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Analysis of Airframe and Engine Control Interactions
and Integrated Flight/Propulsion Control

John D. Schierman* and David K. Schmidtf
Arizona State University, Tempe, Arizona 85287

A framework is presented for the analysis of dynamic cross-coupling between airframe and engine control
systems. This approach is developed for assessing the significance of airframe/engine interactions with regard
to system stability, performance, and critical frequency ranges where interactions are especially problematic. The
stability robustness against airframe/engine interactions are of particular interest, and a robustness analysis
approach is developed and presented. The difference between systems exhibiting two-directional vs one-direc-
tional coupling is also discussed. Two control configurations of a vehicle previously considered in several
integrated flight/propulsion control studies are then evaluated using the technique, and it is shown that the
baseline configuration reflects little significant airframe/engine interactions. Consequently, classical decentral-
ized airframe and engine control laws appear to be quite adequate. However, analysis of the other system
configuration shows significant performance degradation in the engine loop because of airframe/engine cou-

pling.

Introduction

DVANCED concepts for highly maneuverable fighter

aircraft and those capable of short takeoff and vertical
landing utilize the propulsion system for augmenting the lift
and maneuvering capabilities of the vehicle. The integrated
flight and propulsion control (IFPC) problem addressed
herein and elsewhere'~> focuses on the interactions between
airframe and engine systems, especially in control law synthe-
sis and analysis of such configurations.

The main purpose of this paper is not to discuss any par-
ticular IFPC control law synthesis procedure but first to
present an analysis framework that will expose how the inter-
actions manifest themselves and second to determine if cross-
coupling dynamics between the airframe and engine are of
sufficient ‘“‘magnitude’’ to significantly affect stability and/or
performance of the feedback systems. The analysis technique
also addresses the issue of the system’s robustness against
uncertainties in these interactions. Airframe/engine interac-
tions are often a significant source of uncertainty in the sys-
tem’s dynamics.

Another objective of the paper is to use the analysis ap-
proach to evaluate airframe/engine cross-coupling on a vehicle
that has been the subject of several studies in IFPC. The anal-
ysis reveals that critical cross-coupling is not present for this
vehicle, as modeled, for the operating condition and control
configuration evaluated. As a result, the classical control laws
considered in this example would appear to deliver adequate
stability robustness and performance. A second control con-
figuration is then considered, and the analysis shows increased
cross-coupling due to an added reaction control system (RCS)
causing a significant degradation in engine loop performance.
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Potential Sources of Airframe/Engine Interactions

The airframe/engine interactions highlighted in this section
are elaborated on in Refs. 1-9. Consider for discussion pur-
poses the vehicle system in Fig. 1. Thrust reversing nozzles may
be considered for improving forward speed control of the
aircraft. Vectoring of the engine’s aft nozzle may be used to
augment attitude control power, and ventral nozzle thrust may
augment aerodynamic lift. Left and right ejectors, drawing
primary thrust from the engine’s mixed flow (core and bypass
flow) and secondary thrust from intakes over the top of the
fuselage may also augment lift and enhance pitch and roll
control power. The lift and attitude responses of the airframe
will be influenced by thrust disturbances in these sources, and
effects of the ejector’s secondary flow may significantly influ-
ence the airframe aerodynamics.

On the other hand, commands in thrust reversing, thrust
vectoring, and ventral and ejector thrust may cause pressure
disturbances in the augmentor or mixing plane. If the nozzle is
operating in an unchoked condition, these pressure distur-
bances may propagate through the fan bypass duct and cause
engine transients such as a reduction in fan surge margin.

Reaction control system jets, used for airframe attitude con-
trol, as well as upper wing surface blowing, used for lift aug-
mentation, usually draw bleed air from the engine’s compres-
sor. Thus, core flow dynamics can also influence the lift and
attitude responses of the airframe. Increased RCS thrust will
cause reduced core pressure due to compressor bleed flow
demand, creating engine flow disturbances. Also, flight dy-
namic pressure, angle of attack, sideslip angle, and inlet flow
distortions can influence the effectiveness of the RCS control
jets and cause reduced fan surge margin.
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Fig. 1 Typical vehicle configuration.
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Fig.2 Example interactions between airframe and engine subsys-
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Fig. 3 Full nonlinear airframe/engine system representation.

It is important to note here that, for the type of vehicle
being considered, the propulsion system not only affects the
(slower responding) transitional velocity of the vehicle but also
may be both a lift and moment ‘‘actuator,’’ affecting the
vehicle’s (faster responding) attitude dynamics. All of these
interactions just described between the airframe and engine are
shown in Fig. 2.

Analysis Framework

The technique to be presented is a quasilinear approach for
assessing airframe and engine interactions.!? This procedure
seeks to provide a better understanding of the effects of these
interactions. It is recognized that many of the interactions
discussed previously involve nonlinear phenomena, and de-
tailed nonlinear simulations will ultimately be required. How-
ever, the justification for the quasilinear analysis and the treat-
ment of engine limits is specifically noted herein.

