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Abstract—On future UAVs it is envisaged that the power
requirements of all on-board electrical systems will increase.
Whilst, in most flight (mission) situations the installed generation
capacity will have adequate capacity to operate the systems, it is
possible that during certain abnormal situations the generators
on-board may be forced to operate under very high load conditions. The main failure mechanism for a generator is overheating
and subsequent disintegration of windings, hence the research
problem being addressed here is that of modeling the thermal
dynamics of a generator in such a way that the model can be
used to predict future temperatures given knowledge of the future
mission requirements. The temperature predictions will be used
to allow prioratising of the mission actions in order to get the
most out of a generator without overheating it.
The research presented here summarises the modeling of the
generator and formation of the load management system. Results
are presented showing the system reallocating loads after a
fault during flight, preventing overheat of the generators and
successfully completing the mission.

I. I NTRODUCTION
The current trend of increased use of electrical power to run
systems on-board an aircraft [1] [2] has lead to much research
being undertaken to improve system performance, reliability
and maintainability. Flight critical systems previously operated
by other means, such as hydraulics or pneumatics, now need to
be guaranteed a constant supply of electricity to be considered
safe. This aim of this study is to look at power supply within
aircraft, focusing particularly on power generation, aiming to
develop methods of ensuring more reliable supply of power.
The ability of a generator to supply power is based upon its
thermal state assuming there are no other faults on the system.
Under normal circumstances a well designed generator will
easily operate within its thermal limits, but certain abnormal
situations, for example a blockage in coolant flow may force
generator temperature to rise which may in turn heat the
generator above its thermal limits.
The main failure mechanism for a generator is overheating
and subsequent disintegration of windings, hence the research
problem being addressed here is that of modeling the thermal
dynamics of a generator in such a way that the model can
be used to predict future temperatures given knowledge of the
future mission requirements. The temperature predictions will
be used to allow prioratising of the mission actions in order
to allow maximum utilisation of power generation capacity
without overheating.

Current trends in aircraft health management are more
focused towards maintenance, examples include Iyer et. al. [3]
and Hess et. al. [4]. However the work described here is
focused upon on-board health management, systems which
focus on reconfiguration during flight. Rouet et.al. [5] have
looked at real-time prognostics performed while the aircraft
is in flight. However this paper particularly addresses the
hardware side of the problem, with little information given
regarding the PHM process itself. Tang et. al. [6] however
do look at on board support, and in-flight reconfiguration for
engines. Of the research found on aircraft generators the work
was still focused upon maintenance, examples include Watson
et. al. [7] and Batzel and Swanson [8].
The method proposed here to manage the loads on the
generator will be based upon the flow diagram shown in
figure 1. The loop repeats periodically over the length of the
flight constantly checking the generator to ensure the current
load plan doesn’t cause an overheat.
Within each cycle there are three main stages:
1) State Update
2) Prediction
3) Optimisation
The state update phase is where current and previously
recorded data is used to update the states within the model
so that they match the real system as closely as possible.
The model is then used to predict the effect of the current
load profile upon the temperature of the generator during the
prediction phase. Finally if an overheat error is detected the
system then re-optimises the load profiles to prevent overheat
while still allowing mission completion.
Using this method the profile is constantly checked for problems, this includes re-checking and if necessary re-optimising
the load profile if predictions a long period into the future are
not accurate enough. This mean that when the time comes to
actually implement the profile upon the generator the solution
will be correct and not cause an overheat.
The rest of this paper describes the research undertaken
to achieve the aims stated above. Section II. describes the
modeling process and prediction section III. the derivation of
a simplified version of the model. Section IV. describes the
load management system and presents results. Finally section
V. concludes the paper.
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Flow diagram of Load Management System.

II. T HERMAL M ODELING AND P REDICTION
A. Model
θ1

Previously a paper has has been published which discussed
in detail the thermal modeling process [9], however the model
used will be summarised here.
The method used to model the generator is a thermal
network model, chosen for the fact that it has low computational requirements while still maintaining good accuracy.
Extra information on this type of model can be found in the
research of Mellor et al. [10] and Perez and Kassakian [11].
The basic cylindrical structure (figure 2) on which all the
metal sections of the generator is base upon models the heat
transfer through the section in two directions; radial and axial.
This is achieved with two thermal resistance networks. A
third thermal resistance is then connected to each relating the
networks to the average temperature of the whole cylinder.
This allows the two networks to be connected forming the
thermal model for the whole cylinder, and giving the point
at which heat it is assumed that the axial temperature in the
components of the model is constant, this is shown in figure 3
as a single thermal resistance Ra representing the flow of heat
from the mean temperature to the ends of the cylinder. The
equations for the network are shown below.
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Fig. 2.

Cylindrical component [10].

