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ABSTRACT

Inlet pressure recovery of supersonic aircraft could
be improved using a near-isentropic inlet with only a
weak normal shock aft of the throat, however, such
an inlet is highly susceptible to unstart. Small per-
turbations can move the shock ahead of the throat,
where it is unstable. The dynamics of this prob-
lem are analyzed using a low-order model involv-
ing a single non-linear differential equation. This
model allows parametric exploration of both the po-
tential and limitations of using control to actively
stabilize the shock. The shock motion can be con-
trolled using suction either upstream or downstream
of the shock, with the latter providing greater au-
thority. With reasonable constraints on actuator au-
thority and bandwidth, simple control laws stabilize
the shock motion.

1 INTRODUCTION

Inlets for supersonic aircraft decelerate the incoming
flow to the desired subsonic condition, recovering the
energy as pressure. Unless the throat Mach number
is exactly one, there will be a terminal shock aft of
the diffuser throat that introduces losses. While a
weak shock would not introduce significant loss, it is
more susceptible to disturbances. If the perturbed
shock moves ahead of the throat, it becomes unsta-
ble, moves forward rapidly, ultimately resulting in
a strong external bow shock, with a significant in-
crease in drag and the potential for engine surge;
this is known as unstart.'™3 Active stability con-
trol could enable a practical, near-isentropic super-
sonic aircraft inlet, with higher pressure recovery,
but without risk of unstart. This paper describes
low order modeling of the shock dynamics, and in-
vestigates active control based on this model. A
schematic of a hypothetical near-isentropic inlet is
shown in Figure 1, illustrating the area variation,
nominal shock location, and disturbances.
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A reasonably accurate description of the inlet dy-
namics can be obtained through a computational
model. A one-dimensional Euler code has been de-
veloped by MIT that adequately captures the re-
sponse of the shock to disturbances and control ac-
tions. This model requires on the order of 1000
state variables to describe the flow field. While this
model can be executed reasonably rapidly, a very
low order model that still captures the key features
of the response is invaluable in the development of
control strategies. The purpose of the model de-
veloped in the next section is to understand stabil-
ity regions, motivate actuator and sensor placement,
and assess control authority and bandwidth require-
ments, all as a function of design parameters such
as the nominal shock location (or strength). While
the full one-dimensional simulation captures details
of the dynamics that a reduced order model cannot,
the extra complexity can mask some of the underly-
ing physics, particularly regarding parametric vari-
ations. Simplifying assumptions are required, and
the key is ensuring that the fundamental physics are
not discarded in the process.

The derivation of the model described herein is
based on a linearization approach, similar to that
described by Hurrell? to investigate shock motion,
and by Culick et al.>% to analyze the acoustic reflec-
tion and transmission properties of a normal shock.
In each of these papers, the response to pressure
disturbances arriving at the shock is computed by
perturbing the shock equations and taking terms to
first order. This linearization approach is extended
herein by explicitly representing the perturbations
as acoustic waves. The model is then used to evalu-
ate the potential for control to actively stabilize the
shock location.

The primary assumptions required are that the
flow is isentropic in the immediate vicinity of the
shock, one-dimensional, and that the perturbations
in the flow upstream and downstream of the shock
are acoustic. In addition, the model only captures
the behaviour of the existing shock, and does not
account for the possibility of other shocks being
created elsewhere in the inlet. Based on these as-
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Figure 1: Hypothetical near-isentropic inlet. The system is perturbed both by upstream (atmospheric) and

downstream (compressor) disturbances.

sumptions, we can compute the shock motion and
the strength of the downstream propagating acous-
tic wave that result from both upstream and down-
stream acoustic disturbances. The shock response
is captured by a single non-linear ordinary differ-
ential equation (ODE), and this simple low order
model qualitatively matches the behaviour of the
1-dimensional Euler code mentioned earlier. Fig-
ure 7 illustrates the nonlinear response; if the shock
is subject to a sinusoidal excitation (not intended to
be realistic, but illustrative), then the response in-
cludes not only a sinusoidal component, but also a
slow bias motion towards the throat that can even-
tually result in instability.

This paper describes the assumptions and deriva-
tion of the dynamics of the shock motion. The fol-
lowing questions are then addressed parametrically:

e The open-loop domain of attraction, as a func-
tion of disturbance bandwidth and amplitude,
and the qualitative response of the shock to dis-
turbances.

e Actuator and sensor selection.

e Actuator bandwidth and authority require-
ments.

e The control algorithm; two algorithms are com-
pared that require different sensor information.

