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Abstract

:

Due to their extensive use in various applications, helicopters need to be able to land in a variety of conditions. Typically, a helicopter landing gear system with skids or passive wheel-dampers is designed based on only one critical touchdown condition. Thus, this helicopter landing gear system may not perform well in different landing conditions. A landing gear system with magnetorheological (MR) dampers would be a promising candidate to solve this problem. However, a semi-active controller must be designed to determine the electrical current applied to the MR damper to directly manage the damping force. This paper presents a new skyhook controller, called the skyhook extended controller, for a helicopter with multiple landing gears equipped with MR dampers to reduce the helicopter’s acceleration at the center of gravity in off-normal landing attitude conditions. A 9-DOF simulation model of a helicopter with multiple MR landing gears was built using RECURDYN. To verify the effectiveness of the proposed controller, co-simulations were executed with RECURDYN and MATLAB in different initial pitch and roll angles at touchdown. The main simulation results show that the proposed controller can greatly decrease the peak and rms acceleration of the helicopter’s center of gravity compared to a traditional skyhook controller and passive damper.
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1. Introduction


Helicopters are vertical take-off and landing aircraft able to hover, fly sideward, fly backward, and fly forward. They can perform other desirable maneuvers in civilian fields such as sea and mountain rescue, police surveillance, and firefighting, or in military missions such as battlefield surveillance, troop transport, assaults, and antitank operations [1]. In normal landing conditions, the pilot controls the rate of descent to ensure a smooth touchdown while the engine still operates, in a maneuver known as power-on landing [2]. However, common phenomena such as ground effect [1], ground resonance [3], and slope landings [4] can cause operational challenges and also significantly reduce landing gear performance. Moreover, during power-off landing maneuvers, there are more risks inherent in performing autorotation [1,2,4]. Typically, landing gears with skids or passive dampers are set up to improve safety and pilot comfort. However, they are also designed based on only one critical touchdown condition. Accordingly, there are limitations in landing performance in different landing cases. Thus, the development of a helicopter landing gear system is necessary to reduce vibration as well as to improve safety and pilot comfort during touchdown in different landing scenarios.



Thus far, many helicopter landing gear systems have been developed through experiments and theoretical studies. For example, Jae-Up et al. [5] applied a sky-hook control algorithm to improve the landing performance of a single helicopter landing gear with a magnetorheological (MR) damper. Saleh et al. [6] designed a helicopter skid landing gear system with an MR damper. The simple semi-active controller based on optimum Bingham numbers was applied to generate the desired yield force. Choi et al. [7,8] designed and analyzed an adaptive landing gear system using an MR damper for a lightweight helicopter. In all the previous studies, helicopter landing gear systems equipped with MR dampers were among the most promising choices for enhancing performance and adaptability. However, the control algorithms were designed based on only one critical touchdown condition. Control problems with multiple landing gears being subjected to differing landing scenarios have not yet been fully investigated.



Skyhook control, which is the most popular control algorithm used in vehicle suspension systems, is a candidate to solve this problem. Skyhook control is simple and easy to understand because it needs little information on the system’s state for implementation [9]. Skyhook control has proved its ability to reduce vehicle vibration, both with single suspension [10] or multiple suspensions [11]. The control objective of a suspension system of a vehicle is usually to attenuate vibration to improve driver comfort. However, the control target of a landing gear system of a helicopter is not only to improve the pilot’s comfort but also to mitigate the impact of heavy shock on touchdown. Moreover, a helicopter’s landing gear system must be tested with hard landing conditions [12], which can occur when the sink speed is larger than intended due to external factors, as mentioned earlier. Thus, the skyhook control in a helicopter’s landing gear system needs to be properly modified, in contrast to the vehicle’s suspension system.



The main contribution of this study is to develop an easy-to-implement control algorithm for a helicopter with multiple landing gears equipped with MR dampers, which reduces the acceleration at the helicopter’s center of gravity under off-normal attitude conditions. As the first step, a 9-degree of freedom (DOF) helicopter model with multiple landing gears equipped with MR dampers was built using RECURDYN, which is a commercial multibody simulation software. In the second step, a control algorithm was designed based on the traditional skyhook control, called the skyhook extended control, to mitigate the magnitude of acceleration at the center of gravity with different initial pitch and roll angles. Co-simulations (RECURDYN-MATLAB) were then executed to verify the effectiveness of the controllers under differing landing scenarios.



