Institution of Journal of

AEROSPACE
ENGINEERING

C.
ENGINEERS

Original Article

Proc IMechE Part G:

J Aerospace Engineering

2014, Vol. 228(6) 960-979

© IMechE 2013

Reprints and permissions:
sagepub.co.uk/journalsPermissions.nav
DOI: 10.1177/0954410013485697
uk.sagepub.com/jaero

®SAGE

An assessment of thrust vector concepts
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Abstract

Thrust vector nozzles are finding place on modern fighter airplanes because of the benefits they provide and also due to
diminishing weight penalty of such nozzles. They offer additional benefits in the case of a twin-engine airplane. Different
vectoring configurations such as multi-axis vectoring, single-axis pitch vectoring and single-axis vectoring with canted
nozzles have been studied with respect to twin-engine airplane configuration. Modeling and integration of thrust vector
nozzles with rigid airplane six-degrees-of-freedom equations of motion have been carried out in this article. Using
the integrated model, a comparative study is carried out to summarize the capabilities and limitations of various
nozzle configurations with respect to performance of an airplane in velocity vector roll and in Herbst maneuvers.
The airplane model used in this work is the F-18/HARV and all simulation results have been produced using a nonlinear
dynamic inversion controller developed in Matlab/Simulink environment. Results show that a multi-axis thrust vectoring
provides additional benefits as compared to single-axis vectoring with canted nozzles in high angle of attack velocity
vector roll and in Herbst maneuvers. The single-axis pitch only vectoring has roll control power and lacks in yaw control

power, to execute the velocity vector roll maneuver.

Keywords

Vector nozzle, thrust vector control, nonlinear dynamic inversion controller, velocity vector roll, Herbst maneuver,

heading angle, gross thrust, high AOA, canted nozzles

Date received: 15 September 2012; accepted: 13 March 2013

Introduction

Thrust vector nozzles are increasingly finding place on
modern fighter airplanes. This is due to the benefits
they provide in enhancing the agility of the airplane
on the one hand and decreasing weight penalty of the
vector nozzle hardware on the other hand. Vector
nozzles have been tested on many experimental air-
planes such as F-18/HARYV, X-31, F-15 ACTIVE and
F-16 VISTA and they have been flying on Su-30 MKI,
F-22, JSF and MIG-29 OVT. F-18/HARYV and X-31
airplanes use airframe mounted post-exit vanes to
deflect the jet. F-22 uses two-dimensional (2-D)
nozzle, which can deflect only about the pitch axis,
whereas F-15 ACTIVE and F-16 VISTA use multi-
axis vector nozzles and Su-30 MKI uses single-axis
vectoring with canted nozzles. The canted nozzles
vector in a plane inclined at an angle to the symmetry
plane and the left and the right nozzles are canted in
opposite directions. An assessment of these concepts
from maneuverability point of view using velocity
vector roll (VVR) as the base maneuver is the object-
ive of this study.

VVR is an air combat maneuver. It is a highly
dynamic maneuver with strong inertia coupling.

The VVR rate achievable by an airplane is drastically
reduced as the airplane speed decreases. Especially at
high angles of attack, the VVR demands large control
power from elevator, aileron and rudder together due
to inertia coupling. As the available aerodynamic con-
trol power is small at low speeds and high angles of
attack, airplanes virtually cannot carry out VVR
using the aerodynamic controls alone. The thrust
vector nozzle can play a crucial role in this part of
the flight envelope.

Although there are published literature works with
regard to the multi-axis vector nozzle simulation stu-
dies, there is not much information available in open
literature on the pitch only vector nozzle and single-
axis vectoring with canted nozzles. This study is
motivated toward understanding the comparative
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effectiveness of the thrust vector nozzle concepts.
Capone and Mason' conducted experiments on
single-axis canted 2-D nozzles to evaluate the pitch
and yaw control power. O’Rourke et al.” carried out
a PC-based simulation on F-16 MATV with VVR
at 35° angle of attack (AOA). The YF-22 prototype®
demonstrated VVR up to 60° AOA. It used the pitch
only thrust vector nozzles to control the pitch diver-
gence. Blending of aerodynamic and thrust vector
control (TVC) for VVR control was discussed by
Atesoglu and Ozgoren.* Inertial and aerodynamic
coupling between longitudinal and lateral/directional
dynamics was discussed in ref. > It has been pointed
out in ref. > that thrust vectoring can provide sufficient
stability and control augmentation above 40° AOA in
the yaw axis to compensate for rudder effectiveness.
Sinha and Ananthkrishnan® and Goman et al.” have
used reduced order models to analyze VVR manecuver
and computed pseudo-steady-state roll rate with aero-
dynamic controls only. The control allocation tech-
niques in the presence of TVC were studied by
Scalera® and Bundick et al.”

