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Linear Quadratic Flight Control for Ejection Seats

Kevin A. Wise and Joseph S. Brinker
McDonnell Douglas Aerospace, St. Louis, Missouri 63166

A linear quadratic based flight control design for a next generation ejection seat design is presented. The flight
control design process, dynamic models, control algorithm design, and nonlinear simulation results are presented.
The study results are for a solid fuel pintle-based propulsion actuation system. The controller design was verified
through linear analysis and nonlinear six-degree-of-freedom simulation.

Introduction

T HE results presented in this paper support flight control system
trade studies for the fourth generation escape system technol-

ogy demonstration program.1 The objective of this program is to
demonstrate technologies that will enable safe escape from high-
performance aircraft at high speeds,1"4 with a focus on a control-
lable propulsion system and life support devices.

The ejection seat escape system requires a flight control design
that satisfies high-performance specifications and guarantees stabil-
ity at all times.4 Although these requirements sound typical of most
flight control systems, the escape system flight control requirements
are very different from those of missiles and piloted aircraft. High
maneuver rates are needed to ensure a safe separation. This requires
a high bandwidth control design. The large flight envelope and
aerodynamic5'6 and mass property uncertainties require the flight
control system to be very robust. In general, performance is usually
sacrificed for robustness. For this reason a thorough trade study to
evaluate the impact of the control algorithms on performance and
robustness is needed.

Modern control techniques have successfully been applied to nu-
merous missile and aircraft flight control designs7"10; however, less
experience exists in applying these techniques to ejection seats.
These problems have historically been approached using classical
control design techniques and nonlinear simulation analysis.11-12

Advanced sensors, such as ground proximity guidance systems,13

facilitate the design of guidance systems to accommodate highly
dynamic ejection scenarios. The high bandwidth flight control

system required by these guidance strategies presents a significant
design challenge using classical techniques. A linear quadratic
approach to this design problem will be presented in this paper.

Guidance
The goal of the guidance and control algorithms is to maximize

chute deployment altitude, maintain a low-risk multiaxial dynamic
response criteria (MDRC), and minimize wind blast effects at high
speeds. Figure 1 illustrates the MDRC acceleration limits for high,
medium, and low risks of injury. The guidance strategy employed
controls MDRC by scheduling angle of attack (AOA) and regulat-
ing sideslip. Sideslip regulation minimizes lateral accelerations, to
which MDRC is most sensitive. AOA schedules were optimized
through nonlinear 6-degree-of-freedom (DOF) simulation to bal-
ance the axial and normal acceleration contributions to MDRC, the
minimization of wind blast effects, and the maximization of chute
deployment altitude.

The guidance commands are separated into pitch-plane com-
mands and lateral-directional commands. The pitch-plane command
is scheduled with speed, transitioning from attitude control at low
speeds to AOA control at high speeds. In the lateral directional axes,
body roll attitude is regulated to zero to orient the seat with the ver-
tical, and sideslip is regulated to minimize lateral accelerations.

At ejection speeds below 400-knots equivalent air speed (KEAS),
attitude control is employed to align the thrust vector in a vertical
direction to maximize altitude. At higher speeds, AOA control is em-
ployed to align the wind flow vector to minimize MDRC and wind
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Fig. 1 Acceleration limits for pilot safety. Multiaxial dynamic response
criteria (MDRC) ~ g.

blast effects while still providing a vertical component of thrust.
The AOA command is scheduled with air speed to satisfy MDRC
constraints. As air speed increases, it is desirable for the pilot to be
in a more upright position for both MDRC and wind blast consid-
erations.

Ejection Seat Dynamics
The body axis equations of motion (EOM) are used to model

the escape system dynamics. A rigid body with constant mass and
inertia is assumed. The standard 6-DOF body EOM are written as

w = qu — pv + Gz -h ZA + ZT

p = -Lpqpq - Lqrqr + L + LT

q = -Mprpr - Mp2r2(r2 - p2) + M + MT

(1)

where (G*, Gy, Gz) (feet per second squared) models grav-
ity, (XA, YA, ZA) (feet per second squared) models aerodynamic
accelerations, (L,M,N) (radian per second squared) models
aerodynamic moments along the appropriate axis, respectively,
( X T , Y T , Z T ) (feet per second squared) models thrust forces
(Tx, Ty, Tz) (pound) normalized with respect to the mass, and
(Lr, MT, NT) (radian per second squared) models the moments
produced by the thrust (Mx, My,Mz) (foot-pound) normalized by
the inertia matrix. The aerodynamic forces are modeled as nondi-
mensional forces and are scaled to units of force. These forces and
moments are modeled as functions of AOA, ft, Mach, and whether
the propulsion system is on or off. The pitch-plane AOA a and yaw-
plane sideslip angle ft are defined following standard definitions that
can be found in McRuer et al.14