This paper is organized as follows. Section 2 describes a helicopter with multiple landing gears equipped with MR dampers. In Section 3, the target of our controller is explained. In Section 4, the concept of our helicopter landing gear system is detailed. In Section 5, the control algorithms are developed under differing landing scenarios. In Section 6, the simulation results and discussions of the control algorithm are presented with respect to the landing scenarios. Section 7 presents a discussion of this study.




2. A Helicopter with Multiple Landing Gears


The helicopter referenced in this research is a light military model called the Eurocopter Fennec (see Figure 1). This helicopter has a maximum takeoff weight of 2250 kg [13]. It is equipped with skids that were designed and tested with an initial sink-speed of 2.54 m/s based on the standards outlined in FAA Part 27 [14]. Landing gears with wheels are better than those with skids during contact with the ground in differing landing scenarios [2]. Moreover, light helicopters with three landing gears are more popular than those with four. Hence, we modeled a helicopter following Fennec but with three landing gears instead of the original skids in this study. In particular, we assumed that the landing gears were equipped with MR dampers, which have been regarded as a promising candidate to improve landing gear performance by controlling the damping force [9,15,16,17]. In our previous research, a single landing gear equipped with an MR damper for a small aircraft was designed [16,17], as can be seen in Figure 2. This landing gear was designed for a maximum sprung weight of 680 kg and an initial sink-speed of 3 m/s. Accordingly, the total maximum allowable weight of the aircraft with three landing gears of this type is 2040 kg. This maximum weight was slightly less than our helicopter weight (2040 kg < 2250 kg). However, the designed initial sink speed of this aircraft was larger than that of the helicopter (3 m/s > 2.54 m/s). Thus, the landing gear equipped with the MR damper in our previous research was able to be used in our helicopter model with similar parameters that can be referred to in [16,17].



The 3D model of our helicopter equipped with three landing gears was drawn using RECURDYN (Figure 3). In this model, the 6-DOF helicopter body was assumed to be rigid and was set up for the initial parameters—i.e., the aircraft mass, moment of inertia, initial sink speed, initial pitch, and roll angle. It was assumed that there was no input power into the rotary wings, and there was no lift force on the helicopter. Hence, the power-off landing, which, as mentioned earlier, is the most dangerous case, was simulated in this research. The landing gear has mainly two parts: the upper part consists of the cylinder of the MR damper and a structure that connects to the bottom of the helicopter with fixed joints; and the lower part connects the damper piston and wheel assembly, which has 1-DOF movement along the cylinder. Thus, the helicopter with the three landing gears has 9-DOF in total. In this research, the damping force (Fd) of the ith landing gear (i = {1,2,3}: nose landing gear, left main landing gear, and right main landing gear, respectively) is the combination of hydraulic force (Fv), air force (Fa), and MR force (FMR) which is described below:


   F i d  =  F i v  +  F i a  +  F i  M R    



(1)






   F i v  = C   s ˙     i     



(2)






   F i a  =  A P     p 0         V 0     V 0  −  A P   s    i         n  −  p  A T M      



(3)






   F i  M R   = f (  u i  ,   s ˙  i  )  



(4)




where   s ,  s ˙   , are the stroke and stroke velocity, respectively. Without any the magnetic field applied, the MR fluid can be modeled as a Newtonian fluid. However, it behaves like a Bingham fluid if magnetic field is present and is able to sustain some shear stress in the direction normal to the magnetic flux. In the Bingham plastic model for MR fluid in [18], the yield shear stress of MR fluid, which is the origin of the MR force (FMR), is related directly to the magnetic field intensity. The MR damper model in this paper generates the magnetic field by the electrical current u through the coil of the damper core at the top of the piston. The detailed model of the MR core is given in [15]. Moreover, the relationship between the tire and ground is set up by using “Tire Tool-Kit” inside RECURDYN. All helicopter parameters are listed in Table 1.




3. Landing Gear System of the Helicopter


Figure 4 shows the control architecture of our helicopter landing gear system. Since the weight of the landing gears and the cost of the measurement instruments are constrained, each landing gear is assumed to have only a position sensor that measures relative motion (i.e., stroke of the cylinder and piston). The helicopter control system includes accelerometers and gyroscopes that provide the aircraft’s acceleration and three-axis rotation rates at the center of gravity, and it can be used to control the landing gears. The control strategy in our system determines the required electrical current to each landing gear after receiving the sensor signals. The electrical current is then applied to the MR dampers to generate the damping force to claim the control target. Developing a controller is challenging because this system is a multiple-input multiple-output (MIMO) system with nonlinear characteristics.