A simple controller that uses a single shock location
sensor fedback to downstream bleed is sufficient to
stabilize the shock.

2 DERIVATION
2.1 Approach and Assumptions

The inlet is conceptually divided into three regions:
the supersonic regime upstream of the shock; the
subsonic regime downstream; and the shock itself.

2

/m
Isentropic ' M. <1
M, > 1 12
1 1 Disturbance
. 1 +—
Disturbance —_—
> x(@ ! Reflected,

< ) > transmitted
wave

Figure 2: Schematic of reduced order modeling ap-
proach. We solve for the shock motion £(t) and the
reflected /transmitted downstream wave due to up-
stream and downstream disturbances.

This is illustrated schematically in Figure 2. If we
assume that the portion of the inlet upstream and
downstream of the shock are isentropic, then we can
derive equations for the variation in flow field that
the shock encounters as it moves up or downstream.
We consider only acoustic disturbances arriving at
the shock, and include only time delays for the prop-
agation dynamics. In both the subsonic (down-
stream) and supersonic (upstream) regime, the dis-
turbances can therefore be written as the sum of two
waves propagating at (1 + M) and (1 — M) times
the speed of sound. In the subsonic regime, this cor-
responds to upstream and downstream propagating
waves; in the supersonic regime both travel down-
stream and will be referred to as “fast” and “slow”
waves respectively. The shock motion and the ampli-
tude of the downstream propagating wave are com-
puted in response to the upstream propagating wave
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and both acoustic waves in the upstream, supersonic
region. The assumptions and derivation are similar
to those in Culick,® except that the disturbances are
explicitly represented as acoustic waves rather than
as pressure pertubations. This permits more general
treatment of the dynamics, and of the reflection and
transmission coeflicients.
The assumptions, therefore, are as follows:

e Only one-dimensional flow is considered; in par-
ticular, there is no communication through the
boundary layer, no shock-boundary layer inter-
action, and actuation is assumed to immedi-
ately affect the bulk flow.

e No additional shocks are created in the inlet.
Note that there are two possible unstart mech-
anisms; if the terminal shock moves upstream of
the throat, or if the throat Mach number drops
below unity and a new shock forms immediately
upstream. Atmospheric disturbances typically
result in the latter; this assumption therefore
restricts this model to capturing unstart due to
downstream disturbances.

e The shock satisfies the usual quasi-steady shock
equations at each instant of time (see Culick®).

e The supersonic and subsonic regimes are isen-
tropic close to the shock location.

e Disturbances are acoustic; entropy perturba-
tions resulting from atmospheric disturbances
are not considered.

e The propagation of disturbances within the su-
personic and subsonic regimes is not included
other than to account for time delays in the
control solution. A more accurate description of
the acoustic propagation and the reflection off
of the downstream boundary condition could be
incorporated into the current modeling frame-
work in a straightforward manner.

The resulting equations can be further simplified for
a weak shock by taking terms only to first order in
My — 1.

The derivation follows from three sets of equa-
tions: (i) the usual shock equations, in the frame
of reference of the moving shock (and thus depen-
dent on the velocity of the shock), (i) isentropic re-
lationships, which give the variation in the nominal
upstream and downstream flow variables as a func-
tion of the area variation, which is in turn a func-
tion of the shock location, and (iii) the relationships
between perturbations in the upstream and down-
stream flow variables and the upstream and down-
stream propagating acoustic waves.

3

2.2  Equations

The upstream variables (-); and downstream vari-
ables (-)2 are related by the usual shock equations,
in the frame of reference of the moving shock:

2
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Denote the perturbation in the nominal shock lo-
cation as €. In estimating the response of the shock
to a perturbation, we need to consider both the per-
turbation itself, and the change in local conditions
caused by fact that the shock has moved. The nom-
inal flow conditions that the shock moves into, de-
noted by (-), are assumed to be given by the isen-
tropic relations, from which one can derive:

1 0u

1 1dA
FYER) (za) = uos
1 19p
- 55 (i)
1 8M>

2
T (=DM +2 <MW

(4)

(6)

These hold in the inlet frame of reference.

