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Abstract—The electric propulsion systems modeling is a
necessary tool for the evaluation of performance and onboard
energy source requirements in electrically propelled aircraft.
This paper presents a map-based simulation approach for
energetic assessment of electric propulsion units, suitable for
general aviation applications. The energetic analysis of the
propulsion system relies on multidimensional maps to include
the nonlinearities of the components, and the system dynamics
is simulated by means of numerical integration. Additionally,
the proposed approach considers the effects of electric machine
temperature variations through a first-order thermal model.
The developed model has been numerically validated in a
simulation environment using the specifications of a commercial
general aviation fuel aircraft.

Keywords—transportation electrification, general aviation,
electric aircraft, electric propulsion, energetic assessment,
numerical simulation.

I. INTRODUCTION

The environmental concerns of the last decades have made
carbon dioxide and nitrogen oxides emissions gain increasing
attention from the public opinion. The largest government
bodies and transnational companies are leading the transition
toward sustainable and energy-efficient transportation as an
effective solution to cope with climate change and global
warming. Research activities on transportation environmental
performance have been a key point of the recent European
innovation programs. For instance, with its Climate Law, the
EU has set legally binding targets to meet the greenhouse gas
neutrality requirements by the end of 2050 [1]. In 2022, the
aerospace industry was responsible for 13.3% of the EU
transport gas emissions [2]. According to the International Air
Transport Association, an 80% share of the carbon emissions
occurs on flight paths longer than 1500 km [3]. Therefore, the
electric aircraft development is a crucial feature to enable the
decarbonization of the air transport sector.

In this scenario, the basis for a long-term transition from
onboard non-propulsive mechanical, hydraulic and pneumatic
systems to electrical ones has been set by the concept of More
Electric Aircraft (MEA) [4]. With the ultimate goal being the
achievement of the electrically propelled aircraft, interest in
high-performance electric propulsion components has also
arisen [5]. Indeed, an electric drive as propulsion system could
provide reduced air pollutant emissions and acoustic noise,
and enable highly efficient energy conversion, with respect to
the traditional fuel-based units. Several proposals for electric
machines and power electronics converter configurations for
power dense aerospace drives can be found in the literature
[6]-[7]. The major challenges are represented by weight and
technology readiness level of the aerospace electric drives,
presently limiting advancement of passenger class electrically
propelled aircraft for commercial missions [8]. In this regard,
the development of enabling technologies for general aviation
purposes could allow significant progress in civil aviation.
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Fig. 1. Reference propulsion architecture for the model development.

To assess the feasibility of electrically propelled general
aviation aircraft, numerical simulations play a fundamental
role in predicting flight ranges and energy consumption of
electric propulsion systems. In addition to that, numerical
simulations constitute a preliminary step before proceeding
with extensive optimization studies of the electric propulsion
systems. A typical configuration for a fully electric general
aviation propulsion unit is presented in Fig. 1. The onboard
energy source provides power to the electric drive, i.e., the
combination of the power electronics converter and of the
electric machine, to spin the propeller, being the vast majority
of general aviation aircraft propeller powered [9].

The simulation results accuracy for energetic assessment
of these electric propulsion configurations can benefit from
the implementation of multidimensional performance maps
into the numerical model. In that case, the nonlinear behavior
of the electric drive components would be formulated as a
function of the power required by the propeller. To further
improve the modeling accuracy, it is possible to consider the
electric machine performance dependance on the active parts
temperature, in addition to the load speed and to the required
output torque. The numerical computation of the machine
thermal transient provides the multidimensional performance
maps with the temperature information. Regarding the power
electronics converter, its operation is strictly related to the
control strategy chosen for the electric drive. The converter
power losses can be determined as a function of machine
terminals voltages, currents and power factors, for a fixed
temperature and working point. Moreover, improved accuracy
of the electric drive simulation can be achieved considering
the impact that variations in the remaining energy stored in the
onboard source have on the adopted control strategy, through
variations in the available voltage level.

