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In this study, nozzle rotational angle was obtained frommeasuring axial displacements fromdisplacement gauges.

Compensation equations for offaxis and slip effects of the displacement gauge were newly developed to obtain the

nozzle rotational angle. A thrust vector control stroke test was conducted to provide linear coefficients related to

pitch, yaw, and inclinometer angles with respect to the thrust vector control input voltage. The convergence of the

compensation equations was satisfied with a percent relative error, which was under 0.0004%. From the

compensation equations and the linear coefficients, the nozzle rotational angle history was accurately obtained in the

thrust vector control scenario test within 0.01 deg. However, there was an offset in the rotational angle in the ground

firing tests. This offset was within themaximum 0.04 deg, and it was caused by the deformation of the end position of

the support beam, which was induced by combustion pressure.

Nomenclature

D = projected distance of each displacement gauge as
shown in Fig. 1 (right-hand side), mm

Eai:pitch = ith percent relative error for the compensated pitch
rotational angle, %

Eai:yaw = ith percent relative error for the compensated yaw
rotational angle, %

LINCL�P = linear coefficient of the inclinometer angle for the
thrust vector control input voltage on pitch
actuating, deg =V

LINCL�Y = linear coefficient of the inclinometer angle for the
thrust vector control input voltage on yaw
actuating, deg =V

LP�P = linear coefficient of the calculated pitch angle for
the thrust vector control input voltage on pitch
actuating, deg =V

LP�Y = linear coefficient of the calculated pitch angle for
the thrust vector control input voltage on yaw
actuating, deg =V

LY�P = linear coefficient of the calculated yaw angle for
the thrust vector control input voltage on pitch
actuating, deg =V

LY�Y = linear coefficient of the calculated yaw angle for
the thrust vector control input voltage on yaw
actuating, deg =V

PitchComp:i = ith compensated pitch rotational angle, deg
PitchDisp:i: = ith compensated pitch rotational angle with only

offaxis effect, deg
YawComp:i = ith compensated yaw rotational angle, deg
YawDisp:i: = ith compensated yaw rotational angle with only

offaxis effect, deg
�dispPitch = displacement difference of 346 and 166 deg

displacement gauge, mm
�dispYaw = displacement difference of 76 and 256 deg

displacement gauge, mm

I. Introduction

I N THE developing test of the first Korea Space Launch Vehicle
(KSLV-1) kick motor nozzle, in which a flexible seal was as-

sembled, the nozzlemoved by thrust vector control (TVC). The TVC
actuating scenario was developed to study the dynamic performance
and control accuracy of the nozzle, which was related to the coinci-
dence of TVC command, actual response of the rotational angle, and
TVC command and feedback frequency. The TVC accuracy and
dynamic performance are directly connected to the successful launch
of a satellite. To evaluate and improve the TVC accuracy and dy-
namic performance, the accurate measurement of the nozzle rota-
tional angle and frequency are very important.

Generally, it is hard to measure the rotational angle by using an
inclinometer (which is a kind of gravity sensor in the TVC scenario
and ground firing test) because of a high level of vibration and high
frequency TVC response. However, it is possible to obtain the nozzle
rotational angle by using a displacement gauge, which consists of
four strain gauges (full-bridge connection) in the TVC scenario and
the ground firing test.

Ishibashi et al. [1] developed a design, development, and flight test
for the H-II solid rocket booster TVC system. The end position of the
TVC actuator was fixed at the inner root of the rear skirt of the motor
case, similar to the space shuttle solid rocket booster [2]. The actuator
performance was verified in the development and flight test.
However, a detailed comparison of the TVC command and feedback
was not represented. Ellis [3] researched the design, fabrication, and
testing of a supersonic splitline flexible nozzle, which is an unsub-
merged nozzle. The end position of the TVC actuator is fixed at the
rear boss of themotor case. In the groundfiring test, the TVCactuator
rotated the nozzle up to 5 deg.Also, the TVC command and feedback
are coincident each other. However, this is not a flight model but a
subscale and heavy type model because of the conservatism of the
concept design. Akiba et al. [4] developed theM-3SII vehicle, which
is assembled with a movable nozzle. The nozzle moves in only one
direction. In a ground firing test, there was a problem of the offset
angle of the movable nozzle caused by the chamber pressurization.
By employing a reference potentiometer at the opposite side of two
servo actuators and feeding back the signal from the potentiometer,
the offset problem was solved. The servo actuator and the reference
potentiometer strokes are not linear. The offset angle was measured
by two dial gauges. The offset angle is satisfiedwithin 0.1 deg,which
is the requirement of the nozzle. However, the accuracy of the offset
angle measured by the dial gauges was not represented. Carnevale
and Resta [5] developed the new Vega TVC subsystem. The step
response of the Z23 TDM (TVC development model) matches well
with the reference signal, but the Z9 TDM has an important static
error that is likely due to a signal saturation occurring in the external
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linear variable differential transformer rather than the thrust function
itself.

