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Abstract—The proposed autopilot employs a skid-to-turn
scheme to achieve a faster time response. The pitch and yaw
channel autopilots utilize a two-loop design, incorporating a
PI (Proportional-Integral) controller in the inner loop to track
the angular rate command and a Schmitt trigger in the outer
loop. The Schmitt trigger determines the direction of rotation
for rapid attitude changes. A precomputed table generates the
maximum normal acceleration, which defines the amplitude of
the angular rate command. This combination of the Schmitt
trigger and the maximum trim command ensures stability
and maximizes maneuverability during the initial pitch-over
phase. Although the skid-to-turn approach may result in larger
tracking errors compared to bank-to-turn methods, it still
achieves the primary objective of a fast time response during
the initial pitch-over phase. The effectiveness of the autopilot
is validated through non-linear 6-DOF simulations and Monte
Carlo simulations that account for aerodynamic uncertainties.

I. INTRODUCTION

Highly maneuverable missiles require agile turning ca-
pability, particularly in the initial phase, to align with the
target’s incoming direction. During this phase, the missile’s
speed has not yet built up, and aerodynamic forces are insuf-
ficient to ensure high maneuverability. In such cases, thrust
vectoring provides additional control force and moment,
enabling the missile to rapidly pitch over while operating
in a low dynamic pressure region. Among various thrust
vectoring methods, a relatively simple and effective solution
is placing jet vanes in the exhaust plume of the main thruster
to deflect the thrust vector[1]. Four jet vanes can simul-
taneously generate roll, pitch, and yaw control forces and
moments, making this an effective method for controlling
the vehicle during rapid pitch-over maneuvers immediately
after launch[2].

To achieve a fast pitch-over maneuver, the autopilot must
account for the highly nonlinear and rapidly changing missile
dynamics. One dominant source of nonlinearity is jet vane
erosion, which occurs due to prolonged exposure to high-
temperature gases, unpredictably altering its physical prop-
erties. Therefore, completing the initial pitch-over maneuver
before significant erosion begins is crucial. Additionally,
since rapid maneuvers, such as the fast pitch-over motion,
require a high angle of attack, the aerodynamic characteris-
tics at high angles of attack must also be taken into account
when designing the autopilot to maintain stability[3]. These
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nonlinearities present challenges in developing an agile and
stable autopilot for air-launched missiles.

Moreover, the cross-coupling effects between the pitch and
yaw control channels add complexity that must be managed
for effective maneuvering. Specifically, roll aerodynamics are
highly nonlinear and depend on incidence and sideslip trim
in the high-angle-of-attack region, further complicating the
design of a bank-to-turn autopilot structure. In this context,
the skid-to-turn scheme, which decouples yaw and pitch
dynamics, offers advantages by avoiding complications from
roll coupling effects. This approach focuses on pitch-over
motion without inducing roll during the short boosting phase.

The literature on designing autopilots for agile-turn missile
control primarily employs nonlinear control theories. The
nonlinear backstepping approach is proposed to stabilize the
system while addressing uncertainties and delays through
time-delay adaptation. Optimal angle-of-attack (AOA) pro-
files, which maximize agile-turn performance, serve as ref-
erence commands for the controller.[4], [5]. The robust H-
infinity control method is also considered for agile missiles
[6]. Additionally, the feedback linearization method trans-
forms the nonlinear system into an equivalent linear system,
enabling the use of linear control design techniques, such
as the pole placement method[7]. An integrated guidance-
autopilot system is designed to coordinate jet-vane thrust
vectoring with aerodynamic control surfaces during agile
bank-to-turn maneuvers[8], [9]. Overall, advanced nonlinear
control techniques with complex structures are proposed
to enable precise tracking of the large and rapid angle-of-
attack commands required for agile-turn maneuvers in highly
maneuverable missiles. Furthermore, previous methods have
focused on a single axis, which could serve as a starting
point for the skid-to-turn structure or be integrated into the
bank-to-turn structure[10], [11], [12].

This paper proposes a novel autopilot structure that inte-
grates aerodynamic control and jet-vane actuation to achieve
the initial agility of a skid-to-turn missile. The fundamental
control loop, which incorporates aerodynamic characteristics,
utilizes a bang-bang type controller derived from a time-
optimal solution to mitigate the nonlinear effects caused by
jet-vane erosion. Among bang-bang type controllers, this
paper adopts the Schmitt trigger method to avoid the chat-
tering phenomenon associated with conventional bang-bang
controllers. Additionally, the maximum trimmed angular rate
command is pre-calculated based on the maximum lateral
acceleration in the trim condition and is used as a key
parameter in the control scheme. In summary, the proposed
autopilot aims to minimize response time during the initial



pitch-over phase by generating trimmed maximum angular
rate commands using a Schmitt trigger.

