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Abstract-The paper deals with an automatic control
system for a class of supersonic intakes, based on the
bleed air flaps opening with respect to the aircraft's
engine's operating regime. The control law d=d(p;) is
established, which gives the univoc correspondence to the
intak€'srear pressure p.. An automatic control system is
studied, from the point of view of its mathematical model,
its stability and quality. One has also performed some
simulations in order to reveal the system's behaviour for
several engine operating regimes, for a constant
super sonic flight regime.
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1. INTRODUCTION

The supersonic inlets and intakes for low supersonic
speed aircraft (1.5°1.7 Mach) or for high supersonic
speed aircraft, mounted under the wing or on the
fusdlage, are less influenced by the flight regime's
changes (atitude H and speed V) than the front intakes.
This matter involves an intake design, manufacturing
and control simplifying, that means that one can use a
fix spike, fix panels and/or fix cowl, but one must
assume some aerodynamic losses increasing, but small
enough to induce intake's and/or the engine's
malfunctions.

Although, the intake's control with respect to the
engine's regime shall be realised by the air bleed flaps
positioning, in order to match the delivered air flow
rate to the engine's necessary air flow rate and avoid

) S
& v ,
112 9 o # 3 5

Figure 1: Automatic control system for supersonic
intakes based on the air bleed flaps opening

the intake's and compressor's stall. Such a control
system is presented in fig. nr. 1, where the air intake
(3), with or without spike (2), but with air bleed flaps
(4), islaterally mounted on the aircraft fuselage (1) and
delivers the necessary air flow for the engine (5).

2. CONTROL LAW'SESTABLISHING

The control law is the mathematical expression for the
flap's opening with respect to one or more of the
engine's and/or flight parameters. Air bleeding flaps
role is to control the internal shock wave positioning
through the static pressure in section 1 control, that
means the compressor'sinlet's pressure p1(pe), in order
to assure the balance between the engine's necessary
air flow rate and the intake's available air flow rate.
The shock wave must be stabilised in a precisely
designed zone; the pressure p1(pe) must have such a
value, that in the minimum section area 1’ the flow
shall be sonic (critical) and a supersonic tampon-zone
shall exist between 1’ and the normal shock-wave (see
figurenr. 2).

The shock-wave's position, as well the intake's total
pressure ratio Sp,, can be determined based on the
flow's parameters, the pressure piin the front of the
compressor (the compressor's operating regime) and on
the intake's geometry. One can assume a linear
variation of the intake's flow section (from A1/toA1):

(A1- Ay)
R

A general form for the air flow rate's expressionis[7]

A(X) = Ay + (1)
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Figure 2: Internal shock wave's positionning
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. px
M =KA—q(l ),
N
where K is a constant which depends on the adiabatic
exponent k and on the air perfect gas constant R

ka2 oE+1
R ek +19
the sections 1/,1 and for the shock-wave (before it
"am", after it "av")

)

K= ; one can express the flow rate for

PH p;m
KA]_/ q(l H) = KAX - q(l am) =
1/ TH \/Tam
Pav P
= KAy q(l av) = KA1 ql 1), 3
\/Tav ,/Tl
where Ay is the intake's section area where the

shock-wave appears.

One can assume [7] that p;v = S:Jsp;ma pl*-| = p;ma
1 ~_ P21

pav am, P1= P(I l)

flow's Mach number My one can determine | , and

from py and My it results py;. From (3) one obtains

Pyl av = and knowing the

KA ﬁﬁq“ R P R
A = a0 it ©

where | ; is unknown. This transient equation has two
solutions for | 1,1 13 <landl 12 >1; the right one is
the first one, which gives sub-sonic flow regime in
section 1. One obtains, from (3)

KAy —PH_q(1 1) = KA, 22

Th T

with |1 above determined, Ph = Pams P1 = Pay and
P1 _ Pay

q(l 1), (6)

=S ,. The pressure loss ratio is given by

Ph  Pam
« _ Avq(l n)
= Ay "
The same equation (3) leadsto
KA (1 am) = KA—2q(l ), (8)

which gives atransient equation with | o as argument

* q(l am) .
= : 9
usd q@LO ( )
el an?
the correct solution is the super-sonic one, | am>1,

which gives, from the first equation (3)