In the design of the flight control laws, differential equations
for a and ft are used rather than the translation velocities ex-
pressed in Eq. (1). The body velocities u,v, and w are u =
Vcos(oOcos(/T),i; = V sin(ft), and w = V sin(a)cos(ft). Dif-
ferentiating and equating to Eq. (1) results in

1
a = V cos(ft) ZT]

— {p cos(of) + r sin(a)} tan(/S)

= (I/ V){-cos(a) sin08)[G, 4- XA + XT]

+ cos(/3)[Gy -h YA + YT] -

+ /? sin(a) — r cos(a)

(2)

ZA + Zr]}

Aerodynamic models of the ejection seat indicate that as long
as the sideslip angle remains small the pitch aerodynamics can be
decoupled from the lateral-directional aerodynamics. This results in
the following pitch and roll-yaw linear control law design models.
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Imbedded in these design models are mass properties for the pilot
that depend on the size of the pilot. Table 1 lists the mass properties
for both a 5 and 95% male crew member. A 50% male crew member
mass properties were used for control law design.

Figure 2 illustrates the escape system with pintle ejection propul-
sion system15 (PEPS) with the ejection seat performing a pitch up

Table 1 Escape system (seat and pilot) mass properties

Crew member percentile, %
Weight, Ib
X e.g., ft
Y e.g., ft
Z e.g., ft
/jcjc.Slllg-ft2

/^slug-ft2

7ZZ, slug-ft2

T^slug-ft2

/«, slug-ft2

Iyzt slug-ft2

5
379.67
0.800

-0.002
-1.316
19.63
19.01
6.80

-0.024
2.52
0.004

95
456.47
0.912

-0.002
-1.321
23.62
23.52
9.11

-0.019
2.89
0.006
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Table 2 Flight control design guidelines

Fig. 2 Ejection seat with PEPS.

Fig. 3 PEPS system thrust
duty cycle.

0.4 0.8 1.2
Time from Rocket Start (sec)

Fig. 4 PEPS actuator and pintle subsystem.

maneuver. The figure illustrates the location and geometry of the
thrusters used to control the seat dynamics. The four thrusters (thrust
levels) can be controlled independently, subject to the sum of all four
thrust levels equaling the total system thrust Tsys(t) shown in Fig. 3.
Each thruster is controlled by moving a pintle into the throat of the
nozzle using an electromechanical (EM) actuator. Figure 4 shows
the EM actuator and pintle in greater detail. The thrust profile for
the PEPS is shaped by the solid fuel grain design, and lasts approx-
imately 1.1 s in duration.

Control Law Design
Two linear quadratic regulator (LQR) control laws were exam-

ined as part of the trade studies. The design approach is called the
robust servomechanism LQR.16 Both LQR designs (Fig. 5) used in-
tegral (I) control acting on the command error with proportional
state feedback for stabilization. Integral control adds 90 deg of

Stability margins, dB
deg
AOA limits, deg
Rate limits, deg/s
G limits, g

Sample rate, Ha
Gain scheduling rate, Fb
Rise time, s
Settling time, s
Side slip regulation, s
Velocity range
Altitude range, Kft
Dynamic pressure range, psf
Mass parameters

>6 gain
>30 phase
±90
±1000 (gyro limit)
±13 (lateral/normal)
±28 (longitudinal)
600
600
0.1
0.2-0.3
0.1
<M2.0
<20
<3000
50% crew member

Fig. 5 LQR with proportional and integral error control.

phase lag across all frequencies, which has a tendency to slow
down the response and reduce command overshoot. The first LQ
design examined used only integral control on the command error.
The second design used both proportional and integral (PI) control
on the command error. The added proportional control provides a
quick response, whereas the integral control eliminates command
errors.

The guidelines listed in Table 2 were used in the control law
design.

Robust Servomechanism LQR Design
The robust servo LQR design uses integral control to track com-

mands with zero steady-state error. The name robust comes from
its ability to track any magnitude command, without altering the
structure or feedback gains. The mechanization of the robust servo
LQR algorithms allows for easy change of the commanded variable
(i.e., attitude, rate, AOA, or acceleration) with no change in struc-
ture. This greatly simplifies the transition between different flight
regimes where the commanded variable is changed, and allows for
automation of the control law design.

