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Developing a modular tool to simulate regeneration
power potential using orographic wind-hovering UAVs
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ABSTRACT

Applications of Unmanned Aerial Vehicles
(UAVs) are often limited by flight endurance. To
address the limitation of endurance, we propose
a regenerative soaring method in this paper. The
atmospheric energy from updraft generated by
obstacles such as hills and ships can be harvested
by UAVs using a regenerative electric drivetrain.
With fixed-wing aircraft, the vehicle can hover
with specific wind condition, and the battery can
be recharged in the air while wind hovering. In
order to research the feasibility of this regen-
erative soaring method, we present a model to
estimate hovering locations and the amount of
extractable power using the proposed method.
The resulting modular regeneration simulation
tool can efficiently determine the possible hov-
ering locations and provide an estimate of the
power regeneration potential for each hovering
location, given the UAVs aerodynamic charac-
teristics and wind-field conditions.

1 INTRODUCTION

UAVs are performing more and more diverse missions
every year, but are often limited by the maximum achiev-
able endurance and/or range. Using the principle of oro-
graphic soaring to extend the range and endurance of UAVs
has already been extensively researched, often based on tech-
niques used by various bird species that have been observed
[1, 2, 3]. However, conventional orographic soaring tech-
niques do have some limitations that limit their usability in
certain environments and conditions.

With traditional soaring method, the only energy-storage
mediums are the potential energy (altitude) and kinetic en-
ergy (airspeed) of the aircraft. The associated aircraft state
variables, altitude & airspeed, are often desired to stay con-
stant to be able to take advantage of the favourable conditions
to gain energy from the atmosphere [4]. A great example
of this is when one is, for instance, soaring upwind along a
ridge to try to take advantage of the updrafts it generates. It
is possible to store the gained energy in the form of altitude,
but the higher the altitude, the weaker the updrafts are from
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the obstacle. At a certain altitude, the updrafts become so
weak that the glider is barely able to maintain altitude with-
out losing airspeed. Once this ”ceiling altitude” is reached,
it is not possible to store any more energy. It is possible to
trade the potential energy for kinetic energy, and dive back
down to the original altitude while gaining airspeed. The air-
craft is now positioned once again in a region with stronger
updrafts. However, due to the increased airspeed, the glider
has a higher sink-speed which may render it unable to gain
energy from the updrafts anymore.

Regenerative soaring introduces another energy storage
medium to store harvested energy from the environment. The
regenerative soaring method was first proposed by Paul Mac-
Cready already back in 1998 [5]. Instead of having to change
the altitude and/or airspeed to be able to store energy, an on-
board energy accumulator in the form of a rechargeable bat-
tery can harvest the energy through the use of a regenerative
drivetrain. This means that the aircraft can stay positioned
in the altitude region where the most favourable updrafts are
present, and keep its optimum airspeed.

One problem with the suggested regenerative orographic
soaring methods is that a long ridge or hill range is required
to take advantage of this, such that the aircraft can fly straight
along the ridge in the most favourable updraft regions for an
extended period of time. It would be beneficial if small UAVs
could also use the updrafts present around smaller, single ob-
jects such as a small hill, a building or a ship on the open
sea. This could be achieved by altering the orographic regen-
erative soaring methods by applying a technique called wind
hovering or static hovering.

Achieving static hovering while using the orographic
soaring method (called wind hovering) is a topic that was
found to only be covered by a very small amount of research.

Fisher [1] introduced the concept of a ”feasible soaring
region”, a spatial region inside a wind-field where wind hov-
ering is possible for a given wind-speed. A point in the wind-
field is deemed feasible for wind hovering if the local verti-
cal wind component/updraft velocity is larger or equal than
the minimum sink speed of the aircraft when flying at zero
ground speed in the wind field. In their paper, the feasibil-
ity of having a fixed-wing UAV autonomously hover in the
updraft region of a hill and a building was investigated. The
paper concluded with the experimental results proving that
a small UAV can indeed apply wind-hovering techniques to
statically hover in the favourable updraft region.

The remainder of this paper is structured as follows: Sec-
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tion 2 introduces the wind field estimation method, Section
3 describes how to calculate extractable power generated by
the wind field, Section 4 presents how the feasible soaring lo-
cations and generated power at each location are determined.
Finally, Section 5 gives a summary and further discussions.

