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PHAT TRIEN GIAI PHAP PIEU KHIEN LUC CHO THIET BI BAY
MOT KENH VOI MAY LAI TUYEN TINH

Pham Vin May'”, Vii Manh Tuén!, Trin Pirc Thuin2, Ha Vin Nghi?
YWién Tén lira, Vién Khoa hoc va Cong nghé Quan su
2Pai hoc Céng nghé Pong A
3Vién Cong nghé, Tong cuc Cong nghiép quoc phong
Tém tit
Bai béo trinh bay co s& todn hoc cho viée tong hop 1énh diéu khién va xay dung gian dd luc
diéu khién ddi vai thiét bi bay mot kénh sir dung may 14i tuyén tinh. Trén co so do, bai béo
dé xuat giai phap t6i ru hoa hiéu sut sir dung lyc didu khién cho thiét bi bay mot kénh sir
dung may lai tuyén tinh. Giai phép sir dung tin hiéu hinh sin gi6i han bién d6 da duoc
chimg minh c6 thé ting lyc diéu khién Ién trén 0,5 trong khi vin dam bao do méo phi
tuyén. Pay 1a mot cai tién dinh luong tryc tiép anh hudng dén kha nang co dong cua thiét b
bay. Ching minh toan hoc 1am rd tinh dung dan va hiéu qua cia giai phap. Két qua nay co
¥ nghia thyc tién cao trong viéc chudn bi nén tang cho viéc thiét ké hé théng diéu khién
thiét bi bay mot kénh v6i may 1ai tuyén tinh.

Tir khéa: Thiét bi bay mot kénh;, lénh diéu khién; mady lai tuyén tinh.

1. Pit van dé

Thiét bi bay mot kénh (TBBMK) 12 loai khi tai duoc trang bi chu yéu cho lec luong
phong khong tam thap nho vao tinh co dong cao va hiéu qua tac chién. Hai huéng nghién
ctru chinh hién nay gom: Cai tién hé théng xu ly thong tin ciia bd dinh huéng dau tu dan
hong ngoai, dua trén cac phuong phap diéu khién va xir ly tin higu truyén théng nham
nang cao kha nang phat hién va bam sat muc tiéu [1]-[6]; toi wu quy dao bay ty din trong
mbi twong tac thiét bi bay - muc tiéu (TBB-MT) nang cao hiéu qua tiéu diét muc tiéu.
MGt s6 giai phap cong nghé tién tién da duoc ap dung trong cac dong TBBMK thé hé moi
nhu Igla-S, Verba, Grom-M, Stringer..., bao gdbm: dia diéu ché da kénh, mach xu Iy tin
hiéu toc d6 cao, thuat toan diéu khién sb hién dai, hé thong diéu khién nang cip. Nhitng
cai tién nay da khac phuc nhiéu han ché cia TBBMK thé hé trugc. TBBMK tam bin ngan
thuong sir dung hai loai may 14i: khi nén va dién. May lai khi nén sir dung thuat toan diéu
khién kiéu ro le theo nguyén 1y diéu ché do rong xung di duoc 1am sang to va nghién ciu
chuyén sau trong [1], [3]-[7]. May 14i dién str dung thuat toan diéu khién tuyén tinh trong [5]
da dé cap dén dang tin hiéu diéu khién, nhung wu nhuoc diém cua loai may 14i nay chua
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dugc chiing minh. Céc cong trinh [8]-[10] 1a nghién ciru tong quan chuyén siu vé cac
thiét ké hé théng may lai trong nganh hang khong hién dai, khao sat cac mé hinh dong hrc
hoc may l4i, bao gom truyén dong dién, thay luc, khi nén cho déi twong ¢& nhé UAV téc
do cao, tap trung vao cac hé thong dong co dién dam bao téi wu vé ning luong va hiéu
sut thay thé cho céc hé théng truyén dong thay luc, khi nén; nhung UAV 1a mét thiét bj
bay da kénh c6 su khéc biét vé nguyén 1y diéu khién véi TBBMK. Hiéu suat lam viéc cua
TBBMK quay quanh truc doc véi tan s khong déi vai may lai kiéu ro le va may lai tuyén
tinh thdng qua nghién ctru, phan tich va tim hé sb st dung Iénh diéu khién trinh bay trong
bai bdo. Mot s6 cong b qudc té va tai liéu lién quan trinh bay téng quan va so luoc chua
day dua va chi tiét [11]-[13]. Bai bao nay dé xuat mot phwong phap tong hop lénh diéu
khién duya trén phan tich luc diéu khién sinh ra trong TBBMK sir dung may lai tuyén tinh.
Tir d6, xay dung bd dé va phat biéu nham md ta rd qué trinh hinh thanh luc diéu khién.
Téi wu hoa hiéu suat sir dung luc didu khién (K) cho TBBMK may lai tuyén tinh 1én mirc
K ~ (0,553 ~0,572) trong khi vin dam bao do méo phi tuyén dudi 5% so véi hé s6
K ~0,4777 véi TBBMK may lai ro le trong [5], [7], [12].
2. Xay dung co sé toan hoc tong hop lénh diéu khién thiét bi bay mét
kénh may lai tuyén tinh

Thiét bi bay mot kénh 14 loai thiét bi bay (TBB) chi c6 mét co cau diéu khién tao ra
g6c tan hodc goc truot canh. Trong loai TBB ndy, co cdu canh lai khi dong quay mot géc
trong hé toa do lién két OXYZ (Hinh 1). Béi véi TBBMK str dung hiéu ung khi dong, su
quay co cau lai tao ra luc khi dong, luc khi dong tao ra mé men lyc lam quay TBB. Khi
TBB quay, gdc tan thay di, xuat hién luc phap tuyén 1am thay d6i huéng bay.