Consider the airframe/engine nonlinear system similar to
that discussed in Refs. 11-13 and shown in Fig. 3. y,4. is the
vector of commands to the flight control system, and yz. is the
vector of commands to the engine control system. u, is the
vector of aircraft control inputs (flap deflection &5, thrust vec-
tor nozzle deflection dtv, etc.), and ug is the vector of engine
control inputs (fuel flow rate wg, nozzle area 45, etc.). Fi-
nally, y, is the vector of aircraft responses (angle of attack o,
pitch rate g, etc.), and yg is the vector of engine responses
(turbine temperature 7, fan speed N,, etc.).

Implicit in the feedback portion of this system is that the
matrix G(s), the quasilinear input/output mapping of the ve-
hicular system, is a member of a set of such mappings, G(s),
and strongly depends on the particular flight and engine oper-
ating condition. In fact, each such operating point manifests a
particular quasilinear system model and control architecture,
which define the matrices G(s) and K(s). Furthermore, these
mappings may reflect a particular control mode, such as ‘‘rid-
ing an engine limit.”’” In such a case, the controlled responses
ye(s) depend on the operating limit. In the discussion to fol-

low, it is implied that the analysis is being performed for a
specific operating condition and a specific engine control
mode.

If it can be assumed here that any gain scheduling leads to
slowly time-varying gains, then the particular feedback system
being considered can be treated as (approximately) time invari-
ant. In this case, the system nonlinearities reside primarily
outside the feedback loop, and the purpose of feedback is to
force approximately linear behavior between y and y.. The
analysis framework that follows focuses only on the feedback
portion of the system. However, this does not imply that the
prefilters, gain scheduling, limit logic, etc., outside the feed-
back loop are not important to the system design, but that
stability and performance of the feedback loops are funda-
mental to a successful design. Furthermore, since the feedback
control loops for the airframe and engine are, under current
practice, developed by different organizations, it could be ar-
gued that interactions in these loops would constitute the most
difficult design challenge.

Now, more specifically, consider the aircraft dynamics iso-
lated from the engine dynamics, with input/output character-
istics defined in terms of a matrix of transfer functions G} (s),
where

Yals) = GE(s)ua(s) 6]

Likewise, let the isolated engine’s input/output characteristics
be defined in terms of a matrix of transfer functions GZ(s),
where

YE(s) = GE()ug(s) )

Consider that each of these systems will be acted on by
feedback control compensation matrices K4 (s) for the aircraft
flight control system, and Kz (s) for the engine control system.
The associated engine feedback system is shown in Fig. 4 [note
again that Kz(s) and GZ(s) are, in general, matrices].

The closed-loop quasilinear responses of this system are
given by

ye(s) = [T+ GE($)Ke(5)| "' GE()Kp(s) YEc(s) €))
and the closed-loop characteristic polynomial is
a(s) = Poi(s) det [1 + GE(s) K5 (s)] @

where the roots of ¢,(s) are an aggregate of the poles of G£(s)
and Kg(s).
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Fig. 4 Block diagram of the isolated engine feedback loop.
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Fig.5 Block diagram of the coupled airframe/engine system.
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But since the airframe/engine system dynamics are in fact
coupled, their input/output characteristics are more accurately
represented as

[yA (s)] _ [ Ga(s) GAE(s)] [uA (s)} _ (6] [uA(s)]
Ye(s) Gea(s)  Gg(s) JLug(s) ug(s)
(5)

where, again, G4(s), Gg(s), Gae(s), and Gg,4(s) are, in gen-
eral, matrices. Note also that G,(s) and Gg(s) may differ
from the decoupled subsystem models G (s) and GZ(s) by
some amounts A4 (s) and Ag(s), respectively, due to the cross-
coupling actually present between the airframe and engine
systems. That is,

Ga(5) = GA(s) + Ay(s) ©
Gp(s) = GE(s) + Ag(s)

Further, G4£(s) and Gg, (s) represent any input coupling that
leads to the open-loop engine control inputs influencing air-
frame responses or the open-loop airframe control inputs in-
fluencing the engine responses, respectively. Now, if both
G4e(s) and Gg4(s) are ““large,’” the system is said to exhibit
two-directional coupling. If only one is ‘‘large,’’ the coupling
between the subsystems is primarily one-directional.

The actual coupled system, under the influence of the air-
frame and engine control feedback compensation K4(s) and
KEg(s), is then shown in Fig. 5. In this figure the lower portion
of the block diagram is the original engine loop, but it is no
longer isolated from the airframe as in Fig. 4.