Knauber [6] described themajor sources of thrust misalignment of
fixed-nozzle solid rocket motors that are caused by manufacturing
mechanical tolerances,motor casedistortions, andnozzlecant angles,
as a result of pressurization, etc. Also in this reference, changes in
motor case and nozzle deflections as a result of pressurization were
both measured in a hydrotest and static firing, using deflectometers
and strain gauges. However, detailed methods of measuring the
nozzle andmotor case deflection and the processing ofmeasured data
were not represented.

In the preceding references, the couple effect between the TVC
actuators was not studied. Furthermore, the detailed TVC accuracy
and the calculation method for the nozzle rotational angle by gauges
were not represented.

In this study, the compensation equations for the offset and offaxis
effects were newly developed to obtain the accurate nozzle rotational
angle calculated from the measured axial displacements by the
displacement gauges. In addition, the detailed method to obtain the
accurate nozzle rotational angle was represented. The TVC stroke

test was done to provide the linear coefficients, which are used for
the calculation of the nozzle rotational angle. The compensation
equations were verified by the TVC scenario test. Also, the nozzle
rotational angles by the displacement gauges were successfully
measured in the ground firing tests.

II. Configuration

In the KSLV-1 kick motor system, shown in Fig. 2, the support
position of the TVC actuator is far from the hard point, which is the
connecting part of the rear boss of the combustion chamber and the
nozzle connecting part (similar to the TVC nozzle of Star 48B [7]
and the Indian Space Research Organization’s solid rocket nozzle
[8]). This kind of TVC actuator support beam is largely deformed by
the rotational deformation of the mounting roots of the support beam
induced by combustion pressure. To evaluate the differences bet-
ween the TVC command and the feedback data by the deformation
of the support beam, it is important to measure the accurate nozzle
rotational angle, excluding the rotational angle by the deformation of
the TVC support beam. Therefore, the displacement gauges were

0°

90°

180°

D270°

1

Fig. 1 Installation position of displacement gauges (DT denotes displacement).
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installed at the hard point, which is the joining plane of the nozzle
and combustion chamber, as shown in Fig. 1. The measurement of
the axial displacement of the nozzle, which is mainly generated by
the deformation of the rubber layers of flexible seal, is also import-
ant in evaluating the margin of the effective stroke of the TVC
actuator.

During the ground firing test, because of the deformation of the
support position by the TVC actuation force and the combustion
pressure, therewas some error in theTVC feedback datameasured by
the TVC actuator and the counter potentiometer. Moreover, the
installation angle of the TVC actuators are identically orthogonal.
However, when the TVC actuators move, there is interference
between each actuator in the real situation,which also generates TVC
feedback error.

In this paper, to investigate the TVC accuracy under the TVC
actuation force and the combustion pressure, the displacement
gauges (which have a 30 mm effective stroke and 0.01 mm accuracy
and resolution) were installed at the hard point. To avoid interference
with the TVC actuators, the installation position of the displacement
gauges is inevitably 14 deg offdirection with respect to the pitch and
yaw direction. When each actuator moves to the pitch and yaw
direction, the interference of the each displacement gauge by the
offaxis installation position is automatically generated. Furthermore,
for the compensation of the nozzle rotational angle calculated from
measured displacements, an inclinometer was used, as shown in
Fig. 3.

III. Thrust Vector Control Stroke Test

Figure 4 shows the total number of steps to obtain the nozzle
rotational angle from measured displacements in the TVC scenario
and the ground firing test. The TVC stroke test was conducted to gain
linear coefficients from measured displacements. During the TVC
stroke test, the TVC actuator slowly rotates the nozzle within a
�1:5 deg range in the pitch (0–180 deg) and yaw (90–270 deg)

direction, as shown in Fig. 5. The displacements and the inclinometer
angle are also measured at the same time. The inclinometer that is
used in this TVC stroke test has 0.001 deg resolution and guarantees
under 1=60 deg accuracy.

Figure 3 shows the installation of the TVC actuator, the
inclinometer, and the displacement gauges. After the TVC stroke test
(�1:5 deg), the inclinometer is removed in the TVC scenario test.
The inclinometer, which is a kind of a gravity sensor, is not appro-
priate for measuring the dynamic rotational angle during the TVC
scenario and the ground firing test.

