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Robust predictive dynamic control allocation for uncertain actuators

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

Abstract: To deal with the polytopic uncertainties of the actuators in the cascaded multi-effector flight control system,
we present a dynamic control allocation scheme based on the robust predictive control theory. An augmented control
model for the polytopic uncertain redundant actuator is built in considering the position and rate constraints. The actuator
state and the virtual command tracking error are taken as the augmented variables in constructing the quadratic Lyapunov
function. The “Min-Max” nonlinear programming in the infinite time domain is converted to a linear matrix inequality
convex problem. Thus, we develop an optimal robust predictive controller with less conservativeness. Control commands
are integrated into an allocator of mixed optimization, which distributes the control to compensate dynamic uncertainties
of actuators. Simulation results show that the proposed scheme compensates the actuator polytopic uncertainties, tracks the
virtual commands precisely within the control surface deflections, and guarantees the stability of the closed -loop system
with relatively strong robustness.
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Fig. 1 Block diagram of cascaded flight control system
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uncertain actuators)

SINRZE S

e(k) =vq(k) —v(k).

E
Foet(k +1) = Toer(k+1) —
v(k+1)=v(k+1)—v(k),
w,(k+1)=u(k+1) —u,(k),
Va(k +1) =vq(k+ 1) —va(k).
IR RGURES
&' (k) = [To (k) €7(R)],

MITANFE AT &5 B HOH T R G A

mact(k)a



5% 4 ] MR8 4% BT ARANIE RG0S He TN B 2 42 10 73 T g 449

z(k+1) = TP .
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BactwN)a(k + 1), control law design)
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D-.Y7 D- .Y, Vi(e(k+i+1lk)) =V (&(k+ilk)) <O0.
AuctiZ1 + Baci i Y1 Bact.i Y2 2h: 50O 24) FHETS 1T UEEE.
__BCact(Aact,izl +Bact,iY1) ZQ_BCaCtBact,i}/Q *Efe 2 %%Tﬂﬁf%&iﬂ%&Z:ﬁ%%ir%éﬁ(S),

* * * * *
* * * * *
—ul * * *
0 -1 x * * <0, (34)
0 0 -1 = *
0 0 0 —-Zi =
1 0 0 0 — Zy

FRGy = diag{Z;'G1, Zy "Gy, I, 1,1,1,1}, 55
GT, %

Yy (k) =Y1(k)Z; (k)G (),

Yy (k) = Ya(k) Zy (k) Ga(K),
MR HE 5 BLURI 5[ B2 SnaC(23) k. ERE.

E1 GINERG, Gl T A B I, R
SRS T R IR SR ). T Y

Gi =Gl =71, Go=Gs = 7y
i, SR AR G TIRL, SOk T ARG A7
FE2 R

{g (k +ilk) = GT' (k) ®act (k + il k),
ge(k +ilk) = G5 L (k)é(k + i|k)

THBR T AN 2 AT SIRES 55 RO 15 22 P A S At 3 11
&SR, 5 3CHR 19, 22770 BT vk 00 & TR S = 154
IR B, BAT SN ORI
HiE 1 0T 2 AT E AT RS, R
FAAE S BTN I 2L AT T oo (K ) BB/, U
' (k+i+1k)Pz(k+i+1]k) <
2" (k +i|k)Px(k +ilk),
V(z(k+1)) < V(xz(k)).
E W IR B AR AR T (R) B D AV (2 (kT k) )
/N, HR AR 2C23) AT NS T R GRS 2

-/ICTIPACI — P * x % ok
Bgcijld ngcwpéact’v x %k
0 0 —ul *x x [0,
Cie 0 0 —1I *
| D:iF 0 0 0 —1]

fE B e Ak ) 3K (20) — (23) FE K I 2047 75 e Hufidty,
Yo, Gv, G2, Y1, Yo, Z1 o Zo, Wt e = {z]2" Pz <
Y1+ Yo RN E R G TG IR IR AR,
HE A FR2 M RAL I R A, D A
Z., (k) Py (k)&act (k) < 71,
eT(k)Py(k)é(k) < s.
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i T =|u(t) ~un(0) , 1[0 —va D)}y,
(36)
s.t. v(t) = B(w)ul(t), u(t) € s, (37)
Hdr: W, € R™*m W, € RP*P NIRRT B FRINAUHE
B, n > 0N FATBEE 1.
EE 3 EAGMAHEG)EN T
Iy = [lu(t) = uo(®)Iliy, (38)
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RT3 25 AT AN AE 28 85 B TIUI Bl A F2 1 20 C SREmes 453