4. Control Target


During touchdown, there are two main goals for a typical landing gear, which are to improve total energy absorber efficiency and to reduce the magnitude of acceleration at the center of gravity of the helicopter.



The total energy absorber efficiency is a metric to assess the percentage of the mechanical energy that is absorbed by a landing gear during touchdown [17,19]. Figure 5 depicts an efficiency curve, which shows the relationship of the damping force and the stroke of a typical single landing gear while absorbing landing shock. It adequately represents the damping behavior after touchdown because the absorption and release of energy are simply determined by the area below the curve. The total energy absorber efficiency is defined by the ratio between the total energy absorbed by the landing gear and the product of maximum damping force and maximum stroke [17].


   η    i    =      ∫ 0   s  f i n a l       F i    d     d  s    i       s i  max    F i  max      



(5)




where    s i  max   ,  F i  max     are the maximum stroke and maximum damping force, respectively, and sfinal is the final value of stroke at the total time for a landing test. This efficiency is easy to understand and to compute in an aircraft model with a single landing gear with two degrees of freedom in vertical motions. However, it is difficult to extend this concept to a higher DOF aircraft with multiple landing gears to measure the performance in off-normal landing cases because each landing gear is attached at a different position of the aircraft and behaves in a considerably different manner than the case presented in the typical load–stroke curve in Figure 5.



The realistic and plausible goal is to reduce the acceleration of the helicopter at its center of gravity [20,21]. An exemplar time history of helicopter acceleration at the center of gravity is presented in Figure 6. There are two salient tasks needed to claim this goal. One is to reduce the maximum absolute value for mitigating the large shock to the helicopter structure. The other is to reduce the average magnitude of acceleration, specifically in the rms value, during the entire landing phase to improve pilot and crew comfort. Thus, the cost function is designed as shown below.


  J = max    a    +  1   t  f i n a l          ∫ 0   t  f i n a l       a 2  d t       



(6)




where a is the acceleration of the helicopter at its center of gravity and tfinal is the total time for a landing test. The main control target is set to reduce this cost function in differing off-normal attitude conditions on landing.




5. Control Design


The traditional skyhook control algorithm was first suggested by Karnopp [22]. It subsequently became one of the most popular control methods used in vehicle suspensions to reduce vibration [11]. It has also been used to control landing gear systems with MR dampers [9,23]. Figure 7 shows the conceptual diagram of the traditional skyhook controller for our target helicopter with three landing gears equipped with MR dampers. It applies three translational virtual dampers that connect the helicopter and the imaginary support fixed in the sky. The skyhook controller has to control the MR dampers that emulates the behavior of the virtual dampers. Each virtual damper is connected to the helicopter at the position where a landing gear is attached. Thus, the traditional skyhook controller only reduces the vibration of a local motion of a part of the helicopter around each landing gear. In a semi-active controller, whose controllable damping force can be applied only in the opposite direction of the stroke velocity, the skyhook control law that is used for the ith landing gear is given as


   u i  =          C i   v i  ,      v i    s ˙  i  ≥ 0              0 ,            v i    s ˙  i  < 0        



(7)




where Ci > 0 is the skyhook gain, vi is the velocity of the point where the ith landing gear is attached to the main body, and     s ˙  i    is the stroke velocity of the ith landing gear. It is assumed that no sensor can directly measure vi due to the practical limitations on weight and cost. However, the velocities can be estimated by following the approximate equations below.


     v 1  ≈ v +  l a   θ ˙       v 2  ≈ v −  l b   θ ˙  +  l l   ϕ ˙       v 3  ≈ v −  l b   θ ˙  −  l r   ϕ ˙     



(8)







