1ién két

4.1.1. Moé hinh toan hoc cua robot khop linh hoat

Trong phan nay, mé hinh robot khép linh hoat mét lién két (Spong, 2020) duoc sir dung
dé danh gia hiéu qua cta bd quan sat da thiét ké & myc 3.1. M6 hinh ndy bao gdm hai
phan chinh: dong co (motor) va khép (link).

Céc bién trang thai chinh cia m6 hinh nhu sau:

0,,: goc quay cua dong co,

W, van tde goc cua dong co,

0, : gbc quay cua khép,

w;: van téc goc cua khop.
Céc thong sb cua hé théng duogc cho trong bang 4.1.

Bang 4.1 Thong sb vat 1y ctia robot khép linh hoat

Ki hiéu Tham sd Gia tri bon vi
m Khéi luong cua thanh ndi 0,21 kg
2h Chiéu dai cua thanh 3,0 x 1072 m
g Gia toc trong truong 9,8 m-s 2
k Hang s6 10 xo xodn 1,8 x 107! | N.m-rad™?
K, Hé s6 khuéch dai 80x1072 | Nm- V™!
B Hé s6 ma sat nhot 4,6 x 1072 N.s/m?
L M6 men quén tinh khop 9,3x1073 kg: m?
Im Mo men quan tinh dong co | 3,7 X 1073 kg- m?

Hé phuong trinh dong hoc mo ta mdi quan hé giita cic bién trang thai gdm cac

phuong trinh vi phan:
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0, = a)m
O )~ L+
O = —
m = 7 Ot~ Om Tt
91 = W
. K mgh
w;=——06;, —0p) — sin(6;)
Ii Ii

Chon cac trang thai cua h¢ théng nhu sau:
X = [x1; x21x31x4—]T = [Hm! Wiy, Hl! wl]T € R4
Mo hinh duoc chuyén vé dang trong khong gian trang thai nhu ¢ (3.29) nhu sau:

{x = A(p)x + B(p)u + Ff(x) + Wyw (4.1)

y=Cx+W,w
Véi cac ma tran hé thong A(p), B(p), F, Wy, C, W, da biét.
Trong mé hinh (4.1) nay, bién tham s thay ddi p duoc xac dinh truc tiép tir trang thai
x3(t), tae 1a: p = x3(¢).

Do d6, gia tri p(¢) 1a mot bién duoc xac dinh tai moi thdi diém dua trén cam bién

trang thai. Mién gia tri cia p la hiru han va duogc lfiy tor khoang hoat dong thuc té cla

hé thong:
P € [Pmin, Ppmax|=[—1/2, 1/2] 4.2)
Phén phi tuyén
fx)= —m]—glhsin(x3), (4.3)
do do:
If'(x3)| = |cos(x3)| < 1,ddy 1a mot ham théa man diéu kién Lipschitz, vi:

Isin(x3) — sin(®)ll < Lg|xz — 231,

v6i hang sd Lipschitz 1a:

= 3,33 (4.4)

mgh 0,21X9,8x1,5.10~2
Lf = |- =

It 9,3x10~3

duoc tinh tir tham s6 vat 1y cua hé.
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4.1.2. Thiét ké bj quan sdt va phén tich trong mién tin sé
Phén nay trinh bay phuong phap da dién duoc sir dung dé giai bai toan LMI (8), qua
do xac dinh dugc ma tran L(p) cua bd quan sat. Trong do, ta c6 n, = 4,n, = 2,
n, = 1. Dé giai bai toan t6i wu & Pinh 1i 1, céng cu CVX (Boyd, S. (2014)) trong
Matlab dugc st dung dé tim ma tran bd quan sat tai hai dinh cua p 1a Lyva L,. Sau do,

ta cO ma tran b0 quan sat la:

Lip) =L, +22] 4.
(p) op 1+fo—/_) 2 (4.5)

Ta tim duoc L(p) dua vao biéu thirc (4.5) khi ¢ cac két qua L,va L,, va tinh

Y(p) = —P(p)L(p) (4.6)
Ap dung Pinh li 1 v&i phuong phap da dién vao mo hinh robot khép linh hoat mot
lién két:

Ta duoc két qua nhu sau: y, = 6,2574e-04, & = 8,5170e + 03 va bd quan sat tai

hai dinh cua p 1a Lyva L,:
171,3099 —-170,3099 147,6832 —146,6832
L— 162,3248 —161,3248 L= 139,3896 —138,3896
11150,6201 —149,6201 2 1126,8410 —125,8410
37,5813 —36,5813 20,3442 —19,3442

4.1.3. Phén tich trong mién tin sé
Phén ndy tip trung phén tich tac dong cta nhidu w 1én sai sb wéc lugng e trong mién
tan sb, qua d6 danh gia hiéu suét loc nhidu ctia bo quan sat dé xuit.
Hinh 4.1 thé hién cac dd thi Bode tuong Gng voi cac ham truyén mé ta mdi quan hé
tir nhiéu w dén sai s6 wéc luong e, nham danh gia kha ning suy giam nhiéu ciia bod

quan sat trong mién tan so.
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Bieu do Bode

300 ‘ Xrﬁ
200 F \v\/\’\\
= i
(5] i
e
-250 - ‘ ‘ : : .
107" 10° 101 102

Tan so (Hz)
Hinh 4.1. Ham truyén ||e/w||

T Hinh 4.1 ¢6 thé nhan théy, dinh bién do cua sai s6 udc luong e xuét hién trong dai
tan tir 10 dén 20 Hz. Khi tan s6 ting cao, bién do 16i giam dang ké, cho thiy cac
phuong phip déu c6 khd ning suy giam anh hudng cua nhifu
ddi véi sai sb6 ude lugng, vé1 muc du trit bién tdng dan theo tan s6. Nhiéu trong mo

phong 1 nhiu Gaussian c6 bién do < 0,01

Bang 4.2. So sanh chuan ning luong cic phuong phap

llell lwll2 llelle/llw]l2
1,0e-10 * 1,0e-07 *
H., 0,03156500232
0,3940976993952 0,119049242005
1,0e-10 * 1,0e-07 *
H, 0,03156500232
0,3724862906779 0,112520856200
1,0e-10 * 1,0e-07 *
H,, +pole 0,03156500232
0,3082136000156 0,09310532772
1,0e-10 * 1,0e-07 *
H, + pole 0.03156500232
0,0563966236918 0,017036321989

Duya vao Bang 4.2, két qua cho thay ca 4 phuong phap déu 6n dinh va khang nhidu

t6t. Trong d6, H, + pole giam 15i toi da va khang nhiéu t6t vuot troi.
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4.1.4. Mt so két qua moé phong
Phan nay trinh bay mé phong trong mién thoi gian nham tiép tuc danh gia hiéu ning
ctia bd quan sat, v6i cac diéu kién ban dau x, cta hé thng va %, ctua bd quan sat
duoc thiét 1ap nhu sau:
xo =10,0,0,0]" %, =15,5,5,5]"
Tiép theo 1a thyc hién so sanh gitra trang thai thuc x va trang thai udc lugng X. Viéc
so sanh nay cho phép danh gia muc dd chinh xac va hi€éu qua udc lugng trang thai
ctia phuong phap quan sat dugc dé xuat. Phan nay so sanh 4 trudng hop nhu sau: (i)
phuong phap dung bd quan sat He, théng thuong (dudng chim gach), (ii) bd quan sat
Ho, c6 gan diém cuc (nét dut) nhu trong tai liéu [26], (iii) bd quan sat NLPV H, thong
thuong (nét dit manh) va (iv) bo quan sat NLPV H, gan diém cuc (dudng chim chim)
1a phuong phap dé xuét trong bai bao va hé thong that (duong nét lién) nhu thé hién ¢
Hinh 2. Kich ban mé phong khi tin hiéu dau vao dang hinh sin.
Tir két qua mo phong cac trang thai ctia robot trén mién thoi gian nhu Hinh 4.2, bo
quan sat dé xuét H, gan diém cuc (dudng chdm chim) c6 kha ning hoi tu nhanh hon

va bam sat trang thai thuc tdt.