Figure 5 reveals how, for example, the coupling dynamics
G4£(s) and Ggy(s) and the airframe dynamics G,4(s), aug-
mented with the airframe compensator K, (s), interact with
the engine loops. (Note that a dual exists for the effects of the
coupling and augmented engine dynamics on the airframe
loops.) Through block diagram manipulation, the system in
Fig. 5 may be represented as in Fig. 6, where

Ea(s) = Ap — Gea [T +Ka(GE +84)| " 'KaGae ()
Dy(s) = Gy [I +Ka(GX +A4)] 'K,y ®)

(Note that functional dependence on s is not indicated in some
of these terms to simplify notation.) Because of the manner in
which these terms affect the engine loop, E,(s) will be re-
ferred to as the additive interaction matrix, and D,4(s) will
be referred to as the disturbance interaction matrix. Clearly, if
A4(8), Ar(s), G4£(s), and Gg,(s) are not really zero, the
engine loop is not actually that shown in Fig. 2 but rather that
shown in Fig. 6

The critical expressions of Eqgs. (7) and (8) reveal several key
facts. First, Eq. (7) shows that the additive interaction matrix
E,(s) depends on the weighted matrix product of the input
coupling transfer matrices Ggq(s) and G4g(s), the airframe
dynamics G5 (s) + A4 (s), and the change in the engine transfer
function matrix due to coupling Ag(s). E4(s) will therefore be
“small’’ (for example, small maximum singular value) if Az is
“small’”’ and if either G z(s) or Gg4(s) is ‘‘small.”’ Thus, if
only one-directional coupling is present, the additive interac-
tion matrix will tend to be ‘‘small.”’

YE(S)
—

Fig. 6 Block diagram of the engine feedback loop interacting with
the airframe subsystem.
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Fig.7 Example noninteracting (solid line) and interacting (dashed
line) systems’ engine loop transfers.

Conversely, from Eq. (8), note that the disturbance interac-
tion matrix D, (s) is independent of G4£(s). Hence, it may be
“large”’ if G, (s)is ““large,”” even though G4g(s) is ‘‘small.”’
That is, the disturbance interaction matrix can be ‘‘large’’ even
if only one-directional coupling is present.

Finally, both the additive and disturbance interaction ma-
trices depend explicitly on the airframe control laws K4 (s). If
the airframe loops are not closed [K4(s)=0], E4(s) reduces to
Agr(s) and D4(s) reduces to zero. Consequently, the phenom-
enon of interest here is fundamentally one involving feedback.

To reveal the import of the additive and disturbance interac-
tion matrices, note that the quasilinear responses of the engine
system in Fig. 6 are

YE(s) = [I"‘(GE‘c +E, )KE]_I(GE +E4)KpYec(S)
+ [1+(GE +EA)Kg] 'Dayac(s) ©

Comparison of the decoupled engine system’s input/output
relationship of Eq. (3) with the truly coupled system’s input/
output relationship of Eq. (9) reveals that the additive interac-
tion matrix E 4 (s) can affect both stability and performance of
the engine feedback system. However, the disturbance interac-
tion matrix D, (s) does not affect stability of the quasilinear
system, since (as shown later) the characteristic polynomial of
the closed-loop coupled system is independent of this matrix.
Clearly, however, D4 (s) has an impact on the engine control
system performance. Commands into the flight control system
Yac(s) disturb the engine responses through D4 (s) and appear
as output disturbances to the engine control loops. Thus, if
D,(s)is large, the closed-loop engine performance will suffer.

Quite significant is the fact that E4(s) can affect the inter-
acting system’s closed-loop stability. The closed-loop charac-
teristic polynomial for the coupled system is

$a($) = $o(s) det{I + [GEO) +E4 ()] Ke(®)]  (10)

Here the roots of ¢, (s) are an aggregate of the poles of
Kz(s) and the poles of the system with only the airframe
loops closed with K4 (s), or the values of s for which det[/
+G4(s)K4(s)]=0. These facts are derived in Appendix A.
Now it can be shown from Nyquist stability theory!* that the
closed-loop system in Fig. 6 is assured to remain stable if the
feedback loop is stable for E,(s)=0, and if

det {1+ [GE(jw) +eEq (jw)]KE(jw)} #0, [0<e<1] (11)

for all frequencies w>0. It can further be shown that this is
assured if

F[Ea(je)Ke(jw)| <o[I+GE(jw)Kp(jw)| for all w>(?2)
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Fig. 9 Plot of Eq. (17), the scalar form of Eq. (12).

or if

s{EaGa)[GEGw)] 1 <a{l +[GEGWKE(w)] ]
for all w>0 (13)

where & and ¢ denote the maximum and minimum singular
values of a matrix, respectively.

