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Robust linear parameter-varying predictive tracking control scheme for
over-actuated vehicle

CHEN Yong’, DONG Xin-min, XUE Jian-ping, GUO Chuang
(Engineering College, Air Force Engineering University, Xi’an Shaanxi 710038, China)

Abstract: To deal with the time-varying parameters in large envelope of an over-actuated air vehicle with excessive
effectors, we propose a method to design the robust predictive tracking controller in the major loop with linear varying
parameters based on the constrained dynamic control allocation. The polytopic linear parameter-varying discrete model
of over-actuated vehicle is built by adopting the increments of flight states as well as the errors of virtual controls as
augmented variables. With the H-infinity objective performance, the infinite time domain ‘min-max’ nonlinear robust
predictive optimization problem is converted into the simplified convex linear matrix inequalities. By introducing the
tracking errors and varying magnitudes of the effector deflections, we built the unconstrained control allocation model
containing the effector dynamics. By considering the physical constraints on effectors, we design the cascaded dynamic
control allocation. Simulation results show that this scheme can generate appropriate control instructions for effectively
tracking reference commands.
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(K QAT PR ELRAE T SRR ) kAL,
AL A2 AR G0 S N PR BRI [R] I S B4 A (7
A5
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4 BA¥H 4 EL S B 7T (Dynamic control al- uo(k) = W2(W2uqg(k) + Wiu(k — 1)), (35)

location design)

5848l 73 C 75 VA W 25 RE i 4 B AL RE TR AR
0 F5 BRI i 4 i B B 1K MDA 4R & BR IR U8 72 A
N PAT ER BN T R B LAY, b B [E AT A%
BNAVERE I T VERR b a6 43 Bl U7 V5, REfg A
P PAT 28 (104 e 2 0 R SE I FR 2 S B . b
I, AT ORI ARG B, $eH— Rl R G
7 S ER NI i e PRI R 22 RN Bl A VR BB IV 2 4%
il B s vt k.

4.1 2K 3 & 5 ] 5 B 25 (Unconstrained dy-
namic control allocation)

FRAR 2 3 B v 1 2 B T B B R 18),
Doy (k) A AT 25 42 10 R 4004 4 38 &, 64y
BRIy AR N

min J = W (u(k) — (k)| +
[Wa(u(k) —u(k — 1)), (30)
s.t. Up(k) = B(sk)u(k) — ve(k — 1), (31)

b g (k) AT 25 W 4R 4, Wi, Wh €
RmXm Sy 23 S FROINBUHE .
EI2 AN B (30) -3 )E AR N
u(k) = (I — G(k)B(s))W *Wiua(k) +
(I — G(k)B(s))W *Wiu(k — 1) +
G(k) (v (k) + ve(k — 1)), (32)
Hr:
G(k) = W 2B (q)(B(s)W *B (a)
W = (W? +W3)os,
W IRGAL B AR TR
J = [Wi(u(k) = ua(k)|* +
[Wa(u(k) —u(k —1)|I* =
(w(k) — ua(k)) Wi (u(k) — ua(k)) +
(w(k) — u(k — 1)) W5 (u(k) — w(k — 1)) =
ul (k) (W} + W3)u(k) +
ul (k= )W3u(k — 1) + ug (k)Wiua(k) —
2u” (k) (Wiua(k) + Wiu(k —1)).
(33)
7 X
W = (Wi +W$)%5, (34)

) H b e AL
Ts = W (u(k) — uo(k))||> =
(w(k) — uo(k))"W?(u(k) — uo(k)) =
ul (B)W2u(k) 4+ ud (k)W 3ug (k) —
2uT (B)(Wiug(k) + Wiu(k —1)).  (36)

Xf b (33)-(36) il 41, JRITAXAH 25— A~ 4L
I, BRh A4 o I A i) 440 A
min J, = [|W (w(k) — uo(k))|”,
u(k) (37)
s.t. op(k) = B(sk)u(k) — v (k — 1).
FAREE W, Le(k) = W (u(k) — uo(k)), W
u(k) = uo(k) + Wte(k),
B(si)(uo(k) + Wle(k)) — v (k — 1) = v (k).
HRHE Dy Iy 25 2024 ) J 3T IR
e(k) = (Bla)W )" (& (k)-
B(s)uo(k) + vi(k — 1)),
Hoip Fbpet” RRFERE ) Moore-Penroseidi. M
u(k) = uo(k) + G(k)(v:(k)—
B(s)uo(k) + v (k — 1)),
G(k) = W= B(g)W—H+.
R X GHMGS) T HE BI2RT. R,
4.2 2R 3 & ¥ il 5 BC 75 (Constrained dynamic
control allocation)

AR F) AT 42 BN A R L AT S P2 R, R
AT 5% P Qi e 10 L 2 2 PR f 1260 LAy 8 24) o ek o
AP IR A RS

® = {’U,|Umin < 'U:(k) < 'Ufmaxanmin <
u(k') — ’U,(k — 1) < Tpmax}a
;H\: EFI: umaxﬂgnumin‘ pmax%upminjgj:ﬂfff%%/fjﬁin
TR (1) B KAB RN S /IME, T RAE R . vl 4b
¢ = {u(k)lu(k) < u(k) <u(k)},
k) = max{umin, w(k — 1) + T pmin}, (38)
k) = min{umax, w(k — 1) + T pmax },
e (k) Rl (k) AT 58 24 2000 1R .

