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In this paper, Model Predictive Control (MPC) for tracking guidance and control by pointing mechanism of
mission camera to realize a fine pointing accuracy in DESTINY+ flyby mission is presented and
demonstrated. MPC is a discrete-time multi-variable controller. At each control interval, an MPC controller
uses an internal model to predict future plant behavior. An observed target direction, i.e. Phaethon direction,
is calculated from the optical image captured by the mission camera and mirror angle and spacecraft attitude.
Once predictive state variables are calculated from state equations, optimal control moves are calculated so
as to minimize an evaluation function which is derived from the predictive state variables, weighted functions
and a terminal cost function. In order to guarantee the stability, terminal cost function is applied. Comparing
to the other classical control theory, advantages of the proposed method is demonstrated by numerical

simulation.
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1. Introduction

Now, we are developing the DESTINY+ which will be launched in 2024. DESTINY+’s mission is to flyby
to the fast-moving Phaethon, take pictures of its surface and sends them to the earth. These pictures will be
useful for discovering the origin of life, etc. Figure 1 shows the image of DESTINY+ during flyby to the
Phaethon.

Figure 1 DESTINY+ during flyby to the Phaethon (image) (© JAXA)
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Figure 2 schematically describes the track guidance and control system of DESTINY+. Figure 2 (left) is
relative position of the DESTINY+ and an asteroid position at the DESTNY+ fixed coordinate system. An
asteroid passes to the B-plane with approximately constant velocity. The motor mounted on the DESTINY+
changes the Line-of-sight direction to track an image of asteroid. Figure 2 (Right) is the block diagram for
tracking system. The camera takes pictures of an asteroid and sends them to the image processing system.
The image processing system converts the asteroid’s image to the angle of the asteroids from the center of
the camera view sends it to the controller. The controller calculates motor angle along Y-axis required to
track the asteroid’s image using the information of attitude and orbit from bus system and drives the motor.
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Figure 2 The track guidance and control system of DESTINY+
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As a classical control system to drive such a motor, a Feedback (FB) system, a Feedforward (FF) system
and a combination of FB and FF are often adopted. But both control system have some problems as the
DESTINY+’s track guidance and control system. In the Feedback system, the angle toward an asteroid is
sent to the controller to calculate driving angle of the motor, but the accuracy deteriorates due to the delay
caused by communication time, calculation time and an image update time. In the Feedforward system, the
asteroid’s orbit estimated in advance is used to calculate driving angle of the motor, but the accuracy also
deteriorates due to estimation error. So another control system is required for the DESTINY’s track guidance
and control system.

2. Model Predictive Control System (MPC)
(1) Overview

We proposed the Model Predictive Control System (MPC) for the DESTINY ’s track guidance and control
system. The MPC has been proposed in various literatures ['4, The MPC is discrete-time multi-variable
controller. The process of MPC consists of predicting future state by state equation based on the inner model
and calculating control quantities by minimizing an evaluation function including the predicted future state.
Because these predicting and calculating process are executed in real time, high accuracy can be expected.

On the other hand, another similar control system called Predictive Control System (PFC) has been
proposed %), The difference between the PFC and the MPC is in the calculating process. In the PFC, control
quantities are calculated by a linear polynomial function approximation including the predicted future state,
so the PFC is inferior in accuracy to the MPC.

Next we will discuss the control stability. Conventional Nyquist stability is no applicable to the MPC,
because the MPC is discrete-time controller. There are two methods for design of stability on discrete-time
domain. One is “Lyapunof function method” the other is “Terminal cost method”. “Lyapunov function
method” selects Lyapunov function as an evaluation function converging over infinite time. Since
“Lyapunov function method” is required to design for infinite time, it is complex design. On the other hand,
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“Terminal cost method” replaces the last weighted function Q of the evaluation function with different
function P which is a solution of Riccati equation avoiding the infinite complexity. Although “Terminal cost
method” is simpler than “Lyapunov function method”, the reference [1] and [4] show that both method is

essentially the same.

