JOURNAL OF PROPULSION AND POWER
Vol. 26, No. 3, May—June 2010

Modeling, Simulation, and Controller Design
for an Air-Breathing Combustion System

Kumar P. Bharani Chandra*
Coral Digital Technologies, Pvt., Ltd., Bangalore 560 043, India
Nitin K. Gupta?
IDeA Research and Development, Pvt., Ltd., Pune 411 013, India
N. Ananthkrishnan#
Korea Advanced Institute of Science and Technology, Daejeon 305-701, Republic of Korea
and
L. S. Park® and H. G. Yoon!
Chungnam National University, Daejeon 305-764, Republic of Korea

DOI: 10.2514/1.42368

A novel, high-fidelity, low-order model is developed for an air-breathing combustion system designed for
supersonic flight with a subsonic combustor. Detailed models for the individual components, intake, combustor,
exhaust nozzle, and fuel supply system are interlinked by a low-order global model that captures the physics of the
interaction between the intake and the subsonic combustor. Disturbances, both internal to the engine and external,
due to atmospheric turbulence, are modeled. The terminal shock location in the intake duct is quantified in terms of
the intake backpressure margin, called Py, - An innovative controller is designed that meets thrust demands with
fuel flow rate and exhaust nozzle throat area as the two inputs, while maintaining a tight control on Py, ,,,;, (intake
shock location). Limits on fuel-air ratio, peak combustor temperature, fuel flow rate, and throat area actuator limits
are imposed. The controlled combustion system is tested for an accelerated climb mission from a low altitude to a
specified cruise Mach number and altitude. An outer guidance loop using dynamic inversion as a rapid prototyping
tool is used for this test which, for a reference Mach command profile, provides the engine controller with the
expected thrust demand at every instant. A closed-loop simulation is successfully demonstrated that takes the system
through the acceleration phase to the desired cruise condition with a smooth switching between the acceleration and

cruise segments.

1. Introduction

AMIETS are the simplest form of air-breathing combustion

systems in which the freestream air is compressed in the intake
due to ram effect and allowed into a combustion chamber where fuel
is introduced and combustion takes place. The hot gases, after
combustion, are exhausted through a convergent—divergent nozzle,
generating thrust. Ramjets have little or no moving parts; hence, they
are simple, reliable, and provide reasonably efficient operation over a
range of supersonic Mach numbers and altitudes. Ramjet-powered
systems have been in operation for over a century and a detailed
history of ramjet development, including a listing of ramjet systems
developed, in progress, and planned, is provided by Fry [1].

The present paper describes a novel controller design for a ramjet-
powered system that is required to be accelerated from 2.1 Mach at
1.4 km altitude to a 3.0 Mach, 14.5 km altitude cruise flight.
Controller design is one of the key milestones in the development of

Presented as Paper 708 at the 47th AIAA Aerospace Sciences Meeting,
Orlando, FL, 5-8 January 2009; received 2 December 2008; revision received
15 January 2010; accepted for publication 19 January 2010. Copyright ©
2010 by IDeA Research & Development (P) Ltd, Pune, INDIA and
Chungnam National University, Daejeon, Republic of South Korea.
Published by the American Institute of Aeronautics and Astronautics, Inc.,
with permission. Copies of this paper may be made for personal or internal
use, on condition that the copier pay the $10.00 per-copy fee to the Copyright
Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923; include
the code 0748-4658/10 and $10.00 in correspondence with the CCC.

*Control Systems Engineer; bharanichandra@gmail.com.

fChief Executive Officer; nitin@idearesearch.in.

*Research Professor, Division of Aerospace Engineering; e-mail:
drakn19 @kaist.ac.kr.

SSenior Researcher, International Technology Cooperation Center;
chardre@empal.com.

IProject Manager, International Technology Cooperation Center; itcc_
02@cnu.ac.kr.

562

an air-breathing combustion system [2,3], and some of the
complexities involved in this effort are highlighted in the following
paragraphs.

The primary purpose of the controller is to regulate the fuel flow to
the combustion system so that the desired thrust is obtained at all
flight conditions. This is done by regulating the signal to the fuel
supply system (FSS), which then injects the desired quantum of fuel
into the combustion chamber. At the same time the controller needs
to ensure that no operating constraints are violated. The most crucial
constraint is to ensure that the terminal shock remains inside the
intake under all operating conditions, called supercritical operation.
Under subcritical conditions, the terminal shock either comes out
of the intake and sits on the nose cone, called unstart, or sets up a self-
sustained oscillation, called buzz [4]. The other extreme is when the
terminal shock is swallowed inside the combustion chamber,
increasing the mean Mach number of the flow in the combustion
chamber. This usually leads to a condition called flameout where the
flame can no longer be maintained and gets extinguished. Both buzz
and flameout need to be avoided, and the terminal shock location
needs to be safely maintained inside the intake.

The terminal shock location can be difficult to quantify precisely
from direct measurements as it may not necessarily be a single
normal shock, but a supersonic tongue that extends deep into the
intake [5]. Instead, the backpressure at the exit of the intake segment,
which is far more amenable to accurate measurement, is used as it
correlates well with the terminal shock location. In fact, too high a
backpressure leads to the terminal shock being pushed out of the
intake, whereas too low a backpressure can result in the terminal
shock being sucked into the combustion chamber. Hence, the shock
location constraint can be effectively handled by keeping a control on
the intake backpressure. Typically, the forward-most position of the
terminal shock, called the critical condition, and the rearmost
position of the shock in the intake are noted in terms of the
corresponding backpressure, and a safety margin of 10% in either
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direction is imposed. The quantum of the safety margin can be
reviewed after extensive simulations and tests on actual hardware
[6,71.

Another important parameter that needs to be constrained is the
fuel-air ratio F/A. Too high values of F/A can cause high
temperatures and pressures in the combustion chamber, leading to
possible damage and failure. In any case, if F/A exceeds the
stoichiometric value then the excess unburnt fuel is lost through the
exhaust nozzle, making the operation inefficient. On the other hand,
very low values will make it difficult to sustain the flame in the
combustion chamber, leading to lean blowout (LBO) [8]. Estimate of
F/A is possible as the fuel flow rate can be metered in the FSS, and
the air flow entering the intake duct can be estimated from
measurements by the air data system (ADS). The F/A itself needs
to be different under acceleration and cruise conditions. During
accelerated climb, the thrust should be enough to overcome drag and
the weight component and still give the desired Mach number profile.
This typically requires larger F/A. In fact, this is the phase where
there is maximum risk of the intake going subcritical if there is a
mismatch between the combustor pressure and the intake mass
flow demand. At cruise, the thrust needs only be just enough to
compensate for the drag, and F'/A values are comparatively lower.

For ramjets that fly over a range of altitudes, the mass flow rate can
change drastically from high values at low altitudes to low values at
higher altitudes. A variable nozzle throat area is required to cater to
this variation in mass flow rate, with the throat opened at lower
altitudes but progressively closed as the system gains altitude. This
functionality must also be provided by the controller. The nozzle
throat area, assuming flow to be choked at the nozzle throat, directly
controls the mass of combusted gas exiting from the nozzle. For a
given intake mass flow, by varying the nozzle throat area and hence
the nozzle exhaust gas flow, it is possible to manipulate the pressure
in the combustion chamber, thus controlling the terminal shock
location in the intake. Also, any change in the intake terminal shock
location affects the total pressure recovery, which changes the total
pressure at the combustor exit, and that affects the choking mass flow.
The nozzle throat area variation, of course, has a small but significant
effect on the thrust as well. Thus, a variable exhaust nozzle throat area
can be a useful secondary control parameter, though the combined
use of fuel flow and nozzle throat area is complicated by their mutual
effects on thrust and intake backpressure.

