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Abstract—This paper presents the strategic development plan of
winged rockets WIRES (WInged REusable Sounding rocket) aiming
at unmanned suborbital winged rocket for demonstrating future fully
reusable space transportation technologies, such as aerodynamics,
Navigation, Guidance and Control (NGC), composite structure,
propulsion system, and cryogenic tanks etc., by universities in
collaboration with government and industries, as well as the past and
current flight test results.
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I. INTRODUCTION

HE strategic road map of JAXA (Japan Aerospace
Exploration Agency) for realizing reusable space
transportation system is presented in Fig. 1 [1]. In parallel with
the basic technology development for about 5 years, Japan will
create new application and business units realized by the
reusable space transportation system, which contribute social
activities and demands by reducing financial burden of space
development, promoting economic growth, solving resource
problems of energy, food, and environment, and enhancing the
security of the Asia Pacific Oceanic region etc. After the
technology development by research and actual flight tests
using small test vehicles are completed by 2020, the partially
reusable space transportation such as small satellite launcher,
reusable unmanned and manned shuttle will be realized in 15
years from 2020. The fully reusable space transportation
system is expected to be operational after 2035.
Reference partially reusable satellite launchers planned by
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JAXA that will be operational from 2020 are shown in Fig. 2.
The concept A is a vertical take-off and horizontal landing
vehicle with the initial mass of 107 tons. It is propelled by
rocket engines using hydrocarbon fuel to accelerate up to the
Mach number 10 and launch an expendable upper stage from
the altitude of 70km. This vehicle flies forward and land on a
runway located in the down-range. The expendable stage has
the payload capability of more than 500kg to the low earth orbit
of 500km altitude. The concept B has the same mission concept
and stores the same expendable upper stage, but can fly back to
the launch site using additional air breathing engines. The
concept C is a vertical take-off and landing vehicle using rocket
engines.

WIRES-X (WInged REusable Sounding rocket) shown in
Fig. 3 is a conceptual suborbital winged rocket under study by
Kyutech. It employs the aerodynamic shape of HIMES (HIghly
Maneuverable Experimental Space vehicle) studied by Institute
of Space and Astronautical Science (ISAS) of JAXA in 1980s
[2]. WIREX-X will reach the altitude more than 100km, and
demonstrate all the key research issues such as aerodynamics,
navigation, guidance and control (NGC), composite structure
including health monitoring system, cryogenic composite tanks
and advanced rocket engine of hydrocarbon fuel etc. by 2020
(Fig. 4). WIRES-X has the total length of 9.3m, initial mass of
4.6 tons and payload capability of 100kg. It will be propelled by
a single LOX-Methane engine of 100kN thrust newly
developed by IHI.

In 2008, Kyutech first developed a very small winged rocket
called WIRES#011 and conducted experimental flight for five
times to demonstrate the attitude control performance of ascent
phase [3]. In 2010, a conventional rocket called WIRES#012
was developed to demonstrate the new flight termination and
recovery system using two-stage parachute and airbags for the
safety operation. Kyutech completed its experimental flights in
2011 successfully. Since 2012, Kyutech is developing a larger
winged rocket WIRES#014 for demonstrating on-board
real-time guidance and attitude control system. WIRES#014 is
the first development collaboration with JAXA, and the flight
tests are underway. Kyutech and University of Texas at El Paso
(UTEP) have already started to design a relative larger winged
rocket WIRES#015 as a pre-demonstrator of suborbital vehicle
in collaboration with JAXA, THI, THI Aerospace, PD
Aerospace and other domestic companies.
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Fig. 5 Development scenario of winged rockets WIRES

This paper gives flight test results of small winged rocket
WIRES to date and the future development plan aiming at the
suborbital technology demonstrator WIRES-X by universities
in collaboration with government and industries as shown in
Fig. 5 [4].

II.FLIGHT TESTS TO DATE

A. WIRES#011

A small winged rocket WIRES#011 developed in 2008 by
Kyutech students has a semi-monocoque structure using GFRP
(Glass-Fiber-Reinforce-Plastic) skins and frames/stringers
made of wood (Figs. 6 and 7). The total length is 1m, and the
initial mass is 8kg. It had a solid rocket motor (AeroTech
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J125-10W of RCS Rocket Motor Components Inc.), and could
reach the altitude of 0.5km. WIRES#011 was launched five
times to evaluate its attitude control of ascent phase based on
the H,, theory (Fig. 8) [5].

