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Collision Avoidance Control Law for Helicopters using Information Amount Feedback
Takehiro HIGUCHI*, Seiya UENO** and Kikuko IWAMA***
Utilization of helicopter in urban area is increasing because of its special flight performance. Collision avoidance guidance will play an important role in the future guidance of helicopters. All information of other aircraft is not always available for collision avoidance due to climate conditions or communication problems. Helicopter has to avoid other helicopter under such uncertain information conditions. This paper proposes controller that uses the information amount as same as physical values. The helicopter changes the flight course to increase the information amount using dynamics of information. Collision avoidance law is adopted when approaching helicopters is recognized. Avoidance is to increase the minimum distance between two helicopters. Numerical simulations show that the helicopter using the information amount avoids the approaching helicopter with safe distance.
Key Words : Guidance and control, Helicopter, Collision avoidance, Information amount feedback

1. INTRODUCTION
Helicopter is useful aircraft because of its special flight performances, for example hovering in the air and taking off from small area. The utilization of helicopter has been increasing in recent years. One of examples is 'Doctor-heli', on which a medical doctor rides and saves an emergency case. The increasing number of helicopter flight leads to higher risk of accidents. Safety flight without collision accident is desired and becomes a significant criterion of guidance and control design. 
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The collision avoidance control has been one of the key features among the researches in field of guidance, navigation, and control. Many researches started from collision avoidance of ships1) where collision avoidance has been one of the problems due to the increasing demand for the naval transportations. Wide varieties of studies on collision avoidance are treated in fields of robots2), cars3-4) and satellites. Some researches treat avoidance problems with the formation control which requires the cooperative information control5-6).

In the field of aeronautics, the Traffic alert and Collision Avoidance System7) (TCAS) has been one of the references for the collision avoidance. TCAS exchanges the information of aircraft and advises the aircraft to avoid in vertical direction. Conflicts are always problem for collision avoidance where it is hard for the system to figure out the proper trajectory for avoidance. Frazzoli et al.8) have given a solution for this problem using centralized conflict resolution with the decentralized aircraft preferences.  Shioiri and Ueno9) have treated collision avoidance problem in three-dimensions for safer flight of the aircraft using risk function and fuzzy logic. Gates10) has proposed rule-based collision avoidance control strategies for real-time online collision avoidance. Miele et al.11) have proposed collision avoidance control for case of abort landing with low computational load which can be calculated by on-board computer.
As for helicopters and rotorcrafts, Bouadallah et al.12) have simulated collision avoidance for Quadrotor using simple avoidance control law switched by threshold given by the current distance between the vehicle and the obstacle. Guerreiro et al.13) have treated the terrain avoidance for low altitude flying helicopters using model-based predictive control and optimization.  
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In most of the studies that treats collision avoidance assume that the all of the information are certain, or else they consist some noise error by the sensors. In the actual cases, the lack of information caused by obstacles or bad weather can lead to accidents. Especially in the cases with the flight of the helicopters which does not require TCASs or small UAVs which has very few sensors, the vehicle cannot always obtain enough information for avoid the incoming risks. Shioiri and Ueno14) treated this problem using the uncertainty parameters which parameterizes information amount that can be obtained in current condition.　The collision avoidance using fuzzy logic is applied to aircraft of fixed wing type aircraft.
Collision avoidance of helicopter under uncertain information and dynamics of information amount are not treated in any of the previous studies.[image: image43.jpg]


 This paper proposes new controller for collision avoidance under uncertain information. In the Ref. 14, the numerated uncertain information is used as reference for fuzzy logic to derive the control input.  This paper directly treats dynamics of information amount and uses for feedback control. 
The main structure of controller is shown in Fig.1. The controller consists of two parts such as the information gathering control law and the collision avoidance control law. When the risk of collision with an intruder is high, collision avoidance is high priority. The helicopter changes the flight course and/or the velocity by the collision avoidance control law. The risk of collision, however, is calculated using the information measured by the control system. Even if the intruder is approaching, the controller judges that the flight is safe when the intruder cannot be seen. Thus, the controller must keep the information amount of the intruder in high level using dynamics of information amount. The information gathering control law provides command using the relation between the information amount of intruder and the flight course of helicopter.

2. INFORMATION GATHERING CONTROL      LAW

2.1 Definition of information amount

It can be said that a helicopter is in a safe flight when there is no aircraft in front of the helicopter. The triangular region in front of the helicopter is used as the area to obtain the information amount. This area is call as ‘Focused area’ in this paper. Fig.2 shows a conceptual figure. The figure show the case when the obstacle is in the focused area. The shadow area behind the obstacle cannot be seen from the helicopter. The information from the other area, the white area in Fig.2, can be used for the controller. This area is called as ‘Cleared area’ in this paper. Focused area and the cleared area are SE and SC as shown in Fig. 2. The following value represents the safety of helicopter.
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This ratio is called ‘Information of Localization’ in this paper. The value represents the amount of information obtained by the helicopter. The information gathering controller is designed to increase this value higher than the requirement.