The variable mass flow rate also implies that the fuel flow rate must
change with altitude so as to keep F/A within desirable limits. This
requires larger fuel flow rates at lower altitudes with decreasing fuel
flow rates as altitude increases. Using a single fuel injection nozzle, it
is difficult to achieve the entire range of fuel flow rates. Hence, two
sets of fuel injectors, primary and secondary, are used, with both
being kept open at lower altitudes to provide the larger fuel flow, but
with only the primary kept on beyond a certain altitude. The
controller must also perform this switching function properly.

When the system operates over a wide range of altitudes and Mach
numbers, the system parameters also show large variations. Thus, a
single set of controller gains will be inadequate to provide the desired
performance. The traditional approach to this problem is to design
several controllers for different operating points and then schedule
the gains with a flight parameter, typically dynamic pressure or angle
of attack. Each local controller can be designed using any method,
such as proportional integral derivative (PID), linear quadratic
gaussian/ loop transfer recovery (LQG/LTR), or H.. Because PID is
a standard, well-understood method and widely used in the industry,
it is the technique preferred for the work described in this paper
[9.101.

PID controllers are model-based control design methods, that is,
they need a good model of the combustion system dynamics to be
available before control design. Computational fluid dynamics-
based models can give an accurate description of the combustion
system physics, but yield very high-order models that cannot be
accommodated in controller design. On the other hand, low-order
empirical models are easy to use for controller design, but do not
capture the complex physical interactions in the combustion system.
A novel, high-fidelity, low-order model for the air-breathing

combustion system has been developed [11], wherein the detailed
physics of each component of the combustion system is captured
accurately, yet the overall combustion system dynamics is described
by a low-order dynamical system. This model will be briefly
described in the next section of this paper.

Any model, no matter what its fidelity, will have errors due to
unmodeled dynamics and parameter uncertainties. In addition,
combustion systems are noisy due to disturbances in the flow, shock-
turbulence interaction in the intake [12], and combustion instabilities
(acoustic phenomena due to interaction between the flow, the flame,
and heat transfer in the combustion chamber) [13]. Shock-acoustic
interactions in the intake could be due to bulk mode oscillations in the
combustion chamber (included in the present model) and due to
longitudinal, radial, or transverse acoustic modes (not considered
presently) [14]. These phenomena are modeled in the form of
disturbance models that introduce low-frequency disturbance in the
intake backpressure due to heat release fluctuations in the combus-
tion chamber, and a high-frequency disturbance due to turbulent
interactions along the entire length of the combustion system. Fluctu-
ations in the intake backpressure can be correlated to oscillations in
the terminal shock location as well as to other flow variables. These
disturbance models are also described in the next section of this
paper. The controller design needs to be robust to account for
uncertainties and disturbances. In the PID design technique,
robustness is usually guaranteed by setting adequate gain and phase
margins, which are then tested under simulation conditions.

The FSS that injects the fuel into the combustion chamber and the
actuator that adjusts the nozzle throat area are themselves dynamical
systems that need to be modeled. The FSS model is described in the
Appendix. The FSS is known to introduce a delay of about 1 s in the
system dynamics, which is usually unacceptable. The controller
design, therefore, also needs to include a control for the fuel metering
valve in the FSS. The throat area actuator model is usually a second-
order transfer function with specified damping and frequency with
saturation limits. The controller needs to operate under limits of fuel
flow rate obtainable from the FSS and physical constraints on the
nozzle throat area variation.

The controller design depends strongly on the availability of
sensors to measure the variables required for use as feedback. The
measured signal should adequately capture the dynamic coupling
between the intake and the combustion chamber. This requires
measuring a suitable variable at a location between the terminal
shock in the intake duct and the nozzle throat downstream of the
combustion chamber. Measurements in the combustion chamber or
downstream are difficult due to the hostile environment and the
variety of physical processes ongoing simultaneously in the combus-
tor. The ideal variable to measure for feedback is the intake
backpressure, and it can be measured by locating a set of pressure
sensors at different streamwise stations upstream of the fuel injection
station. As seen earlier, the backpressure also correlates well with the
intake shock location, a key constraint parameter, and is the
parameter that links the combustion chamber operating condition
with the intake operation. Also, the various disturbances to be
modeled can be incorporated as perturbations in the intake back-
pressure in the disturbance model. Thus, the PID controller design,
which follows an output feedback strategy, uses intake backpressure
as the feedback parameter to regulate two inputs, the fuel flow rate
and the nozzle throat area. Additionally, critical intake backpressure,
fuel flow rate, and throat area values are available to the controller,
and measurements from the ADS (Mach number, altitude, dynamic
pressure, and angle of attack) are used to schedule the gains and other
parameters as a function of flight condition and for certain switching
tasks.

The performance of the air-breathing combustion system with the
controller can be tested by simulating flight along some reference
trajectories. In particular, two flight segments need to be tested in the
present instance, an acceleration segment from 2.1 Mach, 1.4 km to
3.0 Mach, 14.5 km, and a cruise segment at 3.0 Mach, 14.5 km.
Following this, a typical combined acceleration-cum-cruise profile
needs to be tested. To accommodate this, the controller should have
an outer guidance loop with Mach command, where Mach number
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Fig. 1 Schematic of the air-breathing combustion system with station
numbers marked.

measurements are assumed to be available from the ADS. However,
in digital simulations, Mach number must be obtained by solving a
differential equation involving the thrust and drag. In the present
work, a dynamic inversion (DI) control law is used as a rapid
prototyping tool to verify that the closed-loop combustion system
does in fact meet the desired Mach profile during climb and cruise.

Besides optimizing the reference flight trajectory, which is outside
the scope of the present work, several performance-improvement
measures can be adopted for the combustion system by itself. For
instance, in cruise, the fuel consumption can be cut down by
choosing an appropriate combination of throat area and fuel flow rate
that gives the same thrust. This automatically betters endurance/
range for the given cruise Mach number and altitude. Again,
efficiencies can be improved by stationing the terminal shock as far
upstream as possible in the intake duct. This improves intake
pressure recovery giving higher total pressures in the combustion
chamber, and hence lower losses. At the same time, optimal perform-
ance must be weighed against the requirement of safety, especially in
the presence of internal disturbances, atmospheric turbulence, and
under off-design conditions. Attempting to hold the intake shock too
close to the inlet of the duct under acceleration conditions may
inadvertently cause the shock to become subcritical due to a surge of
pressure in the combustion chamber. Too large a fuel injection rate
during acceleration in climb (coupled with a decreasing intake mass
flow rate) may result in F/A going over the limit and cause
overtemperatures in the combustion chamber. The controller design
should therefore provide for optimization or performance improve-
ment, where possible, without violating any constraint or
compromising safety.

The following sections will describe the combustion system
model, the controller design philosophy and procedure, and give
illustrative results of simulations to evaluate the closed-loop system
performance. Following this, a complete simulation from beginning
of acceleration phase to establishing the trim cruise flight will be
demonstrated.

II. Modeling and Open-Loop Simulation

The air-breathing combustion system has an axisymmetric
configuration and consists mainly of three components, an intake
with a conical centerbody, a burner with liquid fuel injection and a
flame-holder arrangement, and an exhaust nozzle, as shown in the
schematic diagram in Fig. 1.2 Stations 1-4 form the intake; station 2
is the cowl lip, and station 3 is the notional location of the terminal
shock. Stations 4-7 represent the combustor; station 5 is the fuel
injection point, and station 6 is the dump behind which the pilot flame
is maintained. The exhaust nozzle extends from stations 7 to 9 with
station 8 being the throat.