B. WIRES#012

WIRES#012 (Fig. 9) is a conventional rocket to establish all
composite body structure made of CFRP (Carbon-Fiber-
Reinforce Plastic) and to demonstrate a new flight termination
and recovery system using two-stage parachute and airbags for
the safety operation (Fig. 10). The total length is 1.7m and
initial mass is 34.3 kg. It is capable to reach the altitude of
1.1km using commercial hybrid rocket (HyperTEK M 1000 of
Cesaroni Technology Inc.).

Emergency Command Receiver g

]
Servo Motor for Ejection Door
GPS Receiver

MU
i 5 Holes Pitot Tube
(5 Pressure Ports and 4 Static Ports)

Fig. 6 Subsystem layout of WIRES#011

WIRES#012 was launched three times in total, and the last
flight was conducted in 2011. The firing of rocket engine was
operated by the remote control system, and the flight data was
transmitted by telemetry down from WIRES#012 to the flight
monitoring system at the control center 800m away from the
rocket launcher (Fig. 11). The flight altitude was about 760m,
and the maximum velocity was about 130m/s. It was recovered
completely without any major damage as shown in Fig. 12 [6],

[7].
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ith F |
- s 3 Ring Release Drogye Parachute

System
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(tow stage parachute)

Fig. 7 Assembly and check out of WIRES#011

Fig. 8 Third flight test of WIRES#011

Front Air I?aa"g_'H

Rear Air Bags

(airbag)

Fig. 10 Recovery system of WIRES#012
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TABLEI
MAJOR DIMENSIONS OF WIRES#014
Initial Mass [ke] 493
Total Length [m] 1.7
Total Length [m] 1.7
Body Diameter [m] 0.33
Wing Span [m] 1.1

Fig. 14 Full composite semi-monocoque structure of WIRES#014

3. Avionics

The on-board avionics of WIRES#014 has five
micro-computers such as control, sensing, GPS/telemetry,
logging and navigation, which are connected by CAN
(Controller Area Network) Bus (Fig. 15).

SD Card QSD Card / Pitot Tube & Attitude

Fig. 12 Third flight test of WIRES#012 N Modle | Baometer | e
C.WIRES#014
1. Major Dimensions Navigation - Logging . Sensing
WIRES#014 is a winged rocket that performs fully CAN Bus
autonomous flight using integrated navigation and real-time !
on-board guidance associated with an advanced control system -—. - GPS/
(Fig. 13). The major dimensions are shown in Table 1. Guidance FPGA " Gonl Telematry
| |
s ¢f S
" I ' -
—d - (¢ - x2 x2 - X2
Control Surface  Parachute & Airbag  Parachute GPS Wi-Fi

Servomotor Solencid Valves  Release Motor

Fig. 15 On-board avionics of WIRES#014

The control micro-computer operates servo motors (PS050
of Tonegawa-Seiko Co., Ltd.) of aerodynamic surfaces
(elevens and rudders), solenoid valves of parachute and air
bags, and release motors of parachute raiser. The Field
2. Structure Programmable Gate Array (FPGA: Spartan-6 XC6SLX150 of
Xilinx Inc.) connected with the control micro-computer
calculates optimal and reference trajectory for guidance. The
sensing micro-computer processes the signals from the IMU
(Inertial Measurement Unit: MTi of Xsens B.V.) to measure the
attitude and acceleration, and a 5-hole pitot tube developed by
Kyutech to measure air speed, angle of attack, sideslip angle
and pressure altitude. The GPS (Global Positioning
System)/telemetry micro-computer processes the signals from
GPSs and put the signals to Wi-Fi transmitters. The logging
micro-computer records all the flight data. The navigation

Fig. 13 Winged test rocket WIRES#014

WIRES#014 has full composite semi-monocoque structure
of skin, frame, and stringer made of lightweight and highly
rigid CFRP, which were molded and bonded by students in the
university laboratory as shown in Fig. 14. The frame and
stringer have sandwich structure that consists of CFRP surface
panel and foam core (Divinycell). The nose cone is made of
GFRP to prevent radio shielding. The two elevons and two
rudders have also the sandwich structure of CFRP surface panel
and foam core.
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micro-computer calculates the attitude and trajectory
parameters based on the signals of GPS, ADS (Air Data
Sensing System) and IMU. Three cameras are installed
on-board to record the flight view.