Consider the following state-space model of the ejection seat
dynamics:

x = Ax + Bu

yc = Ccx + Dcu
(5)

The command input vector r(t) has the same dimension as.yc. Define
the error signal as e = yc — r. Tracking in yc is regulation in e\
therefore, the objective is to make the error approach zero e ->
0(yc -> r) as t -+ oo, in a robust manner with respect to the plant
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description. Incorporating integral error control, a new state-space
system is defined as

where

z =

z = Az + B\i>

fo ccA = 0 A

(6)

(7)

LQR control theory is applied to Eq. (6) using the performance
index (PI)

-fJQ
(8)

The optimal state feedback control law for p, is formed by solving
the algebraic Riccati equation9- 10 (ARE) using <2 and R from Eq. (8).
The resulting steady-state feedback controller gain matrix K is par-
titioned as K = [Kj Kx], where Kj multiplies the integral of the
command error vector and Kx multiplies the feedback of the states.
The optimal control u(t) is obtained by integrating /x(f), that is,

u = I p,dr = -K f zdr = -K, f edr - Kxx

This controller mechanization yields integral control action on the
command error to provide zero steady-state error command follow-
ing. The state vector x must be available for feedback. The imple-
mentation of this state feedback design is shown in Fig. 5.

This approach can be modified to provide both proportional and
integral control on the command error by applying robust servo LQR
theory to a modified plant model.17 This approach models the plant
using command errors as states. The performance index structure of
Eq. (8) remains unchanged. Solution of the ARE yields a feedback
gain matrix that can be partitioned as K = [Kt Kp Kr], where
KI multiplies the integral of the command error, Kp multiplies the
command error, and Kr multiplies the remaining feedback states.
The optimal control u(t) is obtained by integrating p,(t), that is,

u = I p,dr = -K zdr = -Kj I edr - Kpe - Krxr

This controller mechanization yields proportional and integral con-
trol action on the command error to provide zero steady-state error
command following and a high bandwidth response. The implemen-
tation of this state feedback design is also shown in Fig. 5.

The control law gains are scheduled with Mach, AOA, and dy-
namic pressure. Root locus analyses of the open-loop dynamics
were used to assess the sensitivity to these scheduling parameters
over a flight envelope defined by the sled test launch conditions
(0 < M < 2.0, 0 < q < 3000 psf, |a| < 90 deg). These sensitivi-
ties were used to define the gain table break points.

The flight control laws utilize inertial measurement unit (IMU)
measured body accelerations and angular rates as feedbacks. These
measurements are filtered to reduce noise and to remove any flexible
body dynamics. The IMU provides measured acceleration and rate
data at 600 Hz.

To evaluate seat controllability and maneuverability, the max-
imum a and ft that can be achieved with limited thrust levels are
computed. These a, ft maps represent a trimmed (zero moment) con-
dition where at least one of the thrusters is saturated at its maximum
thrust level. This contour shows the maximum a and ft that can be
commanded and is used to define command limits for the controller.
Outside of these contours the seat is not controllable (the aerody-
namic moments exceed the moments produced by the thrusters).
Also computed are the aerodynamic loads that indicate the acceler-
ation levels that can be achieved.

Figure 6 shows example trim a, ft maps at a high- velocity flight
condition for the PEPS system. These results were used in the early
stages of this program to aid in sizing the propulsion system.

Robust Servo LQR Controller Design
The escape system flight control design was accomplished by

applying robust servo LQR theory to the linearized plant models of
Eqs. (3) and (4). Several LQR formulations were considered with

-60 -30 0 30
Skteslp(deg)

60 90

Fig. 6 AOA and sideslip limits for trimmed moments. Total thrust =
5000 Ib, max thrust/nozzle = 2500 Ib.

the selected approach being a PI controller architecture designed by
treating the thrust forces as disturbances in the AOA and sideslip
dynamics. Considerations for selecting this approach are discussed
in this section. Robust servo LQR formulations for the design of
pitch attitude, AOA, and roll-yaw controllers are also provided.