These key inequalities are measures of the overall system’s
stability robustness with respect to uncertainties in airframe/
engine interactions. In fact, the system’s robustness can be
indicated by plotting both sides of Eq. (12) or (13). It is evident
that there will be loss of robustness at frequencies where E 4 (s)
is ““large” (i.e., if its maximum singular value is large). At
these critical frequencies, a stability robustness margin may be
defined as the distance between the left- and right-hand sides
of Eq. (12) or (13). Since E4(s) is a strong function of the
cross-coupling dynamics G4z (s) and Gg4(s), small variations
in elements of either G4z(s) or Ge4(s) at some critical fre-
quency may reduce this margin to zero and thus lead to the
failure of the aforementioned stability criteria.

The significance of the preceding results may be seen more
clearly by considering a single-input/single-output engine con-
trol system. Let the regulated engine response of interest be,
for example, fan speed N;, and, for a fixed nozzle area, let the
control input be the main burner fuel flow rate wp. In this
case, the transfer function matrices G£(s), A4 (s), Kz(s), and
E  (s), as well as D, (s), reduce to scalars, denoted by g#(s),
04(s), ke(s), es(s), and d,(s). Then Eq. (9) reduces to the
scalar relationship

(8% +e)ks }

1
+ | | duYac
1+ (g2 +enke) "™ [1+(g£+e,,)k£] Ay?m)

Ye(s) = I:

Also, if all system transfer functions are assumed to be scalars,
Egs. (7) and (8) reduce to

8ea8arka

=8y — ——— 22—
€alS) =0 = T (e + o)

s

8eaka

d = —_—
A) = T a (el +00)

(16)

Equation (15) shows clearly that e, (s) is a strong function of
the frequency-dependent (weighted) product of gg4(s) and
24£(5). Hence, if either g4£(s) or gg4(s) (or both) are small
and 6 (s) is small at critical frequencies, then e,4(s) will tend
to be small at those frequencies.

The characteristic equations in Eq. (14) also show that if
e4(s) is large, then gain and phase margins present in the
decoupled engine loop transfer [kz(s) gz (s)] may be eroded
in the coupled engine loop transfer, as depicted in Fig. 7.
However, from Eq. (12), stability of the coupled system is
assured if

lea(jke(jw)| <|1+ gZ(jwke(jw)| forall w>0 (17)
which is the scalar form of Eq. (12).

Note that the focus of this analysis has been the effect of
airframe dynamics on the engine loop. A dual analysis reveals
how the interactions affect the airframe attitude loops. That

is, the dual of Eq. (9) gives the airframe responses for the
interacting system as

Ya(s) = [I+(G} +Eg)Ka| "G} + Ex)K4 yac(s)
+ [I1+(GX +Eg)K4] "D ype(s) (18)

where the interaction matrices Eg(s) and Dg(s), given below,
are the duals of E4(s) and D,4(s):

Ep(s)=As = Gap[I +Ke(GE + Ap)| " 'K Gra (19
De(s) = Gea [+ Ke(GE +Ap)| ~ 'K (20)

The airframe loops are assured to remain stable in the presence
of interaction uncertainties as long as

5[Ex(jw)Ka(jo)| <g[l +GE(j)Ka(jw)] forall w>0
@n
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which is the dual of Eq. (12). Also, “‘large’’ Dg(s), for exam-
ple, will degrade the flying qualities of the flight control systerm
due to disturbances arising from engine commands.

As a final note, this analysis does not necessarily require
analytical models of the airframe and/or engine. Input/output
mappings of the system could conceivably be experimentally
obtained, and graphical data could be used exclusively to ob-
tain plots of Egs. (7), (8), and (12), for example.

Two Case Studies

The techniques just presented will now be used in the anal-
ysis of an airframe/engine system that has been the subject
of several investigations of integrated flight and propulsion
control.!?#!* The baseline vehicle to be considered is repre-
sentative of a high-performance Short Takeoff and Landing
(STOL) fighter aircraft equipped with a thrust-vectoring/
thrust-reversing nozzle. The operating point under consider-
ation is the approach-to-landing flight condition at an airspeed
of V=120 kt and flight-path angle y,= — 3 deg. The quasilin-
ear vehicle system model is that given in Refs. 10, 15, and 16.
A second configuration will also be considered, which is iden-
tical to the baseline but with a high-pressure RCS added. Al-
though significant airframe/engine coupling may be expected,
the analysis will show that little critical interactions exist for
the baseline configuration, and only one-directional coupling
is present for the configuration that includes the RCS. Note
also that, although the analysis herein involves only single-in-
put/single-output systems, the last section presented a multi-
variable methodology and thus is not restricted to scalar sys-
tems.

For both cases the airframe’s dynamics are aerodynami-
cally unstable. The airframe flight control design objective is
to stabilize the airframe’s dynamics and obtain classical pitch
rate and angle-of-attack responses from pilot pitch stick in-
put d4icx - The objective of the engine control law is to regulate
the fan speed. The control laws for both cases are given in
Appendix B.