In this paper, a map-based approach for simulating the
energy consumption of fully electric propulsion systems for
general aviation aircraft is proposed. The electric machine
operational constraints for the output torque generation are
taken into account by means of multidimensional maps, to
model their dependencies on rotational speed, temperature and
available source voltage. A machine first-order thermal model
is also included to simulate the thermal transient during the
flight mission. Additionally, the energetic performance of the
electric drive components is assessed using multidimensional
maps. The map-based approach provides the electric drive
model with increased flexibility in simulating a wide range of
electric machines and power electronics converters.
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Fig. 2. Scheme of the proposed simulation model with the input and output signals linking the different components blocks.

II. SIMULATION APPROACHES

In the literature, two general approaches can be found for
determining energy consumption and flight ranges [10]-[11].
The first one consists of the backward model, in which the
reference speed profile of the propeller is assumed to be
perfectly followed by propulsion unit. At every time instant,
the power needed for spinning the propeller is computed by
means of algebraic equations and the propulsion system is
assumed to be certainly able to provide it. Since the power
information is propagated from the mechanical load to the
propulsion unit, the approach is usually called 'backward’.
This method is mostly adopted for comparing energy source
control strategies and propulsion system configurations [12].
However, since both the speed and power are simultaneously
imposed on the powertrain components, the simulation results
may be inaccurate when the components ratings are exceeded
[13].

The second approach for propulsion systems simulation
relies on the forward model. In this case, the propeller speed
is controlled in closed-loop by means of a regulator, which
generates the torque reference signal for the propulsion unit.
Such approach is commonly referred to as 'forward’, since the
power signal is passed from the propulsion unit to the load.
The propeller speed is a state variable of the model and is
updated at every simulation step. Being the forward model
characterized by a set of differential equations, the numerical
solution requires smaller time steps compared to the backward
approach, resulting in a longer execution time. Nevertheless,
the forward method allows to consider the performance limits
and the dynamic behavior of the components in the propulsion
system. For these reasons, the forward method is suitable for
Hardware-in-the-Loop validation, in contrast to the backward
one [14]-[15].

III. PROPOSED SIMULATION MODEL

The proposed model for the evaluation of the electric
propulsion systems performance and energy consumption is
based on the forward approach and is presented in Fig. 2. The
speed regulator provides the reference torque signal to the
electric machine block, in order to follow the propeller
reference speed profile. The interpolation of the electric
machine 3-D and 4-D maps generates the inputs for the
computation of the power electronics converter losses. The
information of the mechanical power delivered to the load,
together with the electric drive losses, is passed to the energy
source block for the energy requirements assessment through
numerical integration.

A. Speed Regulator

Being the proposed model based on the forward approach,
a speed regulator is necessary to control the propeller speed.
As shown in Fig. 2, the speed regulator block inputs are the
propeller reference w;, and actual w,, speeds, respectively.
An effective method to control the propeller speed consists of
a Pl regulator. The comparison of the reference signal with the
actual propeller speed is used to generate an error. By means
ofthe proportional K, and integral K; gains, a reference torque
T, output signal is produced by the regulator block for the
electric machine, according to the following equation:

* K *
Th = (KP + ?I) (wm - wm) (1)
in which s is the Laplace frequency domain parameter.

B. Electric machine

The electric machine model is thoroughly presented in
Fig. 3. The first-order low-pass filter (2) with time constant 7,
implements the drive delay in tracking the reference torque,
and its output is limited by a saturation block, to numerically
consider the machine performance limits.

1

Tm 2

The torque upper and lower boundaries for saturating the
filter output T;, are retrieved from the following 3-D maps:

T, =

- 1+stpm

Tm,max = Immax (wm' 208 Vmax) 3)
Tnmin = Tinmin (wm, Om, Vinax) 4

where 9, is the electric machine temperature and V., is the
maximum output voltage available at the terminals of the
power converter. The torque information is passed to the other
electric machine 4-D maps and to the mechanical load block.

