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Nonlinear robust controller design for hypersonic vehicles

LI Zhao-ying, YU Ling-yif, LIU Hao, LI Hui-feng
(School of Astronautics, Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: Hypersonic vehicles are characterized by high model nonlinearity, strong coupling, large parameter uncer-
tainties, and low disturbance rejection, which pose a challenge for their automatic controller design. We propose a nonlinear
robust control method based on the robust compensation technique and feedback linearization method. The feedback lin-
earization method is firstly applied to achieve the output/input linearization for the longitudinal model, resulting in a linear
model. Then, a linear robust controller consisting of a nominal controller and a robust compensator is designed for the ob-
tained linear model. The nominal controller is designed based on the pole assignment algorithm to guarantee the outputs of
the nominal linear closed-loop system to track the desired references, while the robust compensator is introduced to restrain
the effects of parametric uncertainties and external disturbances on the closed-loop control system. Based on the small gain
theorem, the robust stability and the robust tracking properties are proved. Numerical simulation is implemented to validate
the higher effectiveness and more advantages of the proposed nonlinear control method over the nonlinear loop-shaping

control method.
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FIA R T F2 R, SR FH 3 o 8 B 7 VA AN RE RIIE
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B, ZOCERS AN E S BB BN E &, HE
RAET XA 8 M T 264k, ANTTTE AN 5 % .
SCHR [10-12]7F H 3& N4 ) 7 v 26 B oldt 7 20
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SEMA. SCHR (13128 TR ) Bk 17 RAT 2 AL
) 42 . SRR (14153 1T 1 28 T 3h a8 100 i B %
il #% A1 3L T Backstepping 1) = B #2 ill %, SC R FH AR
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], 3t oM R G R R il 2R, I UM A eR EUE 1S
RO IAE 3 R ) 7 S AR B AR e . (H A,
XA TT AR R Z2 48 B AN o M I A — o 1 R PR,
FEAS REAE AN & 171 2R 1) 52 el 10 61) 281025 o 1 [

2 & B % AT 2 B BY(The hypersonic
vehicle model)
BT R EINASA R SL6 = P R R A m

P AT AR, IR0 T R ARZ I is B T e
V= (T cosa — D)/m — psiny/r® +cy, (1)
4= (L+ Tsina)/m/V —

(= V?r)cosyIVIr* + ¢y, ()
G = My/I; + cq, (3)
a=q—7+cq, (€))
I:L:Vsin’y+ch, (5)

AV, oy, g, ofTh gy sl 2 ek A AT 28 R
AL A 4 IRV 7 T3 RS L I AR o BE s o, L 53931
N e P RAT SRR BT 5] 0 A e B A5
1 = h 4 re, T IHIEREAR; (i = Vv, ¢, , h) R
AP T AR RS IREN; L, D, TRIM, 2350 87 77 BE
J3< HEFJRURAD 5. A SCEARADEFT AT a5
PERBLS X T RAT S S SRR RE IR, 225 S0k (6145
th, E I TN B s ], SRS X TS REA
SR T4 2. FEIX ARG T, SRS A4 AT
W BATTEHT AR EBAE 5 1, AT AT 655 AE 25
WIBNIA, (i = 1, 2)H. 8 G SO st ARt
ERRE T BEIE, O PR R G0 n] LA
il FTEA, RS RAN e FIE NS,
e =yay VAV EliUE Sua /Il
L=pV?SCL2, D=pV?>SCp/2, T=pV>SCr/2,
M, = pV?5¢(Crma + Crnise + Cuig)/2,
e p, SMIET AV L Rk I AT 8=
E RT3 5% KW, 3 Hp & ¥AT = BER B
H; O, CoMCr 73 2 il A d AT 8T ) R 8
BH ) 2 FURHE ) 25
X R B R AARIE T

Cr, = 0.6203a + Acy, (6)
Cp =0.640507 4 0.0043378c 4 0.003772 + Acs,
(7)

= {0.02576,8 + Acs, Bl o

0.02440 + 0.003363 + Acy, B> 1,
Cume = —0.0350% + 0.036617a +

5.3261 x 107% + Acs, 9)
Cniq = (0.56¢/V)(—6.7960” + 0.3015a —

0.2289 + Acg), (10)
Chse = 0.0292(0. — a + Acr), (11)
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gl 11;