Case 1
The open-loop system is described as
[(KM/Kaq)aJrq} _ [ g4 (s) gAE(s)] [apm] @
N, geals)  ge(s) Wy

where, for example,

ate the relative sizes of the input/output relationships of the
airframe and engine, the system must be normalized by, for
example, estimates of the maximum values of the controls and
responses. The values used to normalize this plant are given in
Table 1 and are taken from Ref. 9.

Figure 8 reveals that the cross-coupling terms g4z(s) and
gr4(s) are both smaller than the diagonal elements in Eq. (22)
by approximately 40 dB for frequencies above 1 rad/s. (Re-
call that the loop gain cross-over frequencies are around 3-5
rad/s.) Also, since there are no visible differences in the plots
of g4(s) and g5 (s), and ge(s) and gZ(s), A4(s) and Ag(s) are
quite small. Hence, from Egs. (7), (8), (19), and (20), e,4(s),
d4(s), ex(s), and dg(s) should all be quite small, and it might
be expected that airframe/engine interactions will be negligi-
ble. However, the complete analysis requires knowledge of
candidate control laws, since feedback compensation could
increase critical cross-coupling.

Shown in Fig. 9 are plots of both sides of the key inequality
of the stability robustness analysis, Eq. (12) or (17). This figure
shows that |e4kg| for the baseline configuration is much
less than |1+ gZkg| throughout the frequency range shown.
The stability margin, defined here as the minimum distance
between the left- and right-hand sides of the inequality of
Eq. (12) or (17), occurs near 0.2 rad/s and is approximately
40 dB for the baseline configuration. Therefore, the analysis
indicates significant engine loop stability robustness against
uncertainties in airframe/engine interactions.

Figure 10 presents the magnitude of the engine’s fan speed
sensitivity function {1/[1+ (g + e4)kg]} along with the mag-
nitude of the engine loop disturbance interaction due to pilot
input d4(jw) [Eq. (8) or (16)] for the baseline configuration.
The spectrum of the engine response because of these distur-
bances, or N,/84ik, is shown in Fig. 11, also labeled as the
baseline configuration. This response is, of course, the prod-
uct of the two terms plotted in Fig. 10. These plots reveal that
the fan speed loop will reject disturbances arising from pilot
pitch inputs, since gr4(Jjw) is small.

In summary, the analysis of this airframe/engine system
description indicates that the additive and disturbance interac-
tion effects e4(s) and d,(s) are small [and although not
shown, eg(s) and dg(s) are small as well]. Hence, the coupling
in this vehicle will not significantly degrade the closed-loop
performance of both the airframe and engine subsystems; the
system is therefore robust against interaction uncertainties and
decentralized control laws appear quite adequate.

—14(s +0.03 £0.07/)(s + 0.6)(s + 1.4)(s + 3.6)(s + 7)(s + 90)

g4(s) =

(5 +0.06£0.2/)(s + 1.4)(s — 1.5)(s + 2)(s + 3.6)(s + 7)(s +90)

1.3(s +0.06 £0.2/)(s — 1.5)(s + 2)(s + 16 6, )(s + 37)

ge(s) =

(23)

(5 +0.06+£0.2/)(s + 1.4)(s — 1.5)(s + 2)(s + 3.6)(s + T)(s + 90)

Note the unstable mode at 1.5 rad/s. From Appendix B, the
control law is

[apimh _ | Ks 0 [(Kao/Kaq)OH‘q
Wy 0 6(s+¥)/s N,
K;i/K
—[ " 5"} Btk @4

where w, = fuel flow rate, and the pitch attitude control 6 ycn,
the feedback gains K, and K, , and the pilot stick gain K, are
given in Appendix B. These control laws lead to gain cross-
over frequencies in the engine and aircraft pitch loops of ap-
proximately 3 and 5 rad/s, respectively.

Shown in Fig. 8 are the magnitudes of the input/output
mappings in Eq. (22), as well as the mappings for the decou-
pled airframe and engine g (s) and g/ (s). To properly evalu-

Magnitude in dB

o 100 101
Frequency in Rad/Sec

Fig. 12 Open-loop normalized transfer function magnitudes with
pitch RCS control included.
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Table 1 Estimates of maximum
values of controls and responses

G max = 0.06 rad/s
Omax =3 deg
N3 max =570 rpm
oty max = 10 deg
W max = 3000 1b/h

Table 2 Additive
perturbations of g4 (jw)

Case 6|gakel, (rad/s)/(lb/h)

1 1.6
2 3.2
3 4.7
4 6.3
5 6.7

over the frequency range shown. Hence, strong one-direc-
tional coupling is indicated.

The large increase in the magnitude of gz, (jw) causes the
magnitude of d, (jw) to significantly increase [see Eq. (16)], as
shown in Fig. 10. This figure indicates that the engine loop can
no longer effectively reject fan speed disturbances arising from
pilot pitch stick inputs. In fact, Fig. 11 shows the significant
increase in the magnitude of the fan speed response due to
pilot pitch stick input over the baseline case.

