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Introduction:  DESTINY+ (Demonstration and 

Experiment of Space Technology for INterplanetary 

voYage with Phaethon fLyby and dUst Science) 

mission plans to conduct high-resolution imaging 

during a close flyby of asteroid (3200) Phaethon, 

which is considered as a parent body of Geminid 

meteor shower [1]. The Telescopic CAmera for 

Phaethon (TCAP) is planned to perform high-

resolution imaging of the surface of Phaethon with an 

imaging rate of more than one frame per second and 

with a spatial resolution down to 3.5 m/px at closest 

approach [2]. Since the relative flyby speed and closest 

distance to Phaethon are ~35 km/s and 500±50 km, 

which results in a maximum rotational velocity of 

4.6 °/s, it is difficult to track the asteroid only by the 

rotation of the spacecraft itself. Therefore, an asteroid 

tracking system is required for TCAP to obtain 

unblurred high-resolution images, which would 

enhance the scientific achievements. The tracking 

system is also required to obtain images at a wide 

range of solar phase angles during the high-speed flyby. 

Although scan mirrors onboard spacecraft cameras 

have been previously used for flyby missions to small 

bodies [3,4,5,6], TCAP will observe the surface of 

Phaethon at higher angular velocities and higher spatial 

resolutions than previous missions. Demonstration of 

scan mirrors for high-speed flyby missions would 

contribute to obtaining a significant scientific 

achievement, which results in more frequent deep-

space exploration. 

Requirements:  The worst condition of the 

nominal orbit of DESTINY+ spacecraft requires a 

maximum angular velocity of 4.6 °/s at a relative 

velocity of 36 km/s at a closest approach distance of 

450 km. Table 1 shows the required tracking 

performance of the TCAP tracking mirror derived from 

science objectives as well as the optical system and 

orbit design. The pointing accuracy of the mirror is 

defined as the error between the command angle and 

the angle after the rotation, which is further divided 

into bias and random errors. In addition to the errors 

due to attitude control of spacecraft and tracking 

algorithms, the pointing accuracy requirement is 

calculated, taking into account the alignment error of 

the optical system and the condition that the sunlit area 

of Phaethon does not extend out of the field of view as 

much as possible. The pointing stability requirement is 

calculated based on the condition that the boresight of 

TCAP does not blur by more than 3 pixels (1 pixel as a 

target value) during the nominal exposure time of 

0.3 msec. 

 

Table 1. Required Performances for TCAP 

Tracking Mirror 

Tracking Range* 0° - 180° * 

(rotation range: -120° - +180°) 

Maximum 

Angular Velocity 

Nominal flyby orbit 4.6°/s 

Worst flyby orbit  10.0°/s 

Pointing 

Accuracy 

Bias ≤ 0.04° (Target value ≤ 0.01°) 

Random ≤ 0.01° 

Pointing Stability ≤ 1×10-3 °/0.3 msec 

(Target value ≤ 4×10-4 °/0.3 msec) 

*The spacecraft’s direction of travel during the 

flyby is defined as 0°. 

 

Design:  TCAP consists of an imaging sensor, a 

telescope, and a rotational mirror. TCAP is fixed to the 

spacecraft housing and can change its line of sight 

about 180 degrees using a mirror tilted at 45 degrees to 

the boresight of the telescope. The direction 

perpendicular to the mirror rotation is controlled by the 

spacecraft’s attitude.  

 

Table 2. Actuator of TCAP Tracking Mirror 

Motor 2-phase stepping motor 

Driving System 64 microstepping drive 

Reducer Harmonic Drive® 

Reduction ratio 100 

Maximum Torque 0.18 Nm 

Angular Resolution 1.025” 

Maximum Angular Velocity 27.05°/s 

Mass 4.57 kg 

 

Table 2 shows the results of the trade-off study. 