2 WIND-FIELD ESTIMATION

To be able to determine the power available in the wind-
field, it is first vital to have a good understanding of the wind-
field. To achieve this, a wind-field estimation tool is required
that can simulate the flow around various simple obstacles.
The following subsections will describe what methods are
available to achieve this and how the wind-field estimation
program was implemented.

2.1 Methods

There exist numerous methods to estimate the behaviour
of air around obstacles, greatly varying in complexity and re-
quired computational power. The most common choice lately
has been to use a complex Computational Fluid Dynamics
(CFD) simulation package like ANSYS fluent, openFOAM,
etc. The CFD simulations performed with these packages re-
quire a large amount of computational power and are very
complex to set-up. It was opted to first search for another
method as a basis of the wind-field estimator. Langelaan used
a simplified potential flow method to find the wind field up-
wind of an idealised circular shaped hill [6] to gain a better
understanding of the general behaviour of the wind-field and
to estimate the ideal location relative to the circular hill for
ridge soaring. This methodology sparked the idea to use po-
tential flow theory to estimate the flow field present upwind
of the hill.

2.2 Potential flow estimator

The standard potential flow equations describing the ide-
alised flow around circular and oval shaped obstructions were
used as a basis.

The equations used to determine the flow-field are listed
below, with U∞ being the free-stream velocity, R the radius
of the circular hill and r the distance between the aircraft and
the centre of the hill. θ represents the angle between the hor-
izontal axes and the radial of the aircraft:

ur =

[
1− R2

r2

]
U∞ cos θ (1)

uθ = −
[
1 +

R2

r2

]
U∞ sin θ (2)

Transforming the polar velocity components into carte-
sian velocity components results in the following velocity
functions for the x and y components:

Figure 1: Potential flow field around cylinder

ux = cos θ · ur − sin θ · uθ (3)
uy = sin θ · ur + cos θ · uθ (4)

with θ = arctan
y

x
(5)

Another set of equations for oval shaped hills can also be
selected, which correspond to the equations representing the
flow-field over a rankine oval [7]:

x2stag − a2 −
ma

πU∞
= 0 (6)

⇔ m =
πU∞
a

(x2stag − a2) (7)

ux(x, y) = U∞ +
m

2π

[
x+ a

(x+ a)2 + y2
− x− a

(x− a)2 + y2

]

(8)

uy(x, y) =
my

2π

[
1

(x+ a)2 + y2
− 1

(x− a)2 + y2

]
(9)

Where the x-coordinate of the stagnation point xstag and
the x-coordinate of the focal point a determine the geometry
of the oval shaped hill.

These equations were then altered with a simplified
boundary/shear layer model equation to include an estimate
of the Atmospheric Boundary Layer.

Equation 10 shows the used model that alters the vertical
wind-speed distribution with a logarithmic function to try to
estimate the Atmospheric Boundary Layer.

One problem arises by using this simple model to estimate
the varying wind speeds in the boundary layer, the function
is only able to estimate the boundary layer effects to the hori-
zontal wind-speed over flat terrain. It has been proven though
that the log wind-profile can produce accurate results even
above non-flat terrain [8] in certain circumstances at higher
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altitudes above the obstacle. The log wall function can cer-
tainly be applied to the regions of the flow that are not greatly
affected by the presence of the hill (mainly upwind of the
hill-side). The proposed boundary layer model will however
most likely not predict the boundary layer effects close to the
hill surface. It was still opted to use this model for the entire
hill region since the resulting flow patterns are more closely
resembling real-life wind conditions where the flow velocity
decreases close to the surface due to friction. If more accurate
flow behaviour needs to be predicted close to the surface of
the hill, a CFD simulation including models for laminar and
turbulent boundary layer behaviour would be more applica-
ble.

u(z2) = u(z1)
ln ((z2 − d)/z0)
ln ((z1 − d)/z0)

(10)

3 POWER CONTOURS

Now that a wind field estimate is available around dif-
ferently sized obstacles, it is time to determine the feasible
power that can be extracted at each point.