Furthermore, the increase in magnitude of gr4(jw) causes
an increase in magnitude of e4(jw) over the baseline configu-
ration as well, as indicated in Fig. 9. Hence, stability robust-
ness against uncertainties in airframe/engine interactions is
reduced. Figure 9 shows that the stability margin is reduced
from the baseline configuration to approximately 20 dB, again
measured at 0.2 rad/s. It is worth noting that this critical
frequency is well removed from the cross-over frequencies of
the airframe and engine loops (3 and 5 rad/s). Note that in

The airframe/engine system’s closed-loop airframe transfer functions [see Eq. (18)] are

ols) —0.1(s + 0.06 = 0.2/ )(s + 30) Tl(s)<dl%g>6m(s)+

T (5 +0.05£0.2/)(s + 2.8 +2.8))

—0.05s(s +0.07)(s +0.5)
(s +0.05£0.2/)(s +2.8£2.8/)

rad/s

q(s)= b

where

(s +0.4)(s+2x£4/)s +8)s +90)

Ty(s) = .
(s +0.4)(s +2x£4/)s +8)s +90)

—4de —4(s +2+0.65)(s + 4)(s + 5)(s —76)

deg

Ii(s )<——> Na(s)

(5 +0.05+£0.2/)(s +2.8+2.8/) rpm

T\(s) <”"—> Bstick($) +

T3(s)

—de = 5(s +2)(s +3)(s +7 £2))(s —21) Tz(s)<rad/s>Nz ()

(s +0.05+0.2/)(s +2.8+£2.8)) Ipm

S
T (51 0.4)(s + 2+ 45)(s + 8)(s +90)

(25)

and where Ty(s) is unity to the accuracy displayed, indicating that engine modes are essentially unobservable in the airframe
responses. The transfer functions between the airframe responses and commanded fan speed N, are also quite small since the

disturbance interaction effect dz(s) is small.

The closed-loop fan speed response [see Eq. (9) or (14)] for the airframe/engine system is

Nofs) = — (s —2)(s +4£2j)(s +90)

where

(s +0.05+£0.2/)(s +2.8 +2.8/)

T/(s) =
i(s) (s +0.05+0.25)(s +2.8+2.8))

As with the airframe responses, 7'(s) is unity, indicating that
airframe modes are essentially unobservable in the engine re-
sponse. The fan speed response from pilot pitch stick input is
quite small since d,4(s) is small.

Case 2

Now consider the same vehicle with similar control laws but
with pitch attitude control power enhanced by a combination
of thrust vectoring and pitch RCS jets. RCS jets, which draw
bleed flow from the engine’s compressor, will directly in-
fluence the quality of airflow through the engine, thus increas-
ing airframe/engine interactions. Models of the effects of
bleed flow on the propulsion system were provided by the
NASA Lewis Research Center. The control laws for this
configuration are also detailed in Appendix B and are such
that the airframe and engine control loops, cross-over frequen-
cies, etc., are essentially the same as those for the baseline
configuration.

The magnitudes of the elements of the plant transfer func-
tion matrix [Eq. (22)] are shown in Fig. 12. Again, the plant
was normalized using the maximum values of control inputs
and responses given in Table 1, and the maximum value of the
pitch RCS jet nozzle area A, was 1 in.2. When compared with
Fig. 8, this figure shows that the addition of pitch RCS control
increases the magnitude of gg4(Jjw) by approximately 50 dB

T(s) =

—0.06(s — 6)(s + 7)(s — 258)

Ty ( )<EIE>N (s)+ Ty )<£n_1>5 (S)
s +0.46 +224)6+ 86 +90) epm )V o 22 a5 + 96190 XN b ) O

(s +0.4)(s +3£2j)
(s +0.0520.2/)(s +2.8+2.8)

(26)

this situation small increases in the magnitude of g,4£(jw) may
cause a substantial increase in the additive interaction term
e4(jw), since this term is a strong function of the product of
g4e(jw) and grps(jw) [Eq. (15)]. Hence, small variations in
g2.45(jw) may therefore cause significant degradation in stabil-
ity robustness and/or performance. For these reasons, a sensi-
tivity study will be performed on g z(jw).

For this vehicle and control system configuration, the pitch
trim occurs at a small thrust-vectoring angle é1v. Thus, engine

Increasing Ig, g/ I+ gﬁka)l.

9

R

L+

'g Margin

‘2 -40]--- Reduces..--..:

% :

=

100

o1 — T ‘ T m
Frequency in Rad/Sec

Fig. 13 Plot of Eq. (17) for various magnitudes of engine-to-air-
frame interactions, |g4r (jw)|.
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Fig. 14 Locus of the airframe/engine system’s closed-loop poles as
the magnitude of g4£(jw) is increased.

thrust transients will not generate large pitching moments, and
this is the reason g4z(s) is small in this case. If the vehicle
configuration was such that the trim thrust-vectoring angle
were large, thus increasing the component of the thrust vector
perpendicular to the airframe’s longitudinal axis, engine thrust
transients would create larger pitching moments. In such a
case, g4£(s) would be larger.