I
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Hinh 4.2. Két qua quan sét trang thai ctia robot

Bang 4.3. Bang so sanh RMSE va NRMSE so sanh cac phuong phap

RMSE H H, H, +pole H, + pole
e 1,1583 1,2396 1,0364 0,9972
e 1,5013 1,5465 1.2263 1,1250
es3 1,4551 1,4633 1,1809 1,0759
ey 1,4566 1,4882 1,1915 1,0877
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NRMSE
e 0,1172 0,1130 0,2805 0,2149
e, 0,1666 0,1167 0,2431 0,2047
es 0,1482 0,1354 0,3156 0,2210
€y 0,1620 0,1369 0,2594 0,2052
RMSD
1.5} [ f
o T
2
0.5
0
0.3
0.25r
S} 0.2
;% 0.151
= oaf
0.05
0 II

e1 e2 63 64

Hinh 4.3. Biéu dd so sanh RMSD va NRMSD

4.1.5. Két lugn myc 4.1
Phéan nay dé xuit thiét ké bo quan sat trang thai bén viing H, cho mét 16p dbi tuong
phi tuyén c6 tham sb thay d6i va chiju anh hudng ciia nhidu, nham wéc lugng chinh
xac trang thai h¢ théng trong diéu kién bt dinh. Hiéu qua cua bd quan sat nay duogc
kiém nghiém trén mé hinh robot khop linh hoat (4p dung két qua & muc 3.1) va so
sanh voi bd quan sat H,,. Két qua mo phong thé hién phuong phap mai gitp cai thién

dang ké tdc d6 hoi tu, ké ca do chinh xac cua udc luong trang thai.

4.2. Ap dung bd quan sit cho canh tay robot 2-DOF

4.2.1. Thiét Igp cdc trang thdi ban diu
Trong phan ndy, b quan sat da thiét ké trong muc 3.2 s& duoc mod phong trong mién
thoi gian vdi cac gia tri ban dau x, ciia hé thong va &, ctia bd quan sat cho canh tay

robot 2-DOF nhu sau:
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Xo = [0.1,0.1,0.1,0.1]T; &, =10, 0,0,0]"

Pé phan tich két qua mo phong, trong phan nay, cac gia tri x va X duoc so sanh.
Bang cach so sanh x va &, chiing ta c6 thé danh gia hiéu qua udc luong trang thai caa

phuong phap dé xuét. Kich ban mo phong khi tin hiéu dau vao 1a ham sin.

4.2.2. Két qua mé phong

State x; vs X3
0.15 ‘ ‘

0.1

0.05
'

Time (s)

State x vs X
0.15 ‘

0.1

0.05

Time (s)
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State x3 vs X3
T

_0.4 | | |
0 5 10 15 20
Time (s)
State x4 vs X4
0.15 \
—Xreal
0.1 - X i

-0.15 | | |
0 5 10 15 20

Time (s)

Hinh 4.4. Két qua quan sat trang thai robot
Hinh 4.4 thé hién: duong nét lién (x_real): gia trj thuc cua trang thai (1ay tir mo phong
chinh xac). Puong @it doan (X): gia tri wdc lugng tir bd quan sat H,, /NLPV.
Phdn tich trang thai
Trang thdi x; = 0,: Géc khdp thir nhit
Trong giai doan dau (0-2s), co sai léch nho gitta x,thuc va £;do trang thai ban dau
cua bd quan sat khac trang thai thuc. Sau d6, dudng mau xanh nhanh chong hoi tu va
tring v6i dudng mau do, ching té bo quan sat da on dinh va udc luong chinh xac.
Nhdn xét: Bo quan sat cho khdp 1 c6 kha ning hoi tu nhanh va sai sé nho gan nhu
bang 0 sau ~2s.
Trang thdai x, = 0,: Goc khop thwr hai
bac tinh tuong tu nhu khép 1: sai 1éch ban dau nhe roi hoi tu nhanh. Ca hai tin hiéu

gan nhu triung khit sau 2s — chimg té md hinh dong hoc va ma tran quan sat dugc
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thiét ké phu hop. Dao dong cta 8, twong ddng véi 6;, cho thay chuyén dong phdi hop
gita hai khdp (co thé 1a quy dao ddng pha hodc diéu khién bam quy dao).

Nhdn xét: Sai s6 wéc lugng goc cua khop thtr hai gan nhu bang 0; hé quan sat 6n dinh
tot.

Trang thdi x3 = 0,: Vin téc géc khdp thiv nhit

Sai 1éch ban dau nho hon so véi goc (do bd quan sat co phan hoi tot v6i dao ham). Tir
~1s trd di, hai duong gan nhu hoan toan tring nhau — bd quan sat tai tao rt chinh
xac van téc goc. Bién do dao dong khoang 0.4 rad/s cho thdy ddy 13 chuyén dong
diéu hoa vé6i ning lugng twong d6i on dinh.