Hr:
W(w) = W) + nB*(w)WoB(w),
up(t) = W)Wy, (t)+ (39)
nW = ()BT (w)Wavq(t).
ik LA B bR T I
J = (u(t) = u (1)) Wiu(t) -
u(t)) + n(B(w)u(t) -
va(t))" Wa (B(w)u(t) — va(t)).-
IV XK A 40
u' (1) BT (w)Wavg(t) = v; (£)WoB(w)u(t),
PR T T e Al
J=uT(t) (W, +nBT(@)W,B(w)) u(t)+
u! (Wi (t) + nog () Wava(t)—
2u (t) (Wi, (t) + nBT (@) Wavqa(t)) .
KL B bR J T, Bl
Jo=uT ()W (w)u(t) + ug ()W (@)uo(t)—
2uT ()W () uo(t),
RGO ST 5 TR Z RO, EEE.
EIE 4 e, WPALFET € RIS AT, X T
LUy FC I R (36) — (37), BEAFAEy > 0¥ i

( .
min ~,
u(k) v

X
u(k) juo(k) Wiy | Y o)
eu(k)—ed(k)>0,i=1,2,--- ,m,
e;0(k)—e;u(k)>0, j=1,2,--- ,m.
U By > 0, 115
J<y&

(w(t) — uo(t))" W (w) (u(t) — uo(t)) < 7.
S5 G [ BEUNGE B3 AN (40) KA. UEER
5 i ELUF(Simulation experiment)

5.1 fiEABR (Simulation model)

AT #4517 MR TF A RIS 1 E R 22 5 0 =)
BT BB RO X 5, U Hlo™ = [p ¢ 7|7
) 2 73S VR R AC R i ST A n T, 2 RO =
[50 516 6re 6r]%%”%ﬁ—\‘q}gﬁ\ Eﬂﬁ%@]ﬁ\ E;‘H‘%Eu
SRS 1 HE. BRONTHAH ELARAT, A7 B AR N

o1 =125 30 30 30],
= —1 x [55 30 30 30].

5T
EINVAR L) |

min

Prnax = ~Pruin = 50 x [1 1 1 1],
188 PO, AT B3 BUE Sl — T, B
T0e(t) = =00 (t) Fuc(t), Tudi(t)=—0:(t) +ux (1),
01 10, AT 452 — AL

, 0 1 [0 ]
mact,(:(t) - _wi —25(/.)” :cact,c(t)—’_ wi ule(t)v
6lc(t) = [1 O]xact,c(t)a
0 1 0
"-i:acct: macct ret)
t.e(t) 0?2, | T (t)+ 02| (t)

Ore(t) = [1 O]@act.c(t),
Hrh: 2L, = [0; 6], w, = 20. BB TS HAr
RS € € 10.69 0.73], T, € [1/25,1/15].

BUE LR 3R il 7 AT B H:

1) & H: 10 2h A& 2 1 4 BU(RPDCA) J7 %0 1L+
Qs=1Is, Q: =21, Ry=10""14, #%:(20)—(24) & it
Z MR AT AR BB N S F 174, F4% 40)
HEAT ¥4

2) AN AN IR A 5 1) 43 Bl (UCMCA) J7 P
HEMETE Suq = 0, ZBEPAT 22N BT
il 53 B

3) AR A MR H] 23 FL(DCCCA) 77 100 4
52K IRPAT SRS AT T, = 1/20, € = 0.707.
5.2 FF ¥4} E(Open-loop simulation)

N T IR s TINS5 4 40 C T 6 A AR,
T OCHAT I B, LA VA BT 2 S 4
AEAE AN 7 P I 1) 23 T 250 e R0 6 W M . 45 e TR
WAL ) A R ) = 2l s i i 4
35sin(0.157t% + 0.57t)
50sin(0.157t2 + 0.57t)
20sin(0.157t* + 0.57t)

B2 7 kg8 R 2 (1 2 A ER O 2.

e 28] %, T A AR 2 AR AN M, AT A
B AR XTUCMCA T 58 56 Wi 5 K, 15 55 104 J 1
B PR R 4R 4 OO 2 TR A (9 1/4, 3 0 B8 B AR
TRPDCAJ; £ HIDCCCAT; &. B AREN AR 42
FEAFIREL AE I 46 B B i 2R A 2, (HDCCCA T %K H]
b5 SEBR AR R AN VLI () MR, A A3 A2 R A A 2
DL i i 40U FR A B AR I BR R e SR T R 1 i A
[A]IFUCMCA J7 £ FIDCCCA T R FE 154 B AR
HBL T 8K R . RPDCA T AR 18 A5 Fi5 4 I i i
HHI ] T PAT B8 2 A 6 ] 2 B R S, T
JE AU 2 DRAR IR DRI PR AT 458 1 18 6 249 ORI — s
Ja, ARFRA IR, S BUSER

(°)/s*.