First, the TVC stroke test (�1:5 deg) is conducted in the pitch
direction, and the pitch actuator only moves the nozzle slowly from
�3 to 3 deg. After the TVC stroke test is done in the pitch direction,
the kick motor is rotated 90 deg clockwise to measure the angle by
inclinometer when we see the kick motor in the rear. After the
rotation of the kick motor, the TVC stroke test (�1:5 deg) is
executed in the yaw direction. The nozzle displacements in the pitch
direction for the TVC stroke test are measured, and shown in Fig. 5
(left-hand side). The nozzle displacements at 346 and 166 deg, which
are close to the pitch direction (0–180 deg), are larger than those at 76
and 256 deg.

By thesemeasured nozzle displacements, the pitch and yawnozzle
rotational angle can be calculated by Eq. (1), which is shown next:

Pitch Disp:0 � tan�1
�
�dispPitch

D

�
;

YawDisp:0 � tan�1
�
�dispYaw

D

� (1)

The calculated nozzle rotational angle in Eq. (1) is shown in Fig. 5
(right-hand side). Because the displacement gauges are installed at
the 14 deg offaxis position from the pitch or yaw direction, as shown
in Fig. 1, all displacements of the gauges are measured in the pitch or

Fig. 3 Displacement gauge installation pictures.
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yaw TVC stroke test. During the TVC stroke test in the pitch direc-
tion, the nozzle rotational angle (calculated by the displacements
measured at 76 and 256 deg near the yaw direction) is about 24% of
the nozzle rotational angle calculated by the displacementsmeasured
at 346 and 166 deg near the pitch direction.

There is a difference with the calculated rotational angle and the
inclinometer angle, as shown in Tables 1 and 2. As the rotational
angle becomes larger, the difference of the calculated rotational angle
from the measured displacements and the inclinometer angle be-
comes larger because of the slide effect between the tip of displace-
ment gauge and the displacement gauge bracket, as shown in Fig. 3.
To compensate for the difference, the relation of the calculated
rotational angle and the inclinometer angle is investigated, as shown
in Figs. 6 and 7.

Because the TVC actuator is moved by the TVC input signal, the
TVC input signal is selected as the reference signal. The TVC
actuator rotates the nozzle by 0.3 deg per the TVC input signal
voltage. There are linear relations among the angle from the inclino-
meter, the calculated pitch, and the yawanglewith respect to the TVC
input signal. Therefore, the calculated rotational angle from the
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Fig. 4 Total steps to obtain nozzle rotational angle from measured displacement.
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measured displacements can be compensated accurately. Each linear
coefficient about the TVC input signal is arranged in Table 3. The
TVC stroke tests were done one or two times before the ground firing
tests, as shown in Table 3.

IV. Compensation of Offaxis and Offset Effect

By the linear coefficients gained from the TVC stroke test
(�1:5 deg) (the compensation of the offaxis and offset effects),
which are the angle compensation from the inclinometer, the accurate
nozzle rotational angle can be obtained in the TVC scenario test. The
compensations of the offaxis and the offset effects are described next
in detail.

If the TVC actuator moves only in the pitch or yaw direction,
the calculated nozzle angle can be compensated accurately by
multiplying the calculated rotational angle by �LINCL�P�=�LP�P� or
�LINCL�Y�=�LY�Y�. However, when the TVC actuator moves in the
pitch and yaw direction simultaneously, there is a couple effect
between each displacement gauge, because the displacement gauge

installation position is off with respect to the pitch and yaw direction,
as shown in Fig. 1

PitchComp:0 � PitchDisp:0 �
LINCL�P
LP�P

;

YawComp:0 � YawDisp:0 �
LINCL�Y
LY�Y

(2)

There is good agreement between the TVC scenario and the nozzle
rotational angle compensated by Eq. (2) during the actuation in the
only pitch direction, as shown in Fig. 8. Equation (2) ignores the
offaxis effect of the displacement gauges. However, there is a differ-
ence between the TVC scenario and the nozzle rotational angle of
Eq. (2) during the actuation in the pitch and yaw direction, simul-
taneously. In the only pitch actuation period, the yaw nozzle rota-
tional angle is detected. as shown in Fig. 8 (right-hand side), due to
the offaxis effect of displacement gauges.

To compensate the offaxis effect of the displacement gauges,
compensation equations are developed, as shown next:

Table 1 Inclinometer, pitch, and yaw angle in TVC stroke test

during pitch stroke

TVC input
signal, V

Inclinometer,
deg

Pitch angle, deg
(0–180 deg)

Yaw angle, deg
(90–270 deg)

0 0.000 �0:001 0.000
�5 1.500 �1:434 �0:345
�4 1.193 �1:138 �0:273
�3 0.896 �0:855 �0:206
�2 0.585 �0:558 �0:135
�1 0.290 �0:277 �0:068
0 0.000 0.001 0.000
1 �0:306 0.290 0.070
2 �0:606 0.576 0.138
3 �0:905 0.860 0.204
4 �1:204 1.146 0.273
5 �1:508 1.436 0.344
4 �1:205 1.140 0.271
3 �0:905 0.854 0.202
2 �0:607 0.569 0.136
1 �0:307 0.284 0.068
0 0.000 �0:007 �0:001
�1 0.291 �0:283 �0:068
�2 0.590 �0:568 �0:138
�3 0.895 �0:858 �0:208
�4 1.195 �1:145 �0:276
�5 1.499 �1:434 �0:344
0 �0:001 �0:001 0.000
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Fig. 7 Calculated nozzle rotational angle history for�1:5 deg pitch TVC stroke test.