Y B

B

i
Hinh 1. Dang thiét bi bay mot kénh.

Biéu thirc lyc diéu khién TBBMK va sai s6 dan nhu sau: F =k, -£, 1)

trong dé: F - lyc diéu khién tirc thoi thiét bi bay; &, - toe do goc duong ngdm thiét bi
bay - muc tiéu; k, - h¢ s6 ti 16.
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Dé diéu khién TBBMK theo phuong phép tiém can ti 1& voi may 1ai khi - dong
hodc dién: Tin hiéu dan véi thong tin vé sai s dan ¢, dudi dang tin hiéu vecto bién ddi
v6i tan sb bang voi tan sd quay ctia TBB. Gia tri tc thoi cta luc didu khién duoc

xac dinh:

F= ‘f‘ exp(io,t) (2)
trong do: ‘E‘ - 30 16n cua vecto luc diéu khién; , - tde do quay cua TBB.

D 16 ctia vecto luc diéu khién: |F|=k|s] ©)
trong do: k - hé s ti 18, dic trung cho tinh chét khi dong hoc cia TBB; 6 =+0,,, - goc
Iéch cua cénh lai tr vi tri gitra, rad.

Theo [1]-[5], luat diéu khién TBBMK v&i may lai khi nén 1am viéc theo nguyén Iy
cuc dai c6 dang ham dau: S(t) =6, sign[U, sin(ot — @) +U,, sin(2(ot —¢))] duoc
biéu dién trén Hinh 2. Trong d6: U ;- bién d¢ tin hi¢u diéu khién; U, - bién d6 may
phat tuyén tinh.

J |
8 mar

2RI R 2 4
-0 mar

Hinh 2. Ludt diéu khién TBBMK véi mdy ldi khi nén.

Luc diéu khién duoc tinh:

F A
—Foac V€72 7519074 76]
Luc diéu khién trung binh trong méot chu ky quay 1a:
17 F. U,
Fow == _[ Fycsin(y —p)dy = —= -—H( ) (%)
2 p 7 U
Luc diéu khién trung binh kénh tam:
F U (t
Fa_vg = ﬁ) Cosgp (6)
z U

I'J1

Luc diéu khién trung binh kénh huéng:
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F U. (), .
Fa zg =~ '(ﬁ)sm(/’ (7)
T U,

Us®) 4ot

ria

Nhdn xét: Lyc didu khién trung binh cyc dai xay ra khi U ,(t) 16n nhat,

U, (0)

I

thuan v6i sai s6 didu khién thi 22 Y <15, K dé: Fao ma = P 1,520,477 F .
- T

Tl

gia trj 16n nhat kha di théa man <2. Theo [10], dé luc va m6 men diéu khién ti 18

Hé sb st dung luc diéu khién cia TBBMK may lai khi nén:

F
K — dktb _max — 0’ 4777 (8)
Fma)(

Theo (2), cac luc tac dung trong hé thong diéu khién mot kénh 1én cac truc ciia hé
toa d6 ¢ dinh dugc mo ta béng cac phuong trinh sau:

{Fy (t) = F cos(w,t)

F, (t) = F sin(e,t) ®)

F, (t) - hinh chi€u cua lyc diéu khién 1én mat phang thang ding; F,(t) - hinh chicu cta
luc didu khién 1én mit phang nim ngang.

Luc trung binh theo thoi gian T (trén mdi vong quay cuia TBB):

1 T
Fro =7 [ F cos(e,tydt
’ (10)
F, = % [Fsin(,ndt
0

B6 dé 1: Néu luc diéu khién dang F(t) = F, sin(at + @) voi tin s @ khac tan sb

o 2 .
quay cua TBB @, thi gia tri trung binh cua luc do trong mt chu ky (T = i ) bang 0.
o,

That vay:
1 T F T T
Fo =T ! F, sin(at + @) cos(a,t)dt :ﬁ[ ! sin((o+ @, )t + )dt + ! sin((@— o)t +@)dt] (11)
T
|, = jsin((m o )t+@)dt=0
Xét ’

1, :Isin((w—wx)t+go)dt =0

0
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Do sin 1a ham tun hoan, néu ®# @,, ca hai tich phan Iy va I, déu dao dong
quanh truc hoanh va gié tri trung binh cua chung trén khoang mot chu ky T bang 0.
Suy ra:

Frep = _%__T([ F, sin(at + @) cos(aw,t)dt = IZ:—_F ['T([Sin((a)+ o t+)dt + l.sin((a) -0, )t+p)dt] (12)

;
Bién dbi twong tu: Fep = TEJ‘ F,sin(at + @) sin(e,t)dt =0 (13)
0

Nhdn xét: Chi khi tan s6 cta luc diéu khién tring v6i tan s6 quay ciia TBB, méi
xudt hién lyc trung binh khac khong dé diéu khién quy dao.

