
Methodologies for Engineering with Plug-and-Learn Components:  
Synthesis and Analysis Across Abstraction Layers 

  Cyber-Physical Systems (CPS) that contain self-modifying smart 
components can improve and self-repair, but sometimes at the 
cost of impeding model-based Verification and Validation (V&V).  
In this work, we focus on maintaining short and long range V&V 
capability in a system containing self-adaptive smart components. 
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Figure One: A schematic FW-MAV 
based on the Harvard RoboFly. Our 
simulation work is based on a full 3D 
pendulum stable model of this vehicle.  
In the model, it is presumed that wing 
gaits and wing flapping frequencies are 
independently controllable. 

Figure Two: A FW-MAV test vehicle. This 
vehicle is attached to a puck that is floated on 
a cushion of air or in a tank of water.  It propels 
itself using wing generated aero forces along 
the surface of the table.  The wing gaits 
(wingtip trajectory shapes) and flapping 
frequencies are independently controllable via 
onboard commutation electronics.  The vehicle 
can receive higher-level control actions via a 
built-in WIFI interface. 

 In this work, we focus on smart 
component based in-flight control 
adaptation of damaged Flapping-Wing 
Micro Air Vehicles (FW-MAV).  Each of 
our three partner institutions is making a 
related, but distinct, attack on the 
problem of encapsulating adaptation 
into “plug-and-learn” modules and using 
them to adapt flight control in a way that 
enables, rather than destroys, V&V 
capabi l i ty. Each project partner 
institution is, additionally, focusing on a 
different level of abstraction in the 
system’s control abstraction hierarchy. 

Layers of Flight Control  
Adaptation and V&V 
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  All partner sites use either or both of an aero-static, pendulum-
stable, FW-MAV model based on the Harvard RoboFly (Figure 
One) or a physical flapping-wing device that is floated on water or 
an air cushion to emulate fine maneuvering at a set hover altitude 
(Figure Two).  A conceptual control model, based on work at AFRL 

is given in Figure Three. In this model, 
a high-level path planner (dark orange 
element in Figure 3) decides where 
the vehicle should be relative to its 
current position and produces desired 
altitude (body x axis, see Figure 1), 
forward (body z axis, see Figure 1) 
and roll angle (angle around body x 
axis, see Figure 1).  Each of these 
values is communicated to one of the 
three independent proport ional 
differential axis controller that compute 
d e s i r e d b o d y x a n d b o d y z 
translational  forces and  an x axis  roll   

torque. Those desired forces and torque are ran through an 
inverted model of the vehicle to compute shape (wing gait).  Those 
wingbeat shape parameters are ran through an allocator to 
combine what may be contradictory commands, and the final 
shape parameters are communicated to hardware wingbeat 
oscillators (light orange component of Figure 3) to actuate the 
wings in the desired manner. 
  Naturally, however, there are many loci of failure in such a 
system.  Even minor damage to wings and/or other components 
can render the internal inversion models inaccurate and affect both 
short term flight accuracy and long-term flight control stability. Full 
system identification of a newly damaged vehicle could restore 
correct models, but is not likely practical to accomplish in flight.  In 
our method, we use adaptive oscillators that learn new wing gaits 
that restore precise maneuvering after wing damage.  We also, 
during local adaptation, extract damage models that can be used 
to re-enable longer term V&V.  
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Figure Three: A conceptual control scheme for a pendulum-stable 
FW-MAV.  Force and torque models inside each tracking 
controller would have their physical parameters tuned to the 
requirements of the specific vehicle being controlled. 
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2-DOF Control (Altitude and Roll)

TABLE I
FW-MAV PHYSICAL CONSTANTS AND CONTROL PARAMETERS

Symbol Description Value and Units
m vehicle mass 60x10�6 Kg

w vehicle width 4x10�3 m

g gravity 9.82 m/s2

IA wing moment of inertia 9.35x10�10 m4

⇧ air density 1.225 Kg/m3

� wing lift stop ⌅/4 rad

ywp
cp ?????? 0.0091 m

⌥
0

vehicle hover trim frequency 757.104 rad/sec

k

0

?????? 1.4557x10�9 ???

J

xx

vehicle roll moment of inertia 1.5x10�10 ???

CL (�) coefficient of lift 1.34222

J1 (1 ) bessel function of first kind 0.4401

⌥a ACTC natural frequency 5.0

⇤a ACTC damping ratio 1.0

⌥� RCTC natural frequency 40.0

⇤� RCTC damping ratio 1.0

TABLE II
FW-MAV AND CONTROLLER STATE VARIABLES

Symbol Description Units
x vehicle altitude m

ẋ vehicle velocity m/s

ẍ vehicle acceleration m/s2

⌃
x

vehicle roll angle rad

⌃̇x roll angular velocity rad/s

⌃̈x roll angular acceleration rad/s2

⌃ (t) wing sweep position rad

F̄X
des

desired cycle-averaged force N

M̄X
des

desired cycle-averaged roll moment N ·m
⌥F

x

(t) instantaneous desired wing beat frequency rad/s

⌥̄F
x

(nT ) sampled desired wing beat frequency rad/s

⇥M
x

desired split-cycle frequency shift rad/s

⇥̄R sampled right wing split-cycle frequency shift rad/s

⇥̄L sampled left wing split-cycle frequency shift rad/s

Fx (t) instantaneous force applied to vehicle N

Mx (t) instantaneous roll moment applied to vehicle N ·m
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2-DOF Control (Altitude and Roll)
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A f t e r t h e w i n g s a r e 
damaged, the vehic le 
m o d e l s  i n  t h e  P D 
controllers (green boxes) 
become inaccurate.  This 
results in an immediate 
loss of control precision 
and, potentially, long term 
controller safety issues (the 
vehicle flies outside of 
acceptable boundaries 
a r o u n d  a  d e s i r e d 
t r a j e c t o r y ) .  A m o r e 
traditional approach might 
a t t e m p t  s y s t e m 
identification to  restore the  