In this work, the thrust vector model equations
have been derived first and a critical analysis of the
control authority of each thrust vector concept is car-
ried out. A six-degrees-of-freedom (dof) simulation
model of F-18/HARYV with nonlinear dynamic inver-
sion (NDI) controller has been developed in Matlab
incorporating the thrust vector nozzles. A compara-
tive analysis of thrust vector concepts is carried out
through simulation studies of airplane in VVR and
Herbst maneuvers.

Thrust vector models

A simple thrust vector model was used for the analysis
in this work as shown in Figure 1.

Sign conventions

The downward nozzle deflection is considered to be
positive, similar to elevator and both of them pro-
duce negative pitching moment (nose down) for the

Figure 1. Propulsion system forces.

positive deflection. The leftward nozzle deflection is
considered to be positive, similar to rudder and both
produce negative yawing moment (yaw left). In the
case of asymmetric deflection of the twin-engine air-
plane nozzles, the right nozzle deflection downward
and the left nozzle upward are considered to be posi-
tive. This results in a negative rolling moment (roll to
the left) for positive deflection similar to ailerons.

Thrust vector forces and moments

The gross thrust deflected by &, and 8y, in the pitch
and yaw directions, respectively, are resolved into the
body-axis components. Similarly, the inlet drag is also
resolved into body-axis components. The resulting
forces are

Ty = TG cOS Spy €OS Sy S

TG), = Tgcos SDW sin SytvS (l)
Tg: = =T sin 8y €OS 8y S
where
1
S =

\/ €082 8ty + COS? Sypy sin’ Spt

Force components on the air inlet

TNy = —moV cos acos B
TINy = —I’I’l()v sin ﬂ (2)
Tin: = —mgV sin acos B

At low speeds, forces on the inlet are small.
Total thrust forces are thus written as

Tr = TGx+ TINX
Ty = TGy + TlNy (3)
Tz = TGZ + TIN:

The total moments due to thrust forces are

M, = —-T6,(Zeng — Zcg) + TG:(Yeng — YeG)
—Ting(Zintet — ZcG) + Tin=Yintet — Yei)

M, = T (Zeng — Zcg) + Tg:=(XcG — Xnoz)
+T6x(Zintet — Zc) + To:(XcG — Xinter)

M. = —Tx(Yeng — YcG) — Ty(XcG — Xnoz)

—Tine(Yinlet — Yeo) — Ting(XcG — Xinter)

4)

Forces and moments due to thrust vectoring
for different cases are discussed below. For simpli-
city, forces on the air inlet are ignored in the
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subsequent discussions. These forces are small at low
speeds where the TVC is generally used.

Single-axis pitch only vectoring

For symmetric deflection of the nozzles (twin-engine
airplane), neglecting the forces on the air inlet,
forces and moments can be summarized as

T, =0 (5)
T. = —2Tgsin Spy
M,=0
My = 2T cos 8ptv(zeng - Zcg) (6)
=276 sin 8pn(XcG — Xnoz)
M.=0
and for anti-symmetric deflection of the nozzles
Ty =2Tgcos Spiy
T,=0 (N

z:()

M, =2Tg sin Spty Yeng
My = 2TG COS (SptV(Zeng - ZCG) (8)
M.=0

In the case of symmetric deflection, pure pitching
moment is produced as the rolling moment created
by left and right nozzles cancel each other. In the
case of anti-symmetric deflection, the net pitching
moment is zero, but the opposite z-component
forces produce a rolling moment. The vertical offset
of center of gravity (CG) from engine axis is usually
small.

Single-axis vectoring with canted nozzles

A schematic diagram of single-axis vectoring with
canted nozzles is shown in Figure 2. Symmetric and
anti-symmetric deflections of left/right nozzles on a
twin-engine airplane are shown in Figure 2(a) and
(b), respectively. The plane of vectoring is inclined
at an angle ¢n to the vertical plane, i.e. the nozzles
are canted by an angle ¢n. Left and right nozzle vec-
toring planes are inclined in opposite directions such
that the equal symmetric deflections cancel the side

(a)

Right Nozzle

Figure 2. (a) Symmetric deflection of the canted nozzles and (b) anti-symmetric deflection of the canted nozzles.
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Yaw Vector Command, deg
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Figure 3. Control authority: nozzle cant angle 20°.
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Figure 4. Control authority: nozzle cant angle 40°.
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Figure 5. Rolling moment due to pitch/yaw command.