Phat biéu 1: Khi tin hiéu dau vao may lai khong d6i, banh l4i 1éch mot goc cb
dinh, tao ra lyc khi dong thay ddi theo vong quay nhung khong sinh luc trung binh theo
hudng xéc dinh.

That vay: Néu F = F, = const

Khi do:
_= j F, cos(e,t)dt = 2 j cos(e,t)dt =2 (S'“(“’ t)) —0 (14)
Fy = Til F, sin(w,t)dt = %isin(th)dt __ (Cos(i" t)) O (15)

Piéu nay c6 nghia: Néu lyc diéu khién khong bién thién cing tan sd quay cia
TBB, thi lyc trung binh tao ra s& bang khong. Két qua minh hoa trén Hinh 3.

Phat biéu 2: Néu tin hiéu diéu khién bién thién hinh sin véi tan s ding bang tan
s6 quay ctia TBB, thi luc khi dong hoc sinh ra ciing s& bién thién hinh sin theo va tao ra
lyc trung binh khac khong dé diéu khién quy dao.

Theo [1], tin hiéu diéu khién dugc tim dudi dang: &, (t) = Asin(a,t+¢) thi luc
diéu khién F thay doi theo dinh lut hinh sin F =F,sin(mt+¢), phuong trinh lyc

trung binh sé€ c6 dang:

T T T
= % j F, sin(e,t + ) cos(w,t)dt = 'ZZ—TA[ ! sin(2a,t + p)dt + ! sin()dt] (16)

]Sin((p)dt =T sin(e)
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;
T
[sinat+p)dt=[- cosCatt o' _ 1 (o5 cos(ar+g)) =0
; 20, 0 2o,
. I:A H
Suyra: F,, :?Sln((o) a7
e o . Fa
Bién doi twong tu: F, =— [Fasin(@,t +g)sin(e,t)dt = —2-c0s(p) (18)
0

Nhdn xét: Trong hé théng diéu khién mot kénh, luc diéu khién trung binh c6 do
16n béng mdt nira bién do cta tin hiéu hinh sin tai tin s6 quay cua TBB, va hudng cua
luc phu thudc vao pha cua tin hi¢u diéu khién dau vao.

Tin hidu diu vao khéng ddi

1.2
1
e Gian dé lwc khi déng
) 1
08| 1 1
o a.5
™~
k=]
c 06 5 a — S
= =
-0.5
04| -1
-1.5
- 2
0.2
@ I I
(4] 0,02 0,04 0,06

Théi gian (s)
Hinh 3. Gian do lyc diéu khién khi tin hiéu vao khong doi.
B6 dé 2: Vi banh lai gan cung v6i TBB va truc quay ciia TBB quay véi toc do
o, , nén lyc diéu khién bién thién ca vé do 16n 1an huéng theo quy dao vong tron hai lan
trong moi vong quay. Do d6, TBB chiu mot lyc trung binh & tim vong tron va mot luc
dao dong co tan s6 gip doi tan sd quay ctia TBB thé hién trén Hinh 4.

TBB quay 1 vong (wx) Liyre khi déng hoc quay 2 vong (2w=)

Hinh 4. Hinh minh hoa déng hoc quay.
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Gia sir luc khi dong hoc tai mdi thoi diém 1a: F(t) = F, sin(o,t +@)n(t) véi n(t)

la vecto don vi chi phuong luc khi dong va thay d6i khi TBB quay.
Luc diéu khién trung binh trong mot chu ky:
(19)

17 17
Faw = [F(tadt == [Fasin(ot+gp)dt
0 0

X

:

F Fo, 1

& Fyo = 22— cos(0t+ )] =A[-—(os(T o, +9)-+c0sg)] =0
0

X
Néu luc diéu khién chi bién thién theo quy luat hinh sin, thi luc trung binh trong
mot chu ky bang 0 ( Faw =0); néu xét lyc téng hop trong hé toa do quay, luc trung binh
4 A r M A 5 [N A s A + R 3 . F \
c6 do 16n bang mot nira bién do luc diéu khién hinh sin: Fy, = ,nych +F2 :?A va

hudng cua luc nay phu thudc vao pha ciia tin hiéu diéu khién ¢.
F

A
Hé s6 sir dung lyc didu khién: K = Fdlk:tbmax - FL - % =0,5 (20)
max A
F, .
2 Fyaw 7A sin(p)
H¢ s0 1énh theo kénh huéng: K, = = = =sin(p) (21)
dktb—max _A
2
) . = Fa cos(p)
Hé s6 1énh theo kénh tam: K, = —db-2 = =cos(¢p) (22)
detb—max _A
2

TBB quay quanh truc doc ctia n6 véi toc dd géc @, va banh li gin ctimg véi TBB.
Luc khi dong tic dong 1én banh lai ludn vudng goc voi mat phang ctia nd va quay cling
v6i TBB trong mat phéng vuong goc véi truc doc. Do do, trong hé toa do lién két, luc

nay dugc phan tach thanh hai thanh phan theo phuwong y va z:

F, (t) = F,sin(ot + @) cos(a,t) = isin p+-—-2sinot + @)
|:2 2 (23)
F,(t) = F,sin(ot + )sin(w,t) = ?ACOS(p - 7Acos(2a)xt + )

Lyc diéu khién tirc thoi F,(t),F,(t) déu c6 thanh phan dao dong véi tan s6 20w, .