KA]_/ pH pam

—q(l 1) = KAx a(l am). (10)
JTh JTam
One obtains
(D)
AX _Al q(l am) ) (11)
and, from Eq.(1), one can determine the distance X s
L éqln) .u
Xus = Ay 1eQ(| an) O (12)
Ay

Using this algorithm one determines an univoc relation
between the shock wave's position and the pressure in
section 1 (given by the engine's operating regime-n and
the flight regime-pu, Tw, Mu).

In order to obtain an intake correct operation, the
shock wave must be kept in a precisely determined
zone and the excedentary air must be evacuated
through the flaps opening; the air flow rate balance
equation, for aflight speed V and aflight altitude H is

|\./la =Mac +M‘apy (13)

Ma:intake air flow rate, Mac:compr%or's air flow

rate, Mg=evacuated air flow rate; Ma=f(V,H,Av) ,

that means Ma= My, Ay); Maczf(%,pZ); Map
Tl

depends on the pressure difference between the intake's
inner zone and the atmosphere, as well on the flaps
horifice area (flaps positioning)

F= 2] 0

Map (d) :Ma = Mac EL, p;E, (14)
JT1 5
Map:m/2r1 Av . /P1- PH , (15)

where m= shape flow rate co-efficient (m» 0,7), r 1 is
the air density in section 1, given by

- P
Ay istheflaps opening area
Av =bylysind, (17)

by, Iv=flaps dimensions, d=flaps opening angle. So,

M.ap= m Rp_'I}1 JP1- pH bylysind, (18)
Ma= KAy —2H gl ). (19)

JT
A relation between d-angle and the compressor's
pressure ratio Pc Of pg, d=1(pe),

d=d(p"/p1), which involves the p; = pepressurein the
front of the compressor is given in figure 3.
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5[:1 Qs =My, 21 * X1 /PR (27)
T T T T
) Qs- Qu=bv P45, ¥ (28)
dt  “Pdt dt
30
» ) dpr . dy
Qs- Qo =bVr=p= - Spr (29)
20
d’y, gy
18 (pl— - pR)SD =M—> dt 2 2 dt (30)

where  Q3,Q4,Qs5,Q6- ar flow rates through the
double amplifier (8),  my,, my,, My, M- flow rate
co-efficients, pa- hydraulic supplying pressure (as-
. - : : . :—3+ sumed & constant), P,pL- pressures in servo-am-
Figure 3: Control law (Flaps opening angle with pI|f|q's ©) chambgrs L and R, Vg- gharnber's vollume,
respect to the engine's compressor's pressure ratio) ~ Sp- slide valve's piston's area, y- slide-valve's displar

cement, xi- flap's displacement (X1 = :—lx), my- dide
2

o

3. SYSTEM'SMATHEMATICAL MODEL valve's mass, x,- viscious friction co-efficient.

3.1. System'snon-linear equations -servo-amplifier's (9) equations

- -1
Non-linear equations establishing is based on the Q7 =myy2r=" L{y- v)J/pn- pa (31)
system functional diagram in figure 1 and consists of:
- transducer’s (7) equations: Qs =m [or -1 L(y- V) /Ps . (32)
Qi=m,/2r ! [pe-pe , (20) q
Q7 =bVA A 450U (33)
dt dt’
Qz=mJ2r tx/pc- pn . (21)
Qz- Qu=bVe e +5. &, (22) g
dt dt’ where  ny,m-flow rate co-efficients,  L- servo-
-amplifier's drag dimension, pn- hydraulic supplying
Se(p- pe) = kmx"'xl?j)t( mlﬁ_ KerXr, (23) Pressure, pa,pe- actuator's (11) chambers A and B

pressures; Va,Ve- A, B chambers volumes, Sa, Sg-
where  Qi1,Q2- air flow rates through transducer's actuator's (11) piston's surface areas, V- inner feed-
chambers, pe, p- pressure input signals, pc- corrected back rod's (10) displacement, u- rod's displacement.