The terminals voltages, currents and power factors needed
for all the electric machine feasible operating points and the
losses are retrieved by means of 4-D maps, as shown in Fig. 3.
Such maps can be determined either by finite element analysis
(FEA) or experimental tests. According to the chosen control
strategy (maximum torque per ampere, maximum efficiency
per torque, etc.), different 4-D maps can be determined for the
machine simulation. Indeed, the same working point in the
torque-speed plane can be obtained for different combinations
of the electrical quantities. The voltage and current amplitudes
Vphase and Iypqs. and the power factor cos ¢ outputs are used
for the interpolation of the power electronics converter maps.
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Fig. 3. Detailed scheme of the proposed electric machine energetic model.

With regard to the energetic performance of the electric
machine, the 4-D losses map provides the component losses
Pyoss,m to the thermal model and the energy source block. The
usage of losses rather than efficiency maps for determining the
energy consumption is a convenient practice, since efficiency
becomes ill defined when either the machine speed or the
torque are null. Moreover, the losses maps allow to take into
account the losses present at zero speed or torque and to
reduce the simulation burden, as the energy computation is
performed through sums, instead of products and divisions.

The machine output torque, speed and temperature, as well
as the V.., value, are used as inputs to the 4-D losses, voltage,
current and power factor maps, as shown in Fig. 3, which are
formulated as follows:

Piossm = Pross,u (T @nu Onts Vinax) (5)
Vohase = Vphase (Trn» Wiy I Vinax) (6)
Iynase = Iohase (Tm» @ms Ot Vinax) @)
cos @ = coS @ (T, Wm, Ints Vinax) ®)

The 9, dependency in (5)-(8) allows to take into account
the changes in the machine windings resistances, but also in
the residual magnetization of any permanent magnet, due to
temperature variations. The machine temperature is retrieved
from a first-order thermal model, shown in Fig. 4, for which
the machine is considered as a homogeneous cylinder with
thermal capacitance Cyyp and resistance Rypp . Being 9gmp
the ambient temperature, the electric machine temperature is
updated in the numerical simulation by integration of (9).

dIm _ 1
dat CthMm

Im—am
(Ploss,M - Mib) )

Rthm

C. Power electronics converter and modulator

The energetic performance of the power electronics
converter depends on the voltage, current and power factor
required at the machine terminals. Moreover, the converter
losses are also influenced by the V. level provided by the
energy source and by the devices switching frequency f,, .

For a fixed value of the switching frequency, the power
converter model for energy consumption simulations can be
developed as a single 3-D map, in the form:

load

Pioss t (Tin, @, 901,V max) R
M

()
/

‘9M —_— Cth,M '9amb

Fig. 4. First-order thermal model for the electric machine.

Piossc = Ploss,C(m' Iphase' cos @) (10)

where Py, are the converter losses, depending on the
modulation index m, defined as in (11), being V,. the voltage
at the energy source terminals.

_ Vphase

The modulation index value m,,,, up to which the power
converter losses map has to be characterized is determined
from the adopted modulation technique. For a three-phase,
two-level, voltage source inverter supplying a synchronous
machine, typical values of m,,, are 1 for sinusoidal pulse
width modulation (PWM) and 2/+/3 for space vector and
carrier-based PWM [16]-[17].

The modulator block in Fig. 2 is needed to compute the
maximum voltage V,,, available at the electric machine
terminals, for the machine 3-D and 4-D maps interpolation.
According to the modulation technique chosen for the power
electronics converter, m,q, is used to retrieve Vy,q, from the
voltage at the energy source terminals by means of (12).

14
Vinax = %mmax (12)

D. Mechanical load

The mechanical load block performs the integration of
(13) at every simulation step, to compute the actual rotational
speed of the electric machine and mechanical load.

dwm — Tm=Tioad (]3)
dt Jeq

As shown in Fig. 2, the w,, signal is passed to the speed
regulator block for the reference torque calculation, and to the
electric machine 3-D and 4-D maps. In (13), the equivalent
moment of inertia J,, of the machine rotor-load coupling is
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Fig. 5. Battery circuital model for the propulsion system simulation.

referred to the rotational axis of the machine shaft and Tj,,
is the load torque, generally a function of its rotational speed:

Tioaa = Tioaa(®m) (14)

Depending on the load model, different formulations can
be used for (14). For the general aviation propulsion system
configuration presented in Fig. 1, the load is represented by a
propeller, with radius 7,,.,,,. Given a constant value for the air
density pg;,, the propeller load torque can be formulated as:

Tload = pairCQrpsropw12n (15)

in which C, denotes the propeller torque coefficient [18].
A more accurate formulation of (15) could be introduced in
the model by considering the dependencies of p,;- on the
aircraft altitude and of C, on advance ratio and blades pitch
[19]. In this paper, a constant parameters formulation of (15)
is considered to simulate the proposed model.