Table 2 Inclinometer, pitch, and yaw angle in TVC stroke test

during yaw stroke

TVC input
signal, V

Inclinometer,
deg

Pitch angle, deg
(0–180 deg)

Yaw angle, deg
(90–270 deg)

0 0.000 0.001 0.000
�5 1.492 �0:338 1.419
�4 1.195 �0:271 1.136
�3 0.893 �0:202 0.849
�2 0.593 �0:135 0.562
�1 0.288 �0:064 0.273
0 �0:002 0.002 �0:004
1 �0:310 0.072 �0:297
2 �0:608 0.137 �0:580
3 �0:910 0.206 �0:867
4 �1:209 0.276 �1:152
5 �1:509 0.347 �1:439
4 �1:208 0.278 �1:152
3 �0:909 0.208 �0:868
2 �0:609 0.137 �0:581
1 �0:313 0.070 �0:299
0 0.001 0.000 0.000
�1 0.290 �0:064 0.275
�2 0.594 �0:133 0.564
�3 0.892 �0:202 0.849
�4 1.194 �0:271 1.136
�5 1.491 �0:337 1.418
0 �0:002 0.001 �0:003
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PitchDisp:i�PitchDisp:0�YawDisp:i�1 �
LP�Y
LY�Y

; i� 1; 2; � � � ; 16;

YawDisp:i�YawDisp:0 � PitchDisp:i�1 �
LY�P
LP�P

; i� 1; 2; � � � ; 16
(3)

In Eq. (3), the offaxis effect of the displacement gauges is
accurately compensated for by increasing the iteration number.
Because the value of �LP�Y�=�LY�Y� or �LY�P�=�LP�P� is about

0.23, as shown in Table 3, as the iteration progresses, the com-
pensation of the pitch or yaw rotational angle converges rapidly.

After the compensation of the offaxis effect, the accurate nozzle
angle can finally be obtained by Eq. (4), which is the compensation
for the offset effect:

PitchComp:i � PitchDisp:i �
LINCL�P
LP�P

;

YawComp:i � YawDisp:i �
LINCL�Y
LY�Y

(4)

Table 3 Linear coefficients of pitch, yaw, and inclinometer angle for TVC input signal

GT Test No./Average Pitch stroke test, deg =V Yaw stroke test, deg =V

LP�P LY�P LINCL�P LP�Y LY�Y LINCL�Y

No. 4 0.2886 0.0664 0.2997 0.0666 0.2886 0.3009

No. 5
Test 1 0.2857 0.0680 0.2998 0.0688 0.2857 0.3000
Test 2 0.2859 0.0685 0.3001 0.0683 0.2859 0.3002
Average 0.2858 0.0683 0.3000 0.0686 0.2858 0.3001

No. 6
Test 1 0.2882 0.0675 0.3003 0.0685 0.2908 0.3008
Test 2 0.2894 0.0675 0.3005 0.0688 0.2909 0.2996
Average 0.2888 0.0675 0.3004 0.0687 0.2909 0.3002

Total average 0.2877 0.0674 0.3000 0.0679 0.2884 0.3004
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Fig. 8 Nozzle rotational angle history for TVC scenario test (only offset compensation).
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V. Convergence of Nozzle Rotational Angle

Figure 9 shows the convergence pattern of the nozzle rotational
angle for iteration numbers 1, 2, 3, and 16. The four circles in Fig. 9
represented the highest nozzle rotational angle and the largest mis-
matches between the TVC command and the feedback at each step.