2.2 Controller design
Design of information gathering control law is derived using a model shown in Fig.3. Focused area depends on the speed and direction of helicopter, so the distance xP is a function of velocity. The angle P also depends on the level 
of safety. Focused area is given as follows.
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The shadow area SB cannot be seen from the helicopter. It is assumed as the following equation.
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where 
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xA and yA are relative coordinate in the body fixed frame as shown in Fig.(3)b. The shadow area is approximated as trapezoid area for the difference with the actual value is small.  The derivative of the shadow area is mainly used to build the controller. The relation between focused area, cleared area, and shadow area is as follows.
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  The time derivatives of xA and yA are given as follows.
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where 0 and V0 are angular velocity and velocity of the helicopter, respectively. 0 is positive in counterclockwise direction. To derive the dynamical property of information amount, time derivative of the information localization is derived. 
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SB and SE are given in Eqs.(2) and (3). It is necessary to define the xP and P of the focused area in order to derive the time derivative. The distance of focused area xP is proportional to the velocity of helicopter V0.
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where t is a constant and the unit is time. This shows that the helicopter moves the distance of xP in the period of t. The angle P is constant. Thus the helicopter focuses wide region in case of high speed. 
  The following time derivatives are derived.
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where
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ax and ay are horizontal acceleration caused by the lift of main rotor in the body-fixed frame. Substituting Eq. (8) into Eq.(6), the time derivative of IL is given.
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where
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Therefore, the information amount of safety can be changed by ax and ay. This shows that the direction of lift of the main rotor changes the information amount.

The information gathering control law is required to keep the information amount higher than the specified value. This value is called 'Information acquisition requirement', IR. Thus the shortage of information amount is defined in the following equation.


[image: image16.wmf]î

í

ì

£

>

-

=

)

(

0

)

(

L

R

L

R

L

R

E

I

I

I

I

I

I

I




(10)

In the case when IL is less than IR, the controller is required to increase IL. On the other hand, in the case of IL is greater than IR, the high decreasing rate of IL is not desired. Therefore the following control law satisfies the both cases. 
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where 
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kE is a feedback gain. The left hand side of Eq.(11) is given in Eq.(9). Equation (9) has two input variables, ax and ay. Thus the Euclidean norm of input vector is chosen.
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where
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This control law uses the same feedback gain in the cases of IR>IL and IR < IL.

The helicopter is required to keep the desired velocity VR and direction R when the information amount satisfies the requirement. In this case, the following feedback law is used.
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where kV and k are feedback gains and R is directional angle. Both kV and kare set as 0.2[1/s] from time constant to be 5.0[s] for the course keeping control in this paper. The values are selected to have smooth return from the avoidance.

Finally, the information gathering control law is given as follows.
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then 
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ii) if 
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The IL  in the inequality conditions are given in Eq. (11).  From here on, the control law is called Information Amount FeedBack (IAFB) for it feeds back the information amount as one of the parameters for information gathering.
3. COLLISION AVOIDANCE CONTROL LAW

The risk of collision is described numerically to design control law. Two values are introduced in this paper. One is ‘Range to Closest Point to Approach (RCPA)’, which is the minimum range between two aircraft when their present velocities and directional angles are kept. The closest point is shown in Fig.4. This value indicates the future risk of collision. The other is ‘Time to Closest Point to Approach (TCPA)’, which is time to the range between two aircraft is RCPA. Even if RCPA is small, it is not necessary to avoid quickly when TCPA is large. The collision avoidance control law is derived from the combination of two risk functions.

RCPA and TCPA are provided using the relative position, xR, yR, xC, and yC, velocity, uR and vR, in the body fixed coordinate shown in Fig.4. 
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The risk function is defined as the following equation.
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where R0 represents the safety range, this is constant distance between the aircraft which is set as safety requirement by the users. Collision will occur when =1. When RCPA is equal to R0, =0.5. The collision avoidance control law is designed to reduce  less than 0.5 in a period of TCPA. Thus the proposed collision avoidance control law satisfies the following equation.
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TC is time constant that is derived from the following requirement.
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where 0 is the initial value of risk function. On the other hand, the time derivative of risk function is given as follows.
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The left hand side of Eq.(21) is given in Eq.(19). The control law can be derived. However, the requirement is described in only one equation. The number of input　variables ax and ay, is two. Thus the Euclidean norm of input variables is used to derive the control law.
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where
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cx and cy are functions of the relative positions, relative velocities and the velocity of helicopter. These are derived from following equations. The RCPA in the body fixed frame is,
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and the time derivative is,
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where
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From these equations, the cx and cy for Eq.(22) is calculated as follows.
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4. NUMERICAL SIMULATIONS