A novel low-dimensional dynamic model for the air-breathing
combustion system has been developed [11]. Under this approach,
each component (intake, combustor, and nozzle) has been modeled
using an appropriate technique that adequately captures the complex
physics in each case. The intake model is obtained from com-
putational fluid dynamics (CFD) by using a Reynolds-averaged
Navier—Stokes (RANS) code. A quasi-1-D code is developed to
model the fluid mechanics and the reaction mechanisms for the
combustor model. The nozzle is modeled as a simple isentropic

**Data available online at http://history.nasa.gov/SP-4404/app-b7.htm
[retrieved 14 Nov. 2008].
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Fig. 2 Interface between different components of the global model.

component. The outputs of these models are stored in individual
blocks (described below) in the form of tabular lookups or functional
representation. The various component model blocks are then linked
to each other in such a way that the physics of the system is truthfully
reproduced to provide a low-dimensional model of the complete
combustion system dynamics.

The interface between the various component blocks is depicted in
Fig. 2. The key to the dynamical model is the block that updates the
combustion chamber pressure P; based on the mass accumulation in
the combustion chamber, i.e., the difference between the fuel plus air
mass entering the combustion chamber and the gas mass exiting at
the choked nozzle throat. This relation follows the work by Greitzer
[15] for compression systems

. 1 . .
P =§(m7—m8) (D

where the backpressure factor B is given by

7 1
B = (L m dx)Acom (2)

where A, is the cross-section area of the combustor (between
stations 6 and 7), and T (x) is the static temperature at location x. B is
one of the outputs from the quasi-1-D combustor code. The updated
value of P, along with existing values at station 4 (not P,) is used to
read up values of other variables at stations 7, 5, and the intake
backpressure P,. The read-up value of P, is used to look up values in
the intake block, and gets new values of other variables at station 4.
On the next combustor block look up, these new station 4 values, with
the latest update in P, result in revised values of the variables at
stations 7, 5, and P,. This is physically meaningful as the combustor,
being subsonic, signals travel both upstream and downstream.

The delay in updating the system properties at various stations due
to signal propagation, upstream and downstream, is modeled by a
first-order dynamical system for each delay

X = 1(-Xss - X) (3)
T

where x is the physical parameter, x,; is its steady-state value read
from a tabular look up or computed from a functional representation,
and tis the time constant. Each value of 7 is computed by considering
the appropriate signal speed to correctly capture the dynamics of the
system. Time constants for nonacoustic variables being convected
downstream with the mean flow velocity are computed as follows:

i " 4
ff-f—[m @

where i, j are station numbers, and u(x) is the flow velocity at axial
location x. Time constants for the upstream (or downstream)
propagation of static pressure are obtained by considering acoustic
waves traveling against (or with) the mean flow as follows:

j 1
Fici 2[ O Fu® " ©)

where a(x) is the speed of sound at location x, u(x) is the flow
velocity at the same location, and the minus (or plus) sign represents
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Fig. 3 Intake characteristics (AOA = 10, 5, 2, and 0 deg from left to
right in each subfigure; circles correspond to different P, values).

the upstream (or downstream) propagating case, respectively. These
time constants are also computed and tabulated in the combustor
block.

A. Model Components

Intake: For each (Mach, altitude) combination, CFD simulations
are conducted for different angles of attack (AOA =0, 2, 5, 10 deg)
and backpressure (P,) values. The total pressure recovery (P, /Py, ),
air mass flow rate, and backpressure (P,) are recorded in tabular form
after being suitably nondimensionalized. To speed up simulation
runs, at the start of a series of simulations the intake tables are read
and stored using Delaunay tessellations as a set of triangles such that
no other data points are contained within the circle circumscribed by
an individual triangle. During simulations, the triangulated data is
searched to provide read-up values. The intake model in condensed
graphical form is as shown in Fig. 3. The circles correspond to
different P, values. The critical point (kink in each curve) is
identified and a few subcritical operating points are also computed
for each graph. For AOA = 0, the pressure recovery ranges from
about 0.7 at 2.1 Mach-0.4 at 3.0 Mach, which is well within the
expected range [16]. Also, for increasing AOA (for each Mach), the
pressure recovery shows a fall, as expected, and a marginal decrease
in the mass flow, consistent with the component of the stream-tube
area entering the intake. The mass flow rates also show a variation of
3 times between the 2.1 Mach, 1.4 km case to the 3.0 Mach, 14.5 km
case. For a given value of backpressure P, passed on from the
combustor block, the intake block outputs the mass flow and total
pressure at station 4, and Ty, = T,;, which allows all other station 4
variables to be computed. In addition, the intake block also gives a
measure of terminal shock location in terms of Pypqpgin, 1.€., the
difference between P, and its critical value, as shown schematically
in Fig. 4. Pypaein in percentage is defined as

Pioviiea — P
4critical 4
P4margin = = x 100 (6)

P4critical - P4lowesl

220

Critical point

200

A

P4margin

160 ¢

4
140 |  Operating point

180

Pressure at station 4(kPa)

120
46 47 438

Mass flow rate at station 4(kg/s)
Fig. 4 Constraint on shock location, in terms of Py, argin-

where Pwe 18 the Py at the lowest supercritical operating point in
Fig. 4. Pyisica Tepresents the forwardmost limit of shock location in
the intake duct, whereas Py represents the rearmost limit of
shock location in the duct. Py, therefore directly correlates with
shock location in the duct and can be used as the parameter to
measure and control the shock location.

Combustor: The combustor model largely follows the work of
O’Brian et al. [17] with some minor improvements. This involves
solving a set of quasi-1-D equations for the gas dynamics in a
variable-area combustor along with a detailed reaction mechanism
for jet-A fuel consisting of 16 species and 23 reaction steps. Droplet
injection, mixing, and evaporation are modeled for the fuel from both
the primary (upstream injection) and secondary (downstream
injection). A recirculation zone is assumed downstream of the dump
at station 6 and heat and mass transfer across the shear layer forming
its boundary is modeled. Frictional effects at the wall and at the
recirculation zone boundary are accounted for, and heat loss through
the walls is modeled by setting a wall temperature. The flame is
assumed to be anchored at the base of the dump by way of a pilot
injector and complete combustion is assumed in the recirculation
zone, but unburnt fuel, if any, in the main flow is recorded at the
combustor exit. The model is described in detail in [11]. The
quasi-1-D combustor code outputs data into a table, as listed in
Table 1. Several runs of the quasi-1-D code are carried out for various
combustor inlet states and fuel injection conditions to generate the
complete combustor table.

Exhaust Nozzle: The nozzle block uses isentropic flow relations to
compute the choked mass flow through the throat

P 2 3+]
g = Ay X Pos /7 D 7
VRTgs \ys +1
where
Pog =1, X Py, Tos =Ty, s =12 (8)

and r,, = 0.98. This block also calculates the thrust generated by the
combustion system following the standard relations (e.g., see
Farokhi [18]).

Fuel Supply System: The fuel supply system is separately
described in the Appendix.

Throat Area Actuator: The actuator is modeled as a second-order
system with a frequency of 9 Hz and a damping ratio of 0.6

Table 1 List of variables in combustor table

Station Variables

number

4 Mass flow rate, total temperature, static pressure
5 Fuel flow rate, total temperature, static pressure
7 Mass flow rate, total temperature, static pressure,

total pressure, peak static temperature
Global  Time delay parameters, B parameter
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3197.8

TF, =
' 246795 +3197.8

®

Disturbances: Disturbances are modeled as pressure fluctuations
and are introduced in the intake backpressure variable P,, and from
there they propagate to all the other system variables. They also result
in oscillations of the terminal shock in the intake duct. One major
source of disturbance in the combustion system is due to heat release
fluctuations in the combustion chamber that drive the chamber
acoustics [14]. Only the bulk acoustic mode is modeled here
following the work in [19]. The combustion chamber of the air-
breathing combustion system, with choked nozzle, behaves like a
single bulk volume with a short neck. Helmholtz frequency w,
associated with the bulk mode is given by

A
: 10
LV, (10)

Wy, = C

where c is the speed of sound, A, and L,, are the cross-sectional area
and length of the neck, respectively, and V), is the volume of the bulk.
For the given combustion chamber, the Helmholtz frequency is
estimated to be close to 30 Hz. This is modeled using a second-order
transfer function with a frequency of 30 Hz and an estimated
damping ratio of 0.1

35531

TF, =
27 §2 +37.7s + 35531

L

The other major source of disturbance is due to turbulent fluctuations
in the intake diffuser and the combustor, which is taken to be
broadband noise and modeled as a low-pass filter with break
frequency of 100 Hz. The transfer function for this appears as

3 394800
37 52 + 7545 + 394800

TF (12)

Both disturbance models are excited by a Gaussian random function
with zero mean and specified variance such that the perturbation due
to turbulent fluctuations never exceeds 1% of P, at all frequencies
and the perturbation due to the bulk mode never exceeds 5% at the
resonant Helmholtz frequency of 30 Hz. These values are chosen
based on the discussion in [14].