4. Propulsion System

WIRES#014 employs hybrid rocket engine called CAMUI
(Cascaded MUItistage Impinging-jet) supplied by Uematsu
Electric Co., Ltd. (Fig. 16 and Table II) [8]. CAMUI has
polyethylene grain as the fuel, in which the combustion gas
flow is configured to yield higher specific impulse than the
conventional hybrid engine. The liquid oxygen is fed to the
combustion chamber using high pressure helium gas.

Polyethylene Fuel &

$Shutoff Valve Liquid Oxygen Tank Combustion Chamber

‘
Air Diffusion Valve  Three-way Valve

Helium Tanks

Fig. 16 CAMUI hybrid rocket engine

TABLE II
SPECIFICATIONS OF CAMUI
Total Impulse [Ns] 13220
Specific Impulse [s] 240
Maximum Thrust [N] 3000
Average Thrust [N] 2550
Combustion Time [s] 3.8
Total Mass [ke] 20.5

5. Ground Combustion Test

The ground combustion test of WIRES#014 aims at
acquiring actual thrust data of CAMUI and verifying the
tolerance of on-board avionics and emergency system under the
mechanical shock and oscillation due to engine combustion.

The ground combustion tests were conducted three times.
The first and second tests were failed due to the mistake of
engine valve operation, on-board software bug and malfunction
caused by electromagnetic noise. Searching the causes of
failures, the third ground combustion test was conducted
successfully in 2012 (Fig. 17). The thrust profile of CAMUI is
compared with that of engine alone combustion test as shown in
Fig. 18.

6. Hardware-in-the-loop Simulation Test

A hardware-in-the-loop simulator for WIRES#014 was
developed to verify the function of on-board avionics and
adjust the parameters of NGC software (Fig. 19) [9]. The
motion simulation computer senses the deflection angles of
elevons and rudders to solve the equations of motion, and
inputs pseudo GPS and ADS signals to the on-board avionics
simultaneously. The tri-axis motion table moves the IMU
according to the attitude calculated by the motion simulation
computer to close the feedback loop between the on-board
avionics and the motion simulation computer.

Fig. 17 Third ground combustion test of WIRES#014

= Engine-alone Ground Combustion Test
* Third On-board Ground Combustion Test
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Fig. 18 Thrust profile of CAMUI

1. Flight Test

The flight test of WIRES#014 was conducted in 2013 at the
Hiraodai Countryside Park of Kitakyushu. The ignition of
CAMUI was successful, but the attitude control failed short
after leaving the launcher. WIRES#014 could neither reach the
altitude nor perform gliding flight as planned to get into a
ballistic flight and finally crushed on ground (Fig. 20). The
flight data stored on-board and transmitted by telemetry (Fig.
21) was analyzed to detect the cause of failure. The pressure
altitude and true air speed measured by ADS are compared with
those obtained by GPS. Since the behavior of ADS was found
not normal, it was concluded that one of causes of the flight
failure was the malfunction of ADS concerning the pressure
piping or pressure sensors themselves. Based on the post flight
analysis, the error in control law was also detected. Kyutech is
manufacturing new WIRES#014 by improving the technical
problems of the first flight. The next flight is planned in
November 2015.

(a) Hardware system
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Fig. 19 Hardware-in-the-loop simulator
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Fig. 20 Flight profile of WIRES#014

III. DEVELOPMENT OF WIRES#015

A. Overview

Kyutech and UTEP have started to design and develop
WIRES#015 in collaboration with JAXA, IHI, IHI Aerospace,
PD Aerospace and other domestic companies [10]. The main
mission of WIRES#015 is to evaluate the following advanced
navigation, guidance, and control technologies:

(1) Estimation of Pseudo Aerodynamic Posture using
INS-GPS-ADS Hybrid Navigation

(2) Fault Tolerant Flush Air Data Sensing (FADS) System

(3) Real Time Optimal Trajectory Generation using
Dynamically Distributed Genetic Algorithm (Dyn DGA)

(4) Digital Model Reference Adaptive Control System

The additional but important objectives of the flight test are
as following:

(a) Demonstration of LOX-Methane Propulsion Technology
(b) Reentry Attitude Control System by Gas Jet Thrusters
(c) Recovery by Two-stage Parachute System and Air Bags

The total length of the vehicle is 4 m and with launch mass of
500 kg (Fig. 22, Table III). The rocket reaches the altitude of 6
km with the 10kN thrust and 30 seconds combustion time of

LOX-methane engine.