Figure 13, like Fig. 9, shows the inequality of Eq. (17). This
figure, however, displays |e4 k| for various values of the mag-
nitude of g4r(jw). Here, ‘

24£(j @) = (|84EInominal + 8] 8.45]) €794 @7

Table 2 lists the additive perturbations of the magnitude of
g4r(Jw) corresponding to the dashed curves in Fig. 13.

Figure 13 shows that |eskg| is much less than |1+ ggkg|
throughout the frequency range for the nominal magnitude of
g4e(Jjw), and stability of the system is not in jeopardy. How-
ever, the stability margin reduces to zero (|eqkg| =| 1 + g#kg|)
at =0.2 rad/s when the magnitude of g,z(jw) is increased by
only 6.7 (rad/s)/(Ib/h) (case 5). From Fig. 12, note that
g4e(jw), thus increased, would become comparable in magni-
tude to the other transfer functions in the system.

Figure 14 shows how the closed-loop eigenvalues of the
system vary as the magnitude of g z(jw) is increased. Higher
frequency engine poles are not shown and do not vary to any
great extent. However, this figure shows that a low-frequency
(phugoid mode) instability does indeed occur at a frequency
of 0.2 rad/s. Further, this instability occurs precisely for the
increase in magnitude of g,x(jw) corresponding to case S in
Fig. 13. It is also significant that the critical frequency of
instability (0.2 rad/s) is not near the engine or airframe loop
cross-over frequencies where phase margin is measured and
that Eq. (17) correctly indicated that instability will first occur
at this critical frequency due to variations in airframe/engine
interactions.

Conclusions

Expressions were derived for additive and disturbance inter-
action matrices that may be used to quantify the significance
of airframe/engine interactions on either the engine control
loops or, for the dual analysis, the flight control loops. A
technique for determining the stability robustness of the sys-
tem against uncertainties in these interactions was presented.
The size of the interaction matrices in critical frequency
ranges, measured, for example, by their singular values, quan-
tifies the effect of airframe/engine coupling on closed-loop
stability and/or performance. The critical interaction matrices
were shown to depend on the control compensation as well as
the input/output characteristics of the airframe/engine sys-
tem. If the system exhibits two-directional coupling, stability
as well as performance may be compromised. Systems with
one-directional coupling may preserve adequate stability ro-
bustness, although performance can be seriously affected.

This analysis was then applied to an airframe/engine system
considered in previous integrated control studies, and two
cases were presented. The baseline configuration was shown to

exhibit few interactions. Classical decentralized control laws
therefore appear quite suitable. However, the analysis revealed
significant one-directional cross-coupling for a second control
configuration with a reaction control system added. Inclu-
sion of the RCS jets led to significant disturbances in the fan
speed loop arising from pilot pitch inputs, and reduction in
the stability robustness against variations in airframe/engine
interactions was also recorded. The analysis accurately indi-
cated the frequency at which instability would first occur
due to these variations. Frequently, only engine-to-airframe
interactions are thought to be of concern; however, this case
clearly indicates strong airframe-to-engine coupling. In some
previous IFPC studies only engine-to-airframe interactions
were thought to be of concern. Although this may have been
a valid assumption for the vehicle configurations examined,
analysis methodologies should, in general, consider two-direc-
tional coupling.

Appendix A: Derivation of Eq. (10)

Let a state-space realization of the input/output mapping
for the fully coupled aircraft/engine system be defined as

s ST S
Xg Aga Agpllxs By Bp|lug
Ya Cs O] x4
[J’E] [ 0 CE:| |:XE:| @b

and the mapping given as

ya@®)| _ [ Gals) GAE(S)HuA(S)]= [tm(s)]
L’E(S)]_[GEA(S) Ge) | Luses)] = 1€ upis)

(A2)
with system characteristic polynomial
sI—A A —-A A E:|
= det A3
os(s) e[ —Ap, sI-Ag (A3)

Also let the state-space descriptions of the aircraft and engine
compensation K,(s) and Kz(s) be, respectively,

X, = Ak, Xk, + Bi,€acs Uy = Cy, X,

Xpp = AkgXiy + Brgere, ug = CipXy, (A4)

where €4c(5)=Yac(s)—ya(s) and egc(s)=yg.(s)—ye(s) are
the inputs to the aircraft and engine compensators. The char-
acteristic polynomials of these compensators are

by, () =det(s] —Ay,)

i (s) = det(sl — Ayg,) (AS5)

Sought now is the state-space description of Gz (s)+ E.(s),
as presented in Fig. 6. Using Eqs. (A1) and (A4), and referring
to Fig. 5, yields the desired result, or