B. Constraints

The various constraints discussed earlier are also incorporated into
the system model. Please note that the model does not actually
impose the constraints on the system (that is the job of the controller),
it merely records the constraint values.

Shock Location: Constraints on the shock location in the intake
duct are specified in terms of the Py, and are initially set at 10%
(lower limit; forwardmost shock location) and 90% (upper limit;
rearmost shock location). Violation of this constraint suggests the
risk of either possible subcritical operation (lower limit) or flameout
(upper limit). Later, depending on the system dynamic response as a
function of flight condition, the controller may either impose tighter
limits on the shock location or relax this constraint.

Fuel-Air Ratio: The upper limit on F/A is set at the stoichiometric
ratio, which for jet-A comes to 0.0685. The lower limit to prevent
LBO is set at 0.02 as recommended by [3]. In practice, neither F/A
limit should normally be achieved as the corresponding Pmargin
constraint is likely to be attained earlier.

Maximum Combustor Temperature: The peak combustion
temperature limit is set at 2200 K above which the combustor is
likely to be damaged due to thermal effects [18]. The combustion
temperature is related to F/A, and can be controlled by regulating
F/A.

Fuel Flow Rate: The FSS limits the maximum and minimum
amount of fuel per time that can be injected into the combustor. It also
limits the maximum and minimum rate at which the fuel flow rate can
be varied. This effect is captured in the detailed model of the FSS
itself, so no additional constraints are required to be added.

Table 2 Trim values at 3.0 Mach, 14.5 km, 0 angle of attack

Mpgor 0.1982 kg/s Ay 0.0335 m?
P, 173.3 kPa Mygor 4.7988 kg/s
Py 187.0 kPa Tos 607 K

P, 162.7 kPa Mot 4.997 kg/s
Py, 174.0 kPa Ty 1909 K
Pimargin 25.7 kPa Thrust 3196 N
F/A 0.0414 Tpeak 1882 K

Throat Area Actuator: The mean value of the throat area is known
to be 0.0335 m?2. A limit of +12% variation in area about the mean
value is modeled.

C. Open-Loop Simulations

Sample simulations are now carried out for the complete
combustion system model, with disturbances included, to examine
the response to each control input. The initial condition is a steady
(trim) state at 3.0 m, 14.5 km altitude, with AOA = 0. Table 2 gives
the trim values of the inputs and other important system variables.
Results from two sets of simulations are shown in Fig. 5; in one case
the throat area is held constant while the fuel flow rate is varied, in the
other the fuel flow rate is held constant with throat area being varied.

o
o
i

Throat area (mz)
o
o
w

0 5 10
Time (s)
. x 10'
©
S
£ 5 A
=]
- 0 5 10
Time (s)
_. 3400
<
S
= 3000
0 5 10
. Time (s)
0
2 o3
s Fm—-m—=—=—-=-=-7
g -_ — — —— — -
= 041
g 0 5 10
w Time (s)
e x 10"
©
e 5F A/ — AR ™ AT A T Al
< r—_—_
o 0 5 10
Time (s)
__ 4000
£
% 3000
>
<
= 2000 .
0 5 10
Time (s)

Fig. 5 Open-loop simulation with fuel flow rate (last three subfigures)
and throat area (first three subfigures) as input (dashed lines indicate
limits due to constraints).
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The last three subfigures in Fig. 5 show the variation of Py, and
thrust with varying fuel flow rate input. The Pjpqin Constraint
boundaries are shown in the figure. The fuel flow rate is varied so that
almost the entire range of Py i is covered. Thrust modulation of
about 1500 N is available over the range of allowable P yyyoin values.
Likewise, the first three subfigures in Fig. 5 show the variation of
thrust and Py, With varying Ay, input and fuel flow rate held
constant. The limits on throat area here are the physical actuator
limits. Varying throat area over nearly its complete range is seen to
give significant modulation in Pjpqin, but only a small range of
thrust modulation of less than 300 N. An important lesson from this
exercise is to appreciate that while fuel flow rate must be the primary
control to attain the demanded thrust, throat area variation can be a
useful secondary control to regulate the intake shock location or
P 4margin*

In several hundreds of simulations carried out, neither the rich/lean
limits on F'/ A, nor the peak combustor temperature limit was ever hit,
suggesting that the Py, (intake shock location) limits set the
primary constraint for the system.

III. Controller Design

PID is a commonly used control design method that has found
wide application and acceptance in industry [9]. When properly
designed, the PID controller gives robust performance over a wide
range of operating conditions. Both the design procedure and its
operation are reasonably simple and straightforward, making it a
popular choice. Typical PID control design is carried out for a linear,
single-input-single-output, constant parameter system. The air-
breathing combustion system model described here is, however, a
multivariable, nonlinear system with parameters varying during
flight. To apply the PID control design procedure to the air-breathing
combustion system, one requires the following steps:

1. Choose a set of representative operating points over the flight
envelop and derive linearized system models (one each with fuel flow
rate and throat area actuator command as input) at each of these
operating points. This is the system identification step.

2. Design PID controllers at each operating point for each control
input. This involves tuning the three parameters for proportional,
integral, and differential gains in each case to get the desired
performance. This is the actual PID design step.

3. Put together the fuel flow rate and throat area controllers at each
operating point so that any control demand is shared between the two
of them using some logic. This is the control allocation step.

4. Schedule the gains as a function of one or more system
parameters so that appropriate values of gains are obtained at all
points of the flight envelop by interpolation between the
representative operating points. This is the gain scheduling step.

A. Controller Design Philosophy

The proposed strategy for PID design of the air-breathing
combustion system is shown in Fig. 6. Intake backpressure P, is the
single measured variable. The critical value of P, is known (subject
to computational uncertainties) from the intake CFD data, for various
combinations of Mach number, altitude, and angle of attack. Thus,
for every flight condition an estimate Of Py 1S available. Given a

: Thrust | static | P i+ \Error| PID ,
Cmd | Map [cmd Controller "

P,

4Critical

: (M,a,h)

Fig. 6 Strategy for PID controller design.

P 4margin cOmmand, the error between the commanded and estimated
values of Py ,oin can be fed to the PID controller block, where (based
on the control allocation logic) commands for the fuel flow rate and
throat area will be produced. These will be given to the FSS (and its
controller) and the throat area actuator, respectively, which will
provide the inputs to the plant. This describes the inner stage 1.

Commanding Pjp,in has the advantage that the most critical
constraint (intake shock location) is directly controlled, which also
relates to the intake total pressure recovery. However, the system
parameters of maximum relevance to performance are the thrust and
ameasure of efficiency, such as specific fuel consumption. The outer
guidance loop (discussed later) will command a desired value of
thrust. The key to the success of the present strategy is to map the
commanded thrust t0 a P, command by a static map scheduled
as a function of one or more flight parameters. This is done in the
outer stage 2. In fact, the static map includes an explicit Pyyargin
command limiter that ensures that the constraints on Py, are
never violated in the command.