accuracy of the control inversion models.  This is unlikely practical 
during normal system operation. Instead we used smart 
component oscillators that adjusted the base wing gait patterns to 
restore accurate flight (Figure 4). This method has been 
demonstrated effective in simulation and is less computationally 
intensive than in situ system identification.  Unfortunately, leaving 
system models unadapted leaves us unable to conduct long term 
V&V to ascertain if the new wing gaits are safe in the long term.  

Evolutionary Model  
Consistency Checking 
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Evolutionary Model Consistency 
Checking (EMCC).  EMCC addresses 
the above concern by modifying the 
learning algorithms inside the plug-
and-learn adaptive oscillators so that 
in add i t ion to f i nd ing loca l l y 
determined wing gaits that restore 
nominal global behavior, they also 
diagnose the nature of the wing faults, 
in  terms of loss of drag  and lift forces   

Figure Four: EMCC learned wing beat gaits 
that correct for damaged wings and, when run 
on the vehicle, provide diagnoses of the nature 
of the faults. 

We have also extended 
existing algorithms for V&V of 
Polyhedral Invariant Hybrid 
Automatons (PIHAs) to 
a c c o u n t f o r  b o u n d e d 
disturbances in linear hybrid 
systems using the H-infinity 
norm. The H-infinity norm of 
the system can be computed 
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without incurring any significant cost in learning times. The core 
operational idea is to construct meta-heuristic objective functions 
that guide search toward local wing gaits that restore correct flight 
behavior, create multiple wing gait pairs that enable solution of a 
system of equations that produce cycle-averaged estimates of the 
losses in left and right wing drag and lift force production.  
Equations (1) through (4) in the next column are the solution to a 
set of equations that allow for accurate estimates of wing drag force 
deficits that are obtained by learning two sets of wing gait pairs that 
enable the vehicle to fly fixed altitude straight path with a forward 
pitch. Equations can be similarly derived for lift force faults or 
potentially other types of damage. In our work, we were able over 
tens of thousands of random trials of a simulated vehicle  with 
different randomly generated wing fault deficits use EMCC to 
determine what those faults were within 1% of their true values.  
This was achieved even when we were using noise-degraded 
measurements of altitude that one would expect in real situations.  
The damage estimates (denoted as D in the equations) can be 
produced for any model that relates wing force and drag to wing 
gait and forces produced.  We are currently using an aerostatic 
model, but this can be upgraded without invalidating the method. 
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Figure Four: Monte-Carlo simulations of FW-MAVs unable to hold 
long-term trajectories using naive trajectory trackers with radius 
based waypoint transition guards.  

For the existing AQTS representing the trajectory tracking control system
as shown in Figure 1, we plot Monte-Carlo simulations in Figure 7. The uniform
and H-infinity disturbances are both able to cause the system to violate the
specification. This occurs because the MAV transitions to the next flow pipe only
if the current state is within a set radius of the waypoint. When the disturbance
level is large enough, it becomes possible for the vehicle not to pass inside this
radius and the vehicle fails to return to W1.

(a) Uniform random disturbance (b) H-infinity disturbance

Fig. 7: A Monte-Carlo simulation showing failures of the radius based waypoint
transition guard.

If we no longer use a transition guard that depends on the distance of the
vehicle from the waypoint, and we now use the along track distance of the
vehicle, a more robust control system can be obtained. The along track distance
is the distance between the previous waypoint and the projection of the current
vehicle position onto the line between the waypoints. The new guidance law will
transition to the next waypoint when the along track distance is greater than the
distance between the waypoints, meaning the vehicle has passed the waypoint.
In Figure 8, the modification to the AQTS is shown. Note that in the modified
system it is possible that the vehicle will not be within the defined radius, but it
will always reach W1. Finally, we check the new modified AQTS with the along
track guidance law using Monte-Carlo simulations with H-infinity and uniform
random disturbances in Figure 9. We see that there are no trajectories that enter
the boundary and all trajectories return toW1. We see that for the new guidance
law the specfication AF AG W1 (always end at waypoint 1) is satisfied.

The guidance logic that we have improved in this simple example would
be obvious to any autopilot designer, but the complications that disturbances
have on more intricate components of a guidance system can be more di�cult
to discover and having an automated model checking program to verify these

efficiently and only requires updating when the linear system model 
changes. Coupled with the efficient reachable set computations for 
linear systems, this makes it possible for us to combine damage 
estimate updated models of vehicle behavior to determine if the 
vehicle could maintain trajectories under disturbances with several 
different control logics and different wing gaits.  We are now in the 
process of integrating EMCC and extended PIHA model checking to 
restore long-term V&V capability and to further condition oscillator 
learning to make long-term stable solutions more likely. 