Figure 3 also shows the heat input to the cylinder in Watts
as a constant current source, and shows the heat storage of the
cylinder as a capacitance. The heat storage of the cylinder is
calculated using equation 5.
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Where Ra,r1,r2,r3 are the resistance shown in figure 3. From
figure 2, L is the cylinder length, r1 and r2 are the outer and
inner radius respectively. Finally kr and ka are the axial and
radial thermal conductances, and s is the stacking factor.

B. Model Solution
Figure 4 shows the model divisions with the exception of
the stator end windings and the air in and out. A model for
each of these divisions is derived, they are then linked together
to form the full model.
With the full network defined a nodal analysis can be
undertaken on the full thermal circuit to define the equations
that need to be solved to calculate the temperatures over time.
Equations 6 and 7 show the nodal equations that are derived
from the standard cylindrical component, in this case for the
stator iron.
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The model discussed in the previous section is used as part
of a Kalman Filter to complete the state update sub-system.
The Kalman filter was implemented on a discrete time version
of the model with known Q and R matricies, and overview of
this can be found in the paer by Welsh and Bishop [12].
The Kalman Filter completes the state update by reducing
the error between the model and the real system to almost
zero. This means that the prediction made by the model on its
(6) own starts from the correct temperature states.

1
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1
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+
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1
(7)
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1
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+
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Where the subscript si denotes that the value is from the
stator back iron, with the letters a and r, denoting axial and
radial directions respectively, Rsia for example is the stator
iron axial resistance. Csi is the heat storage for the stator
back iron, θsim is the average temperature of the cylinder,
Usi is the heat input to the stator iron. θsia and θsim′ are the
temperatures at the adjacent nodes, with Rsia and Rsir3 being
the thermal resistance between them.
Each node can be expressed in a similar manner to equation 6 and 7, these equations can then be expressed in matrix
form
Csi

dθsim
dt

=

(8)

where [C] is a square matrix of thermal heat storage values,
[G] is a square matrix of thermal conductance between nodes,
[θ] is the node temperature states, and [u] is a column matrix
of heat sources. The above differential equations allow the
network to be solved for transient conditions.
The initial nodal analysis gives 19 equations, but a large
number of these are intermediary nodes or are air nodes
where C is assumed to be zero. These can be mathematically
eliminated to leave only the 8 equations.

Thermal Network for cylindrical component.

Stator
Winding

d[θ]
= [G][θ] + [u]
dt

D. Prediction
As shown by Brown and Hwang [13] the Kalman filter can
be used for n-step ahead prediction. The method shown in
figure 5, shows that while switch E is closed the Kalman filter
is active and measurement data is used to update the model.
When E is open the model is run in open loop mode, which
is used to make predictions.
III. S IMPLIFIED M ODEL
When testing the final load management system it was
necessary to create a version of the model that was simpler
than the model created previously. This would be used in
simulation tests along side the more complex version to test
the load management system.
The model was simplified by linearising the calculation of
the winding losses In the full model this is calculated by using
the following:

for use in the load management system as part of the Kalman
Filter and for prediction.
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Fig. 6. Comparison of Winding Temperature of the Linear and Non-Linear
models to Actual Generators.
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IV. L OAD M ANAGEMENT
The final stage shown in figure 1 is the load adjustment,
this stage is the re-optimisation of the load profile applied to
the generator over time to prevent any overheat failures. The
design of this system is such that after each check the load
can be optimised, this includes re-optimisation if for example
other errors happen or predictions made far into the future
were not accurate enough.
Due to the way in which the various actions by the aircraft
are undertaken, in order to complete an action (e.g. surveillance) the power required for all the flight systems, plus the
extra for any specific action must be available for the duration
of the action for it to be completed. In reality this means that
at any time the aircraft is in one of two discrete states, either
completing an action or resting in a power saving mode to
cool the generators.
This lead to the load optimisation aspect to be defined in
terms of time. In this case the total flight time is defined as
the sum of the time required to complete the actions for the
mission, plus any additional rest time. The aim is then to
minimise the flight time as part of the optimisation under the
constraint that the generators on-board must not overheat. This
can be represented as:
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Fig. 7. Comparison of Stator Iron Temperature of the Linear and Non-Linear
models to Actual Generators..
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Where Pc is the loss in the u,v or w winding, Iu,v,w is the
current in the u,v or w windings and Rswu,v,w is the resistance
of the u,v or w winding. The power loss for the three windings
is then added together for the total loss.
2
To simplify the model the Iu,v,w
term was linearised over
the range of the generator, in this case 0 to 7A. In addition due
to the generator being used in balanced operation the winding
loss for a single phase was calculated then multiplied by three.
Figures 6 and 7 below shows results comparing the simplified
model to the actual test rig and to the more complex model.
Comparing, the two models both perform well in respect
to the shape of the curve. However the non-linear model has
greater agreement with the data from the generator. The linear
model has a greater steady state error as well as greater errors
during transient operation, however the accuracy is sufficient