This paper is organized as follows: Section 2 defines
the dynamics model of the skid-to-turn missile. Section 3
introduces the structure and foundational equations of the
proposed autopilot, along with an analysis of its stability
margin and time response. The proposed method is verified
through single-run 6-DOF nonlinear simulations and a Monte
Carlo simulation with aerodynamic uncertainties in Section
4. Finally, conclusions are presented in Section 5

II. PROBLEM DEFINITION

Consider a missile equipped with four aerodynamic tail
fins and jet vanes. The control moment consists of both
the aerodynamic moment and the thrust moment generated
by the jet vanes, as the jet vanes and tail fins are coupled
and deflected simultaneously. The missile’s configuration is
shown in Figure 1. The governing equation for the pitch
attitude angle of the missile can be simplified and expressed
as the following second-order differential equation. Since
the pitch and yaw planes are symmetric, their governing
equations can be considered equivalent.

Assuming & = @ —y and g = 0, the pitch motion can be
described in terms of the rate of angle of attack and pitch
rate as follows:

& =q+Zgo+(Z4 +2})8. (1)

g= i(MA +MT) =Moo +Myq+ (M +M5)S.  (2)
»y

where v, a,,, Vi, and 6 represent the flight path angle, normal
acceleration, missile speed, and control surface deflection
angle, respectively. ¢, Z4, M4, ZT, M", and I,, denote the
pitch angular rate, aerodynamic force and moment, thrust
force and moment, and moment of inertia about the pitch
axis, respectively.

In this study, a nonlinear missile model with a boost phase
is considered. The maneuverability requirements for the agile
missile include performing a 180-degree turn in the pitch
plane after launch. The aerodynamic fins and jet vanes serve
as control actuators, being mechanically linked and operated
simultaneously.
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Fig. 1: Configuration of the missile with aerodynamic fins
and jet vanes.
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Fig. 2: Structure of the proposed pitch/yaw channel autopilot.

III. AUTOPILOT DESIGN

The proposed autopilot is designed based on a skid-to-
turn scheme to achieve a fast time response. The pitch/yaw
channel autopilot features an integrated PI controller with
a Schmitt trigger method to determine the direction of the
angular rate. Since the missile configuration has a symmetric
shape along the pitch and yaw axes, the autopilots for
the pitch and yaw channels are designed equivalently. The
magnitude of the angular rate command is defined by a
pre-calculated table that generates the maximum normal
acceleration.

A. Basic structure of the proposed autopilot

The overall structure of the proposed pitch/yaw channel
autopilot is depicted in Figure 2. The inner loop is designed
with a PI controller to track the angular rate command, and
the control gains W; and k, are determined based on the
operational region defined by Mach number and altitude.
The outer loop features a pseudo bang-bang nonlinear con-
troller known as the Schmitt trigger, which generates the
maximum control command. The Schmitt trigger determines
whether the control command is positive, negative, or zero
and facilitates switching the direction of the inner loop’s
control command. The angular rate command in the inner
PI controller is defined by a pre-calculated maximum normal
acceleration.

B. Schmitt-trigger design

To achieve a fast attitude response for the missile, a
bang-bang controller—designed to minimize time—is an
optimal choice. However, it inherently exhibits a chattering
phenomenon near the desired states. To address this issue,
the Schmitt trigger, recognized as a pseudo time-optimal
solution, is selected. This approach provides an effective
bang-off-bang solution while efficiently handling dead-zone
and hysteresis characteristics. The dead-zone helps reduce
the effects of noise and disturbances on the trigger, while
the hysteresis effect enhances control accuracy. As a result,
both accuracy and robustness improve with minimal control
input. The structure of the Schmitt trigger is shown in Figure
3.

The input to the Schmitt trigger is the angle error, calcu-
lated as the difference between the desired and current atti-
tude angles. The outer loop includes a derivative controller,
where the derivative gain k, is determined to define the range
of the dead zone and hysteresis.
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Fig. 3: Structure of the outer loop controller.

The parameters of the Schmitt trigger are determined using
the following equations.

10x0
kd = 707 W, = MOAtste]r (3)
Uon =Xo+ wakda Uoff =X0— wakd~ (4)

where xo, Mo, Aty.p, and @, represent the limits of the
attitude angle error, control moment, time step, and internal
rate, respectively.

The switching conditions are defined based on U,, and
U,ff, and the output of the Schmitt trigger determines the
direction of the control command. The input to the Schmitt
trigger is given by:

Uo = (Buesired — 9) — kad. (5)

where 0u5ireqs 0, and g represent the desired pitch angle,
the current pitch angle, and the current pitch angular rate,
respectively.