Nhdn xét: BO quan sat tai tao rat tot van tdc khép 1, sai s6 hoi tu cuc nhanh (<ls).
Trang thdi x4 = 0,: Vin téc géc khdp thir hai

Ban dau c6 mt sai 1éch nho hon 0.1 rad/s do nhidu hogc diéu kién ban dau.

Sau ~1.5s, £,va x,tring nhau gin nhu hoan toan.

Bién d6 dao dong twong duong +0.1-0.15 rad/s, ¢ pha tuong tu van toc khép 1 —

biéu hién sy déng b0 co hoc gitra hai khop.
Nhan xét: B§ quan sat dam bao hoi tu chinh xac cho ca van tdc cua khép 2.

4.2.3. Thdo lugn két qua:
Hiéu qua cua b quan sat dé xuat di dugc danh gid bang cach st dung hé thong phi
tuyén tinh 4 trang thai mé phong. Nhu thé hién trong Hinh 4.4, cac trang thai udc
tinh (R, duong nét durt) bam sat cac trang thai thuc (x;, duong nét lién ) trong khoang
thoi gian mo phong 20 gidy cho tat ca cac bién trang thai tir x; dén xs. B6 quan sat
Ho, dé xuat thé hién su hoi tu nhanh va do chinh xac udc luong cao, ngay ca khi co
su hién dién cua cac bt dinh mé hinh va nhiu do luong. Sai s6 uéc luong khong
dang ké cho théy tinh manh m¢€ va d6 chinh xac ctia bo quan sat dugc thiét ké, khién

n6 phi hop véi cac hé théng phi tuyén tinh bién thién theo tham sd.
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Bing 4.4 Bang chi s6 d0 1éch trang thai ctia bd quan sat Hy,

Trang thai RMSE NRMSE R?
X1 0.0108 0.0096 0.9988
X2 0.0115 0.0107 0.9985
X3 0.0092 0.0030 0.9999
X4 0.0103 0.0082 0.9990

Bang 4.4 trinh bay hiéu suit ctia bo quan sat H, duoc dé xuit sir dung Sai s6 binh
phuong trung binh (RMSE), RMSE chuan héa (NRMSE) va hé sb xac dinh (R?). Bo
quan sat dat dugc gia tri RMSE rat thap (< 0,0115) trén tat ca cac trang thai, cho thiy
do chinh x4c nhat quan. NRMSE van duédi 1,1%, véi sai s6 nho nhit duoc quan sat
thdy & x3 (0,0030). Gid tri R? nam trong khoang tir 0,9985 dén 0,9999, xac nhan su

phu hop tuyét voi giita trang thai udc tinh va trang thai thuc té.

Nhimg két qua ndy chimg minh ring bd quan sat He, dugc dé xuat cung cip wdc
tinh trang thai chinh xac va dang tin cdy, ddm bao hiéu suit manh mé& ngay ca khi hé

thdng c6 sy nhifu loan va phi tuyén tinh.

4.2.4. Két lugn muc 4.2

B6 quan sat Ho, duoc dé xudt di chimg minh hiéu qua udc tinh trang thai va giam
nhidu, cai thién hiéu sut tong thé cua hé théng. Két qua mo phong di xac nhdn tinh
manh mé& va do chinh xac cta thiét ké bo quan sat trong viéc udc tinh trang thai hé
théng. Cac nghién ciru trong twong lai s& xem xét viée trién khai phuong phéap duoc
dé xuit theo thoi gian thuc va phat trién cac co ché thich tng dé nang cao hiéu suit
clia bd quan sat trong cac diéu kién van hanh khac nhau. Ngoai ra, cac bd quan sat no-
ron dua trén Bo nhd Dai Ngan Han (Long Short-Term Memory, LSTM) sé& duoc
nghién ctiru dé nam bat cac phu thudc theo thoi gian va nang cao kha ning udc tinh