Finally, consider the effect of disturbances. Up-
stream perturbations in p; denote p,, etc., and
downstream denote as pg. As discussed in the
assumptions, the disturbances are represented as
propagating acoustic waves. Denote the rightward
and leftward (with respect to the flow) propagating
waves as having pressure PT and P~, or relative
pressure perturbations given by 6?; g = Pui@ /1,2 for
the four acoustic waves 6,5, 0, 67 and d,. The re-
maining flow perturbations are related to the wave
variables by:

o - &5+ oy (7)
1
Uy _
yMiE = (0= 0y) (8)
-1
M, = (6F = 07) = =M (85 +67)(9)

for the upstream variables and with subscripts (-)4
for the downstream perturbations.

2.8 Derivation

Following Culick,” the pressure immediately up-
stream of the shock for small shock motion ¢ about

American Institute of Aeronautics and Astronautics



a nominal location zg is

p1(zo + &) = p1(wo) + pi ()

where 95

ey = OB
The perturbation in the Mach number upstream of
the shock in the frame of reference of the shock is
given by

&+ Pu (10)

oM, 1;
= 2 &+ M, a1£ (11)
Similar equations can be written for perturbations in
all of the flow variables upstream and downstream
of the shock.

Substituting these equations and the wave rela-
tionships into Eq’ns (1) and (2) gives two equations
which can be solved for the shock motion £ and the
downstream propagating wave 6;.

M;

2.4 Shock ODE
The shock motion satisfies the ODE:

%é =a(&)¢+ 6707 + Bt +8,6, (12

where

a(€) = —fa(M1) - (%%) (13)

and ﬂi 4 are only a function of M;. The variables

6?; 4 capture the effects of upstream and downstream
perturbations, including both disturbances and con-
trol. Equation (12) is of the same form as that de-
rived previously,*® but the dependence on M, dif-
fers slightly when the dynamics are derived assum-
ing an applied acoustic perturbation, rather than an
applied downstream pressure perturbation.

The functional form for f, is always positive, thus
one immediately obtains that the shock is stable in
the diverging section, and unstable in the converging
section. The response is also non-linear, as dA/dz
changes with the shock location (in particular, it
is zero at the throat). This dependence of a on &
introduces the nonlinear behaviour seen in Figure 7.

For notational convenience define

ME+1
=2M 1
M 1+ M.,
Then the function f, has the form
fa(Ml) =
(V=1 + (P +H)MF + My (v = DME +2)
B (v+ 1M
~ 1 (My +1) (14)
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Figure 3: Variation of gains with Mach number. The
“fast” upstream wave has opposite sign to the re-
maining perturbations. Downstream perturbations
have higher gain than upstream for M; > 1.

The functional forms for the gains are:

_ v+ 1p
Bd:_—’y./\/lp_j (15)
and
1 v+ 1ps
= — |1 213 My/M
Ba 7/\4[ 5 1(3F 2/My)

—1
+2 (1; WTM1> <M1 e

Since we are interested in the behaviour for a weak
shock, these functions can be approximated by keep-
ing terms only to first order in M; — 1:

ale, M) = —% <1+M12_1) (%%) (17)
gron) = - (52 + 00 -0 ay)
pran) = 7 (19)
go0h) = ~L=e-n) (20)

One can immediately note that for control using suc-
tion, (5;:’ 4 are all negative, and thus the “fast” up-
stream acoustic wave ;" is destabilizing. In the limit
of a weak shock, both upstream and downstream
forcing 0~ are equally effective, however the down-
stream gain increases with M; while the upstream
gain decreases. Thus even for a moderately weak
shock where M; = 1.25, the downstream gain is 50%
higher than the upstream (see Figure 3).
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Figure 4: Reflection and transmission coefficients for
acoustic waves as a function of Mach number.

To obtain quantitative results from the model
above, we need to assume an area variation. Choose

1dA 1
Ade ﬁ($0+f) (21)
Thus z¢ defines the nominal shock location, with the
throat at £ = —x¢, and /¢ is the characteristic length.