E. Energy source

The energy source model takes into account the nonlinear
operation of the component, with reference to the available
output voltage, as a function of the remaining stored energy,
regardless the energy source type. As it can be noted in Fig. 2,
the 1-D map of the energy source block must provide the
voltage V,, at its terminals to the modulator block for the V,,,,,
computation, conditioning the electric machine and the power
electronics converter performance. The source dynamics in
delivering power to the electric drive has not been considered
in the proposed model. The energy source block presents also
as inputs the power for spinning the propeller and the drive
components power losses, in order to update the energy level
and to perform the power integration.

A possible model for an energy source consisting of a
single battery is proposed in Fig. 5. The nonlinear behavior is
considered by means of the 1-D map in (16), which relates the
battery state of charge SOC to its open-circuit voltage V.

Vo = V,(SOC) (16)

Regarding the solution algorithm for the battery model, by
defining the mechanical power at the machine shaft as in (17),
the energy source current I, is computed by means of (18).

Pspare = Tnwm (17)
Idc = Pshaft"'Pl;,)ZSC,M"'Ploss,C (18)

Therefore, the voltage available at the source terminals is
retrieved from:

Vac = Vo — Rparelac (19)

where R, denotes the battery internal resistance [20].

Finally, the battery losses Pj,s5s can be computed from (20).

Ploss,S = Rbattlz%c (20)

In order to take into account the performance variation of
the battery as a function of the SOC, the following equation is
numerically integrated to update the SOC value:

dsoc _ igc

40 _ _ tde @21)

dt Chatt

in which C,4;, is the rated battery capacity.

The energy source block implements also the numerical
integration of the mechanical power (17) and of the total
system losses, computed as in (22).

Ploss,T = Ploss,M + Ploss,C + Ploss,S (22)

The total energy Ejoss 7 lost by the propulsion components
during the mission profile and the corresponding energy Ep
requested to the source are determined using (23)-(24).

t
Eloss,T = fo Ploss,T dt (23)
t
Ep = Ejpssr + fo Pgpaye dt (24)

IV. MAPS IDENTIFICATION AND EXAMPLE OF RESULTS
FOR A CASE STUDY

The proposed model has been used for the numerical
computation of the energetic consumption of an electrically
propelled case study aircraft for general aviation applications.
A propulsion system featuring the fully electric configuration
presented in Fig. 1 has been considered for the specifications
of a commercial general aviation fuel aircraft.

For the model validation, a 250 kW air-cooled surface-
mounted permanent magnet synchronous machine has been
designed by means of finite elements analysis. The machine
features a distributed three-phase stator winding, an outer
rotor with NdFeB permanent magnets and 8 poles. The post-
elaboration of the machine FEA results has provided the 3-D
and 4-D maps of the model depicted in Fig. 3.

The machine 4-D maps have been derived according to
the maximum efficiency per torque control strategy, for a grid
of 201 torque and 101 speed values, temperatures from 5°C
to 155°C with steps of 15°C and for a set of 10 levels of V,,,,,
corresponding to values from 100% to 10% of the battery
S0C. The results obtained for a machine temperature of 20°C
and maximum source voltage are shown in Fig. 6. The losses
map includes the hysteresis and eddy currents losses of the
stator and rotor iron cores, the permanent magnets losses and
the Joule losses of the stator windings, while the AC losses
related to the skin and proximity effects, the PWM losses and
the machine mechanical losses have been disregarded [21].