Before going into the details of the ability of the UAV to
perform wind hovering at each location, it is helpful to first
estimate the theoretical maximum power that can be extracted
at each location assuming the UAV can maintain to hover at
that location indefinitely. In this case, the energy harvesting
UAV can essentially be modelled as a Horizontal Axis Wind
Turbine (HAWT) where the upstream wind velocity is equal
to the total wind velocity at the location of the UAV in the
wind field. This is not totally accurate, since this assumes that
the upstream wind velocity is constant along the axis of the
propeller, but since the propeller dimensions of small UAV
are at least an order of magnitude smaller than the obstacle
dimensions it can be assumed that this will only have a very
minor effect.

To be able to determine the theoretical maximum power
that a HAWT can extract from the wind stream, it is evident
to first have a closer look into the so called Betz law:

3.1 Betz law
One of the most famous theories concerning wind turbine

theory is the Betz law (also called Betz condition or limit).
Simply put, it states that even an ideal wind turbine that

contains no centre hub and has an infinite number of blades
that cause no additional drag (e.g. skin friction drag) can
only extract roughly 59 % of the power available in the wind
stream [9]. For power to be continuously be able to be ex-
tracted, it is evident that a continuous mass flow of air must
pass through the propeller/turbine disc. For this to occur, both
the incoming and outgoing flow must have a positive flow ve-
locity. If, hypothetically, the turbine was able to extract all
of the available energy from the incoming flow, the flow past
the disc area should have a velocity of zero (otherwise there
would still be unextracted energy present). Having a zero
fluid flow velocity at the exit of the turbine, directly means

that no mass flow can be present, so no power can be ex-
tracted at these conditions.

Using the continuity equation, Euler’s theorem and ki-
netic energy equations the following ideal power limit fol-
lowing the Betz law can be derived [9]:

Pideal =
16

27

1

2
ρSturbV

3
air (11)

This first estimate for the maximum theoretical power can
be used as a basis to generate the power contours for the wind
field. The following assumptions have to be kept in mind
though:

• The wind turbine is assumed to not have a hub, the en-
tire disc area region only contains blades

• It has an infinite number of blades that cause no addi-
tional drag (e.g. skin friction drag, induced drag due to
tip vortices)

• The incoming flow is assumed to be constant, laminar
and axial to the wind turbine axis

• No swirl is generated, the outgoing flow is also flowing
axial to the wind turbine axis

• The air is considered to be an incompressible fluid

3.2 Using Betz law to generate potential power contours
Figure 2 shows the ideal maximum power at every loca-

tion in the wind field that could be extracted from a 15m s−1

free-stream velocity over a circular hill section with a radius
of 50m for a wind-turbine with a rotor disc area of 0.1m2. It
basically represents the absolute ideal maximum power that
a regenerating UAV could achieve at every point in the wind
field if static hovering can be achieved at that point and if the
turbine can operate at its maximum power operating point,
which will obviously not be the case for the majority of the
wind field.

It is logical that the highest ideal power estimates are
located directly above the hill since this is where the wind
speeds are the highest (for the idealised potential flow case).
It can be seen however that close to the surface of the hill the
power figure is lower since this region has a lower velocity
due to the added boundary layer wall function.

4 DETERMINING HOVERING LOCATIONS & POWER
GENERATION POTENTIAL

Now that the absolute maximum theoretical power that
can be extracted at each point in the wind field is known, the
next step is to determine if the UAV can actually hover at that
location, and if so, what power fraction should be extracted
from the turbine to generate the required drag equalising the
”thrust” generated by gravity, to enable the hovering to be
stable?
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Figure 2: Ideal power contour plot for a 15m s−1 free-stream
velocity over a circular hill section with a radius of 50m for
a rotor disc area of 0.1m2

To be able to answer this question, the equations govern-
ing the longitudinal flight dynamics of a hovering UAV needs
to be studied.

4.1 Longitudinal hovering flight dynamics
The following equations (Equations 12, 13 and 14) ex-

press the system of differential equations for longitudinal
flight dynamics (following from the FBD given in Figure 3),
including a non-zero wind, in the air-path reference system
[10]:

Figure 3: FBD Air path reference system longitudinal flight
dynamics (courtesy of Langelaan [10])

T −D −W sin γ =
W

g

(
V̇air + u̇x cos γ − u̇z sin γ

)

(12)

−L+W cos γ =
W

g

(
−V̇airγ̇ + u̇x sin γ + u̇z cos γ

)

(13)

M = θ̈Iyy (14)