B = —26,wnf8 — wn2B + wn2Be + Acs,  (12)
A B R BT T IR BE €M, 43 5 — ) &
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3 JdEZR & 1 H 8% W it (Robust nonlinear
controller design)
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3.1 Bt 2k 1 4 3% i 2% (Feedback linearization

controller design)
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V= le/m,
Ve = (le + XTWQX)/m,
h = V4 cosvy + Vsir177
h® =V siny + 2V4 cosy + V5 cosy —
V4% sinvy,
Y = v @ gin v+ 3‘77 cosy + 3Vﬁ cosy —
3V"y2 siny — 3VA4siny — V43 cosy +
V4 cos,
A
v = 7r1X, 7(3) = 7T1X + XTTFQX,
&= 4= ML, —4 = do+ds b,

o = pV2Se(Cy(a) —0.0292a+Cy(q))/21, — 7,
és, = 0.0292pV2Se/21,,
M IR IR AT PRI, #E AN B = [B. 60T 7
SIHBIAE T fRIaI R R A, fkgid 28, 7T Ll
BIZMEAL S S 30 12 TR R

17482 _ Vo(3) n g iz | Be _
h® h0(4) g21 922 Je
Fy 4+ Gu, (13)

o
Xo = [V ¥ Qo Bo hL
Vo® = (leO + XTwQX)/m,
ho™ = (w1 Xo + XTw, X) siny/m + 3V cosy +
3V5cosy — 3VA2siny — 3VA44siny —
VA% cosy 4 V cosy(m Xy + X mX),
r. o 1. o MGHI B RIS B 30k 4],
LG, B

V(S) (1
R | UQ] : 14
WARA3) TS Ny
u = [G] v — Fy), i =1,2. (15)
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5E, Wt

E, = A,E;, + Biv; + A, (16)
yi - CiEi7 /L - 17 27 (17)
2
- T
010 0 1
A=|001|B, =|0|C=|0] ,
000 1 0
— T
0100 0 1
1
A = 0010 B, 0 C, — 0
0001 0 0
10000 1 0

P N\ v FHPR R R — AN AR I s il
Av; pp, TN EAMERI AV, re, FEHTENF:

v, =V, + Virc, ¢ =1,2. (18)
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VEREFEAR, X245 RGLR G — AR ST ()41,
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B E:

Ei = AzEz + Bivi,FB; 1= 1, 2. (19)
HH A ANEEFE E n A EE AP R SR IEAA:
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FE K ., BETT AT DAS 20T B4R A S g il

vire = K;ppE;, 1 =1,2. (20)

RAS SR U C B TR A IRIE 2 45 E 1)
ARG, e — MPRESRBHERE K po, (T i1
HIER RAE; = (A + B K, rp)E;(1 = 1, 2)1I%F
AEAE 2 0 TR R
(Ai + BiKi,FB)Ei:A;Eia .7: ]-7 27 N, 1= 17 2.

3.3 EHEEHMESS(Robust compensator design)

T AELENE 2R 48 )45 ) 2% e vt 1) R, AN EE 2% TR
R AL 2B B G ER RN, L EHE L
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VIR R AEALE P 3 ) 45 K R S 50 AR A A0 36 o vk
AR AS ULSN ), SCh e gir i
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B SERRO GQAATARAERE 22 7, TR SRS A2 1) 3
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LN BRI FE .

SCHRA 25 AN E T R Rk =, X LA
TE AT SN TIA, (1 = 1,2) . fRiXLeA
Tff 8 WU VO HCA L0, BT (1 B PR M st e ¢
WRGE P EMTIRA G =1,2)05 M. HA, pp =
A; + B;K; yp(i = 1,2) 7] 1%

E; = A;ppE; + B re + A,
v, =CiE;, 1 =1,2.
T TR e A A% 5 PR G (s) (0 = 1, 2) AT
PAFRANT
Gi(s) =Ci(sl; — A;rp) 'Biy i = 1,2, (22)

A SRR T LoV, @ artin
RS R R T

yi(s) = Ci(sI; — Airp)  H(E:(0) + Ai(s)) +
Gi(s)virc(s), i =1,2. (23)