The linearized plant models of Eqs. (3) and (4) have control
inputs consisting of thrust forces and moments generated by the
propulsion system. Application of robust servo LQR theory to these
plant models yields a controller that commands both thrust forces
and moments; however, this formulation is undesirable for several
reasons. First, this approach treats the thrust forces and moments
as independent controls, whereas in reality they are highly coupled
since the thrust moments are generated by the thrust forces acting
through appropriate moment arms (distance between the thruster
location and the vehicle e.g.). Second, the nonlinear propulsion sys-
tem thrust constraints can not be imbedded in this design model.
The LQR controller will employ body axis thrust force commands,
which may be positive or negative, to minimize the performance in-
dex of Eq. (8). These commands are inconsistent with the solid fuel
propulsion system design and fixed thruster orientation that result
in a predetermined thriist force profile along the x and z body axes.

These difficulties are overcome by designing a controller that
commands only thrust moments and employing a thrust distribution
function to select individual thruster commands that best satisfy
the moment commands while obeying the propulsion system con-
straints. To design a moment command controller using robust servo
LQR theory, the linearized plant dynamics of Eqs. (3) and (4) must
be modified to have only thrust moment inputs.

One approach for accomplishing this is to use a matrix pseu-
doinverse based on the thrust force-moment relationships to create
a plant model whose inputs are effective thrust moments. That is,
thrust moments that capture the thrust force effects on the dynamics.
The thrust forces along the body axes are related to the individual
thruster forces as

u2 u4] (9)

where each zi/ is a three-element (column) unit vector based on
the angular orientation of thruster 7} with respect to the body axes.
Similarly, the body axis thrust moments generated by the propulsion
system are given by

'Mx

My

M?

= M2

£.4 x

(10)
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where lt represents the vector distance from the force application
point of thruster 7} to the vehicle center of gravity.

Equations (9) and (10) allow the linearized dynamics of Eqs. (3)
and (4) to be expressed in terms of the individual thruster com-
mands. Equation (10) can also be used to compute a set of effective
moment commands (Af) that best capture the dynamic effects of the
individual thruster commands. A least squares solution of Eq. (10),
for the underdetermined case, yields

Mx

M (11)

Combining Eq. (11) with Eqs. (9) and (10) produces

Mx

My

M7

Mx

My

M7

(12)

and allows the linearized dynamics models of Eqs. (3) and (4) to be
expressed in terms of effective thrust moment inputs.

Application of robust servo LQR theory to these modified plant
models produces the desired moment command controller; however,
the matrix pseudoinverse approach suffers from similar downfalls
as the formulation that commanded thrust forces and moments as
independent controls. The effective moment commands implicitly
model the thrust force commands, but can not impose the nonlinear
propulsion system constraints on the individual thruster force lev-
els. In addition, this approach was found to ill condition the LQR
problem formulation and cause numerical difficulties in the solution
of the ARE.

Another approach for designing a moment command controller
is to use dynamic inversion8 to cancel the thrust force dynamics
of Eqs. (3) and (4). This formulation was not pursued due to large
uncertainties in the ejection seat mass properties with crew member
percentile. Dynamic inversion was employed to cancel the gyro-
scopic nonlinearities in the EOM, but was found to have negligible
influence on the nonlinear escape sequence trajectories analyzed.

The selected design approach was to treat the thrust forces of
Eqs. (3) and (4) as disturbances, and design a moment command
controller that is robust to these disturbances. The linearized plant
model used for this design approach is obtained by simply ignoring
the columns of the B matrices of Eqs. (3) and (4) that correspond
to the thrust forces. This formulation leads to indirect control of
AOA and sideslip through the vehicle attitude and rotational rates,
while providing a feasible approach for designing a controller that
satisfies the propulsion system constraints. These constraints are
eliminated from the LQR controller design and handled by the thrust
distribution function. The application of robust servo LQR theory
to these plant models leads to the desired controller architecture.

Our initial approach was to use robust servo LQR theory to design
integral control topologies for pitch attitude, AOA, and roll-yaw
control. Nonlinear simulation with this controller design revealed
difficulty in initializing the integrators to prevent adverse transients
in highly dynamic ejection scenarios. The PI controller formulation
alleviated these concerns by allowing the integrator to be initialized
to zero and by having the initial moment commands generated based
on the command error and state feedbacks. This topology was used
to generate the data presented in this paper.

