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ABSTRACT
Increasing demand for commercial air travel is projected to have additional environmental
impact through increased emissions from fuel burn. This has necessitated the improvement
of aircraft propulsion technologies and proposal of new concepts to mitigate this impact. The
hybrid-electric aircraft propulsion system has been identified as a potential method to achieve
this improvement. However, there are many challenges to overcome. One such challenges
is the combination of electrical power sources and the best strategy to manage the power
available in the propulsion system. Earlier methods reviewed did not quantify the mass and
efficiency penalties incurred by each method, especially at system level. This work compares
three power management approaches on the basis of feasibility, mass and efficiency. The focus
is on voltage synchronisation and adaptation to the load rating. The three methods are the reg-
ulated rectification, the generator field flux variation and the buck-boost. This comparison was
made using the propulsion system of the propulsive fuselage aircraft concept as the reference
electrical configuration. Based on the findings, the generator field flux variation approach
appeared to be the most promising, based on a balance of feasibility, mass and efficiency, for
a 2.6MW system.
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DPC Direct Power Converter

EIS Entry into Service

FAA Federal Aviation Administration

PMSG Permanent Magnet Synchronous Generator

SPSG Salient Pole Synchronous Generator

TRL Technology Readiness Level

ρ Density

ϕ Flux

λ Flux linkage

1.0 INTRODUCTION
Increasing demand for commercial air travel is expected to cause additional environmental
impact(1), as more flights will be required to meet this rising demand. Along with improve-
ment in other sectors of aviation, far-reaching improvement of deployed aircrafts has become
inevitable. Precisely, a need to reduce the propulsion system’s contribution to emissions has
been identified.

Several concepts have been proposed to improve the performance of aircrafts in terms of
efficiency and noise pollution(2,3). Much of the possible optimisation has relied on disrup-
tive technologies(4) that support distributed propulsion using electrical drive trains. Such a
configuration offers not only the benefits of running individual components at their optimal
operating conditions, but also a flexibility in positioning them around the aircraft.

A typical electrical drive train would compose an electrical power source, driving a motor
through an electronic speed controller. In order to arrive at the most efficient and reliable
configuration, the various combination of power sources and distribution systems have been
researched. A comparison is made of architectures suitable for electric aircraft propulsion
in(5). These are composed of multiple generators and magnetic energy storage devices, inter-
connected for redundancy purpose, to drive multiple motors. There it is revealed that the
weight of additional components, needed for power flow control and conversion between
multiple sources, could constrain the design space. However, analysis of voltage stability
conducted in(6), for a DC bus with multiple power sources from a turbine revealed that they
possess improved stability over single source configurations. Also, a system sourcing power
from the low-pressure spool of the turbine has better stability than that sourcing from the
high-pressure spool. In(7), the feasibility of propelling a large hybrid aircraft using combined
battery and generator power sources was investigated. This was conducted on the basis of via-
bility and reliability. The sensitivity analysis revealed that there exists a point beyond which
the weight of the batteries erode the benefits of such a propulsion system. Also, system fail-
ure caused by a battery or the generator was investigated. A review of technologies relating to
on-board microgrids was performed in(8) for more electric aircraft. Major aspects like voltage
level disparity, alternating current (AC) and direct current (DC) interconnection and safety
were considered. The outcome indicates that microgrids and their related technologies were
an advantage in aircraft electrification; however, optimising their weight and performance
prior to incorporation was an absolute need.

These earlier works reflect an advantage in deploying multiple power sources. They also
indicate the need to achieve a balance between having multiple power sources and the weight
penalty incurred by interconnecting them. In combining multiple power sources, voltage and
phase balancing is required in order to effectively achieve load distribution and continued
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system health. This is especially so at a high-power level, such as is required for aircraft
propulsion. Hence, an optimal power management approach is an important factor in the
successful implementation of an electric propulsion system.