Luc dao dong tai tan sb 2w, khong anh huong dang ké dén quy dao do TBB ¢ tan sb

dao dong ty nhién thap hon nhiéu.
Nhdn xét: Luc diéu khién trung binh trong hé toa do ¢ dinh co gia tri béng mot
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ntra bién d6 cua luc didu khién hinh sin. Hé s6 1énh kénh tdm va kénh huéng phu thudc
vao pha diéu khién ¢.
-Néu p=0=K, =1 K, =0,F, =0, F, =%

» = : Luc diéu khién nam trén truc z

va diéu khién TBB léch 1én trén (Hinh 5).
- Néu p=n=>K,=-1K, =0, Freo =0, F, =—%: Luc diéu khién nim trén
truc z va diéu khién TBB léch xudng dudi (Hinh 5).
L,
2

-Néu o= % =K,=0,K, =1, F, = Fe =0: Luc diéu khién nam trén tryuc

y va diéu khién TBB léch sang trai (Hinh 5).
F

. 3 " L
- Néu gz):?ﬂ: K, =0, Ky =-1, chpz——A, cmp =0: Luc diéu khién nam trén

truc y va diéu khién TBB léch sang phai (Hinh 5).
-Néu p#0=K, =0, K,#0, F, =%sin(¢) v Fup :%cos(q)). Luc téng hop
1én hai truc ngang va ding vudng goc véi nhau thi ca hai thanh phan lyc déu khac 0 va

TBBMK chiu tadc dong cua céac luc theo cd hai phuong vudng goc vai nhau. Véi luc tac
dong d6 co thé 1am thay doi huéng quy dao cia TBBMK theo quy dao mong mudn.

Z+ (¢ =0) Y+ (¢ = wf2)

Y- (¢ = 37/2) Z+Y- (¢ = Trld)
1 T .

o fl+r———=-=
'
o

o l+—————

1 -1

Hinh 5. Gidn do luc diéu khién véi cdc pha diéu khién.
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Trén Hinh 5 nhan thiy: Vong tron nho phia trong biéu dién tap hop cac luc khi
dong tuc thoi quay quanh truc quay caa TBB trong hé toa do ¢b dinh véi truc ngang va
truc dimg. Miii tén biéu dién lyc trung binh tong hop sau mot chu ky.

3. Giai phap nang cao lwe diéu khién déi véi thiét bi bay mét kénh may
lai tuyén tinh

Dbi voi may 1ai khi nén, biéu thirc (8) hé sé st dung luc didu khién 1a 0,4777;
may lai tuyén tinh sir dung dong co dién véi tin hidu diéu khién dang diéu hoa theo biéu
thire (20) hé sb st dung luc diéu khién 13 0,5. Nhu vay, may 1ai dién dung dong co dién,
tin hiéu diéu khién thuong 1a dang diéu hoa. Pé bao vé co cau lai, can c6 khau bao hoa
nham ngan tin hiéu diéu khién quéa 16n gay hong héc. Van dé dit ra 1a: Gii han bio hoa
nén chon 1én nhét bao nhiéu dé vira tan dung tdi da kha nang diéu khién, vira gitt dugc
tinh tuyén tinh giita tin hiéu diéu khién dau vao va goc quay canh lai dau ra.

Bai toan: Dé tang gia tri hé s6 sir dung lyc diéu khién trén 0,5 va tin hiéu dicu
khién dau vao cuc dai tGi co ciu lai duoc cung cép dudi dang hinh sin gidi han. Gia su

luc didu khién F(t)=F sin(e,t + ) dugc gidi han c6 dang sau:

Foo FSin(ot+9) > F .,
F(t) =< Fsin(ot+¢); |FS|n(a)t+qo)|< F oo (24)

—F

max ?