Robust Servo LQR Pitch Attitude Controller Design
The ejection seat flight control system employs pitch attitude

control at low speeds to orient the thrust vector to maximize chute
deployment altitude. For pitch attitude control, the controlled output
yc is the body pitch attitude whereas the reference input r is the pitch
attitude command. The command error becomes e = 0 — 9C. The

LQR design problem centers around the selection of the weighting
matrices Q and R to yield the desired stability and performance
characteristics across the flight envelope. The LQR performance
index employed for this design is given by

•-/*Jo
(13)

The s9 term of Eq. (13) penalizes the command error to provide
command following, the sO term drives the rate of change of the
command error to zero to regulate command overshoot, and the My
term penalizes the control effort employed. LQR design charts18

were used at the corners of the flight envelope to select a value of K
in Eq. (13) that allowed the desired stability and transient response
characteristics to be achieved with some q\. This value of K was
then held fixed, and q\ was varied at each design point to select
controller gains that satisfied the flight control design goals.

Robust Servo LQR AOA Controller Design
The ejection seat flight control system employs AOA control at

high speeds to control MDRC and minimize wind blast effects. For
AOA control, the controlled output yc is the body AOA, whereas
the reference input r is the AOA command. The command error
becomes e — u— ac. The LQR performance index was selected
to be

•-rJo
(14)

This performance index is comparable to that of Eq. (13) and was
used to design the controller gains in a manner analogous to that
used for the pitch attitude controller.

Robust Servo LQR Roll- Yaw Controller Design
The ejection seat flight control system employs a roll-yaw con-

troller that controls roll attitude for thrust vector orientation while
regulating sideslip to minimize MDRC. The roll attitude control
transitions from a body roll attitude at low speeds to a stability axis
roll attitude at high speeds. A PI controller architecture was em-
ployed for consistency with the pitch plane design. The controlled
output yc is the roll attitude 0, whereas the reference input r is the
roll attitude command 0C. The command error becomes e = (j> — 0C.
Sideslip angle is not considered a controlled output since it is merely
regulated by the controller and, thus, appears as part of the state
feedback portion of the controller.

For the roll-yaw controller design, the LQR performance index
was selected to be

o

..
(M,)2 + (M2)2dr (15)

The £0 term of Eq. (15) penalizes the roll attitude error to provide
command following, the scj) term penalizes the rate of change of the
command error to control command overshoot, the ft term penalizes
sideslip excursions, and the Mx and Mz terms penalize the control
effort employed. The design approach for this controller paralleled
that employed for the pitch plane designs. LQR design charts were
employed at various points in the flight envelope to select values of
K and <?4 in Eq. (15) that allowed the desired stability and transient
response characteristics to be achieved with some value of #3. The
value of #3 was then iterated at each design point to select controller
gains that satisfied the design goals.

Thrust Distribution and Limiting
The purpose of the thrust distribution and limiting algorithm is to

utilize moment and system thrust commands to compute individual
thruster commands satisfying propulsion system constraints. Thrust
distribution by itself can be accomplished by a simple matrix mul-
tiply. The challenging aspect of this function is to allocate the
thrust resources optimally when the moment commands exceed
the propulsion system capability. This allocation allows the flight
control system (PCS) to prioritize which moments are achieved
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(i.e., pitch, yaw, roll) to ensure that the guidance objectives (altitude
and MDRC) are satisfied.

If the total system thrust commanded by the flight control system

exceeds the total system thrust capability of the PEPS system |Tsys (t)
as shown in Fig. 3] the individual thruster commands are reduced

(-1200.-4600)

Roll Axis

Pitch Axis
(1200,4600)

Yaw Axis
Fig. 7 Maximum achievable moments (foot-pound) from PEPS.

until the total thrust commanded equals the PEPS capability. This
reduction is made based on an axis prioritization so that guidance
and MDRC constraints are satisfied.

Figure 7 illustrates the moment capability provided by the four-
thruster configuration. The propulsion system can satisfy any mo-
ment command within the octahedron. If the command lies outside
this surface, the goal of the limiting logic is to project it back onto
the surface according to a desired moment priority.

This approach employs a two-stage iterative process in which the
first stage computes individual thruster commands by solving a set
of linear equations and the second stage accomplishes the limiting.
The second stage employs logic to test the thruster commands and
modify the moment commands, if necessary, for a subsequent iter-
ation. The iterations stop when the thruster commands fall within
the thruster limits. A final adjustment is made to take full advantage
of the propulsion capability.

The first stage is implemented using a transformation matrix
derived from the location and orientation of the thrusters relative
to the seat center of gravity. The relationship in matrix form be-
tween the thrust and moment command vectors is M = AT, where
M = [Mx My Mz Tsys]T and T = [T{ T2 T3 T4]T. Note that the
moment command vector is augmented with total system thrust so
that the A matrix is square. The fourth row of A contains all ones so
that rsys = T\ + T2 + T3 + r4. Using this formulation, the A matrix
can be inverted and used to solve for the thruster command vector
as follows: T = A~1M.