Note that the control input (u) is a function of the sink speed (v) of the main body, pitch rate (  θ ˙  ), and roll rate (  ϕ ˙  ). For each landing gear, there is only one parameter to adjust the control input in various landing situations. To extend this control strategy to have more parameters for tuning the control input, a extended control algorithm for skyhook is presented in this study. Figure 8 shows the concept of the skyhook extended controller. It sets three virtual dampers—i.e., a vertical translational damper and two rotational dampers—against the motion of the center of gravity and this connects the helicopter center and imaginary translation/rotation-free supports fixed in the sky. The skyhook extended controller must control each MR damper which emulates the behavior of one of the three virtual dampers. The skyhook extended control law is given as follows.


   u i  =  C i v  v +  C i θ   θ ˙  +  C i ϕ   ϕ ˙   



(9)




where    C i v   ,    C i θ   , and    C i ϕ    are the skyhook gains, which can have a positive or negative value. However, the control input must follow the semi-active condition, which is given by


   F i  M R   =       sat (  u i  ) ,          u i    s ˙  i  ≥ 0            0 ,               u i    s ˙  i  < 0        



(10)






  sat ( x ) =       1 ,              x ≥ 1       x ,              0 ≤ x ≤ 1       0 ,              x ≤ 0        



(11)







As mentioned in Section 4, the main control objective is to reduce the helicopter acceleration at the center of gravity for differing initial pitch and roll angles. Therefore, the skyhook gains in the controllers (both traditional skyhook and the proposed extended version) must be determined in the various landing scenarios by using a look-up table method (refer to Figure 9). The most popular and traditional search methods to find an optimal parameter are gradient methods such as the steepest descent. However, these methods need to calculate the derivative of the cost function. In our system, it is difficult to calculate this derivative. Thus, the Nelder–Mead simplex method, a derivative-free optimization technique [24,25], is adopted in this research. This method conveniently locates a local optimization point near an initial estimate. It is very suitable in our system because the result in a landing scenario can subsequently be employed as the initial estimate of the next landing scenario. The algorithm of this method is shown in Figure 10.



At the beginning, the unknown parameters (i.e., the skyhook gains) are put into a vector x = {C}n of n dimensions (n = 3 in the case of the traditional skyhook and n = 9 for the skyhook extended controller). From here, n starting points are then generated from the initial estimate (x0) which is given by


   x i  =  x 0  + k  ε i       for    i = 1 : n    



(12)




and the n + 1 th starting point is calculated as


   x  n + 1   =  x 0  + k   [ 1 , 1 , … , 1 , ]  T   



(13)




where εi is the unit vector of the ith dimension, and k is a scalar gain. Each starting point, (i.e., set of skyhook gains) is then evaluated with the numerical simulation in a landing scenario. The centroid point is calculated by averaging the n best vertices according to the cost function (Equation (6)).


   x ¯  =  1 n    ∑  i = 1  n    x i     



(14)







The algorithm proceeds with a series of branching statements while computing the following five specific searching points:



reflection point (xr),


   x r  =  x ¯  + α (  x ¯  −  x  n + 1   )  



(15)




expansion point xe,


   x e  =  x ¯  + β (  x r  −  x ¯  )  



(16)




outside contraction point xoc,


   x  o c   =  x ¯  + γ (  x r  −  x ¯  )  



(17)




inside contraction point xic,


   x  i c   =  x ¯  − γ (  x r  −  x ¯  )  



(18)




and the sink point,


   x i  =  x ¯  + δ (  x i  −   x ¯  1  )  



(19)




with 2 ≤ i ≤ n + 1. Each of the equations above is associated with a scalar parameter that is chosen according to the following [26].


  α = 1 , β = 1 +  2 n  , γ = 0.75 −  1  2 n   , δ = 1 −  1 n   



(20)







The overall procedure of the Nelder–Mead simplex method is summarized in Figure 10. The terminal condition is given as


    J    x 1    − J   x ¯     ≤ ξ  



(21)




where ξ = 0.1 is chosen in this study.



Figure 11 shows the simulation result of the Nelder–Mead simplex method for the traditional skyhook controller and the skyhook extended controller in three landing scenarios cases. It was observed that the algorithm produced the local optimal value after around 20 loops. The skyhook gains of the controllers in the explored cases of initial pitch and roll angles are given in Table 2.




6. Simulation Results


To verify the effectiveness of the proposed controller in off-normal landing conditions, numerical simulations were executed with various initial pitch and roll angles. All simulations were set up and processed based on the co-simulation framework linked between MATLAB and RECURDYN (as can be seen in Figure 12). In this framework, Simulink–MATLAB is the host that runs the controller algorithm and environment for the co-simulation, while RECURDYN is the client that receives electrical current signals from the controller and then returns the state of the system and damping force to MATLAB.