Esin(ot+ ) <-F,,
F..x - Dién d cuc dai cua luc dieu khién. Tim gia tri m= —Eax €(0; 1] théa man bai toan.
Tin hiéu bi cét dinh khi: [sin(a,t +p)|>m, nén (ot+¢)€[6,;7-6,]u[r+6,;27-6)]

<:>te[t1:9°w_(p,t2:”_6°_¢]u[t—ﬁ+€°_¢ 2r-0,-¢

X X X X

1; 6, =arcsin(m)
Luc diéu khién trung binh trong mot chu ky:

Fac = jF(t)dt_?[j Fsin(ot+g)dt+ [ Fdt] (25)

Vungl Vung 2

=—j F(t)cos(a)t)dt—?[.[ Fsin(at+p)cos(ot)dt+ [ F, cos(w,t)dt] (26)

Vingl Viing 2

=—j F(t)sm(a)t)dt_?[j F sin(w,t + @) sin(e,t)dt + j F_ sin(t)dt] (27)

Vingl Ving 2
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Ving 1: Khong cit dinh |Sin(a)xt + ¢)| <m;
Ving 2: Bi cét dinh [sin(w,t + @) > m;

Xét [sin(w,t +¢)|=m suy ra:

{ - arcsin(m) — ¢
a)x

ot + ¢ =arcsin(m) - 7 —arcsin(m) — ¢
o, +¢=x—arcsin(m) 2 o,
ot; + @ =z +arcsin(m) - 7z +arcsin(m) — g
ot, + ¢ = 2r —arcsin(m) ? @,

{, = 27t —arcsin(m) — @

a)x

t+t, -t +T -1, :i(é’c—¢+7r+6?c—(p—7r+HC+¢+27z—27t+0c+g0):i449
1)

Bién doi biéu thirc (26): Feo =F.+F,. Luc diéu khién trung binh kénh huéng:
Frep = ESIn(q))Q 4 — ZF‘“"X cos(68.) cos(e) (28)
Bién d6i biéu thirc (27): cmp =F, +F,. Luc diéu khién trung binh kénh tam:
Fop = 5 6, cosp+ 2 lj;’ax cos(6.)cos ¢ (29)

Bién ddi biéu thirc (25), luc diéu khién trung binh:

o = J.F(t)dt _—[ j Fsin(ot + @)dt + j F_dt]=0 (30)
T Vingl Ving 2
Nhdn xét: Néu lay trung binh lyc diéu khién theo phuong phéap toan hoc thong
thuong F,, =0; nhung néu xét luc téng hop trong hé toa d§ quay thi d¢ 16n luc:

FF, FF,
F?=F: +F2 = ( 0.) +2( P C0s 6, cosp)” + ﬁmax sin(2¢) 8, cos 6, + —2 cos’ (¢)6), cos b,

F, = (E)\/[é'c2 +2(2mcos 8, cos p)* + msin(2¢)6, cos 6, + mcos’ ()6, cos b, ] (31)
T

trong d6: 6, =arcsin(m) = cos(6,) = cos(arcsin(m)) =v1-m? ; ¢ €[0; 27]

Xét biéu thirc twong dwong véi: f (p) =C, +C, cos’ p+C, sin(2¢) (32)

75



Journal of Science and Technique - Vol. 20, No. 03 (Sep. 2025)

76

C, = (arcsin(m))?, C, =8m?(1—m?) +m-arcsin(m)y1-m? C, =m-arcsin(m)/1—m?
Ham sé f () c6 dang tong cta cos? ¢ va sin(2¢) 1a dang ham diéu hoa.
DPao ham biéu thirc (32):

df

0 —2C, cospsin g+ 2C, cos(2¢) = 2C, cos(2¢) —C, sin(2¢) (33)
®
Can tim gid tri cia m dé F, — max sao cho gié trj hé s6 0,5< K = Fiomax <1
Khéo sat ham s6 f (@) voi ¢ €[0; 7] sao cho f (@) dat gia tri cuc dai:
g—f =2C, cos(2¢)—C,sin(2¢) =0 (34)
®
Truong hop 1: Néu cos(2¢) =0 suy ra: 2¢ = % +kr = p= % +kz (35)
Thay (35) véo biéu thirc (32) nhan duoc:
f () = (arcsin(m))? + 4m?(1—m?) + marcsin(m)/1—m? (36)
Thay biéu thirc (36) vao biéu thirc (31):
F, = (E)\/[(arcsin(m))2 +4m?(1—m?) +marcsin(m)y1—m?] (37)
T
Ftb max Ftb 1 H 2 2 2 H 2
K= T =F = \/i[(arcsm(m)) +4m?(1—m?)+marcsin(m)v1-m?2] (38)
T
D6 thi hé s6 1énh K theom
0,5 T T T T T
0,45 -
04
0,35 -
03
g 0,25 -
X
0,2
0,15 |
0,1r
0,05

1 1 1 1 1 L L L L
0 0,1 0,2 0,3 0.4 0,5 0,6 0,7 0,8 0,9 1
m

. . V4
Hinh 6. Do thi hé so K theo m véi ¢ = Z+ kr.
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Trén Hinh 6 nhéan théy: K<0,5 véi moi me(0;1]; K., =0,3964 khi
m = 0,9990.
Truong hop 2: Néu cos(2¢) =0, chia ca 2 vé phuong trinh (27) cho cos(2¢):

F
K= % = % = l\/[(arcsin(m))2 +4m? (1—m?) + marcsin(m)«/1—m?] (39)
T
o= 1arctan(zcz)
Vi ¢ €[0; 7] nén: !
T
P,=¢ + P

Thay cac gia tri ¢ vao ham f(¢) so sanh cac gia tri va tim cuc dai ciia ham f (o)