dong luc hoc phi tuyén, bién thién theo thoi gian trong cac hé thong robot phirc tap.
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KET LUAN — HUONG PHAT TRIEN CUA PE TAI
1. Tém tat két qua nghién ctru:
a. Thiét ké 1: d& xuat mot bo quan sat PID-LPV cho hé thong duoc mo hinh hoa duédi
dang Linear Parameter-Varying (LPV) voi tham sb thay d6i. Phuong phép thiét ké
dua trén mo hinh LPV ¢6 ham Lyapunov phu thudc vao tham s6, dam bao 6n dinh va
hoi tu sai sd quan sat. Ddy la nén tang khung Iy thuyét cia dé tai, cung cdp phiong
phdp xdy dung ham Lyapunov phu thuéc vao tham sé va mé hinh héa LPV. Phan thiét
ké PID-LPV dwoc mé réng trong dé tai nay dé ap dung cho canh tay robot phi tuyén,
tao thanh observer co s ding dé so sanh véi Hz va Ho.
b. Thiét ké 2: trinh bay thiét ké bo quan sat Hz cho hé Nonlinear Parameter-Varying
(NLPV), trong d6 cac thanh phan phi tuyén duoc mo hinh hoa dudi dang nhiéu
Lipschitz c6 giéi han. Sir dung tiéu chuan t6i vu H2 dé téi thiéu ning luong sai sd
quan sat, va giai diéu kién rang budc bang LMI (Linear Matrix Inequality) trong
MATLAB/CVX. Ddy la budc phdt trién thir hai ciia dé tai, mé réng tie PID—LPV
sang observer t0i wu ndang lwong 16i H.. Két qua ciia bai bdo nay chimg minh tinh
hiéu qud ciia phwong phdp LMI va ham Lyapunov phu thudc vdo tham sé la co sé cho
viée xdy dung bé quan sat Ho bén viing ¢ giai doan ké tiép.
c. Thiét ké 3 dé xuat bo quan sat Hoo bén vitng cho hé NLPV c¢6 phi tuyén Lipschitz
va nhiéu gi6i han, st dung phuong phap S-procedure dé bién ddi diéu kién bén vimg
sang dang LMI kha nghiém. Pdy la két qua thir 3 ciia dé tai, thé hién ndng luc thiét
ké bé quan sat bén virng Ho cho hé NLPV ¢é bat dinh. Mé hinh nay dwoc vmg dung
truee tiép cho cdnh tay robot, déng vai tro nén tang khoa hoc cho nghién ciru va gidng

day trong linh vuc diéu khién bén viing.
2. Két luan chung
Pé tai “Thiét ké bd quan sat trang thai bén virng cho canh tay robot” di hoan
thanh toan b cac muc tiéu nghién ctru dé ra, bao gom:
« Xay dyng mé hinh robot khép linh hoat mét lién két va canh tay robot phi
tuyén phu thudc tham sé (NLPV) ¢6 xét dén nhiéu va bat dinh m6 hinh.
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o Thiét ké, md phong va danh gia cac bd quan sat Hz va Hoo, nhim udc luong
chinh xé4c cac trang thai an cta hé théng trong diéu kién c6 nhidu va bién thién
ctia tham so.

« Ung dung cac phuong phap Lyapunov phu thudc vao tham sb va LMI (Linear
Matrix Inequality) d¢ dam bao on dinh toan cuc va kha ning bén ving.

Két qua mo phong trén mo hinh robot cho thay:

« B0 quan sat H. giam ning luong 16i u6c lugng trung binh.

o Ca hai phuong phap Hz va Hoo déu dam bao tinh bén vitng va 6n dinh toan cuc
theo tiéu chuan Lyapunov.

Pé tai khong chi mang gia tri khoa hoc trong linh vic quan sat va diéu khién bén
vitng, ma con c6 ¥ nghia thuc tién cao trong viéc giam chi phi cam bién, ting d6 chinh
x4c va an toan cua hé robot cong nghiép.

3. Nhirng déng gép méi cia dé tai

- Dé xuét khung thiét ké b quan sat cho hé NLPV c6 phi tuyén Lipschitz, két hop
déng thoi cac tiéu chuan PID-LPV, H,, Hoo.

- X4y dung va giai thanh cong diéu kién LMI phu thudc vao tham sb, bao dam 6n
dinh toan cuc va tdi vu nang luong sai $6.

- M6 rong tng dung tir hé LPV sang hé¢ NLPV co di¢n tir (robot), chirng minh tinh
téng quat cia mo hinh.

- Cung cip bd mi ngudn MATLAB/CVX hoan chinh, hd tro giang day va nghién ctru
chuyén sau.

- Hinh thanh chuyén dé giang day méi trong cac hoc phan Ky thudt diéu khién ning
cao, Mé hinh héa — Mé phéng hé thong.

