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Force Modeling, Quaternion PID, and Optimization
 1 Abstract
 Our vehicle is designed to have passive pitch and roll control. To achieve this,Gemini has been mechanically designed to have its center of buoyancy aboveits center of mass. In order to accurately transition the vehicle from one stateto the next, it is advantageous to be able to describe the forces acting on thevehicle in any given state. With this knowledge we can accurately imparta desired total force on the vehicle using the thrusters to pick up any slackleft by the passive forces.In addition, a quaternion PD loop is presented that provides the desiredangular acceleration needed to transition the vehicle from one orientationto another.Efficient optimization is performed by finding the least norm solution to anunderdetermined linear system.
 2 Previous Designs
 Previously, the PID loop outputs were interpreted as the forces and torquesthat the thrusters of the vehicle should provide. Since a PID loop is es-sentially a function of the error between a desired value and a measuredvalue, it is difficult to utilize in a situaion where the output should dependon the absolute value of the quantity in question. Thus to make it work, wehave resorted to integral term ”tricks” that implicitly encode the underlyingsystem behavior such as zeroing the integral term when the error changessing or zeroing the integral term when the desired value is zero.
 For orientation control, the integral term is forced to encode complicatednon linear behavior. Furthermore, the integral term takes time to build upand does not provide the quickest response.
 3 Design Requirements
 One of the major motivations behind passive force modeling was to allowour PID loops to be able to provide a accurate and sharp response at anyvehicle state. When the vehicle has a non trivial pitch and/or roll angle,there is a very strong buoyancy force that is torquing the vehicle. In or-der to steadily maintain such an orientation, that passive torque due to thebuoyancy force must be compensated for.Another motivation was to be able to reduce the negative effects that drag
 2 Spring 2014
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 has on vehicle control. Certain areas of the vehicle produce less drag thanothers and as such, the vehicle can torque in complicated ways when movingat speed. The ability to anticipate these torques will greatly improve thesub’s maneuverability.
 4 High Level Description
 The above flowchart illustrates the flow of information through everycontrol step. First, the PID loops run and the resulting outputs are inter-preted as desired vehicle accelerations. The accelerations are then used tocalculate desired forces 1 with the help of mass or the inertia tensor. 2 Afterthat, the passive forces on the vehicle are subtracted from the desired forcesto obtain the forces 3 the thrusters must provide. This is motivated by thefollowing equation: Fd = Fp +Ft =⇒ Ft = Fd−Fp, where Fd is the desiredforce on the vehicle, Fp is the passive force on the vehicle, and Ft is the forceon the vehicle due to the thrusters. Once we have a desired thruster force,we can feed it into the optimizer to set the correct motor values.
 1We have both a desired linear acceleration and angular acceleration, and those areconverted to a force and a torque respectively.
 2Only the inertia tensor is used. The mass scales irrespective of direction and as such,multiplying the accelerations by the mass will only change the magnitude of the optimalPID loop gains
 3Again, forces here is used to mean both a force and a torque
 3 Spring 2014
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 5 Implementation
 5.1 Buoyancy Force
 In order to calculate the forces and torques due to buoyancy, three thingsare needed: the center of buoyancy in relation to the center of mass, themass of the vehicle, and the volume of the vehicle. The volume of the vehiclecan be used to find the strength of the buoyancy force but in practice thestrength of the buoyancy force and strength of the gravitational force aretunable parameters.
 The above diagram illustrates how the buoyancy force can induce a torqueon the vehicle. Gravity acts through the center of mass, so it does not induceany torque. The torque on the vehicle is r× F.The buoyancy torque calculation is done in world space. First, the center ofbuoyancy is rotated by the orientation of the vehicle. After that, the crossproduct of the center of buoyancy with the force vector (buoyancy alwayspoints up) will yield the torque on the vehicle.The force due to buoyancy is much simpler. It is simply the different instrength of the buoyancy force and the gravity force. The resulting forcepoints either up or down, corresponding to the sub’s positive or negativebuoyancy respectively.