£ V6i g, = %arctan(%) thay vao biu thirc (32):

C2+4C? +C,\[C2 +4C?
fp)=C,+ =2 T _c, +—4/c:2+4c2 (40)

2,/C? +4C?
L. 1 2C Vs
* Vi ¢ = =arctan(—=2) + = :
2 C, 2
) . 1+ x? X
f(p)=C,+C,cos” ¢ +C,sin(2¢) =C, + C ) = (41)
\/1 + Xx? \/1 + X
D6 thj hé s6 1énh K theo m D6 thi hé s6 1énh K theo m
0.6 T T T T T 0,6 T
\ 0,55 fl"é,s
05} =D 8l Kinax
04l Ko
g 0.3
0,2
0,1
00 0,‘1 0:2 0:3 0:4 0:5 0:6 0:7 018 O,‘Q 1 0 0,‘1 0:2 0:3 0:4 0:5 0:6 0:7 0:8 0:9 1
1 1 2C V4
a) ¢ == arctan( ) b) ¢ ==arctan(—2%) +—
2 2 C 2

1

Hinh 7. Do thi hé s6 K theo m véi gia tri cua ;.

Trén Hinh 7a: K > 0,5 khi m € [0,5744; 0,9930] va khi m = 0,8032. Trén Hinh 7b:
K> 0,5 khim e [0,9820; 0,9990] va K, =0,5618.
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4. Thao luan va nhan xét

Tir cac két qua mod phong nhén thay:

- Tin higu diéu khién: &, (t) = Asin(a,t+¢) thi luc diéu khién F thay doi theo
dinh luat hinh sin F = F, sin(a,t +¢) . Hé sb sir dung luc diéu khién tbi da dat 0,5.

- Hinh 7 12 d6 thi ctia hé sb K theo m, ham s f(¢) =C, +C, cos? ¢ +C,sin(2¢) cO

2C, 2 1 2C
a diém yén ngua ¢, = — arctan(—2
c, ) v yénngua ¢ =2 ( C

- B¢ nang cao hé s6 st dung luc diéu khién Ién trén 0,5; tin hi€u di€u khién dau

-, 1
diém cyc dai ¢, = Earctan( )+§

vao t6i may lai duoc dinh dang dudi dang ham sin bi gidi han bién d6 nén luc diéu
khién khi d6 bj gi61 han c6 dang sau:
Foo Fsin(ot+9)>F,

F(t) =1 Fsin(ot+e);|Fsin(ot+¢)| <F,, véi m= F,TX e[0,5744; 0,9930]
—F ... Fsin(o,t+ @) <-F_,

max ?

- Két qud md phong nhu Hinh 8a, khi do hé s6 st dung luc diéu khién
K = 0,57224 va luc didu khién trung binh theo kénh tdm va kénh hudng lan luot

F, ,=0,08344, F, ,=0,4411 vi lyc trung binh F, =0,449. Trén Hinh 8b, khi

m = 0,5744 va lan can gi4 tri d6 thi tin hiéu hinh sin bi cat dinh va lyc diéu khién c6
dang gan gidng xung hinh chir nhat, thi mdi quan hé tuyén tinh ti 18 giira dau vao va dau
ra bi pha v va ddc tinh cia may l4i tuyén tinh gan v6i may ldi ro le.

- Dé biét duge dd méo phi tuyén cling nhu dap ing cliia may lai tuyén tinh str dung
dong co dién c6 thé dap tng duoc khi tin hiéu diéu khién bi gidi han. Xét ba tiéu chi:
TDH% (d6 méo hai téng thé), PRD% (phan tram chénh léch RMS), sai s6 bién d6 - pha
ctia thanh phan co ban. Két qua khi may 1ai tuyén tinh (sir dung dong co dién) c6 do tré
may lai 7=0,005s va tan s6 quay quanh truc doc TBB f =15 Hz duoc trinh bay &
Bang 1.

+ Khi m<0,75 thi TDH% >10% va |AL—1% >15% nén khong chép nhén.

+ Khi m~0,80 (K ~0,54) thi TDH% ~5% va |AL—1% ~11% nén bt dau tiém
can vung ch?ip nhan duoc.

+ Khi m>0,88 (K ~0,55+0,56) thi TDH%~9% va |Al-1%<5% day la
khoang chip nhan dugc.

+ Khi m=0,90-0,993 (K ~0,557+0,572) thi méo rat thap, bién d6 chinh x4c,
an toan cho may lai.
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Bién do
o

Thuét ngi¥ bién d6: ddu vao va bio hoa (m = 0,8032)
=T T T

=== :F_in=Fsin(.)
F_out (saturated)

t(s)

Cac thanh phan lyc

Cic thanh phan lc didu khién tirc thoi F (1) va F (1)
T T T T

0.5
0 0,01 0,02 0,03 0,04 0,05 0,08 0,07
tis)
lyc didu khién (F, vs F,) va vector lyc trung binh
’ @
w05
-1
-1 08 06
F
y
a) m =0,8032
g Thuat ngi® bién dé: dau vao va bio hoa (m = 0,5744 )
== =1 T T
e RE = = = F_in=Fsin(.)