In(9) a strategy was proposed for managing power sharing for multi-source electrical aux-
iliary power unit, by the inclusion of photovoltaic and other renewable energy sources. This
strategy demonstrated the ability to achieve high-quality voltage profile during load fluctu-
ations. However, weight considerations were not highlighted. Supercapacitors (SC) and fuel
cell (FC) were used as auxiliary power units in(10) to demonstrate a decentralised energy man-
agement strategy for more electric aircraft. The strategy splits the load power requirement
into high and low frequency ranges and maps to the SC and FC, respectively. The weight
profile of the proposed system was also not presented. In(11) a method was presented to help
regain phase balance in aircraft electrical networks during the asymmetric utilisation of the
power feeders’ phases. The aim was to demonstrate possible weight reduction of the elec-
trical network, if balanced phase operation could be guaranteed. A weight saving of 19.7%
was demonstrated but no propulsive load was considered. A review of power electronic con-
verters in aircrafts like the Boeing 787 and Airbus A380 was done in(12). These were for
non-propulsive functions. A combination of AC/AC, DC/AC, AC/DC and DC/DC convert-
ers, were highlighted as viable candidates to be advanced into aircraft propulsion. Others like
the Transformer Rectifier Unit (TRU) and Auto Transformer Rectifier Unit (ATRU) are con-
sidered for low power and low voltage ratio applications, respectively. A weight comparison
of these electronic components was also not performed.

The reviewed literature proposes methods that could be used for voltage synchronisation
and power management of electrical propulsion systems. However, the more critical aspect
of overall system weight was not considered to the extent that the most viable options could
be easily identified. Also, the potential of automatic voltage regulation using field voltage of
synchronous generator has not been proven viable or otherwise.

This work presents a comparison between three methods of achieving voltage synchro-
nisation between multiple sources on the basis of weight and efficiency. These are the
regulated rectification, generator field flux variation and buck-boost converter methods. For
this comparison, the propulsive fuselage aircraft concept(13) is used as the reference electrical
network.

2.0 BACKGROUND
This section covers the detailed architecture of the reference aircraft concept and the
associated voltage synchronisation challenge that has inspired this work.

2.1 Reference aircraft model
In previous work(14), the benefits of integrating a fan at the aft of a conventional tube and wing
airframe was highlighted. Initial investigations assumed both mechanical and electrical power
transmission to the fan. Both approaches offered promising expectations for entry into service
(EIS) in 2035, based on a correlation between technology readiness level (TRL) and a clearly
defined roadmap. Also, in(13) a 12% less mission fuel was estimated for a 150-passenger
capacity propulsive fuselage aircraft. This was for a total range of 3500nm. A total additional
mass of 3,480kg compared with a conventional tube and wing aircraft was estimated. This
was intended to be electrically driven.

Figure 1 shows a notional power system comprising the electrical components for driving
the fuselage propulsor.
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Figure 1. Notional electrical power system of the propulsive fuselage concept(15).

In this electrically driven configuration, the sources of power are the two wing-mounted
turbofans. It is expected that more shaft power is extracted from one of the spools to drive
a three-phase alternating current (AC) generator, along with the turbine’s fan. The AC elec-
trical power output from the driven generators is converted to direct current (DC) by the
rectifier and then transmitted to an inverter. This conversion serves two purposes; more effi-
cient transmission and enabling independent motor speed control by the inverter, irrespective
of prime mover and generator speed. The inverter reverts DC back to AC, for driving the
three-phase motor that is connected to a fan at the aft of the aircraft. Hence, the decoupling
ambition of electrical propulsion is achieved. The described components are interconnected
with high-voltage capacity cables.

Preliminary sizing of these components has been performed in(15). An overall electri-
cal system weight of 1394kg was estimated, for a 2.6MW electrical system. The added
weight was assumed to be compatible with the main engines’ thrust capabilities as presented
in(16). However, further feasibility investigation was required, especially with regards to the
structural and electrical systems integration.

The operational details of the electrical system need to be quantified and investigated to
ensure the continued health of the system. This includes the power flow and optimal param-
eters selection. In(17), the control of the entire propulsion system was modelled to investigate
the ability of the proposed concept to meet the Federal Aviation Administration (FAA) tran-
sient response requirement. This included the electrical dynamics of the system. However,
the performed investigation was reliant on the assumption that the two turbine spools were
always at equal speed. This appears to be a scarce reality in practice. The consequence of a
shaft speed difference between the two turbines is that the generators would generate voltages
with different profiles. In this reference aircraft configuration, the output of the two gener-
ators has to be combined to drive a single load. The major power management challenge is
the synchronisation of the different voltage profiles. This is a challenge because, unlike with
land applications, the wing mounted turbofans are dedicated primarily for thrust generation in
this case with electrical power generation being their secondary function. Hence, their speeds
are varied for thrust rather than to maintain a specified output voltage profile. A lack of syn-
chronisation makes the generator of lower voltage an additional electrical load to the one of
higher voltage, upon interconnection. This is in addition to instability and possible failure of
the electrical network.
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Figure 2. Investigation approach.