X4 Ag Ase BaCy, X4

Xg | = AEa Ag BgpsCy, || xE

X, -Bi,Cqs O Ay, X,
B,g 0
+| Beg |lug+| 0 |yac
0 B,
XA
Yye=1[0 Ceg O)f xg (A6)
Xk

A
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Denoting this system as
X1 =A1x,+Bug +Byya
ye = Cix; (A7)

it can be shown!” that the characteristic polynomial of this
system [GZ(s)+E,4(s)] is

$1(s) = det(sI — A)) = $s5(5)y, (s) det [T + G4 ()K4(5)]
(A8)
Appending the state equation for the engine compensator
K (s) to the state equation for GZ(s)+ E,(s) gives the state-

space description of the open-loop system of Fig. 6 {or [GF(s)
+E4(5)}Kp(s)} as

X A, B, C 0 B
PR N MR P 1
xkE 0 AkE Xk BkE 0

ye=1Cr 0] [;‘k‘] (A9)

The characteristic polynomial of this system is

sI—-A, —B,Cy

E] = ¢u(s)pi,(s)  (AlD)

¢2(S)=det[ 0 sI-Ay,

Closing the (engine) loop in Fig. 6, the state-space equation for
the entire closed-loop system is then

Xy A, B, CkE X1 0 B,
. = + YEc + Yac
Xk —BkEC1 AkE Xig BkE 0
X
ye =[G 0][ ‘] (AlD)
Xk
and the characteristic polynomial for this closed-loop system is

sI—A, ~B,ck5]
BkEcl SI—AkE

ou(s) = det[
= ¢1(5)¢x,(s) det|T +(GE + E4) K| (Al12)
or
Bu(S) = Ds(8)du, (s) det [T+ G (s)K4(s)]
X ¢,(s) det[1+(GE +E4) K| (A13)
Defining
dals) = ds(s)dy, (s) det [I+ Ga(s$)Ky (S)]¢k5(s) (Al4)
gives
bals) = bo(s) det[T + (G + E4)K] (A15)
which is the result presented as Eq. (10). Note that det[/
+ G ,4(s)K,(s)] is a rational function with denominator equal
to ¢s(s)dr,(s). Thus, the roots of ¢,(s) are the roots of

¢«.(s), which are the poles of Kg(s), and the values of s for
which det[] + G 4(s)K,(s)] equals zero.

Appendix B: Case Study Control Laws

The following defines the controls and measured responses
for the case study vehicular system used in the analysis.

The aircraft control inputs are: éyv=nozzle thrust-vector-
ing angle, deg; A, = pitch RCS jet nozzle area, in.2; and gy
= trailing-edge/leading-edge flap deflection angle, in.2.

Table B1 Airframe control law gains

Gain Spitch = 6TV Spitch =0TV — 844
Ko, deg/deg -2.9 —4.6
K5, deg/deg -39 —-0.1
Ksq, deg/rad/s —56.5 -2.3
K, deg/Ib 0.7 ~0.5

The engine control input is w, = main burner fuel flow rate,
1b/h.

The aircraft responses are «=angle of attack, deg, and
g =pitch rate, rad/s.

The engine response is N, =engine fan speed, rpm.

Two cases are presented with different control architectures
for pitch attitude control, defined as . For the first case,
pitch is controlled only by thrust vectoring, thus, dpitch = 61v.
For the second case, pitch is controlled by a ‘‘blend” of
both thrust vectoring and pitch RCS jet nozzle area, defined as
Opitch =01v—84,.

The airframe’s short period mode is unstable, and the con-
trol objective is to stabilize the short period mode and obtain
a desired modal frequency near 4 rad/s and a damping ratio of
0.7. This is achieved by feeding back angle of attack and pitch
rate to pitch control. The other airframe control objective is
to increase the flight-path time constant (usually denoted as
1/7143) to approximately 0.5 rad/s. This is achieved by feed-
ing back angle of attack to the flaps. Finally, the pilot stick
force gain is adjusted to give an approximate Bode gain on
q(5)/ dgia(s) of 0.03 (rad/s)/Ib. In summary, the airframe
control laws are

Bﬂaps = _Kfaa
Opitch = — Koo — K5qq — Kot Sgick (B1)

The values of the gains for both pitch control case are given
in Table B1. Note that increased control power in using RCS
jets led to the reduced feedback gains.

Finally, to regulate fan speed, fan speed is fed back through
proportional plus integral compensation, with gains of —6
(Ib/h)/rpm and —3 [(Ib/h)s}/rpm, respectively.

The effects on system stability of the low gain flap loop are
minimal. Therefore, the two-by-two system shown in Eq. (22)
is obtained by first closing the flap loop and then combining
the two aircraft attitude responses (o and g) to form one
blended aircraft response.
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