os~-— -~ =~ F_out (saturated)[— — ~ "~~~ 77— 9
e / — == FFray
& O 7
0

D5 L N—— E

A 1 I I L. 1 - I
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07

t(s)
Céc thanh phan lyc didu khién tirc thoi F (t) v F (t

Cac thanh phén lyc

0 0,01

0,02 0,03 0,04 0,05

t(s)

lyc didu khién (F, vs F ) va vector lyc trung binh

0.5

b) m = 0,5744

Hinh 8. Két qua mé phong khi tin hiéu diéu khién bi gi6i han véi gid tri ciia m.
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Bdng 1. Két qua phan tich cdc chi sé danh gid dé méo phi tuyén

STT K m TDH% (dB) PRD% |A1-1| %
1 0,5000 0,5744 -14,2166 142,8155 31,1854
2 0,5038 0,5964 -14,7016 142,6749 28,9113
3 0,5076 0,6185 -15,2107 142,5417 26,6831
4 0,5114 0,6405 -15,7465 142,4160 24,5036
5 0,5152 0,6625 -16,3126 142,2977 22,3756
6 0,5190 0,6846 -16,9142 142,1870 20,3023
7 0,5228 0,7066 -17,5578 142,0839 18,2871
8 0,5266 0,7286 -18,2522 141,9883 16,3337
9 0,5304 0,7507 -19,0094 141,9004 14,4460
10 0,5342 0,7727 -19,8446 141,8201 12,6286
11 0,5380 0,7947 -20,7789 141,7476 10,8864
12 0,5418 0,8167 -21,8404 141,6829 9,2253
13 0,5456 0,8388 -23,0684 141,6260 7,6517
14 0,5494 0,8608 -24,5195 141,5770 6,1734
15 0,5532 0,8828 -26,2794 141,5360 4,7999
16 0,5570 0,9049 -28,4875 141,5029 3,5429
17 0,5608 0,9269 -31,3935 141,4778 2,4177
18 0,5646 0,9489 -35,5200 141,4603 1,4461
19 0,5646 0,9710 -42,3088 141,4503 0,6628
20 0,5722 0,9930 -60,2475 141,4467 0,1418

Nhur vdy: Khoang me[0,88; 0,993] twong tng K e[0,553; 0,572] 14 chp nhan
dugc d6i voi may lai tuyén tinh sir dung dong co dién c6 do tré may 1ai z=0,005 s va
tan s6 f =15Hz c6 TDH% <5% va sai s0 bién do |AL-1% <5%), tong sai léch pha
van trong ngudng may 1ai cho phép.

- Két qua md phong Hinh 9: May l4i ro 1e/PWM c6 tin hiéu dang xung vudng,
bién do bi gidi han manh, THD rit cao (TDH% ~—1,9). May l4i tuyén tinh: Tin hiéu
sin thuan, méo gan nhu bang 0 (TDH% ~ —4,4), chi co tré pha ctia may li. May 1ai ¢6
tin hiéu sin giéi han dau vao (tin hiéu sin giéi han dé xuét), tin hiéu gan sin nhung cit
dinh nhe, THD thip (TDH% ~ —4,2) bién d6 khuéch dai hiéu qua hon. Vay, giai phap
dé xuét tin hiéu dau vao dang sin gidi han dat can bang tbt gitta do tuyén tinh va kha
nang khuéch dai lyc diéu khién so vdi cac cong trinh [3]-[7], [11]-[13].
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So sénh tin hiéu lyc diéu khién may lai trong 3 phwong phap
T T T

T T T
s N ’\ s

L

= = = +L&nh diéu khién (sin chuén)
Tuyén tinh Iy twéng (K=0,5; THD=~-4,4)

Ro-le / PWM (K=0,4777; THD=-1,9)
Sin gidi han dé& xuét (K=0,557; m=0,86; THD=-4,2)
N 7
-1 L | | 1
0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0,2

Thai gian (s)
Hinh 9. Dé thi tin hiéu 1énh diéu khién dau vdao va luc diéu khién dau ra trong cdc truong hop
may ldi c6 @6 tré may ldi ©=0,005 s va quay quanh truc doc f =15 Hz.
5. Két luan
Mac du mo hinh phéan tich chi tap trung vao luc phap tuyén do co céu lai tao ra,
cac thanh ph?m luc khéc (lyc can, lyc nang, trong luc) dugc coi la dau vao cua bd diéu
khién cép cao, chung duogc bu trir dé tao ra lyc phap tuyén yéu cau. Nhiém vu cua giai
phéap dé xuit 13 dam bao mdy 1ai co kha ning sinh ra luc phéap tuyén yéu cau mot cach
t6i uu va gan tuyén tinh nhat. Trén co s¢ d6, ching minh giai phap nang cao hé s6 lénh
diéu khién cho mé hinh may lai myén tinh. Cu thé: Bé nang cao hé sb sir dung luc diéu
khién 1én trén 0,5 tin hiéu diéu khién dau vao céap t6i co cau lai duoc dinh dang duéi
dang ham sin bi gi¢i han bién d6. Cac két qua mo phong véi may lai tuyén tinh st dung
dong co dién c6 do tré may 1ai z=0,005s va tan sé f =15 Hz cho thay: Hé sé sir dung
luc diéu khién K co thé dat gia tri trong khoang 0,553 dén 0,572 vuot trdi so v4i cac
phuong 4n diéu khién xung hinh chit nhat hoic bio hoa cting, dam bao méo phi tuyén
nho cho dong co chip hanh chip nhan va dip tng duoc; khi d6 gia tri
m e[0,88; 0,993]. C4c dan giai cua bai bdo 14 co s¢ dé nghién ctru tong hop hé bam,
thir nghiém trén mo hinh phan cémg thuc va tich hop vao thuét toan diéu khién thich
nghi/phi tuyén, hé théng tu dong diéu khién bay TBBMK c6 may lai tuyén tinh.
81