θsi,sw (t) ≤ θmax
0 ≤ t ≤ Tm

n
X

T (r)

(10)

r=1

(11)
(12)

Where Tm is the total length of time it takes to complete
the mission, k references the different actions that need to be
completed in order to finish the mission, r references the rest
periods, with T (k, r) being the length of time required for the
action referenced by k or r. θsi,sw (t) is the temperature of
the stator iron and winding at time t in the mission defined
by equation 12 and θmax being the maximum temperature of
the generator.
When choosing the method for optimisation the discrete
nature of the problem defined that at any point the aircraft
would be executing a mission action in its entirety or it would
be resting. This lead to two options for optimising the load
which are detailed below. These are generator resting and load
displacement where multiple generators are available.
A. Generator Resting
While a generator can not be switched off in flight as a
minimum power needs to be supplied to keep the aircraft
flying, it is possible to switch off all non-necessary loads
running just the minimum required to keep aloft. This creates
a minimum power mode and while in this mode less power
is used than in any other mode, the effect of this is to cool
the generator. This forms the basis of this load management
method.

If an overheat is sensed the optimiser finds the minimum
time required in rest mode that will allow the action that
caused the overheat to be completed. This can be defined as:
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B. Load Displacement
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Load displacement can only be used on an aircraft where
multiple generators are present. This process involved using
any spare capacity available in secondary generators to lower
the loads seen by the faulty generator to the point that an
overheat no longer occurs. This can be summarised as:
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In order to test the final system the two versions of the
thermal model described earlier were used to create a test
which would show both successful optimisation of the load to
prevent overheat and also show robustness in the system. The
test setup involved simulating an aircraft with two generators
completing a mission with a fault occurring on one part way
through the test. To be successful the system would have to
both prevent overheat and allow completion of the mission.
The temperature limit set for this test is 100◦ C.
To generate these load profiles a set of various actions
that can be undertaken by the aircraft. Each of these actions
has a required power to complete and a minimum operation
time. Each of these actions are called K-conditions and are
numbered from one to seven. Load profiles can then be built
by putting a series of these blocks together one after another
to form a full profile.
Each K number represents a specific action these are:
K1
- Loading and Preparation
K2
- Start and Warm-Up
K3
- Taxi
K4
- Take-Off and Climb
K5
- Cruise
K6
- Cruise/Combat
K7
- Landing
Table I shows the required current for each K-condition as a
percentage of the generator maximum and has two values the
first the 5 minute value represents the first 5 minutes of the
action and is the start up power, while the continuous value is
the load for the rest of the duration of the action. The initial
load profile used in this test in shown in figure 8, this applies
to both generators.
To avoid damaging the test rig these tests were carried
out entirely in simulation using the models described earlier,
both of which have been validated from it. In this case the
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Results showing actual winding temperature for both generators.

generators would be represented by the complex form of the
model, referred to as the plant. The simplified model would be
used as part of the Kalman Filter and for prediction purposes,
referred to as the prediction model. This would test that the
system could complete the load re-optimisation when nonperfect predictions are available as would be the base in an
actual system on-board an aircraft.
For this test case one generator develops a fault, while
the second remains healthy. The fault simulated is a coolant
blockage after 67 minutes, this causes a reduction in mass flow
through the system. it is assumed that the fault is detected
meaning the prediction model is updated. The results are
shown in figure 9 and 10.
Figures 9 and 10 show the stator iron and winding temperatures of both generators over time. In this case its not an issue
if the temperature goes above the limit during the 5 minute
start up period for a K-condition, however the temperature
needs to quickly drop and stay below the limit during the
continuous stage of K-condition. Figures 9 and 10 shows that

TABLE I
K- CONDITONS

5 mins
Continuous

K1

K2

K3

K4

K5

K6

K7

40.0%
27.3%

83.3%
66.7%

100.0%
83.3%

83.3%
76.7%

83.3%
70.0%

86.7%
73.3%

100.0%
7%

V. C ONCLUSION

100

A condition monitoring system capable of predicting and
correcting overheat faults on aircraft generators has been
shown. This was achieved by adjusting the load profiles of
the on-board generators in flight when a thermal model of the
generator predicts and overheat. The system shows the ability
to create an acceptable solution while minimising the total
mission length.
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Fig. 11. The actual load profile applied to the generator over time after load
management updates.

this is achieved by the system on both generators.
Figure 11 shows the current load of both generators over
time. This graph clearly shows the action of the load management system and the steps taken to balance the load on the
generator. Once the fault occurs the main action used is the
displacement of the loads from the faulty to healthy generator.
This is sufficient until four hours into the test where a rest
period is required before the final action can be achieved.
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