Among various types of actuators, we adopt a stepping 

motor with a microstepping drive because (1) DC 
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motors require closed-loop position control, while 

stepping motors require open-loop control, which is 

relatively easy to control, and (2) DC motors are 

difficult to control due to the occurrence of torque 

ripple and are unsuitable for low-speed rotation. For 

reducer, a harmonic drive was adopted because of its 

non-backlash characteristics and its extensive 

experience in spacecraft. 

We built a breadboard model of the actuator of a 

tracking mirror to demonstrate the conceptual study. 

Figure 1 shows the breadboard model, which consists 

of a motor, reducer and a FPGA board. Optical limit 

switches are equipped at the 0° and 300° angles to 

automatically stop rotation. An absolute rotary encoder 

with an angular resolution of 23 bits per revolution 

(0.15") was used to detect the angle of the actuator. 

The breadboard model was placed on an optical bench 

in a darkroom to reduce environmental noise. 

 

 
Figure 1. Breadboard model of TCAP actuator. 

 

Performance Tests: In general, the pointing 

accuracy of ground-based telescopes is evaluated by 

the RMS of angular velocity or pointing accuracy 

within the telescope’s exposure time. In our 

performance tests, however, pointing stability is 

defined as the difference between the maximum and 

minimum of the pointing accuracy within the exposure 

time (0.3 msec). This is because the exposure time of 

TCAP is much shorter than the typical exposure time 

of a ground-based telescope. If we apply the same 

method as the ground-based telescope, the number of 

data points will be limited due to the extremely short 

exposure time (i.e., six data points for 20 kHz 

sampling), being difficult to obtain statistically 

significant results. The angle of the actuator is 

measured not only with the encoder onboard the 

actuator but also partially with the laser Doppler 

velocimetry technique. For the evaluation test, no data 

smoothing or bandpass filtering was used in order to 

obtain the worst value. 

Table 3 summarizes typical pointing accuracy and 

stability at various angular velocities with their mean 

values and errors (3σ).In the nominal angular velocity 

region (< 4.2 °/s), pointing accuracy satisfies the 

required values for both bias and random components 

even with 3σ error bars. We also confirmed that the 

pointing stability satisfies the requirements in the 

nominal angular velocity region, and the image blur 

caused by the vibration of the actuator is expected to 

be within three pixels. On the other hand, both pointing 

accuracy and stability tend to increase beyond the 

nominal angular velocity region. Based on frequency 

analyses, we found that the resonance between the 

vibration of the stepping motor and the normal mode 

of the encoder significantly worsen the pointing 

accuracy and stability in the region at 5 to 7 °/s angular 

velocity. The TCAP flight model, however, is not 

expected to reproduce the deterioration of rotational 

performance observed in the breadboard model since 

the flight model does not have an encoder. We also test 

the angular reproducibility by rotating the actuator 

between specific angles more than 50 times. 

 

Table 3. Typical performance of TCAP actuator 

 Pointing Accuracy 

(°) 

Pointing Stability 

(×10-3 °/0.3msec) 

Requirements ≤ 0.04 (bias) 

≤ 0.01 (random) 

≤ 1.0 

No rotation 0.0001±0.0002 0.1 ± 0.15 

3.0 °/s 0.001 ± 0.008 0.4± 0.6 

4.2 °/s 0.0016 ± 0.006 0.4 ± 0.4 

11.2 °/s 0.002 ± 0.006 0.2 ± 0.3 

 

Future Plans: We plan to connect TCAP actuator 

to its optical system and conduct performance tests by 

feeding the target position and angular velocity 

calculated from the captured images. Target tracking is 

not closed only in the camera system but is also closely 

related to the attitude control of the spacecraft. Our 

preliminary studies suggest that vibration of the 

tracking mirror would be the dominant component of 

pointing stability rather than the fluctuation of the 

spacecraft attitude, while the contribution of spacecraft 

attitude to the pointing accuracy is significant. We are 

developing a tracking performance verification test 

plan that links the camera system and spacecraft 

attitude control system. 
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