Journal of Science and Technique - Vol. 20, No. 03 (Sep. 2025)

Tai liéu tham khao

[1]

(2]
(3]

[4]

5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

82

N. . Cuong va T. . Thuan, Thiét bi bay cé diéu khién va tén lira hanh trinh déi hdi,
Nxb Quén doi Nhan dan, 2015.

T. V. Duc, Hé thong xik Iy tin hiéu tén hira tw dan hong ngoai, Nxb Quan doi Nhan dan, 2003.
N. V. Son, “Vé bai todn diéu khién thiét bi bay diéu khién mét kénh”, Luan an tién si
k¥ thudt, Vién Khoa hoc va Cong nghé quan sy, 2007.

N. V. Nam, “Nghién citu tong hop hé thong diéu khién thich nghi cho mét 16p tén hira tw
ddn hong ngogi”, Luan an tién si k¥ thuat, Vién Khoa hoc va Cong nghé quén sy, 2009.
P. V. T, “Xdy dung phwong phdp va thudt toan diéu khién cho 16p TBB 1 kénh”,
Luén 4n tién si k¥ thuat, Vién Khoa hoc va Cong nghé quan su, 2010.

D. V. Thiy, “Nghién citu ndng cao chdt lwong hoat dong ciia dau tw dan hong ngoai cho
thiét bi bay co diéu khién trén co sé hoan thién bé dinh huong va luat dan tié’p can ti lé
tang cuong”, Luan an tién si ky thuat, Vién Khoa hoc va Cong nghé quan su, 2021.

T. H. Phuong, “Vé mét giai phap do hé sd 1énh tir dai diéu khién khi cu bay tam gan tng
dung vi mach tich hop”, Tap chi Nghién cuu Khoa hoc va Cong nghé quan su, S6 Pic san
Hoi thao Qudc gia FEE, 12/2022.

F. Y. Annaz and M. M. Kaluarachchi, “Progress in redundant electromechanical actuators
for aerospace applications”, Aerospace, Vol. 787, No. 10, 2023. DOI:
10.3390/aerospace10090787

R. Kowalski and P. Juchmann, “Sensorless motor control for electro-mechanical flight
control actuators”, CEAS Aeronautical Journal, Vol. 14, pp. 1007-1018, 2023. DOI:
10.1007/s13272-023-00682-x

M. Maaruf et al., “A survey of control methods for quadrotor UAV”, International Journal
of Robotics and Control Systems, Vol. 2, No. 4, pp. 652-665, 2022. DOI:
10.31763/ijrcs.v2i4.743

A. A. Jlebenes m B. A. Kapabanos, /[unamuxa cucmem ynpasenenus bBIIIA,
Mammmsoctpoenue, Mocksa, 1965.

M. Kor, . H. Pomanenko, u A. C. [lyOoBuk, BoeHHO-TexHHUECKas, BOCHHO-
CrenyaibHas TOArOTOBKAa W TAaKTHKa BOWCKOBOW IPOTHBOBO3IYLIHOH 0OOPOHBI
nonpasaencHuii, BoopyxkeHHbIx [I3PK 9K38 «UI'JIA». I'pogno I'pI'Y um. . Kynan,
Mocksa, 2012.

I'. . BukropoBuu, JI. A AmnekceeBuu, u E. A degoposuu, “Bpamaromascs
camoHaBozsmasics pakera”, [larent PO No. 2018118707 ot 22.05.2018.r



Tap chi Khoa hoc va Ky thudt - ISSN 1859-0209

DEVELOPMENT OF A FORCE CONTROL SOLUTION
FOR SINGLE-CHANNEL AERIAL VEHICLES
WITH A LINEAR ACTUATOR

Abstract: This paper presents the development of a mathematical foundation for
synthesizing control commands and constructing the control force diagram for single-channel
flying equipment (SCFV) equipped with linear actuators. A solution is proposed to enhance the
control command gain for SCFV using linear actuators, along with a mathematical proof of its
validity. The control force utilization coefficient can exceed 0.5 when the input control signal
supplied to the actuator is shaped as a sinusoidal function with amplitude limitation.
The research results extend existing domestic academic works and provide a foundational basis
for the synthesis of autonomous flight control systems.

Keywords: Single-channel flying equipment; control command; linear steering.
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