25 0 43 BC 7 9 v A B PAT 48 ) B 2 R L
T N, — R A MRS, 7
— RGBT SO BRI, TS
—RBEEA EL T S P 1 5 2 B0 A S %
Iy SCIgi L SOMag Y s Ay PRAT 5 VLR ) 8 SEARL,
FETC LR BN FE 0 7 FL 2% 1 36 Al b 4e i —Fhair 2y
R sh A3 oy i vk, HatSOoP R

u(
a(
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B R IATR S, D k.

L2 RG22 FHu(k), idu(k)h iR
A Ugat (k), KA R wgnsat (k), AN 95 73
I N Ksat (B) Flkunsat (k). 11 R u(k) € &, #30%
6, 75 ¥ 20 4R 3.

]R3 iausat(k>xﬁmE@&&@%ﬁlﬁzy‘stat(k),
QIEEESEL
[0: (k) — Buat,i(Sk)tsat,i (k)15 (39)

B/ NTE B B wsar i (k), oL B4,

R4 WA SR R, W D e,
17 W) S B85

$ES %

'Ur(k) - vr(k) - Bsat,i(gk)usat,i(k)a

S 3% B AR AR, S0 N 50 ok 9\ T 4 s 1 1)
T pej (), BB H N R 5 B ke, e A HR2.

BE6 KW Threjs FsatMrunsat 9317 UL
e, T Hurej(k), wsat (k) Mlwunsat (k), AT 1S 214
AT Y 4 il 2w (k), THHE L.

E 3 EERBESEIE A I TR IAAE, WG A
il 23 PR 2% 22 IR 4 O 428 il Hi8 2 45 224 B 488 i1 e e I I AT
#, HER 2 B — LIRRIR 8k 3 R e %
8 RTIR AR, TR I B A 5 i 43 BC A% 5 TE AR B A 1 43
BCas o Bo R — 2.

E 4 AREEEH SRS PIITR A ATI AL
HAR, 53CHR[1, 21, 25]H (s 42 4 B AR AH LE, Refg T 4
HhARAIE R GE I Bh A RERO
5 {jEKUE(Simulation experiment)

5.1 {5EAE#!(Simulation model)

DL = 22 5 0TIl SF WL A58 7R 213031050 5t
%, K H BT B E A 0 106 42 i) 46 A4, 042
(PILPV 7 34 55 5 F Foen i e 42 1l 7 28 10 A vk gk
ATIAE. #EH R = (ue, We, Ure, ur ) 73N KHL
(PTG 38 Ao T B 3R A T A ) 3R ), A Y
() i 5 38R0 et = (pe, Pres Pre, pr). FRDNHTAH
L VAR VAR |

ul  =(25,30,30,30),

ul. =—1x(55,30,30,30).
FH N IR 26 24 A

pr = —ph. = (50,150, 150, 100).

R T0T = (v1, v, v3) 0 B RN IR
PRAR I e A NI S, 300 ff oo IS F1 B VR I Fr e

B p IRAGD A1 T8 B o A L T B AR S |5, %
8 A REF) T = (a, B, p). WA FHR T £
A A3 2 W B 4 ) 7 VAT 0] LA SRS G

HE1 LPVANZ #(LPV control, LPVC)
(R T M B B THLP VAR 1 25 48 B T K 0
T A, TR O\ 20 R 1 P B A 4 o
BC T VEREATHR A 40 .

F &2 A4 14 %5 1 B (gain-scheduling, GS)F)
B MG STHR (1, 32045 LAE AL Bk Ardi AT4%
AR o> B A%, B TAE SRS 50l G
LR AT 1 25 1 B ).

5.2 ¥ Jj H(Closed-loop simulation)

v CHLA TAE 55 554k Ma = 0.25, &5 H
= 3000 N M€ T & TAFE i Ma = 0.35, H =
4000 m, Z: 3 gt 1t 2 PR A AR, Bt il 2
S RMUAE AR B8 S B RAT RS L AL AT 21, 4
FCINSR FH SE B AL, AEAT R %0k, JE kA e 22 i
PRGNS ARG B, AR i B 32 R U
o, (), AR\ & 25K ff JC 40 R I 73 1l ¥/ 4
w(k), 1142 JE 29 R Bl A4 il 4 e o B nT 15 20 £
T2 u(k).

it = 2 ~ 8sIN 45 & d5 KMEAE 53 70l 24 25° 1) 3
AR50 () IR B M fE R 4. ASCEF BB
T BE AL Qs = Is, Ry = 10413, 54> L AL
Wy = Iy, Wy = diag{2,3,3,5}. LA a) T4E A&
Ma = 0.30, H = 3500mA Z % IR A, $4& M Sk
(2516t M P F 48 2 nT a4, MIRAE b e P
L7 5 1 M7 22 2 451 53 e 4 A B iy R U4 i 4
A 5T SIAR UG AR, 230l it 23 7.