pressure signal, depending on the drossel's (13) - actuator's rod equation:
geometry and on the variable fluidic resistance, Sc- du d2u
dastic membrane's area,  kn- membrane's elastic PaSa - PeSe =kKalll +X "o +Ms= =, (35)

constant, m,m- flow rate co-efficients; r- mean air _ )

density, b- isotherm compression co-efficient, x;- Where  Ke- actuator's spring's elastic constant, X3-
viscous friction co-efficient, m;- rod+flap ensemble VISCOUS friction co-efficient,  ms- piston+rod+flap
mass, x- rod's displacement, k- feed back's spring's ensemble's mass.

elastic constant, x,- feed back's rod displacement. Ve |_1u (36)
- double nozzle-flap hydro-amplifier's (8) equations: 2™
Qs =my2r* fpa- P , (24) % = 14y 37)
r= I3
Q4 =my, [or -1 x, N (25) System's non-linear mathematical model consists of the

equation (20)“(37); it can be linearized for a steady

state operating regime, characterised by the parameters
— ’ -1
Q5 - rnjs 2r pa- p ! (26) (pOIpeoaQ101Q201 p001- 1pA01pBoin)
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3.2. Linearised model Ky adnz 2, X
- = = \_D + —
Dpa - Dps =75 Ky K

which becomes, after the Laplace transformation,

5
D+ 1gDu, (46)

Expriming the main parameters X as X=Xy +DX ,

where Xo- steady state value, DX- static error,

?(—X = X- non-dimensiona ratio, one obtains, using KePe - Kex(texs +1)X = (tcs + 1), (47)
0

the annotations

, Pe- kpﬁ:kig?isz+2lels+lg>‘<- kix_r (48)
Kie = mi_pdla 1[ 2r-t 1 =-Kie; N "
4 2 /Peo~ Peo ' (tus+1)(PT - PR) = Kuk - tpsy
LS+ 1)(PL - Pr) = KixX - tpsy, (49)
_ o pd-xtga)® o7 1 1 o
Koc = my 7 2r 2 /o [-Pr= kLyS(t25+ 1)y, (50)
o = IR (2xotga - chga; ko, = - 220 = (t1s+1)(0R - P8) =ka - kn¥- tast,  (51)
0

2 ..

cmPE T2 PA- P5 = k—}\ug%gsz +2Tawss +190, (52)

4 JPa- Po
k4c:md4 ’zr-l M :'kGC; \_/zkuvU, _rzkruUa (53)

KaL = MRda(Xs- Xo) {2 ** L ker, D= % , (38) where T.= i'T .= Se. Kex = A; (54)

21/ Pro B Kic +kac' ¢ Kox’ B (K1 +kac)peo
system's linearised form becomes: K = KiePeo . Z-E'wl-i'k _Po_,.
e - ) 1~ ) - s \p — ]
K1eDpe - (ScD + Kax)Dx = [bVeD+(Kic +Kac)] Dpe, (39) (kic + kzc)peo Knm 2m, " Peo
N bV 2KaxX 2SpYo0
k X k =R Sep SV o ZKedo. ;
Dp. - Dp =S_T?kL;D2 +ﬁD+1ng_ S_rcrx“ (40) “T Xokn' " kT puokis’ P prokp
_SPo. . _mp. o _bVa, _ 2Kpyo,
- + + = + ky = i To=—=%Ta=—:kn = s K
(kgL + ka3 )DpL +kgcDx =bV DDpL SpDDy, (41) Ly Xyo 2= 50 Ta= ke KraPro
- (ksr +ker)DpR - KexDx = bVrRDDpr - SpDDy, (42) _ ke 2KnVo _ 2SaUo., _SPao.cz_Ms
kS A T kapao” N kzapao U Kalo' 2 kel
Sp(DpL - Dpr) =D(m2D +x)Dy, (43)

Figure 4 presents the non-dimensiona linearised
system's block-diagram with transfer functions, based
(bVAD +k7a)Dpa = k7yDy - kzvDv- SADDU,  (44) o the above determined mathematical model.