A comment on the choice of control strategy. As there are two
inputs available, an ideal control strategy could be to measure
two outputs, each of which is fed back to regulate one each of the two
inputs. In that case, intake backpressure measurement could be used
to regulate throat area such that an optimal value of intake shock
location is maintained, that is, Pparein control. This is also referred to
as buzz margin control. To control thrust one could possibly estimate
combustor total temperature. One way of doing this is to measure the
static temperature at the nozzle throat, and knowing the throat Mach
number to be sonic, calculate the throat total temperature, and
knowing the combustor-to-throat area ratio, calculate the combustor
exittotal temperature. However, there are issues of sensing the nozzle
temperature due to the location and the high temperature expected
there of the order of 1800 K or higher. Therefore, questions of
reliability, safety, and redundancy need to be addressed for this
option. A more conventional option [2,3] is to use throat area
feedback to control intake shock location (or backpressure) as before,
but thrust commands are fed in the open-loop to regulate the fuel flow
rate. This scheme suffers from obvious disadvantages of open-loop
systems such as lack of robustness. Sudden changes in thrust
command could cause surges in fuel flow rate that are not limited by
P ymargin limiters. Hence, there is a risk of subcritical operation if the
throat area control for shock location does not respond quickly.

Instead, what is proposed in this work is a novel and innovative
strategy where thrust can be controlled by using only a single
measurement of intake backpressure. The key to this strategy is the
thrust-to-P, mapping, which converts every thrust command to a
P 4margin command, which in the closed-loop regulates both fuel flow
rate and throat area. The Py command limiter ensures that
sudden changes in thrust command do not cause fuel flow rate surges.
A huge advantage of this strategy is that it requires only one variable,
static pressure of the cold air flow in the intake duct, to be measured.

B. Controller Design Procedure

In the following, the controller design procedure is carried out and
tested by running two sets of simulations: one with a synthetic Mach
command schedule for the acceleration segment, and the other with a
P ymargin cOmmand for the cruise segment.

1. Selection of Operating Points

The representative operating points for PID controller design are
chosen based on the combustion system’s expected flight profile and
availability of aerodynamic data from prior analysis of intake and
combustor, and are as listed in Table 3. The variation of throat area is
to account for the varying mass flow rates at different flight
conditions. Of the £12% variation allowed in throat area, 6%
(approximately £0.02 m?) is used for this purpose, while the rest is
reserved for use in control to respond to the Pyprgin €rTOT Signal. For
the acceleration segment, throat area is fixed based on estimates of
mass flow at different Mach numbers and altitudes. However,
between Mach 2.7 and 3.0, throat area is not varied as F//A is being
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Table 3 Operating points for proportional integral derivative controller design

Acceleration segment

Cruise segment

Mach number ~ Angle of attack, Throat area,  Pjpqrin command  Mach number  Angle of attack, Throat area,  Ppqrgin command

2

2

deg m limiter, % deg m limiter, %
2.1 0 0.0355 20 3.0 0 0.0315 6
2.4 0 0.0345 20 3.0 +2 0.0315 6
2.7 0 0.0335 10 3.0 +5 0.0315 6
3.0 0 0.0335 10 3.0 +10 0.0315 6

decreased, and also freestream temperature becomes a constant in the
stratosphere. At cruise, throat area is decreased to the 6% limit of
0.0315 m?.

For each operating point at which the linearized system for PID
controller design is to be obtained, the trim value of thrust and
corresponding values Of Pypqin and fuel flow rate need to be
determined. This is done by selecting values of F/A. For the
acceleration trims, F /A is picked as approximately 0.055 (as against
a stoichiometric value of 0.0685) particularly to avoid violating the
peak combustor temperature constraint. For the acceleration segment
at Mach 3.0 and all points on the cruise segment, a lower F'/A value
of approximately 0.0414 is chosen. This is based on an estimate
of thrust required at cruise to balance the drag at the expected trim
condition. However, please note that this selection of F/A is only
meant to pick a trim state for controller design. In operation, the
control logic will allow larger or smaller values of F/A if demanded
by the controller, subject to limits to avoid violating any constraint.

2. System Identification

Linearized models of the combustion system dynamics at each
selected operating trim point are obtained in state space and transfer
function form using the system identification tool box available with
Matlab® [20,21]. The sequence of steps followed in this procedure is
briefly listed below.

The combustion system model is first simulated in the open loop
about each trim state by giving a judiciously selected synthetic input
(to fuel flow rate or throat area, as the case may be) including a series
of step functions and a combination of frequencies (sinusoidal and
chirp signals) and constant offsets. This provides time series data of
the input and output signals, which are imported from the Matlab®
workspace into the Sysld tool box after being suitably non-
dimensionalized (e.g., fuel flow rate with intake mass flow rate, throat
area with combustor cross-section area, and pressure margin with
freestream static pressure). After suitable preprocessing one part of
the data set, typically 50-60%, is selected as the working range for
the estimation, while the other part is reserved for validation.
Identification of linear models is done for orders from three to eight
(number of states in the state space model). The linear models are
then run using the validation input data to generate output that is
matched with the validation output data. The fit percentage for
various model orders is examined. Typically, too small an order will
give a poor fit percentage, while too high an order will either show
pole-zero cancellations and/or give an uncontrollable or
unobservable system. For the present problem, fifth-order models
gave the best fit (97.87%) and were found to be controllable and
observable with no pole-zero cancellation.

The open-loop time response of the linear model is compared to
that of the nonlinear plant to judge how well the linearized model
actually captures the original nonlinear system dynamics about the
trim point. The comparison is generally found to be good at the trim
point with minor errors in peak over/undershoot and small mismatch
in the steady-state values away from the trim, as expected. On
checking the open-loop poles and zeros of the linear plant, the system
is found to be stable but nonminimum phase (right half-plane zeros).
The linear state space models are transformed into the frequency
domain to obtain two transfer functions at each trim point, one each
between fuel flow rate and throat area, respectively, and the Pnargin»
for controller design. In case of throat area control, the system

identification to generate linear models is carried out between
physical (nondimensional) throat area input and (nondimensional)
Pymargin 0utput. Then, the linear second-order actuator transfer
function is appended to the identified linear plant, and PID controller
design is carried out for the aggregated linear system between the
actuator command input and P g0 OULPUL.

3. Proportional Integral Derivative Control Design

The PID design step involves choosing (tuning) the three gains in
the transfer function below for each trim point

K
TF,=Kp+—L+Kps 13)
S

where the subscripts P, I, and D stand for proportional, integral, and
derivative, respectively. The tuning is done using standard methods,
such as Zeigler—Nichols [22] or internal model control [23]. The
gains are tuned to satisfy time-domain performance criteria, as
follows: proportional control to adjust the rise time, integral control
to eliminate the steady-state error, and derivative control to alter the
overshoot. The time-domain performance of the PID controller is
verified by giving various P, commands (small perturbation
from trim, and large commands to upper and lower limiting values)
and observing the response.

The fuel flow rate needs to respond to sharp changes in thrust
command, and so the primary design criterion is the rise time. PID
gains are tuned to ensure a rise time less than 0.05 s. Secondary
design parameters are overshoot less than 10% of the magnitude of
the step command and settling time less than 0.2 s. In case of throat
area control, the primary design criterion is settling time of the order
of 0.2 s, but with no overshoot. The overshoot could be an important
factor when commanding trims near the lower P p,pi, limit. So tests
for extreme values Of Ppqrin (large deviation from trim) are carried
out as the same set of gains designed for the trim P pqri, are to be
used across the entire range Of Pp,q.in Values. The thrust response to
throat area input does show an initial under/overshoot, whereas this
behavior is not observed in the thrust response to fuel flow rate input.
This is verified to be correct by analyzing the transfer function
G(s) — G(o0) in each case, which shows one right half-plane zero in
case of throat input, but none for the fuel flow rate input case [24].

Frequency domain criteria such as Bode plots for frequency
response and gain and phase margins are then checked for
acceptability. Gain margin of at least 6 dB and phase margin of at
least 45 deg is maintained for all PID controller designs. Because the
same time-domain criteria are maintained for all the trim conditions,
the gain and phase margins differ from trim to trim, but all of them
satisfy the minimum requirement above.