B. Structure and Subsystem Arrangement

WIRES#015 has full composite semi-monocoque structure
of CFRP skin with foam core sandwich as employed by
WIRES#014. The nose cone is made of GFRP to prevent radio
shielding. The fuselage is divided into the front and rear body at
the location as shown in Fig. 23. The subsystem arrangement is
shown in Fig. 24.

The GHe (Gaseous Helium), Methane and LOX tanks (Fig.
25) are made of composite fiber wrapped aluminum liner
vessels, which has the volume of 95, 103 and 115 liters
respectively as shown in Fig. 25. The mean operating pressure
of methane and LOX is 2.6 MPa, while the high pressure GHe
is maintained at 25 MPa.

C.Avionics

The avionics of WIRES#015 has five microcomputers such
as navigation, guidance, control, communications and engine,
which are connected by ARINC 429 bus system as commercial
aircrafts do (Fig. 26). In addition to the main avionics, there are
dual emergency microcomputers by employing fault tolerant
design.

ARINC 429 is a time triggered system used to transmit data
at a predetermined time interval between the microcomputers.
The data levels will be prioritized based on the requirement.
Each microcomputer has its own data loggers to reduce the load
on the bus system. During flight, when a system malfunction
occurs and the control/engine microcomputer of avionics
doesn’t react, an emergency sequence is operated from the
ground control center. The emergency microcomputer on the
vehicle uses the relay, shifts the command priority from main
microcomputer to the emergency microcomputer and
emergency sequence is operated. The emergency system is a
double fault tolerant system as the microcomputers and the
receivers are duplicated for redundancy. The EM model of the
bus system has been fabricated, and is under testing (Fig. 27).

101



International Journal of Mechanical, Industrial and Aerospace Sciences
ISSN: 2517-9950
Vol:10, No:1, 2016

GPS1 5 GPS2 0 s
E m
2 a0
- 00  — =
o " s —
[ & 0 15 0

| 21.9. 113.

| Main__|
[ L | = WFJL]R] Too Large AcA Drogue Inoperative |
[ soiv [ ans J3ring | ans ] soiv | ans TR e

SDE=d 1 2027905 BABIBL D05 A1 F201SAC1 ARAE) ) 14 E-tEITOLITEIORINANLYLY |I“‘L!- STLE0EILN 0TI e T
D=3 20142386 SHEIBL 15 231201 BUCIASC) 4157081 210K !5"‘-‘»\9!“‘1&&“ *15 .
ODE=E L] FITAL LA I TRUNE IV 1Y TR LN \:‘:l'l 21112 E I'I.I| £ 1R
1A

SDE-dF 121 T RILE LATIGH, I‘ml“?lli?l)k EIAGDI =X 1629208, I?H ! (o
DR41122 413846 S4BT Z 13054 211 IS GRARAETALESATLITOISANNE & U-‘ 'i\ﬁ:ﬁf-?“ftl\llﬂﬂlll U‘i Mi H?Hl’\ﬂ’\ﬂnrﬂ

2zz22

Fig. 21 Flight monitoring of WIRES#014 by telemetry

reacting any thrust misalignment. The engine will be utilized
more than 20 times (10 for ground combustion tests and 10 for
actual flight tests). The high pressure GHe is utilized for driving
the oxidizer and fuel to the engine. The block diagram of
propulsion system is shown in Fig. 29.