Figure 13 shows the simulation setup in the case of non-zero pitch and roll angles: θ = 7° and Φ = 7°, respectively. At the outset, as the right main landing gear makes contact with the ground, the left main landing gear and nose landing gear are still in the air. The initial velocity of the helicopter body is set to be equal to the designed sink speed of 2.54 m/s, following the standards outlined in FAA Part 27 [14]. Therefore, the speeds of the latter landing gears at the moment they touch the ground would be significantly larger than the designed sink speed, with a negative effect on damping the landing impact.



Figure 14 shows the simulation results of the landing gears using different control methods in the case of θ = 7° and Φ = 7°. In this landing case, the right main landing gear makes contact with the ground first, and then soon after it slips due to the dynamic asymmetry. During the slip, this landing gear releases energy. As the left main landing gear touches the ground, the slipping ends, and both of the main landing gears start to absorb energy. This makes the shapes of the load–stroke curves in Figure 14f,g more complex than the typical curves produced by single landing gear tests. Because the initial sink speed of the nose landing gear is much higher than it was designed for, this landing gear with the passive damper cannot absorb all of the potential and kinetic energy during touchdown. Hence, the nose landing gear rebounds, and thus its damping force nearly decreases to zero during the release phase of the damper, which can be verified in the efficiency curve in Figure 14h.



Both the traditional skyhook controller and the skyhook extended controller exhibited better performance than the passive damper in this off-normal landing attitude condition. All damping forces remained positive during the release phase, so there were no rebounds. In particular, the skyhook extended controller showed better performance than the passive damper and traditional skyhook controller. The damper using the proposed controller produced the smallest magnitude of peak values in displacement, velocity, and acceleration at the helicopter’s center of gravity. This signifies that the proposed controller is able to mitigate more vibration for the simulated helicopter during touchdown, which may enhance pilot and crew comfort in adverse landing conditions.



Figure 15 compares the performance of the control methods in mitigating acceleration with the cost defined as in Equation (6) in differing initial pitch and roll angles. As can be seen, both skyhook controllers produced a significantly smaller cost than the passive damper. For the cases where Φ = 0° and θ < 3°, the traditional skyhook controller showed almost the same performance as the skyhook extended controller due to close-to-symmetric landing attitudes. In other cases, the skyhook extended controller reduced the cost to a greater extent than the traditional skyhook. The biggest improvement of the proposed controller over the traditional skyhook was about 10% at θ = 7° and Φ = 7°. Generally, the skyhook extended controller exhibited better performance in reducing acceleration than both the traditional skyhook controller and passive damper in all ranges of initial pitch and roll angles.




7. Conclusions


This research adopted a new semi-active controller, called the skyhook extended controller, to reduce the center of gravity acceleration of a helicopter with three landing gears equipped with magnetorheological dampers in differing off-normal landing scenarios. In this research, the Nelder–Mead simplex method was used to find the optimal skyhook gains. Instead of time-consuming and costly experiments (e.g., flight/drop tests), numerical simulations were executed by using co-simulation with MATLAB and RECURDYN to demonstrate the effectiveness of the proposed controller with verified physics models. The proposed controller minimized the helicopter acceleration at the center of gravity to a greater extent than the passive damper and the traditional skyhook controller. In future studies, the controller will be extended not only to cover more adverse and challenging landing conditions such as landing on a ship or a slope, but also to improve the robustness in differing landing scenarios and uncertainties.
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Figure 1. Eurocopter Fennec. 
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Figure 2. Structure of a landing gear equipped with an MR damper. 
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Figure 3. Helicopter with 3 landing gears in RECURDYN. 
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Figure 4. The control architecture of a helicopter landing gear system. 
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Figure 5. Load–stroke curve. 
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Figure 6. A typical acceleration time history of a helicopter at the center of gravity. 
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Figure 7. Concept of traditional skyhook control for the helicopter with 3 landing gears. 
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Figure 8. Concept of skyhook extended control for the helicopter with 3 landing gears. 
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Figure 9. Skyhook controller block diagram. 
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Figure 10. Nelder–Mead simplex method. 
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Figure 11. Simulation results of the Nelder–Mead simplex method in the case of (a,b) θ = 7° and Φ = 7°; (c,d) θ = 7° and Φ = 5°; (e,f) θ = 7° and Φ = 3°. (a,c,e) Traditional skyhook controller; (b,d,f) Skyhook extended controller. 
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Figure 12. Co-simulation between MATLAB–RECURDYN. 
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Figure 13. The simulation setup at θ = 7° and Φ = 7°. (a) Front view; (b) Side view. 
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Figure 14. Comparative simulation results of the passive damper, traditional skyhook controller, and skyhook extended controller at θ = 7° and Φ = 7°. 
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Figure 15. The value of cost function in differing pitch and roll angles. 