4. Control Allocation

For each operating point, two controllers have been designed
about the chosen trim with fuel flow rate and throat area as input,
respectively. Both controllers operate in parallel channels in the PID
controller block in Fig. 6, and respond to the same P 4yrgin cOmmand,
and so a method to allocate the Py, error signal between the fuel
flow and throat area channels is necessary.

Fuel flow rate is the primary control effecter and has sufficient
authority to cover the entire range of Pjpqin cCOmmand values,
whereas 50% of throat area control authority has been reserved for
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trim variations, as discussed previously. Also, as seen earlier, the
range of thrust variation obtained with throat area is limited. Notably,
thrust shows a nonminimum phase (under/overshoot) response to
throat area input. Hence, for good thrust tracking it would be
desirable to filter out the low-frequency component of the error signal
from the throat area channel and pass it only through the fuel flow rate
channel. On the other hand, both throat area and fuel flow rate
influence almost the entire range of Pyyqrein Values. After PID design,
the closed-loop response of both inputs shows a settling time of
similar order. However, fuel flow rate shows a very rapid response
(small rise time) with overshoot, whereas throat area achieves
tracking with no overshoot. Hence, throat area changes could
possibly be beneficial in tracking higher frequency components in
the P ypargin €101 signal.

The control allocation scheme is therefore chosen as follows. The
P ymargin €101 signal is passed in full to the fuel flow rate channel, buta
high-pass filter H(s)

52 + 40s

H(s) = - 5
) = 37205 1 360

(14)

with natural frequency about 3 Hz is introduced in the throat area
channel. Another low-pass filter L, (s) with natural frequency about
6 Hz is introduced in the throat area channel to avoid undesirable
response of throat area to high-frequency disturbance signals

1420
s2 4+ 52.72s + 1420

Li(s) = (15)

The PID controllers and the control allocation scheme are tested
with a series of step Pypygin cOmmands, as shown in Fig. 7, which is
seen to be well tracked with little under/overshoot and quick settling.
Thrust tracking is also found to be good with very little delay. The
control allocation scheme splits the P, erTor signal between the
two channels, and both fuel flow rate and throat area show
sufficiently rapid response when there are step changes in the P4yrin
command.
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Fig. 7 Closed-loop simulation with fuel flow rate and throat area inputs
mixed as per the control allocation scheme.

5. Gain Scheduling

During the acceleration segment all the PID gains, the trim setting
of Ay, and the thrust-to-P i Static map (to be discussed below)
are scheduled as a function of freestream dynamic pressure

g, =0.50,V} = 0.5y, p,M? (16)

with y; = 1.4. For cruise at 3.0 Mach, 14.5 km altitude, the gains are
scheduled as a function of AOA. Both ¢, and AOA are expected to be
available in flight from the ADS. All gains and scheduled parameters
are obtained by linear interpolation between their values at the
nearest operating points.

6. Thrust-10-P ymyin Static Map

Thrust demands generated during flight need to be attained by the
PID controller. Because the controller regulates Ppyin, @ thrust
command t0 P i, command static map is used in stage 2 of Fig. 6
to achieve the desired thrust values. This is possible because for each
operating point, there is a unique (single-valued) relationship
between Pymargin and thrust, with larger Pypggin giving smaller thrust
and vice versa. The procedure to obtain the static map for each
operating point is by holding the throat area at its trim value, varying
the fuel flow rate about its trim value, and noting down the pairs of
values of Py, and thrust. These are plotted in a graph and a
suitable curve fit is done, which in all cases turns out to be a quadratic
function. One such fit is obtained for each operating point, and these
static maps are scheduled as a function of dynamic pressure ¢g; during
the acceleration segment and as a function of AOA during transition
from acceleration to cruise.

The static map block also incorporates a P g1 cOmmand limiter.
The command limiter plays a very important role by restricting the
tendency for subcritical operation or lean blowout due to very large or
very small thrust commands, respectively. In such cases the Py agin
command limiter will provide as much or as little thrust as possible
without sacrificing the safety of the system. Choice of Pypargin
command limiter values influences the performance of the system. A
conservative choice of the command limiter settings will guarantee
safe operation but will degrade the system efficiency because of
higher total pressure loss obtained with larger Ppqin- On the other
hand, choosing relatively tight values of Pjpin Will give higher
efficiency, but there is a larger risk of subcritical operation, especially
in the presence of disturbances (e.g., atmospheric turbulence) during
the accelerated climb segment. Values for the Pjn, command
limiter are set as shown in Table 3 for different Mach numbers.
P ymargin command limiters are scheduled as a function of dynamic
pressure during the acceleration segment and as a function of AOA
during the switch from acceleration to cruise.

C. Closed-Loop Simulations

Simulations are now reported that test the closed-loop perform-
ance of the PID controllers designed, with the control allocation
scheme, gain scheduling, and thrust-to-Pyp,ein mapping, all
incorporated.

1. Acceleration Segment

To test for the acceleration segment a synthetic Mach command is
considered, as shown in Fig. 8. The corresponding values of thrust
and fuel flow rate are found from open-loop simulations, as listed in
Table 4. Ppargin Values are obtained from the static map in stage 2.
Time histories are also reported in Fig. 8, which confirms that the
static map generating the P4, command and all aspects of the PID
controller work satisfactorily during the acceleration segment. The
few glitches during the ramp segments could be traced to the
triangulated data lookup algorithm. The steep fall in fuel flow rate
around ¢ = 10.5 sec is due to injector switching; the same P prgin
command is attainable with two different fuel flow rate values, and
the controller automatically chooses the smaller value. The choice of
lower F/A at Mach 3.0 makes sense because, as the freestream static



570 CHANDRA ET AL.

Mach
Command
N
N O W

Time (s)

-

Fuel flow
rate(kg/s)
o
o

Fuel flow rate(kg/s)

0 5 10 15
<~ Time (s)
E
©
©
®
o
< 0.033 . 5
= 0 5 10 15
Time (s)
. x 10°
g 6
£
=
o2 , ,
o
0 5 10 15
Time (s)
g 10000 A
2
£ 5000
"_ A A
0 5 10 15
Time (s)
L0200
§ g _N W
ag
£1600
o2 0 5 10 15
Time (s)

Fig. 8 Closed-loop simulation with synthetic Mach command for
testing acceleration segment. In the thrust and P, margin plots dashed
lines are commanded values, full lines are achieved values. The dotted
line in peak temperature plot is the limiting value.

temperature stops falling in the stratosphere, reducing the F/A is
seen to keep 7T}, under control.

2. Cruise Segment

To test the cruise segment, a synthetic AOA variation is considered
with mean value of 2 deg and a sinusoidal variation of £2.5 deg over
the mean at 1.6 Hz. For this simulation, P 4p,rein command is directly
given and is set at 10%, scheduled as a function of AOA. The gains
and trim settings are also scheduled with AOA, and mean throat area
is held at the reduced value of 0.0315 m?. The AOA signal and
simulation results are shown in Fig. 9. The Py, command varies
with time because the 10% value is different at different angles of
attack. The PID controller is confirmed to perform well during cruise.
The choice of 1.6 Hz frequency ensures that both fuel flow rate and
Ay, channels respond to Pp,qpin €1TOT Signals. The thrust response to
the sinusoidal AOA variation shows a repeated plateau pattern
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Fig. 9 Closed-loop simulation with P,,,,,,;, command for testing cruise
segment. In the P, margin plot dashed lines are commanded values, full
lines are achieved values. The dotted line in the peak temperature plot is
the limiting value.

because the thrust has nearly the same value over the AOA range of
+2 deg.