2.2 Voltage synchronisation
Synchronisation for AC interconnections require that the voltages being combined from dif-
ferent sources should have the same profile. This means the same waveform, phase sequence,
frequency, phase angle and voltage amplitude(18). However, in this work, the voltage ampli-
tude is the main focus, since the other requirements like the synchronisation of phase, can
be achieved using intelligent rectifiers, with advanced control algorithms and more robust
passive components. Using these methods, scenarios such as unbalanced loading can be suf-
ficiently catered for. Hence, it is possible to achieve a DC output with the correct profile from
both sources before interconnecting them.

3.0 ELECTRICAL NETWORK MODELLING
In order to compare the three approaches, a baseline electrical model is required. The target
output is the voltage and current combination (power), required by the electrical network to
produce the design thrust. This has a direct impact on the mass of the components. Figure 2
shows the procedure followed for the electrical network modelling.

3.1 Propulsor model
The propulsor is the component to be driven to produce the aircraft thrust. It comprises a fan
and a duct. It is required to be modelled for a certain amount of thrust. Such a modelling
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Table 1
Design Input Validation

Published Estimated

Altitude(m) 11277.6 11277.6
Thrust(N) 14278.79 14089.9
Power(W) 2600000 2583000
PR 1.25 1.26
Mach 0.785 0.79
Fan Diameter(m) 2.0574 2.0574
Inlet Height (m) 0.7239 0.7239
RPM 1920∗ 3766
BL Length(m) 37

∗At take-off

should yield the optimised dimensions, rotational speed and the power required to rotate the
fan. The derived power and rotations per minute (RPM) become the rating of the electrical
motor to drive the fan. This implements the aerodynamic and electrical coupling. For a net
thrust T (N) given by Equation (1),

T = ṁVe − ṁVi · · · (1)

Equation (2) gives the power P(W) required by the fan to achieve T .

P = ṁCp�t · · · (2)

With the change in temperature across the duct �t derived, it is possible to obtain the fan
RPM using Equation (3)

RPM =
√

Cp�t
Load × 60

2πr · · · (3)

where, ṁ (kg/s) is the mass flow rate of the air ingested by the fan, Cp is the isobaric specific
heat capacity, Vi(m/s) and Ve(m/s) are the inlet and exit velocities respectively, and Load is
the fan stage loading coefficient.

The power and RPM derivation procedure was validated against previous works(16,19) that
gave values for the cruise stage. These are listed in Table 1.

A higher RPM value compared to existing literature(17) is obtained, partly due to altitude
difference (cruise altitude was used for the estimate). Also, because a low stage loading coef-
ficient was selected for the fan, to mitigate the effects of lower RPM and higher torque on
motor size. Typical loading coefficients can be assumed between 0.15 and 0.4, provided the
RPM yields a fan tip speed below 0.9 Mach. It is important to also state that boundary layer
ingestion was considered in the model presented above, since the aircraft concept capitalises
on the reduced velocity air along the fuselage by ingesting it to obtain more thrust using same
power, as compared to ingesting freestream air. A boundary layer length of 37m has been
assumed to arrive at the estimated values presented in Table 1.
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3.2 Voltage and current selection
From the propulsor modelling, the power and speed of the propulsor is known. The electrical
system used to deliver this power must be operated at a combination of voltage and current,
suitable to deliver the required torque and speed. At constant power, higher voltage implies
higher cable insulation weight, while higher current implies higher conductor weight and
ohmic (I2R) losses(20). The derivation of voltage and current presented here follows just the
motor demands, since its performance has the most impact on the reliability of the propulsion
system.

Electric motors currently deployed in small aircrafts are permanent magnet synchronous
motors (PMSM). These have also been proposed for future medium and large aircraft due
to their high specific power and minimal complexity, thus enabling them to be seamlessly
deployed also as synchronous generators (SG), by the application of torque. Following this
trend, a PMSM is considered in this work.

Equations describing the dynamic characteristics of the PMSM are presented in(21,22).
However, the physical dimensions of the machines must be considered to correctly esti-
mate the operational parameters. This is based on the close relationship between the required
torque and the volume of the rotor. This can be derived using the power and volume (seen in
Equations (4) and (5)) as presented in(23).