21

Ay(s), i =1,2, (24)
R b Fy(s) = f(s + 1) RUE(s) = fif(s + F2)' R
AR E SR LIS FR IS AR, W STk [12-15]
W IR ) YR A SRS N fo AR K, SRR A
(38 S T T 1. AEIX P OL T, A, (¢) (i = 1,2)%F
TP PR ) &R S i s ] DAAS 204080, BT A, (6)
(i = 1, 2) N EAARBUE oL EHN =15 2, Fr DAE 20
VISR E;(0) (i = 1, 2) AR, 223) TS N
yi(s) = Ci(sl; — Ai,FB)_lAi(S) +
Gi(s)virc(s), i =1,2.
RN LT E
yi(s) = Ci(sl; — A;ps) " (Ai(s) + Bivs re(s)),
i=1,2.
%/ﬁiﬁ(ﬂ)ﬂlﬂyi(@ = CiEi(s), i = 1,2, JLIGE
Ei(S) = (SIZ' — Ai,FB)il(Ai(S) + Bivi7Rc(S)),
i=1,2.
HH 21, IT15 BIAH E A, (1) (i = 1,2) iR IE K
R
Ai(S) = (SIi - Ai,FB)Ei(S) - Bﬂh‘,Rc(S),
i=1,2. 25)
g5 & N4 (Q25), i J5 7T LA 20A 1 & A
WA (1) (i = 1, 2) FIEAMERR FFE TR :
vira(s) = —(1 = Fi(s)) " Fi(s)Gi™ (s)wi(s),
i=1,2. (26)
4 S8 RF % 2 B (Robust stability and robust
tracking properties analysis)
K¥ReHAReDH, 7R
max |e; ;(t)] <
(sIsxs — Airn) " (1= F))|l1]| Ailloe +
max |c] e TR B (0)], i = 1,2, (27)
o ¢ 2 H AT N1, HRAT AR AL A & 1ZASE
KA UHES RS E; (1) (i = 1, 2) FTidh & A%
AR
[ Eilloc < pmi0) + 0ill Ailloos 1= 1,2, (28)
X g0 (@ = 1,2) ZAHBRIEFAE &, WL ALK
g0 = [|e? TR E (0) || o0: 6; (¢ = 1, 2)W 2 TTHES; =
I(sT = Airp) (1= F})lloo(i = 1,2).
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dapail Elloctbapsil| Ell ot damei| Bl 2+
OaptillElloo + Paci, 1= 1,2,
(29)
K Papais Papsis Parsi OaptiMoac(i =1,2)H
EMES; E=[EF ET|T.
UE  HHSCER (14145 50, A2 — N IEE fo, 17924
fi> fm (i =1,2)0,
HéHoo <mslfi, 1 =1,2. 30)
X H1: 0 = max; ;. 1 7(28)-(30) A 15, 4 A B I 4
fm2(i = 172)$%Efm2 = Ts, ;LFH
fmz = 475(papal Bl + dapsil| B2 +

Pap2il|Ello + dap1i)?, (31
LRI AN AN RS :
(0+V0)(damllBII% + dars|Ell% +
dap2l| Bl + dap1) <1, (32)

K pap; = max; dapji(j =1,2,3,4).
H=0(28)-(29) F1(32) AT 13

4]0 < (np) + Vodac + 56ac)VE,  (33)
A
A=[AT AQT]Ta GAc =MaAX PAciy
HE(0) = MaX L, (0)- 1
i, 454 2028) M= (29) ] LIS Elan F AR
1Bl < pe) + @pe(min £)77, (34)
A ppes IEHL, JF B2 C
but = /Ts(ps©) + Vidae + dpac).

e M RAERGCDHUGE T BRI, HE
AWF:

{E: Bl € XEmax} (35)
K X B mare FIHERT BRI R B IESEAR:
min{f;} = 4ms(dapal El% + Gansl Bl +
dap2l| Elloe + dap1)? (36)
BRIHAFAE — D IEB frns T f; > frs (i =1,2),
{XE max > HE(0);
XEmax 2 [ E(0)]l-
HHIG, X TAER f; = fus(i = 1,2)iH2:
fuz = Ol (X5 max — HE©)?, (38)
AEER(B2)RAL. H130(28)(30)MIx(34), AT
max |e; ;(t)] < max |c] e "B E;(0)] +

Gpe(min f;)712 i =1,2.  (39)

(37)

L frna = Aghele®, I LN TAT = 45 7€ MW 46 = 22
E(0)FIEH e, WAAEIES fr = max; { fus J T, 8
BTVt = T, fi > fr(i = 1,2), REEOHARH
Wiy ()] <eli=1,2).