IV. Mach Guidance Loop Design

While the PID controller appears to regulate all the combustion
system parameters well, it needs to be confirmed that the controlled
system meets the mission objective of accelerating to the correct
cruise altitude and Mach number in the specified time of ~16 sec.
For this purpose, an outer Mach guidance loop is designed using a DI
control law as a rapid prototyping tool [25]. The error in Mach
number is used by the DI law to compute the thrust desired to
maintain the planned trajectory. The controller with the outer DI loop
wrapped around it is shown in Fig. 10.

The estimated Mach number is obtained by integrating the thrust-
drag balance equation

. 1
Ma=— (T — D — mgsiny) 17
m

Table 4 Values of variables corresponding to Mach schedule in Fig. 8

Mach number Thrust, N Pymargins P2, % Fuel flow rate, kg/s Fuel-Air ratio
2.1 9886 23433 [17.57] 0.8569 0.0570
2.4 8404 45537 [25.30] 0.6500 0.0552
2.7 5908 34824 [29.02] 0.4247 0.0516
3.0 3196 25690 [41.44] 0.1982 0.0414
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Fig. 10 Outer Mach guidance loop using a DI control law.

where a is the local speed of sound, m is the system mass estimated to
be 124 kg, T and D are thrust and drag, and y is the flight-path angle.
Presently, y = 90 deg, i.e., vertical climb, for acceleration segment,
and y = 0 for cruise, is assumed. Drag is calculated as

D =q,AC) (18)

where ¢, is the freestream dynamic pressure, A is the cross-sectional
area using a diameter of 300 mm, and Cj is the drag coefficient,
given by

Cp =Cp, + Cp,& (19)

with coefficients as given in Table 5. Using the available data, the
cruise trim state at 3.0 Mach, 14.5 km altitude is estimated to be at an
AOA of 2.063 deg, with thrust and drag value of 3615 N.

Then, based on the error between the commanded Mach number
M_,,; and measured (estimated) Mach number, an M®™¢ value is
computed as follows:

M5 = 0, (Mg — M) (20)

where w,, is a suitable weighting parameter that decides how fast/
slow the outer loop response should be as against the inner loop
response. Following standard practice [26,27], a typical value of w,
for the present problem is ~2 rad/s. The desired M value is then used
in the thrust-drag balance Eq. (17)

o 1
Mdesweda:_(Tcmd—D—mgSin)/) (21)
m

and inverted to get an equation for the commanded thrust 7’4
Tomd = M am + D + mgsiny (22)

which is then fed to stage 2 of the PID controller.

A. Mach Command Profile and Switching Strategy

The desired Mach command profile is given by three piecewise
linear segments (see Fig. 11). This one consists of a 5-s ramp from 2.1
to 2.8 Mach, followed by a 3-s ramp from 2.8 to 3.0 Mach, and a
constant 3.0 Mach command thereafter. The break in the ramp at
2.8 Mach (approximately 11 km altitude) adjusts for the constant

Table 5 Aerodynamic data for drag calculation

Mach number Altitude, km Cp, Crq, deg
2.0 1.0 0.26 0.12
2.0 10.0 0.28 0.13
2.0 17.0 0.30 0.14
24 1.0 0.22 0.10
2.4 10.0 0.24 0.11
24 17.0 0.26 0.12
2.8 1.0 0.18 0.084
2.8 10.0 0.21 0.10
2.8 17.0 0.23 0.104
3.0 1.0 0.17 0.08
3.0 10.0 0.20 0.09
3.0 17.0 0.22 0.1

speed of sound in the stratosphere. It is expected that the system will
achieve the desired cruise Mach number and altitude within 16 s.

Next, a switching strategy between the acceleration and cruise
flight segments is worked out. Because the ADS can provide a
measure of altitude, it is ideal to start the switching strategy at a
predetermined altitude. The height gained over 1 s of switching time
can be estimated as

0V
di =/ Vsiny 4y 23)
dy 9 V

which works out to approximately 0.5 km of altitude during
switching. On this basis, switching is initiated when the system
reaches an altitude of 14 km, lasting 1 s. Denoting the altitude and
time of initiation of switching as H* and t*, respectively, the
parameters are scheduled during switching as listed in Table 6.

During switching, the PID gains and other scheduled parameters,
such as thrust-to-Pypqin command mapping, are computed as
follows:

1) Interpolated cruise value: based on the AOA (between 0 and
2.063 deg), interpolation is done between the various Mach 3.0 cruise
cases to get a value at cruise (call it C).

2) Interpolated acceleration value: based on the dynamic pressure,
interpolation is done between the appropriate acceleration cases
(usually Mach 2.7 and 3.0) to get a value at acceleration (call it A).

3) Final blended value: based on the bias throat area Ay, setting,
linear blending is done between the interpolated acceleration value
and the interpolated cruise value to get a final blended value Y as
follows:

Y(Ap,) =500 * [C * (0.0335 — Ay, ) — A * (0.0315 — Ay, )]
(24)

1. Modeling Atmospheric Disturbance

Atmospheric disturbance is a critical factor that may potentially
lead to subcritical operation (or inlet unstart) [28]. Turbulent velocity
fluctuations or gust is modeled using the Dryden Wind Turbulence
Model, conforming to Mil Spec MIL-F-8785C [29]. Band-limited
white noise is passed through an appropriate filter to produce the
turbulent velocity spectrum. Transfer functions corresponding to
positive vertical and lateral angular rate spectral components are
considered. The turbulent velocity produced by this model is a
function of altitude, velocity, and aircraft orientation specified in
terms of a direction cosine matrix. Only the medium/high altitude
case (over 2000 ft) is relevant for the present simulation. Assuming
isotropic turbulence, the turbulence scale length is chosen to be
580 m for a wingspan (geometric characteristic length) of 1 m, and
the turbulence intensity is set as severe. The rms turbulence
amplitudes fall off with altitude, hence the effects of turbulent
fluctuations are expected to be pronounced mainly at lower altitudes.

B. Design Case Simulation

The complete system with the given Mach command profile is
now simulated for t = 0-12 s. The results are shown in Fig. 11. The
commanded Mach profile is well tracked and the system perfectly
attains the desired cruise trim state in a little over 10 s. The wind
velocity due to atmospheric turbulence is seen to compare well with
that in [27]. The most significant effect of the turbulent velocity
fluctuations is seen in the low-altitude, low-Mach early acceleration
phase where there are fairly severe shock (Pjmain) Oscillations.
Oscillations in F/A and thrust are also noticed over the same time
period. This underscores the importance of including atmospheric
turbulence in the overall model, and the conservative choice of
P ymargin limiter settings in Table 3 at lower Mach numbers. Even
though atmospheric turbulence effects are not as severe at higher
altitudes, fluctuations in Py, and other variables persist because
of the disturbances modeled in the combustion system.

The Pmargin graph shows the demanded and actual values to be at
the optimal minimum limit over nearly the entire flight time. Thus, an
optimal P, OF buzz margin control strategy is obtained during
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Fig. 11 Design case simulation with commanded Mach profile. The dashed lines are commanded values, dash-dot lines indicate limits due to constraints,

and the dotted line in the thrust, drag plot is the drag.

the acceleration segment without explicitly stating it as a design
objective. Consequently, the thrust available is the maximum value
possible at each Mach number, and has been limited only by Pamargin
hitting the lower limit. The thrust-drag difference ensures that
acceleration levels remains as high as possible, until the onset of
switching where drag begins to rise with increasing AOA. Thus, the
trajectory flown is expected to be very close to a minimum time-to-
climb profile.