 5.2 Drag Forces
 To calculate drag forces, a grossly simple model is assumed: the sub iscomposed of orthogonal flat planes, some larger than others. Here is an
 4 Spring 2014
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 example of a drag plane initialization:
 # The fore sway plane, produces drag when swaying
 drag_planes.append(DragPlane(pos=np.array((0.5, 0., 0.)),
 normal=np.array((0., 1., 0.)),
 cD=40.0, area=0.2))
 The center of this plane is at the towards the front of the sub, and its normalvector is pointing to the side indicating that this plane produces drag whenthe vehicle is swaying. Cd and area are two values that in the actual com-putation get multiplied together, so one can affect the strength of the dragby tweaking both of the variables, though I recommend playing with Cd, asarea can be computed exactly and it makes more sense when subdividing.There should be another sway drag plane accompanying the above, whosecenter is at (-0.5, 0, 0). By adjusting the difference in drag coefficients of thetwo planes, one can effecitvely model induced heading torque when swaying.For example, say that battery pods really drag the vehicle down. Then, theaft sway plane should have a Cd higher than that of the fore sway plane andthe controller will correctly calculate that the sub’s orientation will tend toincrease in heading when swaying to the right.Similar subdivisions can be done for other planes to simulate different in-duced torques.
 As far as implementation goes, the force and torque calculations are similarto those for the buoyancy force. The position and normal of each plane isfirst rotated by the orientation of the vehicle. Then the velocities of thevehicle, which are reported by the Kalman filter in the forward, sway, anddepth directions are rotated by the heading of the vehicle to bring them toworld space. The resulting velocity is then dotted with the normal of eachplane to determine the strength of the drag force that plane is providing.Identically to the buouyancy torque calculations, to find the torque inducedby a given plane, the plane’s center is crossed with its normal and thenmultiplied by the strength of the force.An important aspect that is as of yet not implemented, is the drag forcesand torques induced by the angular velocity of the vehicle. This will beimportant if effects such as rolling when quickly changing heading wish tobe addressed.
 5 Spring 2014
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 5.3 Quaternion PID
 With the aim of smooth transitions from one orientation to any other, aquaternion PD loop was implemented. This loop first creates two quater-nions, one for the current orientation, and one for the desired orientation.The difference quaternion is then found by multiplying the desired quater-nion by the conjugate (inverse) of the current quaternion. The resultantquaternion has the property that when multiplied by the current quater-nion, will produce the desired quaternion. We can find the axis of rotationof this quaternion and that will be the direction of the outputted angularacceleration. The error of this PD loop, is then the angle of rotation thedifference quaternion described about the axis of rotation. A large angleindicates that we are far from our desired orientation, while a small angleindicates that we are close. Derivative action is easily implemented by sav-ing the previous angle and subtracting it from the current angle.The outputted angular acceleration needs to be in world coordinates so be-fore returning the difference quaternion axis, we transform it into worldcoordinates by multiplying it by the current orientation quaternion.Integral action is not implemented in this control loop as there should not beany need for it (we are modeling passive forces) and will probably complicatethings.
 5.4 Optimization
 The task of picking the motor values the yield the desired force and torqueon the vehicle is performed by the optimizer. The optimizer is equippedwith a thrusts to output matrix, which when multiplied by a vector of mo-tor thrusts, will produce the 6 dimensional vector of (force, torque) thatthose motor values produce on the sub. This is essentially your standardAx = b linear algebra problem.However, A is not a square matrix. A is 6 × n, where n is the numberof thrusters on the vehicle. For Gemini, n = 8, implying that (since thethrusters are placed strategically on the vehicle) the system is underde-termined. You may recall that this means there an infinite number ofsolutions to Ax = b. In the interest of efficiency, we would like to find thesolution that has the smallest absolute value.Here is the solution: x = AT (AAT )−1bSee this scholarly presentation for an explanation.The resulting solution x always completely meets the desires, but it is notalways within the allowed thruster bounds. If it is outside the thruster
 6 Spring 2014
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 bounds, we rely on a blackbox optimization routine to find the minimumleast squares error inside the allowed bounds.The follwing objective function is used for minimization: (W (Ax − b))2,where W is a diagonal matrix of weights used to prioritize torques or otherDOFs. Its derivative is used as an argument to the black box routine andgreatly speeds up the convergence: 2(W (Ax−b))(WA)T = 2ATW 2(Ax−b).
 6 Current Status
 Currently, everything in this report is in use on the sub and has performedwell at several pool tests.
 7 Known Issues and Future Improvements
 There are no glaring issues but there are plenty of areas for improvement.
 • Use angular velocities when calculating drag
 • Use more drag planes for a more accurate drag force compensation
 • Very dependent on correctness of model, it would be nice if this wasmore robust to changes in the vehicle’s dynamics, pursuing a machinelearning or adaptive approach might prove lucrative
 7 Spring 2014
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