                                                    Height Control
The differential equation of height:

..                        . 
h =  k * (α - h/v) - g
Where h is height in feet, α is the angle of attack in radians measured from zero lift with dh/dt = 0, v is speed (ft/sec), g is gravitational acceleration, and k is the bow foil vertical acceleration coefficient of angle of attack.   For Talaria at 30 knots k = 511.3 ft/sec2 per  radian angle of attack.  The solution of the differential equation can be seen in the ABMatrix4 subroutine of the HeightLQRS4.xls file. 
The height control law is derived by the application of the Linear Quadratic Regulator, (LQR), control solution.  The state (A) and control (B) matrixes at a speed of 30 knots and a ∆t  of .0133 seconds are shown below.  Control is in radians per second of foil actuation.  A g of 32 is incorporated in the derivation of the constant vector. 
	A matrix
	height
	dheight/dt
	Foil alpha
	Constant
	B matrix

	height
	1.0000
	0.0125
	0.0435
	-0.0027
	0.0002

	dheight/dt
	0.0000
	0.8740
	6.3785
	-0.3992
	0.0435

	Foil alpha
	0.0000
	0.0000
	1.0000
	0.0000
	0.0133

	Constant
	0.0000
	0.0000
	0.0000
	1.0000
	0.0000


With the state (Q) and control (R) weighting matrixes of:

	Q matrix
	4.0
	0.0
	0.0
	0.0

	dheight/dt
	0.0
	4.0
	0.0
	0.0

	Foil alpha
	0.0
	0.0
	4.0
	0.0

	Constant
	0.0
	0.0
	0.0
	4.0

	R matrix
	20.0
	
	
	


The control gain at 30 knots is:

	Control Gain
	height
	dheight/dt
	Foil alpha
	Constant

	g
	0.401
	0.177
	13.810
	-0.864


The control gains vary with speed.   The black line shows the LQR calculated gain.  The red line is a fit of a function approximating the LQR solution. It is used by the flight computer.
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The following chart shows a simulation of the dynamics of height and the control signal beginning with a 1 foot deviation in height, dh/dt =0, and foil angle = .05 radians. 
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The height system sensors are a pair of Senix14 Toughsonic ultrasonic distance sensors and an ADXL203 accelerometer measuring vertical acceleration.  

The ultrasonic sensors transmit a 15 degree cone.  They are mounted near the gunwale at the bow and splayed laterally 15 degrees.  To avoid self interference they transmit alternatively with a combined rate of 50 Hz.  
The ultrasonic sensors are scaled to measure the distance from the waterline when the boat is at rest. During a banked turn in smooth water the outboard sensor many not return a height signal.  The ultrasonic sensors are programmed to return a zero distance when no return is sensed.  From the two sensors a version of a Kalman filter is used to estimate height.  The prior height estimate is projected forward by ∆t using the integrated vertical acceleration. The differences between the projected height and a sensor readings are calculated.  These differences are designated measurement error Starboard and measurement error Port, (mErrS, mErrP).  If a difference is less than 2 feet or it is greater than 3 feet the measurement errors are set to 20. The Kalman algorithm is executed using a Starboard measurement noise of .4 + mErrS2  and similarly for the Port measurement noise.  The system noise is .02.  The resulting estimation gain for a signal that is close to the projected signal is about .08.  For a signal that differs from the projected signal significantly the gain goes to zero.  
Unlike a planning craft the ride is not directly related to the water surface but rather to the response of the height control system to it.  The .08 estimation gain filters out small waves and thus smooth’s the ride. 
Actuation System

The actuation system is hydraulic using a 1” ID, 2” throw cylinder, a ¼” displacement gear pump coupled to the engine crank shaft,
 filter, oil cooler, and a Rexroth 4WRPEH (Series3X) High Response Directional Control Valve.  The valve has a response of -3 dB at 50 Hz and 100% actuation.  It steps to 25% in 5 milliseconds.