Pm = π2

√
2

KwBgALD2Ln · · · (4)

Where Kw is the fundamental winding factor, Bg is the airgap flux density (T), AL is the
armature loading (A/m), D and L are the machine active diameter and length (m) respectively
and n is the machine speed (rev/s).

Existing methods for modelling motors, do not overcome the challenge of estimating the
number and diameter of turns and also, the volume-flux correlation. Therefore, they could not
be used to determine voltage and current in the motor equations.

The flow chart in Fig. 3 shows a procedure for the derivation of the architecture voltage
based on the motor requirement, similar to that presented in(24).

To obtain the machine airgap volume, Equation (4) becomes

vm = Pm

ωRKwBgAL
√

2 · · · (5)

The airgap flux and flux linkage can be obtained using Equation (6) and (7) respectively.

ϕ = Bg × AAG · · · (6)

λ = ϕ

pS
· · · (7)

where AAG is the airgap area, pS is the stator phase count and ωR (rad/s) is the speed of the
machine. The voltage of the motor and hence the electrical network can be obtained using
Equation (8).

V = ωRλ√
2 · · · (8)
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Figure 3. Voltage and current selection procedure.

With known voltage, the current can be obtained using Equation (9).

I = Pm

V · · · (9)

The voltage and current selection approach presented is validated against published motor
parameters for the EMRAX 268(25) and Siemens SP260D(26) as shown in Fig. 4. The machine
mass has been obtained using the density of the existing machine and the obtained volume
from the approach presented above.

The obtained values are consistent, to the extent that this approach can be relied upon,
in the selection of operational voltages and currents, provided the other propulsion system
components size and efficiency are not greatly impacted by the imposition of the motor’s
voltage and current.

3.3 Components mass estimation
The components considered in this work are shown in Fig. 1. Circuit protection devices
have also been added. The mass estimation is done using an analytical approach. Details
are presented in subsequent subsections.
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Figure 4. Comparison published vs estimated machine parameters.

3.3.1 Motor

The mass of the motor has been estimated together with the voltage and current selection
in section 3.2. The specific power approach is not utilised because the investigated aircraft
concept is a high torque application in which the motor speed would not operate anywhere
near 14000RPM in the absence of a gearbox. The result of such an estimate would be too
optimistic. This is in consideration of the relationship between rotating machines’ torque
capability, volume and mass(23).

3.3.2 Generator

The mass of the generator is estimated using same relationship among speed, volume and
mass as in the motor. The system voltage is imposed on the generator to derive the flux
linkage and volume of the rotor from which the mass is estimated.

3.3.3 Power electronics

The power electronics include the inverter, rectifier, buck-boost converter and the circuit
protection devices. Their mass estimation have been performed using the total mass of the
required switches for each device, multiplied by a mass factor of 9.1(24). This mass factor
accounts for the control circuitry and support elements. The selected switch has a rated volt-
age, current and maximum current of 1200V, 523A and 1280A, respectively. Also, the mass
of the passive devices has been included.

3.3.4 Transmission

The transmission cable weight is estimated, considering the short circuit characteristics of
the electrical network and the transmitted voltage. A regression has been performed from a
collection of cable data to obtain a value relating the insulation thickness with the voltage
magnitude. Equations (10) and (11)(27) were used to obtain the transmission mass,
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Table 2
Components Initial Mass

Estimated Published

Generator(kg) x2 369.6 215
Circuit Protection(kg) x4 138.42 27.2
Rectifier (kg) x2 141.8 146
Inverter(kg) 106 143
Transmission(kg) 280.35∗ 192
Motor(kg) 250.8 201

∗Estimated for 75m total transmission length

mT = ACLTρC (0.0019V + 1) · · · (10)

AC = IRKSC
√

tSC10−3

0.143 · · · (11)

where AC is the cross-sectional area of the conductor, LT is the total transmission length, ρC

is the density of the conductor material, IR is the rated system current (Equation 9) presented
in kilo amperes, KSC is the short-circuit factor and tSC is the maximum estimated short-circuit
duration.

Table 2 shows the components’ mass estimated versus published data in(15) for a similar-
rated (2.6MW) electrical network configuration.