An example of the tracking performance of the Schmitt
trigger is shown in Figure 4. In this figure, the blue line
represents the time response of the basic control using a
derivative controller, which shares the same control gains k;
as the outer loop. The red line illustrates the time response
of the outer loop with the Schmitt trigger. The accuracy
parameter Yo is set to 0.05, ensuring that the tracking error
remains within 5%, as depicted in Figure 4.

C. Pre-calculated maximum acceleration table

To determine the magnitude of the control command, the
maximum normal acceleration is calculated based on the trim
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Fig. 4: Example of time response for the outer loop.

condition. The process begins by finding the trim deflection
angles required to maintain zero moments across all three
axes. At each operational point, these trim deflection angles
are determined, allowing the trim lateral force coefficients for
the pitch and yaw channels to be expressed by the following
equation.

Cy = Cyo+Cys +Cs, +Cps +Cs - (6)
C, = Cly+Cli +Cly, +Clg +Cls . (7)

where CyO’ A 36,0 A V8, Cy5 s CZO’ ng R C , and C are the
lateral force coefﬁ01ents due to aerodynamlc forces while
Cyﬁy and CZ 5, are the lateral force coefficients generated by
the jet vanes.

Figure 5 shows the control moment coefficients generated
by the aerodynamic fins and jet vanes. In this figure, the
x-axis represents the normalized speed, while the y-axis rep-
resents the control moment coefficients. The jet-vane control
moment coefficient remains steady as the speed increases,
while the aerodynamic control moment coefficient exhibits a
sharp gradient with increasing missile speed. The coefficients
labeled M§™ : ideal (without erosion) are larger than those
labeled Mg”"e : Erosion30%, which are calculated using
the erosion model for the jet-vane area. Since the control
effectiveness of the jet vane depends on the main thruster’s
burning time and the nonlinear effects caused by erosion, the
pitch-over maneuver using the jet vane must be completed as
early as possible to maximize the available control moments
while minimizing nonlinear effects. Although the use of jet
vanes comes with certain constraints, combining the control
moments generated by both the jet vane and aerodynamic fins
enables the missile to achieve sufficient control authority.
This approach significantly expands the operational region
for executing the initial pitch-over maneuver compared to
using aerodynamic control alone. The lateral acceleration
generated by the combined effects of the aerodynamic fins
and jet vane can be expressed as follows:

SCy, SC,
Amy = Qm : y  Amz = Qm = ®)
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Fig. 5: Comparison of control moment coefficients between
aerodynamic fins and jet vanes.



where Q, S, and m represent the dynamic pressure, reference
area, and missile mass, respectively.

The total acceleration at each operational point can be
expressed as a function of the angle of attack «, sideslip
angle 3, Mach number M, and altitude % as follows:

am(0, B,M,h) = \/a%, +a2,. 9)

To determine the maximum acceleration, the total ac-
celeration table can be simplified into a two-dimensional
table as a function of Mach number and altitude at each
operational point. Consequently, the maximum acceleration
can be obtained as follows:

Amax(M,h) = max (a,(a,B,M,h)). (10)

It is important to note that the maximum acceleration is
typically determined under the maximum trimmed angle of
attack condition. In this context, the maximum acceleration
can be converted into the maximum angular rate using the
flight path angle rate equation, Eq.(1) as follows:

Gdosired _ Gmax_
esire ﬂVm .

Since a,,, is the total acceleration, defined as the root-
sum-square of the accelerations in pitch and yaw axes, the
geometric factor 1/ /2 is applied in Eq. (14) to account for
using only the pitch command. Additionally, assuming g ~ 7,
the pitch rate command can be obtained from 7= %

The desired pitch angular rate ¢g.5.¢ Will be used to
define the magnitude of the outer loop.

(1)

D. Inner PI controller design

The structure of the inner loop controller, based on Nes-
line’s three-loop autopilot[13], is shown in Figure 6. The
control gains k,, W;, and k, are selected with consideration
for the stability margin and time response. After determining
the gains, W; and k, are used in the inner PI loop of the
autopilot, while the outer proportional k, is replaced by a
control loop containing the Schmitt trigger, as shown in Fig-
ure 3. The outer loop with gain k), is applied after completing
the initial pitch-over phase to stabilize the missile’s attitude
before transitioning to the mid-course guidance phase.