FRUER R, T T ORE AN AT,
SO AT QOB IR G AMER S HS, (0 =
1, 2) B AR IR K, A P REAE R A OR~F PRI 5. (L
RERERR, WRERAMERSH S (0= 1, 2) WEUE
TR, BRERTERERE 219 B ok, (R AESEBR R A T, &
BEAMERSH S (i = 1, 2) 7] DL B — 52 T 46 1E
{8, FF AN 3 KRR, B2 PR 5 1) 8 45 AT AR A
PRAE R PRER 2 B, IX b o 1) S 508 58 U7 1 FT LATE SE B
[ F PR A BB SURTAE f; (i = 1, 2) 01, A
A BEFRR T RS TR
5 PiE45H(Simulation results)

X — 5Bt B 3 3 BT BE U (1 PR ER P 1) R Gu itk AT
MATLAB/Simulink{/j ELAGTE, K50t 4R &
PR A A S E R B, AT SR SRR R S 4
RIS HURS S HUE R B R 1R,

k1 AR5 HAE
Table 1 Nominal parameter values
24 fH 24 fH
Vo 15060 ft/s L 1.36 x 106 ft3/52
ho 110000 ft Iy 7 x 10° slugs - ft2
m  9375slugs r 2.09035 x 107 ft

¢ 80 ft oo 2.38 x 1073 slugs/ft>
wn 20 S 3603 ft2
&n 0.3

T TE A = EIE AR A IR S 5 N
Vi(s) = BiVe(s)/(s + Br)*,
he(s) = Byhe(s)/(s + B2)*,
o Vo (s)Fhe(s) 5 BN ANTE 2155, 81 =
0.4, By = 0.4. i E T R4 K3 A F115060 ft/stE T+
F15180 ft/s, &= EE H 110000 ftFF#]111000ft. N T
RE T PR ER TR 215 5, Fa il 28 I BRAE S  0 %
BN
fl - 50a f2 - 607
A =[-20 —0240.2j —0.2—-0.2j],
Ay =[-7 —2 —0.05+0.03j —0.05—0.03j].
B 1 AP PRFRAE A BT 05 EIGE, RIZEA %
FE S U s RN TR B AT E RO, 1
RGBT R A5 5 Vo, Hor:
CiZO(Z.:‘/,’Y, q, &, h)7 ACl:O(Zzla 27 Y 77 8)
P LR 23R T B AR AL B2 1) 2% A0 ] 4% 1 T
FEH 2 B R GORAS I Nt 26, A2 ] & H, X
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Fig. 1 Velocity and height responses without uncertainties
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Fig. 2 Flight path angle, angle of attack, and pinch rate

responses without uncertainties
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& 2 SPRAAA

Table 2 External disturbances values
ZH 18

cy 5sin(0.017t) 4+ 0.02
Ch 10sin(0.017t) 4+ 0.01
ey 0.0005

Cax 0.001

¢q  0.8sin(0.017t) — 0.05
Acs  0.1sin(0.0017t) + 0.2

B3N 44038 T PEah R Sk A P R GEROIR
AWML, 34 a] LA, 78 2 R AN E VR RS2
N, SCEFTHR A E R SRR B L R S
EARAAE T I Ul B 4% e AU A 24
ANt PERI SIS OR IR, PR E ] R ST
ARUFIERRIE. BEAh, MR AT UL H, —EiE R

ERRURSNS T 5 — W IE W ER ERRUR sZ LN, IS RS0
SEI T T I B AS A,
P ] 153 ><104I T T T T T T T T
g k-1 e 5
= s v ZH (55
- S {28
- 150 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
t/s
(a) T35 A
L —
e LIS o SRS T Y A E
& L1100 e -
L :
1095 1 1 1 1 1 1 1 1 1
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(b) TR EE L
B3 BRI (033 P R sy P e 7 2

Fig. 3 Velocity and height responses with uncertainties
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responses with uncertainties
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Fig. 5 Velocity and height responses with uncertainties
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