TABLE III
MAJOR DIMENSIONS AND SPECIFICATIONS OF WIRES#015
Initial Mass [ke] 500
Total Length [m] 4
Body Diameter [m] 0.76
Fig. 22 Winged test rocket WIRES#015 Engine Thrust [kN] 10
. Specific Impulse [s] 230
D. Propulsion System Apogee [kn] -6

The LOX-methane engine with the thrust of 10kN for
WIRES#015 is developed by IHI Aerospace under the contract
of JAXA as shown in Fig. 28. It has a gimbal system for counter

Separation Access Panel
Section Ta

Front Body /

F

Rear Body

Strakes Wing

Fig. 23 Composite semi-monocoque structure
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(b) Viewed from vehicle’s nose

Fig. 28 LOX-methane engine with gimbal system

D.Reaction Control System

Reaction control thruster (also called gas jet thrusters) are
utilized for the attitude control of WIRES#015 at the apogee of
trajectory, where dynamic pressure become small and
aerodynamic control surfaces are no more effective. The

reaction control system (RCS) consists of 6 thrusters (3 on
either side of the vehicle), 6 on/off valves and 1 pressure
regulator, which supply the residual helium gas from the GH2
tank. Using various combinations of thrusters, the pitch, yaw
and roll motion of the vehicle can be controlled. The RCS
specification, the location of RCS thrusters and the block
diagram of GHe supply system are shown in Table IV, Figs. 30
and 31 respectively.

E. Recovery System

At the terminal flight phase of WIRES#015, the deceleration
chute is ejected and the vehicle’s velocity is reduced for
ejecting the main parachute. Once the main parachute is
ejected, the airbags are deployed. The three airbags mounted on
the vehicle utilize the commercial automobile airbags system
without the exception of vent ports. Instead, relief valves will
be used, which will open after landing to reduce the volume. An
outline of the recovery system is shown in Fig. 32. The airbags
are being developed in collaboration with an automobile
company and will be equipped with 3 gas canisters each, which
are deployed sequentially to maintain the shape as shown in
Fig. 33.

F.Ground Support System

The preliminary concept of the launcher system is shown in
Fig. 34. The launcher has a total length of 15 m with launch
angle ranging from -2 deg. to +92 deg. The launch rail is
supported by two guide rails for sway bracing. The design of
the ground control center (Fig. 35) is under progress. All
system confirmations, fuel filling and the ignition commands
will be directed from the control center through ground
telemetry. Web-cameras will monitor the launch site in real
time.
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Fig. 31 Block diagram of GHe supply system

Fig. 29 Block diagram of propulsion system

TABLE IV ~— -
Specifications of RCS aa Deceie_ra ti?n chyte
No. of Thruster [-1 6 e a | Slection
Thrust at Sea Level [N] 22 ﬁ .I
Full Duty Time [s] 30 W &, W ¥
Gas Type [-] He Airbags 4 ﬁ\ I'ul .’II _l,i//
Tank Pressure [MPa] 115 deployed "/ | /“",,.x/*\
Thruster Pressure [MPa] 2.5 #f\‘ (f_\’"/ . Main chute
. Y ejection

G.Hardware-in-the-loop Simulator

A new hardware-in-the-loop simulator (HILS) has been Fig. 32 Recovery systems
developed for the development of WIRES#015. The HILS
consists of a motion simulation computer, 2 motion tables for
the inertial navigation system (INS) and aerodynamic pressure.
The motion simulation computer calculates the dynamics of the
rocket, controls the motion tables, and displays their states in
real time. The angle of attack and angle of side slip are very
important parameters for the attitude control law, for this
reason an aerodynamic pressure motion table simulates the Fig. 33 Airbag system
aerodynamic attitude; angle of attack and angle of side slip. Fig.

36 shows the system diagram of HILS and the motion tables
with INS and aerodynamic pressure.
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(b) INS motion table

(c) Aerodynamic pressure motion table

Fig. 36 Hardware-in-the-loop simulator

IV. CONCLUSION

The authors have completed redesign and reproduction of
small scaled winged test rocket WIRES#014. After the
pre-flight review in October by JAXA and other companies, the
2" flight test of WIRES#014 will be conducted in November
2015.

In parallel with the preparation of the flight test of
WIRES#014, the authors have started to design of larger
winged test rocket WIRES#015 for demonstrating advanced
NGC and other important research issues, such as
LOX-methane engine etc., to realize fully reusable suborbital
vehicle. This winged test rocket development project by the
industry-government-academia collaboration is a very unique
activity in not only Japan, but also internationally, which is
expected to contribute to the progress of fully reusable space
transportation research.
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