To evaluate the convergence of the nozzle rotational angle by
increasing the iteration number, Ea (percent relative error) [9] is
introduced next:

Eai:pitch �
PitchComp:i � PitchComp:i�1

PitchComp:i

� 100;

Eai:yaw �
YawComp:i � YawComp:i�1

YawComp:i

� 100

(5)

To evaluate the full step convergence, Eai:pitchand Eai:yaw are
calculated from thefirst to the 16th iteration at the four circle points in
Fig. 9, as shown in Tables 4 and 5. After the 10th iteration, the pitch
and yaw nozzle rotational angles have almost converged.
Furthermore, to investigate the percent of relative errors during the
full-test time at the 16th iteration, each history of Eai:pitch and Eai:yaw
was calculated, as shown in Fig. 10. At the 16th iteration, the percent
relative errors of the pitch and yaw angles were under 0.0004%.
There are small errors in the pitch angle from 35 to 45 s, as shown in
Fig. 10 (left-hand side). During this time, the pitch actuator moves

the nozzle as 11	 20 Hz sine vibration. However, because the
displacement data are acquired by analog 10 Hz low-pass filter
(LPF), the small errors during this time can be generated by the
analog LPF. The percent relative errors in yaw angle, as shown in
Fig. 10 (right-hand side), are generated more significantly in the
pitch-only actuation period than in the pitch and yaw simultaneous
actuation. During the pitch-only actuation period, the angle of the
yaw direction holds the neutrality, which is a very small rotational
angle.When the pitch angle affects the neutral yaw angle in the pitch-
only actuation period, because the relative change of the yaw angle is
very large, the percent of relative error of the yaw angle is more
significant in the pitch-only actuation period than in the pitch and
yaw simultaneous actuation.

VI. Verification of Nozzle Rotational Angle
Compensation and Thrust Vector Control Scenario Test

Before the ground firing test, the TVC scenario test (which is a
TVC actuating test by the decided TVC scenario without
combustion) is conducted for confirmation of the TVC performance.
The largest actuating angle is �1:5 deg, the maximum actuating
frequency is 20 Hz, and the pitch actuator moves only from 2 to 46 s
in the TVC scenario, as shown in Fig. 8.

The nozzle displacements during the TVC scenario test are shown
in Fig. 11. During the TVC scenario test, there is no translational

Table 4 Convergence of pitch rotational angle

Step, 1.0 deg (10 s) Sine, 1.5 deg (23.555 s) Step, 0.75 deg (49.6 s) Tilt, 0.8 deg (63.95 s)

Iteration number PitchComp:i Eai:p (%) PitchComp:i Eai:p (%) PitchComp:i Eai:p (%) PitchComp:i Eai:p (%)

0 1.0018 —— 1.5021 —— 0.9311 —— 0.9894 ——

1 1.0582 5.335 1.5856 5.265 0.7927 17.458 0.8416 17.551
2 1.0009 5.729 1.4996 5.733 0.7394 7.208 0.7850 7.214
3 0.9977 0.324 1.4949 0.320 0.7473 1.060 0.7935 1.066
4 1.0010 0.328 1.4998 0.328 0.7504 0.407 0.7967 0.407
5 1.0011 0.018 1.5001 0.018 0.7499 0.060 0.7962 0.061
6 1.0010 0.019 1.4998 0.019 0.7497 0.023 0.7960 0.023
7 1.0009 0.001 1.4998 0.001 0.7498 0.003 0.7961 0.003
8 1.0010 0.001 1.4998 0.001 0.7498 0.001 0.7961 0.001
9 1.0010 6:05E � 05 1.4998 5:97E � 05 0.7498 1:98E � 04 0.7961 1:99E � 04
10 1.0010 6:15E � 05 1.4998 6:15E � 05 0.7498 7:63E � 05 0.7961 7:64E � 05
11 1.0010 3:47E � 06 1.4998 3:42E � 06 0.7498 1:13E � 05 0.7961 1:14E � 05
12 1.0010 3:52E � 06 1.4998 3:52E � 06 0.7498 4:37E � 06 0.7961 4:37E � 06
13 1.0010 1:98E � 07 1.4998 1:96E � 07 0.7498 6:49E � 07 0.7961 6:52E � 07
14 1.0010 2:01E � 07 1.4998 2:02E � 07 0.7498 2:50E � 07 0.7961 2:50E � 07
15 1.0010 1:14E � 08 1.4998 1:12E � 08 0.7498 3:71E � 08 0.7961 3:73E � 08
16 1.0010 1:15E � 08 1.4998 1:15E � 08 0.7498 1:43E � 08 0.7961 1:43E � 08

Table 5 Convergence of yaw rotational angle

Neutrality, 0 deg (10 s) Neutrality, 0 deg (23.555 s) Step, �0:75 deg (49.6 s) Tilt, �0:8 deg (63.95 s)

Iteration number YawComp:i Eai:y (%) YawComp:i Eai:y (%) YawComp:i Eai:y (%) YawComp:i Eai:y (%)