Figure 15. The value of cost function in differing pitch and roll angles.



[image: Applsci 11 03667 g015]







[image: Table] 





Table 1. Helicopter parameters.
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	Symbol
	Quantity
	Value
	Unit





	Ap
	Cross-area of the head piston
	2.6 × 10−3
	m2



	b
	Tire force index
	1.13
	



	C
	Viscous damping coefficient
	7.0
	kNs/m



	g
	Gravitational acceleration
	9.81
	m/s2



	M
	Sprung mass (helicopter mass)
	2250
	kg



	m
	Un-sprung mass
	18 *
	kg



	n
	Polytropic process index
	1.3
	



	p0
	Initial air chamber charging pressure
	810
	kPa



	pATM
	Atmospheric pressure
	101.3
	kPa



	kT
	Tire force constant
	412
	kN/m



	V0
	Initial air chamber volume
	6.92 × 10−4
	m3



	u
	Control input (electrical current)
	0~1
	A



	v(0)
	Initial sink speed
	2.54
	m/s



	lr
	Distance between right main landing gear interface and helicopter mass center
	1.5
	m



	ll
	Distance between left main landing gear interface and helicopter mass center
	1.5
	m



	la
	Distance between nose landing gear interface and helicopter mass center
	1.73
	m



	lb
	Distance between main landing gear interface and helicopter mass center
	0.87
	m



	Ixx
	Roll mass moment of inertia
	79.1
	kgm2



	Iyy
	Pitch mass moment of inertia
	2030.6
	kgm2



	Izz
	Yaw mass moment of inertia
	2317.2
	kgm2



	Φ
	Roll angle
	0–7
	°



	θ
	Pitch angle
	0–7
	°







* The un-sprung mass includes the piston, MR fluid, wheel, etc. The total weight of MR damper alone, consisting of the piston, lower body except the wheel, and cylinder assembly, is about 15 kg.
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Table 2. Skyhook gain table.
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Case

	
Landing Condition

	
Traditional

Skyhook Controller

	
Skyhook Extended Controller




	
Pitch Angle

(deg)

	
Roll Angle

(deg)

	
    C 1     

(As/m)

	
    C 2     

(As/m)

	
    C 3     

(As/m)

	
    C 1 v     

(As/m)

	
    C 1 θ     

(As/rad)

	
    C 1 ϕ     

(As/rad)

	
    C 2 v     

(As/m)

	
    C 2 θ     

(As/rad)

	
    C 2 ϕ     

(As/rad)

	
    C 3 v     

(As/m)

	
    C 3 θ     

(As/rad)

	
    C 3 ϕ     

(As/rad)