The equilibrium equations governing the balance of
forces required for a UAV to hover in a steady state can be
easily derived by setting the time derivative of the airspeed
and both wind speed components (horizontal and vertical) to
zero. The thrust force is also replaced with a (negative) tur-
bine drag force which will represent the additional variable
drag generated by propeller/motor drivetrain that can act as a
turbine. To avoid possible confusions between the total drag
force (encompassing both the aircraft and turbine drag forces)
and the drag force purely generated due to the aerodynamic
properties of the aircraft, the symbolD which represented the
latter was replaced by DAC . Lastly, it is assumed that all of
the forces acting on the aircraft are acting at the CG, mean-
ing no moments are generated. The simplifications and alter-
ations are shown below in Equations 15 and 16. An altered
FBD which reflects the changes and simplifications made is
shown in Figure 4.

���
−Dturb

T −DAC −W sin γ =
W

g

(

�
��>

0

V̇air +��>
0

u̇x cos γ −��>
0

u̇z sin γ

)

(15)

−L+W cos γ =
W

g

(
−��

�*0
V̇airγ̇ +��>

0
u̇x sin γ +��>

0
u̇z cos γ

)

(16)

This results in the following system of equations:

{
−Dturb −DAC −W sin γ = 0

−L+W cos γ = 0
(17)

Wind

Figure 4: FBD Air path reference system longitudinal hover-
ing flight dynamics

4.2 Estimating turbine drag
Assuming that the turbine behaves as an ideal wind tur-

bine as discussed in Subsection 3.1, it can be assumed that the
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wind only exerts a net axial force on the rotor. This means the
useful power that the wind turbine extracts can be written as
the product of this axial force (Dturb) and the air velocity at
the rotor disc/turbine (Vturb): Pturb = Dturb ·Vturb. Further-
more, when the rotor is operating at the theoretical maximum
efficiency conditions Betz proved that the air velocity at the
rotor disc/turbine must be equal to two thirds of the incoming
air velocity [9]. Using these equations and observations, it is
possible to derive a simple expression for the estimated drag
produced by an ideal turbine which is shown below:

Pideal =
16

27

1

2
ρSturbV

3
air (18)

Dturb =
Pideal
Vturb

(19)

Vturb =
2

3
Vair (20)

Substituting Equation 20 in Equation 19:

Dturb =
Pideal
2
3Vair

(21)

Finally. substituting Equation 21 in Equation 18 results in
an equation expressing the estimated turbine drag (Dturb) in
terms of incoming airspeed (Vair) and rotor disc area (Sturb):

Dturb =
1

2

2

9
ρSturbV

2
air (22)

Figure 5: Ideal wind turbine diagram

4.3 Finding the required lift and drag coefficients for hov-
ering

Now that both the systems of equations describing the
force equilibrium during hovering flight and an estimate for
the turbine drag are found, it is possible to derive a set of
equations that determine the required lift and drag coefficients
to enable static hovering.

Following from the system of equations that describes the
force equilibrium during hovering flight derived in Subsec-
tion 4.1 (Equation 17), the required lift and drag terms can be
expressed as follows:

{
L =W cos γ

Dturb +DAC = −W sin γ
(23)

Rewriting this system of equations in terms of the lift and
drag coefficients results in the following system:

{
1
2ρV

2
airSCLhover =W cos γ

1
2
2
9ρSturbV

2
air +

1
2ρV

2
airSCD,AChover = −W sin γ

(24)

Dividing both sides by 1
2ρV

2
airS:

{
CLhover = W

1
2ρV

2
airS

cos γ

2
9
Sturb
S + CD,AChover = − W

1
2ρV

2
airS

sin γ
(25)

The resulting non-dimensionalised contribution of the tur-
bine to balance the horizontal force equilibrium (the bottom
row of Equation 25), 2

9
Sturb
S , can be thought of being the

maximum achievable drag coefficient of the turbine, since
multiplying this figure by 1

2ρV
2
airS results in the ideal max-

imum drag caused by the turbine. Setting CDturb = 2
9
Sturb
S

results in the following system of equations:

{
CLhover = W

1
2ρV

2
airS

cos γ

CDturb + CD,AChover = − W
1
2ρV

2
airS

sin γ
(26)

Next, the sine and cosine of the flight path angle (γ) can
be substituted with the fractions uz

Vair
and ux

Vair
respectively.