0 0.2364 —— 0.3496 —— �0:5795 —— �0:6186 ——

1 �0:0037 6479.173 �0:0104 3452.497 �0:8026 27.803 �0:8557 27.712
2 �0:0172 78.501 �0:0304 65.740 �0:7695 4.311 �0:8203 4.316
3 �0:0035 393.369 �0:0098 209.611 �0:7567 1.688 �0:8067 1.682
4 �0:0027 28.482 �0:0087 13.186 �0:7586 0.250 �0:8087 0.251
5 �0:0035 22.438 �0:0099 11.956 �0:7593 0.096 �0:8095 0.096
6 �0:0036 1.249 �0:0099 0.660 �0:7592 0.014 �0:8094 0.014
7 �0:0035 1.285 �0:0099 0.684 �0:7592 0.006 �0:8093 0.005
8 �0:0035 0.072 �0:0099 0.038 �0:7592 0.001 �0:8094 0.001
9 �0:0035 0.074 �0:0099 0.039 �0:7592 3:15E � 04 �0:8094 3:14E � 04
10 �0:0035 0.004 �0:0099 0.002 �0:7592 4:69E � 05 �0:8094 4:70E � 05
11 �0:0035 0.004 �0:0099 0.002 �0:7592 1:81E � 05 �0:8094 1:80E � 05
12 �0:0035 2:37E � 04 �0:0099 1:25E � 04 �0:7592 2:68E � 06 �0:8094 2:69E � 06
13 �0:0035 2:41E � 04 �0:0099 1:28E � 04 �0:7592 1:03E � 06 �0:8094 1:03E � 06
14 �0:0035 1:36E � 05 �0:0099 7:13E � 06 �0:7592 1:54E � 07 �0:8094 1:54E � 07
15 �0:0035 1:38E � 05 �0:0099 7:35E � 06 �0:7592 5:92E � 08 �0:8094 5:90E � 08
16 �0:0035 7:77E � 07 �0:0099 4:08E � 07 �0:7592 8:79E � 09 �0:8094 8:80E � 09
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motion but only rotational motion. The TVC actuator only generates
the rotational motion of the nozzle. However, there is translation
motion during the ground firing test because the nozzle moves
toward the nozzle exit due to the combustion pressure.

Figure 12 shows the TVC scenario and the final compensated
nozzle rotational angle history obtained by Eq. (4). Figures 13–16
show the expanded time views of the final compensated nozzle
rotational angle history in the TVC scenario test. Overall, the yaw
actuation error is slightly bigger than the pitch actuation error.
Figure 15 shows the sine vibration period from 0.5 to 20 Hz. After
35 s (10 Hz sine vibration), the amplitude of the sine vibration ra-
pidly decreases due to analog 10 Hz LPF, which is applied to avoid
60 Hz power source noise. When we see the yaw rotational angle
history in Fig. 16, which is simultaneously the pitch and yaw
actuation period, the amplitude is coincident with the yaw TVC
command history, but the yaw rotational angle slightly shifts toward
the 90 deg direction. This slight misalignment in the yaw direction is
generated as the TVC actuator stroke setting procedure, which is not
involved in the compensational logic for the offaxis effect of the TVC
actuators. The TVC actuators are identically installed at 0 and
270 deg orthogonally. However, there are installation position errors
generated by manufacturing and assembling errors of the TVC
actuator support beam and TVC actuators. There is fairly good
agreement between the TVC scenario and the nozzle rotational angle

-0.00010

-0.00005

0.00000

0.00005

0.00010

0.00015

0.00020

0.00025

0.00030

0.00035

0.00040

E
a1

6
.y

aw
 (

%
)

16th percent relative error for pitch angle 16th percent relative error for yaw angle

-0.000004

0.000000

0.000004

0.000008

0.000012

0.000016

0.000020

-5 5 15 25 35 45 55 65

Time (sec)

-5 5 15 25 35 45 55 65

Time (sec)

E
a1

6
.p

itc
h 

(%
)

11 ~  20 Hz
sine actuation

only pitch actuation

pitch & yaw act.

Fig. 10 Sixteenth percent relative error during TVC scenario test.

Nozzle displacement (TVC scenario test)
(Toward exit : Plus)

-6

-4

-2

0

2

4

6

-5 5 15 25 35 45 55 65

Time (sec)

D
is

p.
 (

m
m

)

NZD-346°
NZD-076°
NZD-166°
NZD-256°

76°

256°

346°

166°

Fig. 11 Axial displacement for TVC scenario test.

Yaw rotation angle history
after 16th compensation

(From 90º to 270º rotation : Plus)

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

D
eg

re
e

Yaw_comp.16
-Yaw_Cm

Pitch rotation angle history
after 16th compensation

(From 0º to 180º rotation : Plus)

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

-5 5 15 25 35 45 55 65

Time (sec)

-5 5 15 25 35 45 55 65

Time (sec)

D
eg

re
e

Pitch_comp.16
Pitch_Cm

± 1.5°,  0.5 Hz

± 0.05°, 20 Hz

± 0.75°

Fig. 12 Nozzle rotational angle history for TVC scenario test (after 16th compensation).