Slow Fast 6-DOF
Ao Bos Prye dynamics | 2>9>"| dynamics | “+*-*: | Control Sa-0¢-0y Nonlinear
(outer loop) (inner loop) Allocation Aircraft
i T

Figure 6. Airplane model with NDI controller.
NDI: nonlinear dynamic inversion.

force. The anti-symmetric deflection would generate
both yawing and rolling moments as depicted in
Figure 2(b).

Including the effect of the cant angle ¢, forces and
moments are modified as below.

Symmetric deflection:

T, =2TGcos én

T,=0 )
T. = —2Tg sin 8N cos ¢N
M,=0
M‘/, = 2TG CcoS SG(ZCG - ZCG) (10)
—2TG sin 3N COSs ¢N(XCG - Xnoz)
M.=0
Anti-symmetric deflection:
T, =2Tgcos dn
T, = 2T sin 8N sin ¢n (11)
7. =0
M, = —2Tg sin 8N cos ¢N Yeng
—2TG sin 8y sin ¢N(Zeng — ZcG)
eng (12)

My = 2TG COS (SN(Zeng - ZCG)
M. = —2Tg sin Sy sin ¢N(XCG — Xnoz)

Independent left/right nozzle deflection:

T, = T(;ﬁr cos 5N,r + T(;,l cosS (SN,I

T, = Tg,sin ényrsin ¢y — T sin nysin ¢y

T-

—TG.rsin énycos o — TG sin Sy cos PN
(13)

M, =(—Tg,sinén;+ TGsindn,1)cos Pn Yeng
—(Tgrsindn;r — Tg8in én)sin oN(Zeng — ZcG)

M, = (TG cosdnr+ 161008 SN 1) (Zeng — ZcG)
—(Tgrsindn,+ T sindn)cos dn(Xcg — Xnoz)

M. =—(Tgsindn; — Tg,sin dny)sin on(XcG — Xnoz)

+(=TG,rcos N+ TG, 1c0S SN.1) Yeng
(14)

Equivalent left/right nozzle deflection

Single-axis vectoring with canted nozzles on twin-
engine airplane can generate pitch and yaw moment
as shown above. However, the left and right nozzles
require to be controlled independently to generate the
required pitch/yaw moments. The left/right nozzle
commands equivalent to a pitch/yaw deflection com-
mand can be derived as follows.
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Table 1. Level flight trims as initial conditions. B v sinsiomei o s e N S S S N S Y
Altitude (m) 0 0 1000 AOA, deg | : : :
Mach number 0.2 0.6 0.21 20
Speed (V) (m/s) 67.1 204 70.3 | ; 5 ;
AOA (°) 20.0 2.126 20.0 ity Tt s
Elevator (°) —4.74 0.246 —4.8I
Throttle (°) 389 36.6 39.8 0
20| VVRRate, degls |
The normal force and side force for a given pitch 10~ -------------------------------------------------------------------
and yaw deflection of a multi-axis vector nozzle (from 5 i '
equation(1)) is
-10 I I 1 |
T, = TG cos Spyy SIN Sy § eemeemee e eeme e ese et eegerem e et eemgeeree e reneeenn
X R (1) |
T. = —TgG sin 8y, COS Byyy 0.5|... Sidesiip ?ngle. deg | b
4 ;
which can be equated to the normal force and side i i i i
force generated in single-axis canted nozzles (from 05-;\
equation (13)) ; ‘:
) 2 4 6 8 10
T, = Tgsin &, sin ¢gn — T sin §sin ¢y 16) Time (sec)
T. = —Tgsin §;cos ¢n — T sin §; cos ¢n

From equations (15) and (16)

T sin ¢n(sin 8; — sin 8;) = TG €OS Spyy Sin Syiy
—TG cos ¢n(sin &, + sin &) = — TG sin Spgy COS yiy
(17)

From equation (17), one can arrive at the following
equality relations:

Sin Spgy COS Byry | COS Bpry SIN Syyy

s —
St Or 2¢0s PN 2sin ¢n
. . (18)
Gin s — SIN Spgy COS Syiy _cos Spty SIN Bygy
L= T 2 cos ¢ 2sin ¢n

Figures 3 and 4 show pitch and yaw control authority
for the cant angle of 20° and 40°, respectively as
obtained from equation (18).