XF LG 23] LG H, PR 7 58 A R 1) e 4042
#4845 2 % IS 8L SR AT Y, AR A
R0 [ H 2 2 IR SR IS O, Herh O R0 52 b
REFUFE IR 2 A LR S

v,/ ((°)+s7)

K 2 kg SRR R4

Fig. 2 The virtual control of scheme I in attainable subset
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Fig. 3 The virtual control of scheme II in attainable subset
Kl 4—6 Fro o3 ol A 7 %6 L AT S 2 3 IER R o
ROVL AR A i 7 i £ 5 T 7 " Lk 4 g s
k. T 2R H 2, AL Seh o T FE P A e R e
HEAS AR TR) Y (& e FeE vE L Btk a2, 78
Sz B U 2 3ok o A R G LT 1 —LPVC -GS
K PRERANHERRSE ) R, 20 285 e 52 A H {3 S HROITI 105 A 0 P e
252501, Fi
Z ig. 5 The response of effectors
Pla—orh 5 S21 07 BN e B 5 A9 2 i — _
AUBHF (55 k;
—_ 40 T T T T %
Ei-/ Qu
s
2 100 , ' ' ]
oy — e
~ 1 T T T T \:/ -100 + r | 1 | 4
= U 0 2 4 6 8 10
t/s
~ thl 100F T T .. T ]
T - 0 | A
’.\ 03 7100 i d v 1 | 1 ]
T < 0 2 4 6 8 10
=Y t/s
— L: 100 F T T T =
® = 100k . . . -
Z & 0 2 4 6 8 10
>
t/s
o —LPVC - GS
éj K 6 {52 T i e R A s s iy B el
< Fig. 6 The response of effector rates
t/s NI N
Hi B 4-5 AT DU Y, J7 %€ 2 AR SEIL T B % 4
—LPVC - GS ---REF

A IR BRI, E 6 I AR R A R 42 R e b
4 RSB L e 7, WY S BT S MR A 1 2, AR AD A
Fig. 4 The response of states AN A0 AT 8 B IR L AR ECIT S, T7 56 1 RE
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fELPVIE 3R 3l & AT 2 1l 3R 48 P R AR, 8 4 b 52
T XS 184 DU ER R, 138 2 BT AR
1748 I B YE RN Bh A PERE, P 8\ i $5 44
Be b iR A B 45 BES—-6mT 41, Bl s 2 ¥ R
HH i e TR A7 4 R 36 2 R ], 2 T
o3 BC SRS 1A vk, Horh U7 R RS L
TFE 2R X (S H IR B KN &
TOO 2 1) 2% A T ORI R A, PR Bl A
RE 2% 18 BT A B G0 1T 1R 458 ) A e, (e B TG
L P s i 2B T o R e A A 2 o KT R oA i B £
DU AT BE ST EE R AUAE 2, (HA 22 45 & (1) R
ERAREA WG . (A R I, J7 ] AR e
(R Ff1, AR TS CALE L S
MK T, 8 RAT IS H T T &1
AR E WS, Getl 8 IR IR 1
il RE, BEARDL T8 Ze 3 2 B 7 482
6 45i&(Conclusions)
ARSCEERT IS IR BN AT B AE B2 N RAT S
AR R R, T8 R T 2 BRI T T AR Y A
PR B T 9 TR W U ) L AE T K AT 8% 2Tl AR
LPVECEBI 3l b, M IE T B BRI HR 2 1%
ZEMIHE ) RGAEAL. K A TR A SR R
B ) R TG R e min-max e 50K £ I
FEPR, 456 Hoo I B8 BESROKE S0 TH0MI 475 1) i) 2204 4L,
h PR B AN S5 5T Ak 1) 8, O I8 ok 2 AR
el > T 2R AN AN B, Wk T
R . B — 2D T A AT 38 Bh Ak
PR TG 20 A4 ) 23 e BE 2R, 2% e 45 9 T 4 24
WU T BB A i 23 e SRS A5 2 5\
RAT LR E A FUER W, LPVAR S 5 i &
A LA Ge 45t 7 28 A7 SR U R R R PR RSB T
GATH A BE 43 IE, RE0E B0 4F M R FE U RGN 1)
FEHRIRRE. AHE, LPVARSE 25 $2 ) 7 58 1) Rg o s i)
TR T Ik PR A7 A 48 1) U R B R 7E 2 v B m)
PR SRR W NME T, N E S
MBATR 377 T TFAIF 5T 1) 3 SR i 2 08 S
2) FI A ik (dilation)F R0 3) X KAT AL T
VE AT 3 B, BT T AT ) R IR
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