160 YOO



-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

D
eg

re
e

Yaw_comp.16
-Yaw_Cm

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

-0.2 0.2 0.6 1.0 1.4 1.8

Time (sec)
-0.2 0.2 0.6 1.0 1.4 1.8

Time (sec)

D
eg

re
e

Pitch_comp.16
Pitch_Cm

0.8 °,  0.6 sec 0.798 °,  0.64 sec

- 0.55°, 0.6 sec

- 0.566 °, 0.64 sec

Pitch Command

Coincidence with TVC command

Yaw rotation angle history
(From 90º to 270º rotation : Plus)

Pitch rotation angle history
(From 0º to 180º rotation : Plus)

Fig. 13 Nozzle rotational angle history for TVC scenario test (�0:2� 2:0 s).

-1.2

-0.9

-0.6

-0.3

0.0

0.3

0.6

0.9

1.2

4 6 8 10 12 14 16 18 20 22

Time (sec)
4 6 8 10 12 14 16 18 20 22

Time (sec)

D
eg

re
e

Pitch_comp.16
Pitch_Cm

0.251°

0.500°

0.749°

1.001°

- 0.005°

- 0.251°

- 0.498°

- 0.758°

- 0.997°
-0.008

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

0.008

D
eg

re
e

Yaw_comp.16
-Yaw_Cm

Yaw rotation angle history
(From 90º to 270º rotation : Plus)

Pitch rotation angle history
(From 0º to 180º rotation : Plus)
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within 0.01 deg, which means the deformation effect of the TVC
support beam by the TVC actuating force is negligible to control the
nozzle.

VII. Nozzle Motion on Ground Firing Test

Several TVC scenarios were designed to find the dynamic
response limit and TVC control accuracy of the nozzle in the ground
firing tests. The axial displacements of the nozzle induced by the
combustion pressure were measured seven times for all the ground
firing tests to confirm the margin of geometric interface and the
effective stroke of the TVC actuator. Moreover, by the compensation
equations for measured displacements, the nozzle rotational angle
history was accurately estimated in the ground firing tests. In this
paper, two important ground firing tests (GTs), which are GT No. 5
and GT No. 6, were represented.

A. Nozzle Axial Displacement History

The nozzle axial displacements during the ground firing tests are
shown in Figs. 17 and 18. Figure 17 shows the nozzle axial displace-
ment of GT No. 5, which represented the translational motion by the
combustion pressure and the rotational motion by the GTNo. 5 TVC
scenario, as shown in Fig. 12. Because the counter potentiometer is
not an active actuator but a pass position sensor, there is no resisting

force against the nozzle axial displacement by the combustion pres-
sure. Therefore (as shown in the right-hand side of Figs. 17 and 18),
just after the ignition, the displacements at 76 and 166 deg, which are
nearby the counter potentiometer, occur earlier than the displace-
ments at 346 and 256 deg, which are nearby the TVC actuator.

For the GT No. 5 ground firing test, the displacement gauge
installed at 346 deg cannot measure the nozzle displacement over
6.43 mm, in the neighborhood of 0.7, 10, and 23.7 s (which are
marked in a circle in Fig. 17), due to the axial installation position
error of the 346 deg displacement gauge. However, with the excep-
tion of the three circle regions in Fig. 17, the nozzle displacements
are normally measured.

The GT No. 6 TVC scenario is similar to the GT No. 5, but the
maximum nozzle rotational angle is 3 deg, which is two times the
maximum angle of GT No. 5. When the nozzle rotates within
�3 deg, the axial displacement of the 346 deg displacement gauge
also moves from 15.67 to �7:72 mm during the ground firing test.
The maximum moving stroke of the 346 deg displacement gauge is
23.39 mm. The 30 mm displacement gauge is sufficient to measure
the �3 deg nozzle rotation during the ground firing test.

B. Nozzle Rotational Angle History

The nozzle rotational angle history of GT No. 5 is shown in
Fig. 19. The nozzle rotational angle history also has errors in the
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Fig. 19 GT No. 5 Nozzle rotational angle history.
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Fig. 21 GT No. 5 Nozzle rotational angle history (4� 22 s).
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Fig. 22 GT No. 5 Nozzle rotational angle history (22� 46 s).
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neighborhood of 0.7, 10, and 23.7 s, due to the measurement error of
the 346 deg displacement gauge (as shown in Fig. 17). However, the
nozzle rotational angle ismeasured normally in amajor portion of the
combustion time. Generally, the TVC actuators carry out the TVC
command fairly. Duringmost of the combustion time, there is about a
0.04 deg offset angle inclined toward the 270 deg (yaw) direction.
There is also themaximum0.026 deg offset angle inclined toward the
0 deg (pitch) direction in the TVC zero command maintenance
period. This offset phenomenon is only generated in the groundfiring
test, but it is not generated in the TVC scenario test (as shown in
Fig. 12). The offset phenomenon is related to the nonuniform defor-
mation of the rear boss due to the combustion pressure, which makes
the end position of the support beam move to the forward axial and
inner radial direction nonuniformly (Fig. 2). The rear boss defor-
mation was investigated two times in the kick motor hydropressure
test [10].