The F/A stays in the range of 0.05-0.06 over the entire
acceleration segment, well below the stoichiometric limit. This is
precisely the range of F/A values for the selected trim points for PID
design. Thus, the system in fact operates close to the trim points for
which the PID gains have been tuned. This is a positive aspect of the
simulation. In fact, the fuel flow rate is, for the most part, very close to
the upper limit, derived from the lower Pjuuin limit. This is
responsible for maximizing thrust, as discussed above. The fuel flow
rate falls steadily as the inlet mass flow rate decreases with altitude,
with a sudden drop at the injector switching point of 0.36 kg/s. The
lower-than-stoichiometric F/A also ensures that there is no unburnt
fuel exiting from the nozzle, thus helping conserve fuel to extend the

Table 6 Parameter schedule during switching

Parameter Start value End value  Interpolation
(H* = 14 km) *+15)

Flight path angle y 90 deg 0 deg Linear

AOA 0 deg 2.063 deg Linear

Bias throat area setting 0.0335 m? 0.0315 m? Linear

Command ; D
; P 207,
: l o,

1
:| METERING

Position!
Sensor VALVE

Metering ~ ———
Orifice ~ P,
P; 1
CPDV
0, __— Orifice
CONSTANT o
PRESSURE DROP k, OP.»
VALVE(CPDV)

1 p,|
Fig. 12 Detailed schematic of the FSS.

flight range in the cruise phase. The range of /A values is also just
correct as the peak combustor temperature stays in the 2000-2200 K
range, just touching the 2200 K limit a few times. The lower LBO
limit of F/A = 0.02 is never approached.

The mean throat area is gradually cut down from 0.0355 to
0.0335 m?> during the acceleration phase to account for the
decreasing mass flow rate with altitude. Additionally, there are
fluctuations about the mean throat area in response to the Pypyargin
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Fig. 13 FSS response to step input (dashed line), with (full line) and
without (dash-dot line) controller.

error signal in the throat area channel, but the throat area actuator
limits are not hit. The fuel flow rate too does not hit saturation limits
due to the metering valve in the FSS, which is a good feature as the
FSS controller (see Appendix) does not account for the nonlinearities
due to saturation. It is desirable for the control actuators to avoid
saturation as studies [30] have shown that actuator saturation causes
the system to revert to open loop and there is a possibility of poor
dynamic response or even instability in that case. The mean throat
area is further cut down to 0.0315 m? during the switching period
and the cruise phase, which allows the fuel flow rate to be reduced
but still obtain the same P yyqgin- This provides further saving in fuel
consumption and also reduces the thrust marginally to eventually
bring it down to the cruise value.

V. Conclusions

The main thrust of the present work has been to design a controller
based on the traditional PID design technique for an air-breathing
combustion system. With the intake backpressure margin P pargin a8
the output and with fuel flow rate and nozzle throat area as the input,
two sets of PID controllers have been designed at various operating
points. The operating points have been chosen based on the expected
flight profile and available data points for (Mach, altitude) and AOA,
and include an acceleration segment and a cruise segment. The two
controllers have been blended using a control allocation scheme so as
to respond to a single Pyp,pi, command. Thrust commands are taken
in by converting them to an appropriate Ppain cOmmand using a
static map. The choice Of Pyprgin as the commanded variable allows
tight control of the shock location in the intake duct, a critical
constraint. The thrust-to-Pyp,i, map function also includes a
P ymargin cOmmand limiter to prevent inadvertent constraint viola-
tions. The PID gains, trim settings, and the static map are scheduled
as a function of dynamic pressure during acceleration and AOA for
cruise. The use of a static map to convey the thrust command to an
innerloop closed on Py is an innovative development that makes
command tracking and stability to disturbances simultaneously
possible with a single measurement of intake backpressure. The key
to this entire effort has been the availability of a high-fidelity, low-
order dynamical model of the air-breathing combustion system,
reported in [11], including disturbances both internal and external to
the engine and a fairly detailed FSS model.

An outer Mach guidance loop is designed using DI as a rapid
prototyping tool to quickly verify that the controlled system does
indeed meet the mission goals. Given a Mach command, the outer DI
guidance loop commands a desired value of thrust that is passed on to
the inner loop. The inner PID control loop has been separately tested
for the acceleration and cruise segments; then with the outer loop
closed, the entire closed-loop system has been tested for the desired
Mach command profile with a smooth transition from the accelera-
tion segment to the cruise segment. All the key parameters are seen to

function correctly and the system is effectively accelerated from
2.1 Mach, 1.4 km altitude to cruise at 3.0 Mach, 14.5 km altitude
without violating any constraint. The controller performance under
off-design and disturbance conditions has also been evaluated to test
for stability and robustness against disturbances and uncertainties;
these results have not been reported here for lack of space.

Appendix: Fuel Supply System

The function of the fuel supply system (FSS) is to inject the desired
amount of fuel into the combustor, and maintain the desired fuel flow
rate under varying combustion chamber conditions. A schematic of
the FSS is shown in Fig. 12.

I. Fuel Supply System Model

The various FSS subsystems to be modeled can be identified as:

1) The metering valve, which positions a servo valve based on the
input command signal to control the area of the metering orifice
thereby regulating the fuel flow rate.

2) The constant pressure drop valve (CPDV), which draws fuel
from the air turbo pump (ATP) and maintains a near-constant
pressure drop across the metering orifice by adjusting the position of
a spring-loaded spool.

3) The ATP, which provides fuel to the CPDV.

4) The injector, which injects the desired amount of fuel into the
combustion chamber. This consists of a primary and a secondary
injector located at station 5 and a pilot injector at station 6 behind the
dump for flame holding.

A. Constant Pressure Drop Valve Model

The purpose of the CPDV is to maintain the pressure difference
across the metering orifice AP = P, — P, at a near-constant value.
This is done by manipulating the position of the spring-loaded spool,
whose motion is modeled as

myiy + cxy + kexy = Acepv(Py — Pie) (AD)
with the following constraint equations:
0y = Cpxpywy /Py — P,
Q1. =CpA;.yP — P, (A2)

0, =050 Q1 = PAcppv Xy

0, = Cpx,w /P, — P,

Q3:CDA3\/P2_P3
Q2:Q1 _Ql('

where the different variables are as labeled in Fig. 12. The damping
coefficient is taken as ¢ = 32.3 and the value of Cp, the discharge
coefficient, is estimated to be 0.04.

B.  Air Turbo Pump Model

The supply pressure from the ATP P, is known to be a quadratic
function of the flow rate Q, as follows:

P, = 6.89655¢6 * (—0.0004 * Q% + 0.0025 * Q, + 1.6813)
(A3)

C. Metering Valve Model

The metering valve controls the opening of the metering orifice x,,
by way of a Moog 30 series servo valve whose transfer function (flow
rate to supplied current) is given by

2
2 _  Ken (Ad)
i(s)  $2 4 2w,s + &?

where K, =24, w,=1507.96, and {=0.5. The servo valve
operates in a closed loop with negative feedback based on position
sensed by the position sensor in Fig. 12. Position limits on the
displacement of the metering and CPDV valves limit the fuel flow
rates. These introduce nonlinearities in the system. The control
strategy is aimed at never encountering these limits; hence a linear
PID controller for the FSS should be adequate.
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II. Fuel Supply System Controller and Simulation

The input to the FSS is a current signal. However, for purpose of
comparison with the closed-loop system response, it is desirable to
test the FSS open-loop performance for fuel flow rate input signals.
To do this, first a static map is created between the FSS current input
signal and the fuel flow rate. During simulations, for a fuel flow rate
command this static map is inverted to find the corresponding current
signal, which is then fed to the FSS to generate the actual fuel flow
rate.

A standard PID controller with fuel flow rate feedback is designed.
Based on the error between the commanded and measured values of
fuel flow rate, proportional action is added to adjust the rise time and
integral action is used to get zero steady-state error. The objectives
are to have zero overshoot and a settling time roughly one tenth of the
fuel flow rate and throat area PID controller settling times. That is
roughly one tenth of 0.2 s.

The composite plot in Fig. 13 shows open-loop response to a step
command in fuel flow rate, which indicates an unacceptably large
time delay of about 1.5 s. In contrast, the closed-loop system with the
PID controller shows a very good response with settling time of the
order of 0.02 s and no overshoot.
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