The shaded region shows the achievable pitch and
yaw commands limiting the nozzle deflection to 21°.
As seen in Figure 3, the yaw control power is limited
to 6° only, whereas the pitch control power available
is up to 18°. When a combination of pitch and yaw
control power is required, the control power available
is further reduced. With 20° inclination of vector
plane, available yaw control power is very small.
Figure 4 shows the control power for 40° inclination
angle of the vector plane. Here, the maximum author-
ity is 15° in pitch and 12° in yaw. Hence, depending
on the requirement of TVC power to augment the
aerodynamic controls, an appropriate nozzle cant
angle can be chosen during the design. It is to

Figure 7. Command input for VVR simulation.
VVR: velocity vector roll.

be noted that the single-axis vectoring with canted
nozzles highly restrict the control authority as com-
pared to multi-axis thrust vectoring though it offers
simplicity in the vectoring mechanism. The other dis-
advantage of this nozzle mechanism is that it is not
possible to produce pure yawing moment. The asym-
metric deflection of the nozzle required to produce
yawing moment also produces the rolling moment.
From equation (14), the rolling moment per unit
thrust neglecting the engine offset with CG in vertical
plane is

M /TG = cos ¢n(Yeng — Yei)(sin dn; — sin dxy)
(19)

The rolling moment produced per kilonewton of
engine thrust for the pitch/yaw command with 2-m
engine spacing and nozzle cant angle of 40° computed
from equation (19) is shown in Figure 5. As seen from
Figure 5, the pitch command does not produce the
rolling moment, but the yaw command produces con-
siderable yawing moment as the commanded yaw
deflection increases. The design should ensure that
the aileron has sufficient control power to counter
this rolling moment. A positive yaw command pro-
duces negative yawing moment as discussed earlier.
It also produces a negative rolling moment in this
case. In other words, a negative roll command pro-
duces a negative yawing moment and hence it can be
treated as pro yaw.
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Figure 8. (a) Simulation time history — states and (b) Simulation time history — controls.
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Figure 9. Results for different VVR commands.
VVR: velocity vector roll.

VVR Simulation with NDI control

NDI control is widely used in fast prototyping of con-
trol laws while evaluating different concepts. Hence, it
is an ideal tool to be used for evaluating the different
thrust vector concepts through 6-dof simulation. NDI
controller finds the control schedule by inverting the
dynamic equations. This methodology is very useful
to quickly design a simple controller to evaluate alter-
nate design options of a system. A dynamic system

can be modeled as f(x, x, u) = 0, which can be rewrit-
ten as

X = flx,u) (20)

The NDI requires that the control terms are sepa-
rated from the equations and are linear in control

x = flx) + g(x)u (21)
Now, the control law can be written as
u=g (X)X —fx)] (22)

The NDI as applied to airplane control requires
that the airplane equations of motion are separated
into fast dynamic states p, ¢, r and slow dynamic
states a, B, ¢.'" This is necessary because the airplane
has fewer control effectors than the states/outputs to
be controlled. The control effectors control the fast
dynamic states p, ¢, r in the inner loop and p, ¢, r
control the slow states «, 8, ¢ in the outer loop. The
schematic of NDI control structure as applied to air-
plane is shown in Figure 6.

The F-18/HARV airplane was modeled in
MatLab/Simulink. The F-18/HARYV aerodata avail-
able from the NASA website!' was used to make
the flight dynamic model. The nonlinear model
with NDI controller was developed and tested
extensively for various maneuvers before using it
for the present work. The control allocation was
developed as a separate block which allocates the
moments M, M, and M. to the available controls.
This helps in implementing different control alloca-
tion methods when redundant controls such as
thrust vector nozzles are available in addition to
aerodynamic controls.
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Figure 10. Results for VVR command of 4s pulse.
VVR: velocity vector roll.

The roll rate in the wind axis system, i.e. the VVR
rate is given by'?