Numerical simulation is performed to show the effect of the information amount feedback. Fig.5 shows the simulation condition of numerical calculation. The helicopter mounted with the avoidance controller is flying from the left to right parallel to x-axis. This helicopter is called as 'evader'. The initial x-coordinates are same at x(0) =-150[m] and the initial y-coordinates are different in each simulation cases. The velocity of the evader is 10[m/s] at the beginning of the simulation. The other helicopter, called as 'intruder', is coming downward from (40, 50) [m]. The intruder keeps its course in constant velocity at 10[m/s]. There is obstacle for information gathering on the positive y-axis. The evader cannot see the intruder at the initial position. The focused area of evader is defined as a triangle area in front of the evader shown in Fig.3. The corn angle of triangle is constant during the flight. The distance from the evader to the far side of triangle depends on the velocity of evader. In this paper, xP is set as 120[m] and P is set as 45[deg] for the vehicle is moving at 10[m/s] at initial condition and focuses on the region within 12[s].
Input variables in two cases are plotted in Fig.6. The initial conditions of evader are y(0)=-20[m] and y(0)=-30[m], respectively. In both cases, the input from IAFB shows similar tendency, then moves on the emergency avoidance with large input after the intruder is found.  The directions of the acceleration shows opposite in two cases where one decelerate and turns left, and the other accelerates and turns right.
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The trajectories of five different cases are plotted in Fig.7. The trajectories of intruder are also plotted. Diamond symbols show the positions at every second. The red symbols represent the position of intruder when they are at minimum distance from the intruder. The results show that the velocities of evader are reduced with larger deceleration when the evader flies nearer the obstacle. The trajectories separate into two groups after the evader passes around x=-50[m], where the evader finds the intruder. Group-A is that the evader makes left turn and decelerates. The evader goes behind the intruder to avoid the collision. The cases y(0)=0[m] to -20[m] belongs to this group. The other group-B is that the evader makes farther right turn and accelerates. The evader escapes from the intruder. The cases y(0)=-30[m] and beyond belongs to this group. The maneuvers shown in the simulations are very similar to the action of human during walking or driving. Human makes decision and changes the velocity and the direction for safety from huge number of experiences. The proposed controller provides the similar trajectories.
Fig.8 shows the time history of  in different initial conditions. In all cases, the risk enlarges when the intruder is found. The timing of the detection differs by the initial position of the evader. After the intruder is found, we can see that the evader tries to lower the risk in order to avoid the intruder. The value lowers after the intruder is out of sight, the evader goes back to the course keeping control. Fig.9 shows the time history of IL in different initial conditions.  In all of the cases, the IR is set as 0.9.  At t=3[s], the obstacle approaches the focused zone and IL starts to decrease. The IAFB keeps the IL larger than IR. In the latter half of the control, the collision avoidance control makes the obstacle to appear in focused area which makes the IL decrease in t=18[s].  The collision avoidance control has advantage to IAFB so the IL has possibility to be lower than IR when avoiding the intruder.
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Fig.10 shows the trajectory of the evader when IAFB is not used.  Comparing the results with the case with IAFB shown in Fig.7, the evader keeps the trajectory and velocity till it actually finds the intruder.  The evader starts the avoidance slower than the cases with IAFB.  The red symbols show that evader has made safer flight especially in group-A where the IAFB works more to obtain information.
Fig.11 shows the minimum distance between the evader and the intruder. This distance shows the amplitude of safety directly. Black circles show the results using the proposed controller with IAFB. White circles show the results of using only the collision avoidance controller without IAFB. The minimum distance increases more than twice in the worst initial conditions. This results shows that the proposed controller is effective when the information amount does not satisfy the safety.

5. CONCLUSIONS

This paper proposes information amount feedback controller combined with the collision avoidance control system. The information amount feedback uses information as one of the physical value to be treated in collision avoidance system. The results of numerical simulations show that the proposed controller helps the helicopter to collect the information when there is region that information is uncertain and tries to obtain safer conditions. As result, controller increases the distance between the evader and the intruder.  The motion of the helicopters shows similar trajectories to that of humans to obtain safe margin to gain information when they do not have enough information.　The controller can be applied to various systems for collision avoidance.
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Fig.1 Structure of the proposed controller
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Fig.2 Definition of ‘Focused area’ and ‘Cleared areas’





Fig.3 Model for controller design : There is an obstacle in the focused area
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Fig.4 Definition of TCPA and RCPA


in body fixed frame of helicopter





Fig.5 Definition of initial conditions for numerical calculation : The proposed collision avoidance controller is mounted on the evader





a) Acceleration in xB-direction ax





b) Acceleration in yB-direction ay





Fig.6  Input variables of the evader for two cases. All accelerations are constrained as less than 1.0[m/s2]





Fig.7 Trajectories of evader from five initial conditions :  Diamond symbols are plotted at every seconds





Fig.8 Time history of risk function for different initial conditions








Fig.11 Minimum distance between the evader and the intruder (IAFB : Information Amount FeedBack)
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Fig.9 Time history of information of localization for different initial conditions





Fig.10 Trajectories of evader without IAFB. The evader keeps straight course till the intruder is found
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