Vg =
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pI((")s?)

g/ ((°)-s?

FI((°)-s?)

t/s
----- v, —RPDCA ---UCMCA ----DCCCA

Bl 2 Rl SR 4 i B

Fig. 2 The response of virtual controls

B3 HT 7~ A AR 2 3 AL FE.

P 30 L, i Fa A 15 5 B & f T 2 5 4
PEAR Ak, TTIUCMCA T 2 FIDCCCA T E M4 155
P28 B B AR 37 AR R H B ARG, (HH
BT AS [ RR B (R Ze v F. P RPDCA T 28 4E i)
A5 TR I BRI ) fie 4R A MO NS W 8, ITUCMCA 7
ZRIDCCCAJT A4 I 2 T Bl B 48 2 fe /D, A
807 RAE AT BRI ()45 AL RE

6./(°)

t/s
—RPDCA ---UCMCA - DCCCA
Kl 3 ERGh iR A 1w Y i FE
Fig. 3 The response of effectors

SEKT, MPAT 48 B SAFAEA 2 I, RPDCA
J7 SAETF I A B B ek, B i R R
TEYOI I RE, EHIEREL TUCMCA T £/
DCCCA T 4.

5.3 ¥ Mjj E(Closed-loop simulation)

N T H AT BB AN E TN 2 O AT
25 1l FR G0 PH PR 1k 1 s, SR FH T LR R AR Ak,
IR S5 R, 15w BRI BEVHEE TR Sl 45 2 1 B
P A, S BOD Mo N A B W A p. i
AV A T 55 @ ANV O A R S A IR A R, 2% 454 (REF)
Ny, = [a B p|, B HIFRPDCAJ % UCMCA )i %
MDCCCAT7 ZE1HAT 11 L5

Pl 4T 7~ A TR R 4 R IR 2 i 3 ok F IS B
AN [ R\ TH B AL R

SE O AR ES A LLE H, UCMCA T 4815 kAL
AR BT B 1) A HL, 45T [ BN R AR A e
AR, IDCCCATT ZEAE AT A5 45E RUAf 72 1
AR 2 BP0, B PR R G N BT K
&, £/ AS N ARNE —EMRSIRE,
WSl g, AL N, RPDCA T R B s PR T 45
SEMIHRA, BRI R IR, IR A
WA 52 BN PAT 5 AN 52 1052, B G T AR TR 45 5
SEU PARATR IS, SEAS [R5 M B AT 2% SE R
THERAWEE R A5 ILE M, RPDCA )y
RIFDCCCA T EHUCMCA J5 % B AT {1 e He ik
RE, P mn T A A E AT 38 IR R R A AR
TEE.

al()

BIC)

pHC)-sY

q/((°) s

r/((°) s

t/s

Bl 4 PR RGERPIRE m B L

Fig. 4 The states response of closed-loop system
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6 45i2(Conclusions)

BTSN S, AR SO T 289
G CAT R R G0 45 W P AT R AE A 2 TR W o2
N PR Bl AR 45 ) 23 P ) A R P A A e 1) JEARL, K5
PRLIRF 3 “ Min-Max ” &5 # F00 00 428 S0 A ) T3 4k Ay
S P B AN A5 M Ak 1n) R, A AN o BT AR
A5 PR R 22 P AN I I8 TE AH TR AR, BRK T
B AT U 42 A1 2 P 5 S . 3T R R R
ST T IR G AT H 2 BO 38, 700 2 AT 2847 B
2 R RHCR LR T FEmUA A AT AR B A,
SEREFUTE 2 I R . 555 55 ARG A A 4
AT A BT IR 1l 4 L 7 S AT TR LAl 3, 45 SRR
HIZTT . T — MR AR ST ST e TR
S FHFAR.
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