Pw =p cos acos B+ (¢ —a)sin B+ rsin acos
(23)

The simulation of VVR is carried out by com-
manding wind axis (velocity vector) roll rate (p,,),
AOA and angle of sideslip. The sideslip is com-
manded to zero and the AOA is corresponding to
the 1-g trim. In the NDI slow dynamics loop, these
commands are transformed into the body-axis angu-
lar rates p, ¢, r by inverting equation (24).

cosacos B sinf sinacospB | [p
—cosatanfB 1 sinatanp || ¢
sino 0 coso r
Pw
1
_ (e —a)ky _W[TZ +CrqS—mgcos pucosy|

1 _ .
(Be—Bkg _W[T‘ +C,qS+mgsin pucosy|
(24)

The 6-dof rigid airplane equations of motion used
for modeling'®'? are given in Appendix 2.

Simulation results

The primary objective of this study is to evaluate the
merits of different thrust vector nozzle concepts with
respect to the VVR performance of an airplane. The
simulation studies have been carried out starting from
trimmed level flight conditions. Various simulations
were performed at different initial flight conditions
as given in Table 1.

Low speed VVR

The low speed VVR was carried out with simulations
starting from trimmed 1-g flight condition with Mach
0.2 shown in Table 1. The VVR command in the form
of a 2.0s pulse was applied while commanding AOA
at trim value and sideslip angle to zero as shown in
Figure 7. The throttle was kept constant at the trim
value.

The simulation results at 0.2 Mach with a com-
manded VVR rate of 20° are shown in Figure 8(a)
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Figure I1. Results for VVR at Mach number M =0.6.
VVR: velocity vector roll.

and (b). The simulation results with three different
control schemes are compared in Figure 8(a) and
(b). The first scheme uses only aerodynamic controls;
the second uses single-axis vectoring with 40° canted
nozzles and the third uses multi-axis TVC. As seen
from the figure, the commanded VVR rate could be
achieved in all three cases. However, the sideslip angle
could not be controlled in the case where only aero-
dynamic controls were used. The maximum sideslip
angle is 2.6° in the case of aecrodynamic controls
only and negligible in the other two cases. The
reason for the buildup of sideslip is the saturation of
rudder control as shown in Figure 8(b). In the case of
TVC, there is no saturation of rudder as well as the
vector nozzle, whereas with no TVC, the rudder sat-
urates for a longer duration. The AOA deviation from
the commanded value is negligible in all the three
cases as the stabilator deflection required is well
within the maximum limit. The airplane starts to

descend (y is negative) as the vertical component of
lift decrease during the roll.

The analysis of control history is as follows. The
aileron deflection is negative in order to command
positive roll and is reversed after 2s to stop the roll.
The airplane also yaws to the right (positive r). There is
adverse yaw due to the roll making the airplane sideslip
to the left resulting in positive sideslip. The rudder acts
to nullify the sideslip through negative deflection.
When multi-axis TVC is used, both left and right
nozzle yaw deflections are to the right in order to con-
trol the sideslip (in the same sense as rudder), and the
pitch deflections are opposite (left nozzle down and
right nozzle up) to augment the aileron for rolling to
the right. However, when single-axis TVC is used, the
left nozzle is deflected downward and right nozzle
upward to generate positive yaw for controlling the
positive sideslip. The stabilator schedule is different
in all the three cases even in level flight (simulation
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Figure 12. Pictorial representation of 360° VVR at Mach number M =0.6.
VVR: velocity vector roll.

Figure 13. Aileron/Rudder control derivatives.
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Figure 14. VVR command input.
VVR: velocity vector roll.

time before 4 s). The elevator is at —5° when TVC is not
used, but when TVCis used, the total pitching moment
to be produced is shared by both the pitch control
effectors. The pseudo-inverse algorithm used for allo-
cating the control moment among all the available con-
trol effectors minimizes the control effort.

Figure 9 shows the results of the simulation for
higher VVR rate commands at the same speed of
Mach 0.2 and AOA of 20°. As seen from the figure,
VVR rate >20°/s is not achievable without the use of
TVC. The single-axis TVC is capable of achieving a
roll rate of 40°/s without significant sideslip buildup,
whereas the multi-axis TVC is capable of executing a
roll rate of 60°/s. The roll rate buildup (i.e. slope of p,,
curve or roll acceleration) is proportional to the roll
control power, which increases from the case of only
aerodynamic control to single-axis TVC and to multi-
axis TVC. It is important to note that the sideslip is
not increasing beyond 3°, which is because the VVR
rate commanded had a pulse of 2s duration only. In
the case of p,,=80°/s command, the sideslip did not
build up when multi-axis TVC was used, which indi-
cates that there was no persistent saturation of rudder
or the yaw vector control, but only requires more time
to reach the commanded roll rate.