This can be done because the velocity of the UAV with re-
spect to the inertial reference frame is assumed to be zero
during stable hovering. This means that the airspeed vec-
tors magnitude and direction is purely determined by the local
wind speed vectors (see Figure 4).

{
CLhover = W

1
2ρV

2
airS

ux
Vair

CDturb + CD,AChover = − W
1
2ρV

2
airS

uz
Vair

(27)

Finally, if the lift-drag polar can be estimated using the
following standard equation relating the drag and lift coeffi-
cient to each other:

CD,AC = CD0
+

C2
L

πAe
(28)

And substituting this equation in Equation 27:




CLhover = W

1
2ρV

2
airS

ux
Vair

CDturb + CD0
+

C2
Lhover

πAe = − W
1
2ρV

2
airS

uz
Vair

(29)

This leaves a system of equations that can easily be solved
for both the required lift coefficient (CLhover ), and turbine
drag coefficient CDturb if the local air speed (which is equal
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to the wind speed magnitude during hovering), horizontal and
vertical wind speed components are known.

Some important observations can be made from the final
equations:

• The required lift coefficient, determined by the first
part of Equation 29, should be less than the maximum
lift coefficient of the aircraft. If this would not be the
case, the aircraft would effectively stall when trying to
achieve these conditions.

• The drag that the clean aircraft itself can provide is
fixed by the required operating point on the lift-drag
polar. If the required drag coefficient is lower than this
value, the aircraft will not be able to achieve hovering
equilibrium, even if the turbine is fully switched off or
assumed to not be present;

• At specific wind speed and direction conditions, the
clean aircraft will be able to provide just the right
amount of drag at a certain required lift coefficient to
satisfy both equilibrium equations, the turbine doesn’t
need to be switched on, and no power can be regener-
ated, since CDturb will have to be equal to 0.

• At wind conditions where more drag is required than
the clean aircraft itself can provide, the turbine needs to
be switched on to close the ”drag deficit” and equalise
both terms of the second part of Equation 29. If the
required extra drag from the turbine is less than its
ideal maximum, the regen drivetrain should regulate
the drawn power from the turbine in such a way that
the drag provided by the turbine satisfies the equations.

• There exist another specific set of wind conditions
where the required drag from the turbine to achieve
hovering equilibrium will be equal to the maximum
drag that the turbine ideally can provide. Note that al-
though the maximum amount of power (imposed by the
Betz limit) that can be drawn from the turbine in this
scenario at the specific conditions, it is not necessar-
ily the optimum resulting in the maximum amount of
regeneration power, since the regeneration power also
depends on the wind speed and other locations in the
wind-field might exist where not all ideally available
power can be extracted, but due to a higher wind speed
the total regenerated power potential is still higher.

With the finalised equations for the turbine drag coeffi-
cient and above observations in mind, the calculation of the
regen power contours can now be performed.

4.4 Regen power contour calculation

The finalised equations presented in the previous subsec-
tion enable one to determine if static hovering is achievable

(given the local wind conditions at a certain point in the wind-
field and aircraft parameters). If this is the case, the corre-
sponding static hovering power regeneration potential can be
calculated for that point.

The resulting equations can be used to determine both the
required lift coefficient (CLhover ), and combined drag coef-
ficients (one being the turbine drag coefficient CDturb , the
other being the drag coefficient of the aircraft CD,AChover ) to
enable stable static hovering.

This function determines if the UAV is theoretically able
to statically hover with zero ground speed at each point of the
calculated wind field. At each potential hover location, the
required additional drag and power needed from the turbine
is calculated as well as the angle of attack.

First, the required lift coefficient to satisfy the hovering
equilibrium equations is calculated:

CLhover =
W

0.5 · ρ · V 2
air · S

· ux
Vair

(30)

If the resulting lift coefficient is larger than the maximum
achievable lift coefficient (CLmax ), the aircraft would stall
if it tried to approach the conditions required for hovering
and the corresponding point in the wind field will have a zero
power regeneration potential using static hovering since hov-
ering cannot be achieved.