Figures 20–23 show the expanded time views of the nozzle
rotational angle history in GT No. 5. The maximum rotational angle
and the offset quantity in the TVC zero command maintenance
period are represented in each graph. The initial disturbance gene-
rated by the ignition shock, which is about 0.2 deg, is represented in
Fig. 20 (GT No. 5) and Fig. 24 (GT No. 6). This initial ignition

disturbance disappears within about 0.4 s. After this disturbance, the
TVC actuator is able to control the kick motor by the decided TVC
scenario. There is about 80	 90 ms time delay in comparison with
the TVC command, as shown in Fig. 20 (GT No. 5) and Fig. 24 (GT
No. 6) because of the nozzle damping effect. As shown in these
figures, there is good agreement between the nozzle angle history and
the TVC command within 0.04 deg.

The nozzle rotational angle history of GT No. 6 is shown in
Fig. 25. During most of the combustion time, there is about a
0.038 deg offset angle inclined toward the 90 deg (yaw) direction (as
shown in the right-hand side of Fig. 25) and the maximum 0.016 deg
offset angle inclined toward the 180 deg (pitch) direction (as shown
in Fig. 26) in the TVC zero command maintenance period, which
represents the opposite offset angle direction in comparison with the
offset angle direction of GT No. 5.

Figures 24 and 26–30 show the expanded time views of the nozzle
rotational angle history in GT No. 6. The maximum rotational
angle and the offset quantity in the TVC zero command mainte-
nance period are represented in each graph. When the nozzle
moves to �3 deg (as shown in Figs. 27 and 28), relatively large
errors (3:12	�3:065 deg) are generated because of the end posi-
tion of the support beam deformation by the combustion pressure.
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Fig. 24 GT No. 6 Nozzle rotational angle history (�0:5� 2:5 s).
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Fig. 27 GT No. 6 Nozzle rotational angle history (2� 14 s).
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Fig. 28 GT No. 6 Nozzle rotational angle history (13� 25 s).
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Fig. 29 GT No. 6 Nozzle rotational angle history (25� 50 s).
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Fig. 30 GT No. 6 Nozzle rotational angle history (54� 70 s).
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Fig. 31 GT No. 6 Nozzle pitch rotational angle history for TVC scenario test (2� 25 s).
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However, in the TVC scenario test, in which there is no combustion
pressure, there are relatively small errors (3:047	 �2:963 deg) (as
shown in Fig. 31) in comparison with the ground firing test.

VIII. Conclusions

The nozzle displacement was measured by the displacement
gauges. The nozzle rotational angle history was calculated by the
measured displacements. ATVC stroke test was also done to get the
linear coefficients for the compensation of the calculated nozzle
rotational angle. In theTVCstroke test, the axial nozzle displacement
and the inclinometer angle were measured simultaneously. The
compensation of the calculated nozzle angle was done by the linear
relation with the calculated nozzle angle and the inclinometer angle,
with respect to the TVC input voltage.

However, when the TVC actuators move toward the pitch and yaw
direction simultaneously, there is a couple effect between each dis-
placement gauge. To compensate for this couple effect, the compen-
sation equations are newly developed. The convergence of the nozzle
rotational angle was also examined by varying the iteration number.

The nozzle rotational angle history in the TVC scenario test was
obtained by the compensation of the calculated nozzle angle history
from the measured displacement. In the TVC scenario test, there is
fairly good agreement between the nozzle rotational angle history
and the TVC command within 0.01 deg. Therefore, the deformation
effect of the TVC support beam by the TVC actuation force is
negligible to control the nozzle.

However, in the ground firing tests, there was an offset angle
within the maximum 0.04 deg in the TVC zero command main-
tenance period because of the end position deformation of the
support beam by the combustion pressure. The direction of the offset
angle of the GT No. 5 and the GT No. 6 in the neutral position is not
coincident.

When the nozzle moves to �3 deg in GT No. 6, the maximum
TVC errors occurred as 3:12	 �3:065 deg, which are larger than
the TVC errors (3:047	�2:963 deg) in the TVC scenario test.

The initial disturbance is generated by the ignition shock, which is
about 0.2 deg. This initial ignition disturbance disappears within
about 0.4 s. After this disturbance, the TVC actuator is able to control
the kick motor by the decided TVC scenario. There is about a
80	 90 ms time delay in comparison with the TVC command
because of the nozzle damping effect.
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