The goals of gain tuning are as follows:

« Gain margin > 6 dB

« Phase margin > 30 deg

« Rise time (90%) < 0.2 t/tf

In Figure 7, M1 represents the speed, while H1, H2, and
H3 correspond to low, middle, and high altitude conditions,
respectively. Various angles of attack and sideslip angles are
set to evaluate the stability margin and time response at each

Fig. 6: The structure of the inner loop.
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Fig. 7: Performance of the inner loop.

point. Figure 7a depicts the stability margins of the inner
loop, verified at 12 separate design points. At all design
points, the gain margin exceeds 6 dB, and the phase margin
exceeds 40 degrees. These results indicate that the proposed
control system satisfies the design goals with appropriate
stability margins. The design points at high altitude show
consistent margins across various angles of attack, while
those at low altitude exhibit significant variation in the low-
frequency region, suggesting that aerodynamic effects are
dominant in the low-altitude region.

The time response of the inner loop is verified in Figure
7b. All step responses indicate that the 90% rise time is under
0.2 t/t7, meeting one of the design goals. The overshoot is
also less than 3%, and the time responses are well-damped.
Additionally, the settling times are under 0.3 ¢ /77, and the
steady-state error is near zero. The linear analysis confirms
the performance of the inner loop controller in terms of both
stability and time response, demonstrating that the design
goals are fully achieved.

IV. SIMULATION RESULTS

To evaluate the performance of the proposed autopilot,
a nonlinear missile model equipped with aerodynamic fins
and jet vanes is implemented within a 6-DOF simulation
environment. The maneuverability requirements for the agile
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missile include executing a 180-degree turn in the pitch
plane after launch, which drives the pitch angle command
to facilitate this maneuver.

The roll channel autopilot is designed using the conven-
tional structure shown in Figure 6, while the pitch and yaw
channel autopilots employ the proposed agile autopilot struc-
ture depicted in Figure 2. The initial pitch angle is set to 0
degrees, with the target pitch angle at 180 degrees. The initial
pitch-over phase ends when the jet vanes, effective only
during the boost phase, provide the missile with additional
control moments.

The performance of the proposed autopilot is compared
to a conventional PID attitude loop. The x-axis of Figures
8 represents the normalized flight time. The normalized
angular rate is shown in Figure 8a, with the maximum
pitch rate calculated using Eq.(11), which represents the
inner loop’s command. The pitch angular rate remains stable,
and the tracking error of the angular rate stays within 10%
during the pitch-over maneuver. The normalized acceleration
increases to achieve the maximum turning rate under the
trim condition, as illustrated in Figure 8b. The deflection
angle, depicted in Figure 8c, remains below 0.6. Additionally,
as shown in Figure 8d, the missile attempts to utilize the
maximum angle of attack during the initial pitch-over phase,
with the ratio approaching 1. This indicates that the proposed
autopilot maintains stability in the high angle of attack region
as well.

Figure 9a illustrates the pitch angle, which effectively
converges to the command with the maximum turn rate while
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Fig. 9: Attitude angle histories and trajectories.
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Fig. 10: Monte-Carlo simulation results.

maintaining stability. The angle error also converges before
0.2 t/ty, as intended. Finally, Figure 9b presents the 3D
trajectory of the pitch-over maneuver, demonstrating stable
attitude and position in the 3D plane, with all axes of the
trajectory scaled equally. This result shows that the turning
radius of the proposed algorithm is less than half that of the
conventional approach, indicating that the proposed control
scheme enables rapid agile turns.

It is worth mentioning that the proposed method uses the
pre-calculated maximum acceleration under a trim condition,
which is sensitive to aerodynamic uncertainties. To verify the
performance of the proposed structure under these uncer-
tainties, a Monte Carlo simulation is performed with aero-
dynamic coefficient errors that follow a normal distribution.
As shown in Figure 10a, the angular rate exhibits chattering
near the maximum angle of attack regions. However, the
attitude error angles, depicted in Figure 10b, converge to zero
smoothly. Moreover, the pitch-over trajectories demonstrate

that the proposed autopilot performs as intended under
aerodynamic uncertainties, as shown in Figure 10c.

V. CONCLUSIONS

This paper proposes a new autopilot structure for agile
missiles equipped with jet vanes. The primary objective
of this method is to reduce the time response of the
attitude controller by utilizing the maximum attitude rate
with a Schmitt trigger, particularly during the initial phase
immediately after launch, even in low dynamic pressure
regions. The controllers for the pitch/yaw and roll chan-
nels are designed separately within a skid-to-turn scheme,
enabling fast command response. The pitch-over maneuver
is managed by autopilots based on a PI attitude controller
with a Schmitt trigger, which determines the command
direction and uses a pre-calculated maximum angular rate
for the command magnitude. Numerical results from a 6-
DOF simulation environment demonstrate that the proposed
scheme effectively meets mission requirements. Finally, a
Monte Carlo simulation is conducted to assess the sensitivity
to aerodynamic uncertainties.
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