The second stage tests the four thruster commands to determine
if any fall outside the propulsion system limits (150-2500 Ib for
the PEPS system). If necessary, the moment command vector is
modified according to the command priority and a new thruster
command vector is computed. When the thruster command is within
the limits, a final adjustment is made to place the moment command
vector on the surface of the moment capability surface (octahedron).
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Control Law Design Results
The performance and stability robustness of the robust servo LQR

design was evaluated over a velocity range of 0-700 KEAS, an
AOA range from —90 to +90 deg, and a dynamic pressure range
of 0-2000 psf. Linear analyses were used to compute stability mar-
gins (multivariable gain and phase margins) and to evaluate the
time-domain performance for both pitch and roll-yaw control laws
(rise time, command overshoot, thrust usage). The conference ver-
sion of this paper19 contains a detailed presentation of the linear
analysis results. In addition, the LQR PI controller was evaluated
in a nonlinear 6-DOF simulation to validate the gain schedules and
full envelope system performance. These 6-DOF simulation results
are presented here.

The flight control design presented in this paper will undergo
flight testing at Holloman Air Force Base in 1996. The three ejec-
tion scenarios presented represent planned flight tests. The first sce-
nario is a static ejection, which is the lowest dynamic pressure flight
condition. The second scenario is a 450-KEAS initial velocity, 360-
deg/s initial roll rate, with the ejection starting at a negative 90-deg
roll angle. This represents the most dynamic set of initial conditions.
The third scenario is a 700-KEAS ejection with a 45-deg initial roll
angle. This represents the highest dynamic pressure flight condition.
At this high dynamic pressure it is critical to minimize the aerody-
namic sideforce (sideslip angle) on the pilot. These scenarios are
presented to illustrate the flight control system performance over its
range of dynamic pressure and initial conditions.

Figure 8 displays 6-DOF simulation trajectories for the static
ejection (zero velocity). The figure shows time histories for AOA
and sideslip, the moments commanded by the control system, body
attitudes, and a normalized multiaxial dynamic response criteria
(1 = medium risk). At low velocities, body attitudes are controlled to
steer the escape system to a safe parachute deployment altitude. The
time histories show that the pitch moment command saturates as the
seat comes off the rails, thus requiring anti-integrator windup logic.
Within 200 ms the seat attitude is accurately tracking the command.
The MDRC time history shows that the accelerations experienced
during the maneuver represents a low injury risk to the pilot.

Figure 9 displays 6-DOF simulation trajectories for a 450-KEAS
initial velocity, 360-deg/s initial roll rate, with the ejection starting
at a negative 90-deg roll angle. For this flight condition AOA is
controlled to prevent the aerodynamic loads from injuring the pilot,
and roll attitude is regulated to steer the escape system (so it climbs
vertically). As shown in Fig. 9, the AOA tracks the commanded value
and roll attitude is regulated. The steady-state error in tracking the
AOA command is a result of the type I controller used in the robust
servo LQR. (From classical control, type I controllers track constant
commands with zero error. A type II controller would be needed to
track a ramp with zero error.) The AOA command is rate limited to
help prevent actuator saturation.

Figure 10 displays time histories for the 700-KEAS velocity with
45-deg initial roll angle. The robust servo LQR provides excellent
sideslip regulation as the escape system rolls to a vertical attitude.
As a result, the MDRC represents a low risk of injury to the pilot.

Conclusions
This paper demonstrates a linear quadratic-based flight control de-

sign for an ejection seat equipped with a highly nonlinear solid-fuel
pintle propulsion system. Proper selection of the LQR performance
index produces a design that balances stability and performance
requirements while minimizing required control effort.

Linear analyses of the design showed that the LQ PI controller
provides uniform performance across the flight envelope, with only
slight degradation at the high-speed, high-AOA flight conditions.

Similarly, the control activity was found to be uniform across the
flight envelope. Classical control law design techniques provide no
direct method for minimizing control usage while meeting perfor-
mance goals. This is one of the direct benefits of using an optimal
control for this application.

Nonlinear simulation was used to verify that the control laws
accurately control the escape system. The simulation time histories
demonstrate that by accurately controlling the AOA and sideslip
angle yields a low risk of serious injury to the pilot can be maintained
during the ejection.
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