4. Han ché cia deé tai

- Viéc danh gia mai dimg & mo phong sd, chua trién khai thuc nghiém trén robot that.
- B6 quan sat Hoo dugc thiét ké vai gia thiét phi tuyén Lipschitz ¢6 gidi han toan cuc,

trong khi mot s6 hé thuc c6 thé chi thoa méan cuc bo.
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- Chua khai thac tiém ning ctia Al (mang no-ron hodc md thich nghi) dé xap xi cac
phi tuyén phirc tap hon.

5. Huwéng phat trién

- Thyc nghiém trén moé hinh robot thuc té 2 bac tu do, kiém chiing két qua mo phdng
va hi€u nang cua bd quan sat H2, Heo.

- Tich hop tri tu¢ nhan tao (Al) - dac biét 1a mang no-ron m¢ thich nghi (Fuzzy
Adaptive Improved Optimized Fuzzy System - FAIOFS, Radial Basis Function
Neural Network - RBF) dé xap xi phi tuyén phtrc tap va nang cao kha ning hoc thich
nghi.

- Phat trién bd diéu khién—quan sat hop nhat (Observer-based Controller) cho hé
NLPV nhim cai thién ca quan sat va diéu khién.

- Xay dung phdn mém hd tro ty dong thiét ké observer NLPV dya trén LMI
(MATLAB Toolbox).

- M& rong huéng nghién ctu cho hé thdng ning luong tai tao (PV, inverter,

STATCOM) va robot cong nghiép nhiéu bac ty do hon.

6. Két luan chung

Dé tai “Thiét ké bd quan sat trang thai bén virng cho canh tay robot” di hoan
thién ddy du ca co s6 1y thuyét, md phong va cong bd khoa hoc, dap Gmg muc tiéu cia

dé tai cap truong va c6 tiém ning phat trién trong tuong lai.

Két qua nghién ctru mang tinh méi, sang tao va ung dung cao, dong thdi gop phan
nang cao nang lyc nghién ciru, giang day, va phat trién cong nghé diéu khién bén

virng tai Viét Nam.
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PHU LUC

Chuong trinh File.m

%% B??c 1: Nh?p ma tr?n trén vao Matlab nh? sau

clear all, clc

A=[0 1 0 0;-48.6 -1.25 48.6 9;06 © 6 1 ;19.5 @ -19.5 @];
Al=[0 1 © 0;-48.6 -1.25 48.6 0;0 0 @ 0.5;19.5 @ -19.5 0];
A2=[0 1 0 0;-48.6 -1.25 48.6 0;0 © @ 1 ;19.5 @ -19.5 0];
Bl=[0; 21.6; 0; 0];

B2=[1; 1;1;1];

C=z[1000; 06010 0];

Di=[0; @];

D2=[1; 1];

Lf=3.33

%B??c 2: Xac ??nh cac ma tr?n Cn va Dn

nx=size(A2,1);

ny=size(C,1);

nw=size(D2,2);

%%

Cn=eye(nx);

Dn=zeros(nx,nw);

%% B??c 3: Dung Matlab v?i b? cong c? ?? gi?i bai toan t?i ?u (? ?ay ta s? d?ng
CVX) tim nh? sau:

%Bo quan sat co dat cuc
cvx_begin sdp
variable P(nx,nx) symmetric
variable Y1(nx,ny)
variable Y2(nx,ny)
variable gamma_inf
variable gamma2_inf
variable epsilon
minimize gamma_inf
beta=1;
subject to
P > 0;
gamma_inf>0;

gamma2_inf>0;

epsilon>@

[A1"*P + P*A1+Y1*C+C'*Y1l'+epsilon*Lf'*Lf + 2*beta*P P*B2+Y1*D2 Cn';
B2'*P+D2"'*Y1' -gamma_inf*eye(nw) Dn';

Cn Dn -gamma_inf*eye(nx)]<0;

[A2"*P + P*A2+Y2*C+C'*Y2'+epsilon*Lf'*Lf + 2*beta*P P*B2+Y2*D2 Cn';

B2' *P+D2' *Y2" -gamma_inf*eye(nw) Dn”;