(bVBD + kgB)DpB =- kgyDy+ kgyD\/+ SgDDu, (45)

P

K X
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— A -
T222T wstl|
>
)
u o R
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T2242T W s+l 15+l _ s(t,s+1)
Y u /
> kA\}(uv
Dyt s

Figure 4: System's block diagram with transfer functions
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Figure 5: Simplified block diagram with transfer functions

3.3. Non-dimensional, linearised, simplified model

In order to simplify the analysis, one can neglect some
terms, which values are small, neglecting the inertia
effects, the viscous friction and the fluid's compres-
sibility. That leads to a model's ssimplified form:

KePe - Kex(texs + 1)X = e, (55)
_ ~_ 1. 1_-
- kpp = —X- =X, 56
pC Pp kxc er r ( )
PL - PR =KX - tpsy, (57)
1
L- Pr= k—sy, (58)
Ly
m = p_ = kAyy - kA\/v - tASU, (59)
_1 -
Pa-PB = k—U, (60)
Au
\_/ = ku\/U, X_r = kruU. (61)
System's equivalent form becomes
_ (L+ Kkt ot r _ kuu
where Az = —kxckakLykAy , Ao = ke '

A, = (1 +Kyckex)t 2(1 + KaukavKuy) + (L +kKkycke)tr(1+1p)
2 kxckakLykAu kAy kxckakLykAy '

A= 1+ kxckcx)(l +t P)(l + KauKavkuy)

63
kxckakLykAu I(Ay ( )

4, SYSTEM'SSTABILITY AND QUALITY

Based on the above presented simplified model, one
can define two transfer functions for the system, with

respect to the flight regime Huy(s) :%, respec-

tively to the engine's operating regime Hp(s) = %
e
Both of them have the same characteristic polynom,

which co-efficients are given by formulas (63).

Roots locus
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Figure 6: Characteristic polynom's roots locus

Considering a constant supersonic flight regime
(H=10000 m, V=2000 km/h) p=const.,p=0, one
studies only the second transfer function, Hy(s), for the

interval of rotation speed n=(40%"100%)n, .

In order to study the system's stability, one has

performed a root-locus study for the characteristic

polynom; it results a diagram (see figure 6), which

shows that the polynom has three roots, areal negative

one and two complex conjugate, which real parts are

also negative, as figure 6 shows. Therefore, in any

case, for any engine operating regime, the studied

system is stable. The same conclusion is revealed by

the frequency characteristics (ampli- tude-frequency

and phase-frequency), shown in fig. 7.

System's quality is presented by the indiceal function,

the system's step response (figure 8), for three engine

operating regimes (R1- minimum n = 0.4nma, R2- in-

termediate/cruise  N=0.75Nmax and R3- maximum
N =nNma); System's behaviour is shown by the three

curves, which show a small periodic stabilisation of the

flapsopening, with an initial overlap. The overlap isn't

bigger than 3.5%, it has maximum value for the R1

regime and diminishes by the rotation speed

increasing, beein minimum for R3 regime; the

stabilising time is about 3“3.5 s, alittle bigger for the

same R1 regime, which is the worse operating regime.
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Frequency characteristics
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Figure 7: System's frequency characteristics

5. CONCLUSIONS

One has studied an automatic supersonic intake control
system, based on the air bleeding control through the
anti-stall flaps' positioning. A possible command law
was established, with respect to the static or total
pressure ratio, which involves the rear intake's pressure
(pa0r pe). A stability study was performed, aswell asa
system's time behaviour simulation (step response),
which gave some useful information about system's
quality. Similary conclusions can be obtained for the
system's Dirac impulse response.

Although, engine's rotation speed variation can't be
realised as "step input”, because of engines control
system, which realizes a ramp variation of the injected
fuel flow rate and, consequently, a similar rotation
speed variation, which involves a nearly linear
behavior for the air bleeding flaps' positioning (fig. 9).
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Figure 9: System's ramp response
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Figure 8: System's step response
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