The estimated generator mass is significantly more because in the referenced work, the
model used for the electrical machine was based on specific power derived from a machine
rated at 14000 RPM with much lower torque capability. The electric machines modelled
here are rated close to the speed of the propulsor for the motor and that of the low-pressure
compressor spool for the generator. A value of 3750 RPM and 4200RPM were used for the
motor and generator, respectively. Also, the power electronics estimates presented have con-
sidered peak current handling requirements of each device, which have defined their size,
based on the capability of the selected switch data. Such requirements were not considered in
the referenced work and is accountable for the significant difference in protection device size.

4.0 POWER MANAGEMENT FOR THE PROPULSIVE
FUSELAGE AIRFRAME CONCEPT

The peculiarity of power management in the investigated aircraft is the non-feasibility of
continuously adjusting the turbine (prime mover) speed to balance the output voltages from
two sources. Conventionally, a feedback system is used to control the prime mover speed,
as shown in Fig. 5. However, such an arrangement is only feasible in applications where
the turbines are dedicated for electrical power generation. In this case, they are turbofans,
deployed in a flight critical propulsion configuration.

Hence, in this work, three voltage synchronisation approaches to solve this power man-
agement challenge are investigated and compared on the basis of incurred mass penalty,
efficiency and feasibility. These are presented in the next subsections.
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Figure 5. Typical grid voltage control scheme.

Figure 6. Electrical layout of the investigated aircraft concept (GEN-generator, TXN- transmission, REC-
rectifier, B-B C-buck-boost converter, CB-circuit breaker, INV-inverter, MOT-motor).

4.1. Investigated power management approaches
The three approaches investigated are the regulated rectification, generator field flux variation
and the buck-boost converter. Figure 6 presents the layout of the electrical components in the
investigated aircraft concept, indicating the location of the synchronisation equipment.

The blue-, yellow- and green-coded components are the designated devices for the
respective synchronisation approaches.

4.1.1 Regulated rectification

The first implementation of such approach was highlighted in(28). A two-stage direct power
converter (DPC) was utilised for both voltage balancing and power loading of two or more
grids. Such an arrangement was utilised to supply a single DC link from multiple power
sources. The power is then distributed to one or more load centres. This approach was enabled
by the replacement of diodes with switches for rectification. Figure 7 shows the setup of the
DPC.

The proposed system is modified for the purpose of supply voltage synchronisation. The
DPC is decomposed into two rectifier equipment (yellow-coded components in Fig. 6) with
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Figure 7. AC/AC direct power converter(28).

input connected to a generator and output combined on a DC link (bus bar in Fig. 6). To per-
form the synchronisation, the rectification is performed in such a way that the voltage output
from each source rectifier is of equal value. This can be done using pulse width modulation
switching technique with a feedback system from a comparator. The comparator circuit would
track the voltage differences between the two generators and constantly adjust the pulse width
modulation of both rectifiers and hence maintain the same voltage.

The limitation of this approach is that the value of the voltage fed into the bus bar is limited
to the lower voltage of the two generators. Therefore, this is not suitable for a configuration
where the motor requires a set voltage level to meet the required thrust. This implies that
only a voltage synchronisation rather than a voltage amplification is achievable. Note that the
buck-boost converter (green coded) is absent when this synchronisation strategy is employed.

4.1.2 Generator field flux variation (AVR excitation)

The generator field flux variation is implemented in the generator (blue-coded component).
In the deployment of this voltage synchronisation strategy, the buck-boost converter (green
coded) is absent in the electrical network system. This strategy is based on the relationship
between generator excitation and voltage output. This is typically achieved using salient pole
rotors. Salient pole rotors, unlike permanent magnet rotors, generate the rotor magnetic field
flux by the application of a direct current to the rotor (field) windings. In principle, the magni-
tude of voltage output from a generator can be controlled by varying the magnitude of direct
current input to the field winding and hence the flux. This principle is explored for the regu-
lation of output voltage in most land-based grid applications. Hence, an adaptation to aircraft
propulsion system is investigated. Figure 8 shows the schematic of the proposed method.