Eq’n (12) for small M; — 1 can then be written as

1. ~1 v+ 1
5 (zo + &€+ e

(22)
where 6 = d; — ¢;. Equation (22) can be non-
dimensionalized using ¢* = £(2/7)"* as the spatial
scaling parameter and ¢*/a; as the temporal scal-
ing; so £&* = £/¢* and t* = ta,/¢* and 0* = f9.
Dropping the notation (-)* for convenience gives the
non-dimensionalized shock equation as

E=—(zo+8E+0

2.5 Reflection and Transmission

(23)

The amplitude of the downstream propagating
acoustic wave 62’ resulting from perturbations is
represented using reflection and transmission coef-
ficients o; and o, where

S5 =o0,0; +oi8s +o,6,

These coefficients are plotted in Figure 4. The re-
flection coefficient is of the form o] = (1—s)/(1+35)
where s = (M2+1)/(2M2M,). For M; — 1, then the
“fast” upstream wave has a transmission coefficient
of unity, while the remaining waves result only in
shock motion and do not produce any downstream
propagating wave. These results are consistent with
previous papers® % wherein the reflection coefficient

5

was shown to be small, while the transmission coef-
ficient (for a pressure disturbance) was greater than
unity for M; > 1. Note that Yang® gives the trans-
mission coefficient in terms of pressure ratio. While
the transmission coefficient of the fast wave shown in
Figure 4 indicates a roughly constant relative wave
amplitude with Mach number, the absolute ampli-
tude of the downstream pressure wave increases with
p2/p1 and can thus become quite large.

2.6 Inlet System Effects

The current model is intended to capture the dy-
namics of the shock itself; this could be extended to
capture the dynamics of the overall inlet system, as
shown in Figure 5. In addition to the shock, the full
inlet system includes the creation and propagation of
the acoustic waves caused by physical disturbances
or control inputs, and the compressor or downstream
boundary condition. While not included in the con-
trol simulations, the effect of these on the shock mo-
tion is briefly noted here.

The relative strength of 6 and 6~ can readily be
evaluated for a given disturbance source; the waves
generated by suction satisfy |1 — M6~ = (1+M)d*.
The duct acoustic propagation involves time delay,
amplitude variation, and waveform variation due to
nonlinearities.

The downstream boundary condition (the engine
compressor or fan) could be modeled simply as a
reflection coefficient, or with increased complexity
including the compressor dynamics. This bound-
ary condition and its impact on the shock dynamics
has been discussed elsewhere.?3 78 Note that if the
reflection from the compressor (or more generally,
the downstream boundary condition) is significant,
then the direct impact of a given disturbance source
on the shock may not capture the complete influ-
ence. The disturbance §} does not significantly af-
fect the location of a weak shock, but it is transmit-
ted through the shock virtually unchanged, and the
returning wave reflected from the compressor may
have significant influence on the shock motion. This
can be seen in simulations with the Euler code in
Figure 9, where the constant pressure downstream
boundary condition gives a —1 reflection coefficient.

Also note that the time delay for any disturbance
is a function of the current shock location. This
can be included by replacing the disturbance term
d; (t) in the shock equations with §; (t — 7(£)), and
similarly for d, and 6. The delay 7(§) is ob-
tained by integrating the inverse of the wave speed
¢ = a1 2(1 & M, ») between the disturbance and the
current shock location, this can be approximated by
a linear dependence on £. Unless the throat Mach
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Figure 5: Inlet system block diagram including coupling between shock dynamics, duct acoustic propagation,

and downstream (compressor) boundary condition.

number is close to unity, the shock velocity will be
much slower than the acoustic speed for realistic dis-
turbances. For M; — 1, then the variation in the dis-
turbance wave form with ¢ may also be important.

3 OpPEN-LOOP DYNAMICS

Based on the low order model, several observations
about the uncontrolled dynamics can be made. The
most important questions to answer in order to de-
sign an active control system are the open loop fre-
quency response, and the relative authority of dif-
ferent disturbance or control mechanisms.

The shock responds more to low frequency dis-
turbances than high frequency, with zero-frequency
disturbances being the most destabilizing. For a dis-
turbance pulse that is short compared to the time
constant 1/, only the total impulse of the pulse
matters, and not the detailed shape. The largest
disturbance that can be tolerated can be obtained
by setting £ = 0 in Eq’n (12) and setting 5J equal to
the maximum value of a(§)€. For the area variation
used in Eq’n (22) then the maximum downstream
(compressor) disturbance that can be tolerated is

T ()
2(y+1) \ ¢
This is consistent with the largest stable steady dis-
turbance obtained from the MIT Euler code. The
largest stable disturbance that can be tolerated as a
function of frequency is shown in Figure 6.