Effect of nozzle cant angle

In the single-axis TVC, the plane of vectoring can be
chosen in the design. The cant angle (¢n) of the nozzle
(plane of vectoring) is a trade-off between the pitch
and yaw control power requirement as discussed in
section ‘Thrust vector models’. From the VVR

maneuver analyzed, it is evident that the requirement
is for the higher yaw and roll control power and not
for the pitch control power at 20° AOA. The elevator
deflection required during the VVR was found to be
well within the limits. The sensitivity of vectoring
plane angle on the VVR maneuver was studied by
setting the angle to 20°, 40° and 60°. The VVR rate
commanded was 60°/s as shown in Figure 10. The
increase in ¢y increases the yaw control power and
helps in achieving higher VVR rate with good control
on sideslip as shown in the figure.

High speed VRR

The VVR simulation at Mach 0.6, sea-level condition
was carried out with two different rates 100°/s and
200°/s as shown in Figure 11. The high-speed VVR
has been carried out to see if thrust vector can aug-
ment the aerodynamic control to improve the roll
rate.

The results for 100°/s roll rate command show that
all the three control types result in same response.
This was expected because the aerodynamic controls
are much more powerful than the TVC at high speed
due to high dynamic pressure. For the commanded
roll rate of 200°/s, the achieved roll rate is only
about 150°/s with aerodynamic controls only and a
little higher rate was obtained with the use of TVC.
This was found to be due to insufficient roll control
power of the ailerons which has saturated. The
improvement in roll rate with TVC was only marginal
because of the low engine power (throttle=36.6).
However, by using full reheat power of the engine
(throttle =100), it was possible to enhance the roll
rate to 200°/s. The pictorial representation of the
VVR simulation for 360° deg roll at the rate of
100°/s is shown in Figure 12. The loss in altitude
and a small change in flight path angle can be seen
in the figure.

High AOA VVR

A fighter airplane’s VVR capability degrades quickly
as the AOA increases. This is because of the reduction
of control effectiveness of the aerodynamics controls
(Figure 13) and also the reduction of dynamic pres-
sure because of the low speed. The thrust vector
nozzle enables VVR capability in low speed and
high AOA regime.

In order to analyze the performance of different
thrust vector nozzle concepts, simulation studies
were carried out at 20.1° AOA, 0.2 Mach, sea-level
conditions. The parametric studies carried out
included the single-/multi-axis thrust vectoring and
engine throttle setting. The inputs commanded for
the simulation are shown in Figure 14. The initial
condition is the trimmed level flight at Mach 0.2, at
sea level. Throttle was set to the maximum after-
burner thrust (throttle=100°). A bank angle of 80°
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Figure 15. (a) High AOA VVR - states history and (b) high AOA VVR — multi-axis TVC.
AOA: angle of attack; VVR: velocity vector roll; TVC: thrust vector control.

was commended for 6s duration. The AOA com-
manded was 30° throughout the maneuver and the
sideslip was commanded to zero.

The simulation results with the multi-axis TVC,
single-axis TVC with canted nozzles and pitch only
TVC are shown in Figure 15. The commanded bank

angle of 80° has reached in about 2s for the case of
multi-axis and single-axis canted nozzles TVC,
whereas for the pitch only TVC it took about 4s. In
the case of pitch only TVC, the airplane did not
respond to the roll back command to wings level atti-
tude and the airplane departed to very high AOA with
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Figure 16. Pictorial view of high AOA VVR.
AOA: angle of attack; VVR: velocity vector roll.

large sideslip. The deviation in AOA and sideslip is
negligible with the multi-axis and single-axis canted
nozzles TVC. The maximum roll rate reached was
80°/s. The airplane climbs initially due to higher
AOA commanded and due to full afterburner thrust
and the climb angle reduces during the banked flight
duration. The banked flight resulted in a heading
change of about 90°.

The initial pitch up of the airplane from the
trim AOA of 20.1° to the commanded AOA of 30°
was executed with the left/right nozzles vectoring

upward and also the stabilator deflection upward.
The airplane roll to the right is executed by the nega-
tive deflection of the aileron and the differential
deflection of the nozzles in pitch. The left nozzle is
deflected downward and the right nozzle is deflected
upward to generate positive rolling moment. The
positive roll rate causes negative yawing moment
and this is countered by negative deflection of both
the rudder and yaw vector nozzles.