The adopted control strategy has also determined the
machine maximum (3) and minimum (4) torque maps, with
Tinax shown in Fig. 7. As it is evident from the maximum
torque limit, when the source discharges and the available
voltage at its terminal lowers, working points are ruled out
from the feasible operation of the machine, due to voltage
limitations [22]-[23]. Moreover, being the chosen permanent
magnets characterized by a negative residual magnetization
temperature coefficient of —0.11%/°C, the machine torque
capability worsens as their temperature rises. In this case,
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working points are ruled out due to current limitations, as
shown in Fig. 7. Furthermore, the Ry, of the first-order
machine thermal model showcases the approach capabilities,
ensuring that the machine active parts temperature remains
under 140°C when the propeller is spun at nominal speed.

Concerning the power electronics converter, the 3-D map
of the model in Fig. 2 has been computed through numerical
simulations. For the general aviation case study, the tabulated
data of the nonlinear voltage drops and losses in commercial
power electronics devices have been considered for a two-
level, three-phase IGBT inverter. According to [24]-[25], the
conduction and switching losses of the power devices can be
numerically determined for sets of modulation index, current
amplitude and load power factor values. The resulting losses
map of the inverter for devices with a temperature of 150°C
is presented in Fig. 8, at load power factor equal to 0.9. The
chosen maximum current amplitude is in accordance with the
Iynase of the machine, while the maximum value of m in the
map corresponds to the space vector and carrier-based PWM
techniques. The different modulation indices are simulated
by varying only Vs, keeping Vi, at its maximum value,
corresponding to the 100% battery SOC. An f;,, of 20 kHz has
been chosen for the inverter operation and characterization.

Regarding the onboard energy source, a battery has been
considered starting from the datasheet of a commercial Li-ion
cell. The 1-D map (16) for the determination of the open-
circuit voltage is presented in Fig. 9. The battery nominal V.
allows the inverter to supply the machine with its nominal
current, when the SOC is 50% or more. Moreover, the number
of parallel connected cells ensures that the remaining SOC at
the end of the reference speed profile is not lower than 10%.

voltage determination.

The reference speed profile for the propeller used in the
model validation consists of four parts. As it can be seen in
Fig. 10, the profile includes (i) taxiing, (ii) takeoff and
climbing, (iii) cruise, (iv) descent and landing. The numerical
simulation has been performed using a 4-th order Runge-
Kutta method with a fixed step of 0.01 s. The representative
evolution of the most significant variables, such as the energy
requested to the source during the flight and the total energy
lost, is presented in Fig. 10, along with the battery SOC, the
reference torque from the regulator, the machine shaft torque
and its temperature. However, the drive dynamics in tracking
the torque reference is not evident in Fig. 10 due to the time
scale, as it affects the speed transients. It is also worth noting
that, as it has been assumed for the propeller load torque, the
effects of altitude variations on the ambient temperature of
the machine thermal model have not been implemented.

V. CONCLUSION

A map-based simulation model for energetic assessment
of fully electric general aviation propulsion systems has been
developed and validated through numerical simulations. The
proposed tool can be beneficial to research activities on the
electrification of the air transport sector.

In the presented forward approach, the performance of
electric machine and power electronics converter is simulated
by means of 3-D and 4-D maps. The propulsion system limits
are considered through torque boundaries maps, preventing
data extrapolation and improving simulation results accuracy.
In addition, the electric drive dynamics is taken into account
by introducing a first-order low-pass filter, representing the
drive delay in tracking the reference torque signal. A machine
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thermal model of the first order is also included for updating
the active parts temperature at every simulation step.

A simulation test has been carried out using a surface PM
synchronous machine and a two-level, three-phase inverter.
The losses maps have been computed numerically for both
the components, along with the 3-D torque boundaries of the
electric machine and 4-D voltage, current and power factor
maps. The nonlinear relationship between the battery state of
charge and the open-circuit voltage has been also considered
in the numerical environment. The map-based modeling
approach allows for flexibility in simulating a wide range of
machines and power electronics converters. More accurate
and complex models for the energy source and propeller can
also be implemented in the proposed approach to achieve
improved accuracy in the numerical results.
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