	
1

	
0

	
0

	
0.5

	
0.5

	
0.5

	
0.25

	
0.24

	
0.06

	
0.50

	
0.25

	
0.25

	
0.24

	
0.16

	
0.24




	
2

	
1

	
0

	
0.52

	
0.47

	
0.47

	
0.39

	
0.38

	
0.37

	
0.39

	
−0.03

	
0.36

	
0.39

	
0.39

	
0.38




	
3

	
3

	
0

	
0.51

	
0.37

	
0.38

	
0.64

	
0.64

	
0.47

	
0.64

	
−0.05

	
0.64

	
0.64

	
0.64

	
0.64




	
4

	
5

	
0

	
0.5

	
0.5

	
0.5

	
−0.17

	
−0.19

	
0.45

	
2.98

	
2.64

	
4.25

	
2.45

	
2.18

	
3.31




	
5

	
7

	
0

	
1.19

	
1.38

	
1.4

	
−0.17

	
−0.18

	
0.44

	
2.90

	
2.57

	
4.13

	
2.37

	
2.11

	
3.22




	
6

	
0

	
1

	
0.45

	
0.38

	
0.61

	
0.37

	
0.06

	
0.33

	
0.38

	
0.29

	
0.38

	
0.34

	
0.24

	
0.33




	
7

	
1

	
1

	
0.67

	
0.10

	
0.35

	
0.44

	
0.44

	
0.09

	
0.44

	
0.44

	
0.35

	
0.44

	
0.44

	
0.44




	
8

	
3

	
1

	
0.54

	
0.25

	
0.40

	
0.92

	
0.92

	
0.92

	
0.92

	
0.92

	
0.80

	
0.92

	
0.92

	
−0.14




	
9

	
5

	
1

	
0.50

	
0.46

	
0.56

	
3.00

	
3.00

	
0.00

	
3.00

	
3.00

	
2.10

	
3.00

	
3.00

	
2.60




	
10

	
7

	
1

	
0.30

	
2.31

	
1.73

	
0.40

	
0.45

	
0.32

	
1.50

	
1.35

	
1.97

	
1.25

	
1.13

	
1.47




	
11

	
0

	
3

	
0.54

	
0.28

	
0.94

	
0.76

	
1.31

	
0.01

	
0.01

	
0.01

	
0.01

	
1.04

	
−0.90

	
−1.56




	
12

	
1

	
3

	
0.53

	
0.14

	
0.66

	
0.46

	
−0.80

	
0.01

	
0.09

	
−0.08

	
0.13

	
0.78

	
−0.67

	
−1.16




	
13

	
3

	
3

	
0.72

	
0.21

	
0.39

	
1.03

	
1.03

	
−0.09

	
1.03

	
1.03

	
0.80

	
1.03

	
1.03

	
1.03




	
14

	
5

	
3

	
0.62

	
0.36

	
0.46

	
4.30

	
4.30

	
0.00

	
4.30

	
4.26

	
3.68

	
4.30

	
4.30

	
3.01




	
15

	
7

	
3

	
0.52

	
0.52

	
0.54

	
0.08

	
−0.15

	
0.00

	
3.13

	
2.66

	
4.61

	
3.44

	
2.98

	
−5.16




	
16

	
0

	
5

	
0.65

	
0.39

	
0.48

	
0.71

	
−1.23

	
0.00

	
0.04

	
0.03

	
0.05

	
0.98

	
0.84

	
−1.46




	
17

	
1

	
5

	
0.69

	
0.03

	
0.80

	
0.62

	
−1.03

	
0.02

	
0.19

	
0.16

	
0.27

	
0.72

	
0.63

	
−1.04




	
18

	
3

	
5

	
0.57

	
0.43

	
0.52

	
0.98

	
0.98

	
−0.15

	
0.98

	
0.98

	
0.98

	
0.98

	
0.98

	
0.98




	
19

	
5

	
5

	
0.65

	
0.39

	
0.61

	
5.14

	
5.14

	
0.00

	
5.14

	
5.14

	
3.53

	
5.14

	
5.14

	
4.47




	
20

	
7

	
5

	
0.61

	
0.65

	
0.67

	
0.16

	
0.23

	
0.00

	
5.30

	
4.62

	
−7.38

	
5.88

	
5.12

	
8.71




	
21

	
0

	
7

	
0.76

	
0.27

	
0.73

	
0.77

	
−1.28

	
0.02

	
−0.11

	
−0.10

	
−0.17

	
1.16

	
1.01

	
−1.70




	
22

	
1

	
7

	
0.50

	
0.43

	
0.61

	
0.53

	
−0.91

	
0.00

	
0.33

	
0.29

	
0.50

	
0.63

	
0.55

	
−0.95




	
23

	
3

	
7

	
0.60

	
0.33

	
0.60

	
0.50

	
2.00

	
0.00

	
0.35

	
2.60

	
1.50

	
2.60

	
0.55

	
3.00




	
24

	
5

	
7

	
0.62

	
0.35

	
0.64

	
4.50

	
4.50

	
0.00

	
4.50

	
4.50

	
3.15

	
4.50

	
4.50

	
3.90




	
25

	
7

	
7

	
0.65

	
0.69

	
0.80

	
2.57

	
2.57

	
2.57

	
2.57

	
2.57

	
−0.03

	
2.57

	
2.57

	
1.61
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