In the case of single-axis canted nozzles TVC, the
rudder and the differential nozzles deflection is similar
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Figure 17. Effect of throttle on VVR.
VVR: velocity vector roll.

to the case of multi-axis vectoring. However, there is a
marked difference in the aileron control. In the case of
multi-axis TVC, the aileron deflection is negative to
cause the positive roll as expected. In the case of
single-axis TVC, the aileron is positive initially
which is counter intuitive. This is because of the cou-
pling between the yaw and roll control power of the
single-axis vectoring with canted nozzles as discussed
in section ‘Thrust vector models’. The differential
nozzle deflection generates both yaw and roll control
power, and the rolling moment in this case exceeded
the requirement and hence the aileron deflect in the
opposite sense to reduce the rolling moment. A simi-
lar aileron deflection can be seen at t=10s when the
airplane is commanded to roll back to wings level
attitude.

In the case of pitch only TVC, the nozzles
deflect differentially similar to other two cases, but
unable to control the sideslip without the yaw control
power from the vector nozzles. Even the AOA
diverges due to lack of pitch control power, because
the differential nozzle deflection continues to control
the sideslip.

The pictorial view of the airplane 3-D trajectory
with attitude is shown in Figure 16. The airplane

heading has changed by about 90° and it continues
to climb due to full afterburner power setting.

Effect of thrust in high AOA roll

The effect of thrust on the capability of VVR with
TVC was studied by varying the engine throttle set-
ting for a given VVR rate command. The throttle
was set at 38.9 (trim), 50 (maximum dry) and 100
(maximum reheat) setting. The results are shown
in Figure 17.

The TVC power at level flight throttle setting cor-
responding to M =0.2 is low. There is an AOA over-
shoot and slower roll rate buildup at throttle =38.9 as
shown. However, the sideslip deviation is not large
due to low roll rate. The flight path angle is reduced
as the throttle is reduced. The heading change during
the maneuver increases with the throttle setting. This
could be contributed to the thrust effect on the flight
path angle rather than the TVC power. The high
throttle setting helps in steeper climb initially with
thrust balancing significant part of airplane weight
due to high pitch attitude. The same is also respon-
sible for steeper descent when the pitch attitude is
negative (Figure 15(a)).
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Figure 19. Pictorial view — Herbst maneuver.

Herbst maneuver

High AOA VVR is an important maneuver for a
supermaneuverable airplane such as F-1§/HARYV.
The Herbst maneuver named after Dr Herbst enables
an airplane to quickly reverse its direction using a

combination of high AOA and VVR. At the start of
the maneuver, the airplane pitches up to high AOA
and climbs while losing speed. At the top of the climb
it rolls about the velocity vector to change the heading
and dives to regain the lost speed. The maneuver was
simulated using the optimum AOA and bank angle
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command proposed in ref.'* A tracking control for
Herbst maneuver has been developed for F18/
HARYV airplane with multi-axis TVC without con-
sidering the roll control power from vector nozzles
in this reference.

The simulation results of the Herbst maneuver is
shown in Figure 18. The simulation has been carried
out with multi-axis TVC, single-axis TVC with canted
nozzles and pitch only TVC. The tracking of the com-
manded AOA and bank angle is fairly good using the
multi-axis TVC. Previous study'? shows poor tracking
with ailerons constrained to +24°. However, the poor
tracking could be contributed to the TVC not being
used for the roll control in their model. The 3-D pic-
torial view of the maneuver is shown in Figure 19.

The results also show a not so good tracking of the
controller with single-axis canted nozzles. Though the
AOA tracking is good, the bank angle command
tracking is poor, especially while pulling out of the
bank. The VVR arrest was found to be more difficult
than roll initiation as pointed out in ref.'* There is
also unacceptable sideslip generated due to the satur-
ation of rudder and the vector nozzles. However,
the flight path variable y and yx closely matches with
that of control with multi-axis TVC. In the case of
pitch only TVC, the commands could not be tracked
and the flight path departs completely from the
commanded.

The control histories provide greater insight into
the maneuver. In the case of multi-axis TVC, the aero-
dynamic controls are barely used because of the large
control power available in pitch, roll and yaw from
the thrust vector nozzles. The bank to the left is
affected by the differential deflection of nozzles in
pitch and asymmetric left/right nozzle yaw deflection
controls the sideslip. In the case of the single-axis
TVC, both roll control and yaw control have to be
performed by the differential deflection of the vector
nozzles. The pitch control is also affected by the
vector nozzles initially, but when the roll activity
peaks up, the pitch control is handed over to the sta-
bilator as shown in the figure. The aileron deflection is
counter intuitive (roll right moment) between t=10s
and 15s due to the coupling of roll/yaw control power
of the single-axis vectoring with canted nozzles.