Cn Dn -gamma_inf*eye(nx)]<0;

cvx_end

%% LMI Normal
cvx_begin sdp
variable P1(nx,nx) symmetric
variable Y3(nx,ny)
variable Y4(nx,ny)
variable gamma_inf
variable gamma2_inf
variable epsilon2
minimize gamma2_inf
Lf=3.33
subject to
P1 > 0;
gamma2_inf>0;
gamma_inf>0;

epsilon2>0

[A1'*P1 + P1*A1+Y3*C+C'*Y3'+epsilon*Lf'*Lf P1*B2+Y3*D2
B2'*P1+D2"'*Y3' -gamma_inf*eye(nw) Dn';

Cn Dn -gamma_inf*eye(nx)]<0;

[A2'*P1 + P1*A2+Y4*C+C'*Y4'+epsilon*Lf'*Lf  P1*B2+Y4*D2

B2'*P1+D2'*Y4' -gamma_inf*eye(nw) Dn';
Cn Dn -gamma_inf*eye(nx)]<0;
cvx_end

%%

L1=-inv(P)*Y1;

L2=-inv(P)*Y2;

L3=-inv(P1)*Y3;
L4=-inv(P1)*Y4;

%% Nhap cac gia tri Ro
Romax=0.75;

Romin = 9;

R0=0.15;

muyl= (Ro-Romin)/(Romax-Romin)
muy2= (Romax-Ro)/(Romax-Romin)
L=muy1*L1+ muy2*L2;
L5=muyl1*L3+ muy2*L4;

%%

options = bodeoptions;

options.FreqUnits = 'Hz'; % or 'rad/second', 'rpm', etc.
sys_error_H_inf_Pole = ss(A-L*C,B2-L*D2,Cn,Dn);

Cn';

Cn';



sys_error_H_inf = ss(A-L1*C,B2-L1*D2,Cn,Dn);

figure(1)
bodemag(sys_error_H_inf_Pole,{0.1,1000},0ptions, 'r")
hold

bodemag(sys_error_H_inf,{0.1,1000},0ptions, 'b")

grid

%% MO ph?ng

x_0=[0 ; 0;0;0];

x_obs_0=[5 ; 5;5;5];

sim('Onelink_Hinf_Obs_2Ro_Pole_2019a2.s1x');

%%

t=x.time;

x=X.signals.values;

X_mu=x_mu.signals.values;

X_mul=x_mul.signals.values;

%%

figure(2)

subplot(2,2,1)

plot(t, x(:,1),'r',t, x mul(:,1),"'g-.",t,x mu(:,1),'b--", 'Linewidth',1.5)
xlabel('t (s)','interpreter', 'latex');

ylabel('$x_1%$', "interpreter', 'latex');

legend('$x_1%', '$\hat x_1%', '$\hat x _1+pole$’', 'interpreter’', 'latex"');
title('$x_1%', 'interpreter', 'latex');

xlim([@ 10]);

ylim([-5 20]);

grid on

%%

hold on

subplot(2,2,2)

plot(t, x(:,2),'r',t, x mul(:,2),"'g-.",t,x mu(:,2),'b--", 'Linewidth',1.5)
xlabel('t (s)','interpreter', 'latex');

ylabel('$x_1$', 'interpreter', 'latex');

legend('$x_1%', '$\hat x_1%', '$\hat x _1+pole$’', 'interpreter’', 'latex"');
title('$x 2 $', "interpreter', 'latex');

xlim([@ 10]);

ylim([-20 20]);

grid on

hold on
subplot(2,2,3)
plot(t, x(:,3),'r',t, x mul(:,3),'g-.",t,x mu(:,3),'b--", 'Linewidth',1.5)

xlabel('t (s)','interpreter', 'latex');



ylabel('$x_1$', 'interpreter', 'latex');

legend('$x_1%"','$\hat x_1%','$\hat x_1+pole$', 'interpreter’', 'latex"');
title('$x 3 $', "interpreter', 'latex');

xlim([0 10]);

ylim([-5 20]);

grid on

%%

subplot(2,2,4)

plot(t, x(:,4),'r',t, x mul(:,4),"'g-.",t,x_mu(:,4),'b--", " "Linewidth',1.5)
xlabel('t (s)','interpreter', 'latex');

ylabel('$x_1%', "interpreter', 'latex');

legend('$x_1%", '$\hat x_1%', '$\hat x_1+pole$’', 'interpreter’', 'latex"');
title('$x_4 $', 'interpreter', 'latex');

xlim([0 10]);

ylim([-10 10]);

grid on
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