For a given inlet geometry A(zx), increasing the
throat Mach number does not significantly improve
shock stability. Increased Mach number does reduce
the time delay for any actuator and therefore could
improve closed-loop stability. For a shock near the
throat, 1/A-dA/dx decreases as the shock moves for-
ward and increases as the shock moves aft. Exciting
the shock with a sinusoidal disturbance generates a
slow movement of the shock towards the throat, su-
perimposed on the sinusoidal motion, with the pos-
sibility of eventual unstart. Thus one cannot predict
the maximum shock motion by using the value of a
at & = 0. An example illustrating this non-linear

Sy = (24)
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Figure 6: Computed stability boundary as a func-
tion of non-dimensional forcing amplitude and fre-
quency. The non-dimensional nominal shock loca-
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code (top) and from reduced order model.
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behaviour is shown in Figure 7, which compares the
response of both the low order model and the MIT
1-D Euler code to a sinusoidal disturbance.

The shock location is strongly excited by down-
stream disturbances, and by the “slow” upstream
disturbance 4, , propagating at speed a;(1 — Mj).
The “fast” upstream disturbance §; does not have
a significant effect on the shock motion. Conversely,
the transmission coefficient for the fast wave is much
more significant than for the slow wave.

The acoustic behaviour of the inlet, obtained us-
ing the 1-D Euler simulation mentioned earlier, is
illustrated in Figures 8 and 9. These plot the pres-
sure perturbation for a short duration suction pulse
either downstream or upstream of the shock. Both
waves 07 and 6~ are created, with 6~ > 61 for both
upstream and downstream suction. The magnitude
of the gains #, in Eq'ns (18-20) is consistent with
the behaviour observed in the Euler code. These
figures also validate the small reflection coefficient,
small transmission coefficient for §,, and transmis-
sion coefficient near unity for ;. Note that the Eu-
ler code has a constant pressure downstream bound-
ary condition, giving a reflection coefficient of —1.
This reflected wave is not necessarily representative
of the ultimate application, and has a significant in-
fluence on the shock motion.

4 CONTROL

4.1 Actuator and Sensor Selection

There are three possible actuators one can consider
for active control of the shock location; downstream
suction (as in Fig. 8), upstream suction (Fig. 9), or
local area variation at the shock location. This lat-
ter approach may ultimately be attractive if it can
be implemented using distributed suction, however,
mechanical area variation of sufficient authority is
likely to be difficult and may lead to separation.
Since the “fast” upstream wave does not significantly
affect the shock motion, the control action from both
upstream and downstream suction results from §~
traveling at (1 — M) times the sound speed. There-
fore for actuation the same distance away from the
shock, the time delay is comparable, while the au-
thority is higher for downstream suction (8; > 3, ).
Thus, unless other implementation issues affect the
decision, the best actuation for this system is down-
stream suction.

If the throat Mach number is very close to unity,
then the propagation time delay from the actuator to
the shock can become quite large. Therefore, while
feedback control of the shock motion is essential for
robustness, feedforward control based on sensing of

7

incoming perturbations may be essential to provide
sufficient overall time response. The feedback con-
trol then only needs to correct for the residual error
from the feedforward control.

For downstream (compressor) disturbances, the
feedforward control needs any set of sensors that can
detect the upstream propagating wave amplitude,
and distinguish between it and downstream propa-
gating waves; similarly for upstream (atmospheric)
disturbances, the “fast” and “slow” waves need to be
sensed and distinguished. The feedforward control
law is obtained based on the difference in time de-
lay between the sensing and the actuator locations,
and the transfer function between actuation and the
wave amplitude that it generates.

The shock location is an obvious choice for feed-
back. However, in practice this will involve either a
distributed array of sensors or a model-based esti-
mation from a subset of sensors. An alternative is
to have one or more discrete sensors at locations ¢;
from which one can establish whether & > &;.

4.2 Authority and Bandwidth

The required actuator authority u; can be directly
estimated from the maximum disturbance amplitude
as up; > Opr, where both dy; and ups are expressed
as the amplitude of the wave ¢, that arrives at the
shock due to the maximum disturbance or control re-
spectively. Thus one must also estimate the change
in amplitude with propagation through the duct;
this is a function of the area variation.