Conclusions

i.  The thrust vector nozzle concepts such as multi-
axis vectoring, pitch only thrust vector and
single-axis vectoring with canted nozzles have
been discussed along with the model equations
for forces and moments. The limitations of
single-axis canted nozzles were shown in terms
of available yaw/pitch control power and the roll-
ing moment and yawing moment coupling.

ii. The VVR has been simulated using NDI control-
ler for the twin-engine airplane FI18§ HARV. At
moderate speed of Mach 0.6, the thrust vector

has little or no benefit in enhancing VVR rate
as the TVC power is relatively small as compared
with aerodynamic controls.

iii. At low speed and high AOA, the multi-axis thrust
vector nozzle plays a crucial role in executing
VVR. The single-axis thrust vectoring with
canted nozzles is a compromise which enables
moderate VVR maneuvers at low speed and
high AOA. The limitations of single-axis canted
nozzles TVC are twofold; the availability of lower
control power in pitch and yaw as compared to
multi-axis TVC and the coupling between the roll
and yaw control power.

iv. The nozzle cant angle of single-axis canted nozzles
should be at least about 40° to have significant yaw
control authority to execute VVR at high AOA.

v. The pitch only thrust vector nozzle is a special
case of the single-axis canted nozzles where the
cant angle (¢n) is zero. The pitch vector nozzle on
twin-engine airplane can provide pitch and roll
control power. The pitch and roll control are
not coupled, i.e. the pitch and roll moments can
be commanded independent of each other within
the available limits.

vi. The engine thrust effect on high AOA VVR is
very significant both in enhancing TVC power
and reducing the airplane descent rate for suffi-
ciently longer duration.

vii. The multi-axis TVC and single-axis canted noz-
zles TVC are effective in tracking the Herbst
maneuver command, whereas the pitch only
TVC is unable to execute the maneuver.
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Appendix |

Notation

D drag

F force

L lift

m airplane mass

m engine air flow rate

M., M, M. rolling, pitching and yawing
moments, respectively

p.q,r body-axis roll, pitch and yaw rates,
respectively

T thrust

V velocity

o angle of attack

B angle of sideslip

3 control deflection

Wy Vs X flight path orientation angles (bank,
climb, heading)

3N nozzle vector plane inclination

o, 0, Y Euler angles (roll/pitch/yaw)

mV
+ Dsin B — Ty cos asin f— T.sin asin
+ mg(cos asin Bsin 6 4 cos Bcos Osin ¢
— sin asin Bcos Hcos ¢)]

. 1
p = qr(ly — L)/I, + = pV2SbCy(a, B, 84 8¢5 81)

21,

1
g = rp(l- = 1)/1y + 57 pV2ScCp(t, B, 84 8¢, 8;)
\

1
= pa(ly = L)/1- + 57 pVESHCo(t, B, 80,60, 61)

X =p+qsin ¢ptan 6+ rcos ¢ptan 6
6 = gcos ¢ —rsin ¢

Y = gsin ¢ sec 6 + rcos ¢sec 0

X = ucos ¥cos 0+ v(—sin ¥ cos ¢ + cos Ysin Osin ¢)
—+ w(sin ¥ sin ¢ + cos ¥sin 6cos ¢)

y = usin yrcos 6 + v(cos ¥cos ¢+ sin ¥ sin sin ¢)
—+ w(—cos ¥ sin ¢ + sin ¥sin 6cos ¢)

z = —usin 6 + vcos Osin ¢ + wcos fcos ¢
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1 .
Y= —V{Lcos pn —mgcos y — (F, + T,)sin wcos B}
Additional equations for navigational states T.
+ —;/{sin psin Bcos o + cos psin af
m

. . g T.
p = sec B(pcos a + rsin «) — ;€08 ycos jutan f —i——}/{sin psin Bsin o — cos pcos af
m

L .
4+ —(tan ysin u + tan )
mV

= ——

F,+T, V
+Mtan Y cos pcos f mreosy - .
mv + Ty(sin pwsin o — cos u sin cos )}

{Lsin o+ (F, + T,)cos pcos B

1 . .
+W(szma— T.cos a)(tan ysin p + tan ) . z {cos [ sin Bsin a + sin 1 cos a}
1 mV cos y
— —V(Tx cos o+ T.sin o)tan ycos psin B
m
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