(2) State equation for the DESTNY+
First, we will formulate state equation for the DESTNY+. Figure 3 shows Asteroid’s moving model from
time k to k+1 at the DESTINY+ fixed coordinate system.
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®(k): Position angle of asteroid on field of camera view

O(k): Motor angle along Y-axis

AB(k): 6(k) added from k to k+1

H: Distance to asteroid at the most approaching time
v: Relative velocity of asteroid along Y-axis

Figure 3 Asteroid’s moving model from time k to k+1
(DESTNY+ fixed coordinate system)

(Eq.1) is the state equation from k to k+1. It includes the change of angle by the asteroid’s movement from
k to k+1 and the motor angle added from k to k+1.

(ke +1) +atan (ZE2) = ¢k + atan (222) —20(k)  (Eq.1)

H
(Eq.2) is the linear state equation from k to k+1.

pk+1) =@k) —46(k) (Eq.2)

Zs(k)
H

where 1(k) = atan( ) oK) = (k) + (k)

(3) Evaluation function

Next, we will formulate the evaluation function for the DESTNY+. Figure 4 shows timeline processing
for the DESTINY+. At tp the camera mounted on the motor gets image of an asteroid. Ts is sampling time of
controller. Hw is delay time by image processing, calculation and communication. Hp is end time of control
using the image of asteroid taken at to. The time to control using the image of asteroid taken at tp is from Hw
to Hp.
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Figure 4 Timeline Processing for DESTINY+

We will construct evaluation function with the target bringing the image of an asteroid to the center of
camera view from Hw+1 to Hp. ¢(k) is position angle of an asteroid on field view of camera, so the
evaluation function is as (Eg.3). (Q, R) is weighted function determined by controllability.

J(to) = 5 {Bi T e1 B + t)Q(i + to) + A0(i + to)RAO( + )} (EQ.3)
Using @(k) determined in (Eq.2), (Eq.3) is transferred to (Eq.4).

J(to) = %{ZflfHW“W(i + o) = T(i + to)}Q{p (i + to) — (i + to}) + 46(i + to)RAB(i + to)}

(Eq.4)
Next, we will introduce terminal cost for stability. We replace the last weighted function Q with different
function P which is a solution of Riccatti equation including Q and R. The final evaluation function is as

(Eq.5).

J(to) = %{Zflzp]{_\i-{.l{(p(i +to) — (i +to)}Q{e(i + to) — T(i + to}) + 40(i + to)RAO(i + to)}
+ @ (Hp + to) Po(Hp + to) (Eq.5)

(4) Calculation of motor angle A0
Last, we will calculate motor angle A6 using the state equation (Eq.2) and the evaluation function (Eq.5).
The calculation process is as follow.
* Substituting the state equation (Eq.2) into the evaluation function (Eq.5)
- Differentiating the evaluation function by A8 to be minimized

(Eq.6) shows calculation result A8(k) (motor angle added from to + Hw to to + Hp)
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3. Demonstration
We analyzed position angle error during flyby compared with the conventional control using a
conventional control simulation tool. Table 1 shows the condition of analysis.

Table 1 The condition of analysis

Distance to asteroid on the most approaching time | 510 km
Relative velocity of asteroid 35km/s
Distance Error at the most approaching time -10km
Time Error during flyby 3s
Time Delay by Image analysis 0.15s
Delay by communication 0.05s
Delay by calculation for control 0.5s
Delay by update time-interval 1.0s (MAX)
Sampling time (Ts) 1/32 s
Time to control (Hw-Hp) 32 step or 160 step
Other Random error of asteroid area’s center | 0.003 deg (3¢ )
Bias error of asteroid area’s center Input shadow movement during Flyby
(Referring from ITOKAWA’s real data)
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Figure 5 shows the result of analysis. Figure 5(left) indicates that position angle error of MPC
is much smaller than that of FB or FB+FF control. Figure 5(Right) indicate that expanding
calculation range does not improve the accuracy, only to increase calculation time.
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Figure 5 The results of analysis

4. Conclusion
We propose model predictive control (MPC) for DESTINY+ flyby mission. We have formulated the MPC

model according to the DESTINY+ mission and analyzed position error angle during flyby. Positon angle

error during flyby of MPC is much smaller than that of conventional classical control.
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