The minimum time delay for the control, includ-
ing actuator bandwidth, computational delay, and
propagation delay, can also be obtained from the
model. Assume that « is small compared to the dis-
turbances that are expected. The worst case distur-
bance is a step change to the maximum value. The
shock therefore moves at § ~ B, 0pay. fupy =0y
then the maximum time lag 7y, for applying uas is
the time it takes the shock to move from its nominal
location z( to the throat, or

1

< afon (25)

™

This estimate is conservative, and can be refined by
including the effects of a.. If the actuator has greater
authority, then some motion of the shock past the
throat is possible, and greater time delay can be tol-
erated. The estimate is based on an instantaneous
step change in the disturbance, and lower distur-
bance bandwidth will also permit higher time lag. If
the time lag is dominated by propagation, then one
can obtain a constraint on the actuator injection lo-
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Figure 8: Acoustic wave propagation in inlet for a short duration suction pulse downstream of the shock
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cation z; to satisfy the time delay, as
1— M,
Bom

where the variation in Mach number has been ig-
nored for simplicity.

Lq

Lo

(26)

4.8 Control Law Analysis

Both the actuator saturation and the time delay
must be taken into account in the design of the con-
trol law. A proportional control law u = K¢ is close
to optimal for this system. Therefore, consider the
following two control laws. The first is a propor-
tional controller, with saturation, while the second
simplifies the controller and assumes only a single
feedback sensor.

0 : £€>0

ug(§) = —K¢ @ 0>&> a0 (27)
UM E< o

we = {0028 29

The proportional gain K = ups/xo in ug(€) applies
between the nominal shock location (¢ = 0) and the
throat (¢ = zp). If the maximum control authority
uyps is exactly the same as the required authority,
then this controller will be marginally unstable, but
if there is any safety factor at all then the shock will
be moving slowly when it reaches the throat and the
time delay will not be an issue. The design param-
eter & in up(€) can be chosen based on the ratio
between the actual time delay 7 and the maximum
value 1)y derived earlier; & = (1 — 7/ )Z0.

The simulated control behaviour is shown in Fig-
ure 10, with actuator saturation uy; = 0.05, time de-
lay 7 = Tar /1.5, and disturbance at a frequency and
amplitude that would be unstable without control.
The response is shown for two cycles of disturbance
after the system has reached steady state. Both con-
trol laws stabilize the system, with the first control
law, uq(€), resulting in a smoother response. Any ac-
tuator dynamics would result in some smoothing of
the response shown for the simple control law u(&).
The simulation is plotted for two different distur-
bance amplitudes; the maximum that could be toler-
ated with either controller of 637 = 0.05 and half this
value. The ultimate performance metric is to retain
stability with minimum bleed requirements. Based
on this metric, the smooth control law slightly out-
performs the simple control law for the worst case
disturbance, but is slightly worse for the smaller dis-
turbance. The relative performance of u, would be
worse still for very small disturbances, as the simple
controller would not respond at all.

9

A single sensor and a simple control law are ade-
quate for stabilizing the shock. Since the additional
information required by the smooth controller could
add significant complexity, any small performance
improvements are likely outweighed by extra cost.
The use of a second sensor would allow a control
law of the form

0 : &£€>&
uc(§) =< um/2 o>&>&
Upn €<f1

which may be an adequate compromise between the
simple and smooth controllers.

5 CONCLUSIONS

Active stabilization of a weak shock in a near-
isentropic inlet would prevent unstart and enable
low loss supersonic inlets to be designed. A sim-
ple model involving a single non-linear ODE cap-
tures the relevant shock dynamics for both upstream
and downstream disturbances, and also the acoustic
reflection and transmission properties of the shock.
This model is useful for parametrically assessing ac-
tuator and sensor selection, actuator authority and
bandwidth requirements, and for comparing differ-
ent control strategies. For control actuation, down-
stream suction is preferable to upstream suction. A
simple feedback control law that relies on a single
sensor to determine when the shock is upstream of a
critical location is sufficient to stabilize the system.
This model could be extended in several ways.
The disturbances can be represented more physi-
cally by relating the relative amplitude 6i 4 of acous-
tic perturbations arriving at the shock to suction
or atmospheric and compressor disturbances. This
would permit explicit computation of the feedfor-
ward gains. Including the compressor boundary con-
dition would permit a full inlet system model.
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