Next, the total required drag coefficient to enable hover-
ing (CDturb + CD,AChover ) is calculated:

CDturb + CD,AChover =
W

0.5 · ρ · V 2
air · S

· uz
Vair

(31)

For the aircraft to be able to achieve static hovering, the
combined required drag coefficient can not be smaller than
the minimum achievable total drag coefficient. This mini-
mum achievable total drag coefficient is equal to the clean
aircraft’s drag coefficient, since the least amount of drag will
be generated when no additional turbine drag is generated

(hence CDmin = CD,AChover = CD0
+

C2
Lhover

πAe ).
The combined required drag coefficient can also not be

larger than the maximum achievable drag coefficient, which
is equal to the clean aircraft’s drag coefficient plus the max-
imum achievable turbine drag coefficient. As stated in the
previous subsection, the maximum achievable turbine drag
coefficient can be estimated using the Betz limit and is equal
to CDturb,max = 2

9
Sturb
S . Summarising, the acceptable com-

bined required drag coefficient bounds to achieve static hov-
ering leads to the following expression:

CD0
+
C2
Lhover

πAe
≤ CDturb + CD,AChover

≤ CD0
+
C2
Lhover

πAe
+

2

9

Sturb
S

(32)
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If the total required drag coefficient falls within these
bounds and the required lift coefficient is not larger than the
maximum lift coefficient (as stated earlier), it can be assumed
that the aircraft can achieve static hovering, and a valid power
regeneration potential can be calculated.

The resulting required turbine drag coefficient to achieve
stable static hovering can be calculated as follows:

CDturb,hov = CDturb + CD,AChover −
(
CD0

+
C2
Lhover

πAe

)

(33)
The corresponding turbine drag generated during hover-

ing can easily be found by multiplying the turbine drag coef-
ficient with 0.5 · ρ · V 2

air · S:

Dturb,hov = 0.5 · ρ · V 2
air · S · CDturb,hov (34)

Finally, by rearranging Equation 21 the estimated turbine
power can be found:

Pturb.hov =
2

3
· Vair ·Dturb,hov (35)

4.5 Results
By incorporating the finalised turbine drag and power

equations and only populating the values for locations where
hovering is deemed feasible by satisfying the maximum
lift coefficient constraint and conditions set in Equation 32,
power contour plots can be generated for any given wind-
field. This results in figures like the one shown below:

Figure 6: Regen power contour plot for a 15m s−1 free-
stream velocity over a circular hill section with a radius of
50m for a rotor disc area of 0.1m2 using aerodynamic pa-
rameters in Appendix A

It can immediately be seen that the estimated maximum
amount of power that can be regenerated using the turbine
while hovering is roughly 1 order of magnitude lower than
then the ideal Betz limit power contour graph of the entire
wind-field (see Figure 2). The primary reason for this is that
the UAV is unable to statically hover with these conditions

at the point in the wind-field that has the maximum potential
power, which is the point with the highest wind velocity.

Power contour plots were calculated for a range of con-
ditions, such as different wind-speeds, hill-sizes, rotor disc
areas, UAV masses, etc. The resulting plots showed the ex-
pected behaviour for the change in conditions.

5 CONCLUSION

A simplified wind-field model around obstacles such as
circular and oval shaped hills was constructed based on po-
tential flow theory. A model was developed to determine the
maximum theoretical regeneration power if wind-hovering
orographic soaring techniques are applied, given a certain
wind-field and aerodynamic characteristics of the UAV. The
resulting modular simulator program is able to determine the
hovering locations and gives an estimate of the maximum
achievable regeneration power. For the source wind-field, ei-
ther the simplified potential-flow based model can be used,
which needs very little computational power making it suit-
able to be even run on on-board processors of UAVs, or a
wind-field generated by other more advanced software or
even from a measurement field. The tool should allow anyone
to easily get an estimate of the feasibility of the regenerative
hovering soaring method in their particular application.

For future work, additional simulations could be carried
out by simulating real-life conditions. The model can then
be validated by performing a flight-test in these conditions
with a regenerative drivetrain architecture like the one being
proposed and shown in Appendix B.
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APPENDIX A: UAV AERODYNAMIC PARAMETERS
USED FOR SIMULATION

S 1 m2

CLα 5.7 rad−1

α0L -4 °
A 6 -
e 0.8 -

CD0
0.05 -

Table 1: UAV aerodynamic parameters for simulation

APPENDIX B: PROPOSED REGEN ARCHITECTURE

M 3-phase AC →	DC
rectifier DC boost converter LiPo charge controller

Flight control system

Set regen power
Control & read 

battery charge state

ESC

Set motor throttle
Signal flow

Electric current flow

Figure 7: Example regen architecture
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