Details about generator excitation can be obtained from(30)–(32). The main task here, is to
size the salient pole synchronous generator (SPSG) in comparison with the permanent magnet
synchronous generator (PMSG). The PMSG is preferred for aerospace propulsion because of
the absence of an excitation system. This is easily replaced by the installation of permanent
magnets on the rotor poles. Hence, eliminating the weight and complexity penalties of an
excitation system. In(33) a study of cost, mass, efficiency and capacity is performed for the
PMSG and SPSG. The outcome shows lesser cost and more power capacity for the SPSG
while the PMSG has better mass and efficiency. However, the SPSG is considered here, not
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Table 3
Mass Computation for the SPSG vs PMSG(33)

SPSG PMSG

Power (kW) 538 538
Field Copper/Permanent Magnet (kg) 160.12 40.85
Damper Bar Material (kg) 10.7 N/A
Damper Ring Material (kg) 5.65 N/A
Rotor Core Steel (kg) 288.93 358.29
Total Rotor (kg) 465.4 399.14
Total Machine (kg) 921.21 860.81
Exciter (kg) 116.35∗ N/A
AVR Circuit (kg) 46.06∗∗ N/A
Total with Exciter (kg) 1083.62 N/A

∗Assumed 25% rotor mass ∗∗ Assumed 5% rotor mass

Figure 8. Schematic of a generator utilising salient pole rotor(29).

in comparison with the PMSG but for its potential for lesser weight penalty on the system,
when compared to other voltage synchronisation methods.

A breakdown of mass comparison between the PMSG and the SPSG is utilised in the
weight estimation of the SPSG to be investigated. Table 3 shows the weight computation for
the SPSG by components contribution.
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Figure 9. Salient pole rotor with exciter(34).

Figure 10. Buck-boost converter.

A 25% increase in rotor weight is assumed by the addition of an exciter generator based on
inspection of Fig. 9. From Table 3, an estimate of the SPSG mass was derived to be 20.6%
higher than a similar rated PMSG.

4.1.3 Buck-boost converter

Buck-boost converters are non-isolated transformers with the ability to step-up and step-down
voltages. They are typically implemented in inverting and non-inverting output modes. Due
to the complicated circuitry associated with an inverting output, a non-inverting topology is
selected. Figure 10 shows a schematic of a buck-boost converter.

Each converter (green-coded component shown in Fig. 6) is proposed to take input from
one rectifier’s circuit breaker and terminate its output at the bus bar. Ports 1 and 4 are the
respective positive and negative inputs from the rectifier side while ports 2 and 3 are the
respective positive and negative outputs. S1 and S2 are the switches for buck and boost oper-
ation respectively, while D1 and D2 are the corresponding diodes. I is the common inductor
used for both buck and boost operations. Using the control signals G1 and G2, the step-down
and step-up voltage adaptation can be achieved.

4.2 Comparison of power management approaches
The three approaches will be compared in this section, to give an outlook on the feasibility and
viability of each approach. The comparison is based on efficiency and mass contribution of
each employed strategy. The initial sizing has been done for a ±5% voltage change, which is
a minimum requirement for voltage drop usually incorporated in power components design.
The voltage change here refers to the difference between a generator’s output voltage and
a set value. Figure 11 shows the individual mass comparison of the three synchronisation
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Table 4
Component Mass Variation for the Synchronisation Approaches

Generator Mass Rectifier Mass Buck-Boost Mass

Generator Field Flux Variation Increase Normal Absent
Regulated Rectification Normal Normal Absent
Buck-Boost Converter Normal Normal Normal

Figure 11. Synchronisation components mass vs voltage.

components, estimated over a range of voltages. These voltages were derived for fan speed
between 1500RPM and 6000RPM at 750 RPM intervals.

The mass depicted is for the pair required for the propulsion power. The mass of the two
generators is shown to be significantly higher at all investigated voltage ratings. Table 4 shows
the variation tendencies of the component masses for each employed strategy.

The normal mass refers to the component’s mass in an ideal configuration where no syn-
chronisation of power sources is required. In the generator field flux variation strategy, the
generators’ mass is increased by a fraction compared to the normal configuration (using
PMSG) to cover the added excitation system. The buck-boost converter is absent when any of
the other two approaches is employed.

Figure 12 shows a comparison of the total electrical system mass when each of the synchro-
nisation approaches are employed. A noticeable difference is observed when a buck-boost
converter is deployed. This is seen to be more significant as voltage increases, due to the
addition of magnetics and capacitors to support the voltage adaptation process.

Figure 13 shows the propulsion system efficiency and power loss for all three synchronisa-
tion approaches. The regulated rectification offers significantly more efficiency compared to
the other two methods. This is mostly due to a fewer number of components.

The results shown in Figs. 11–13 represent a system that accommodates only a ±5% volt-
age change. An extension of the investigation is performed for a range of ±20%. Figure 14
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Figure 12. Total Electrical system mass vs voltage.

Figure 13. Total electrical system efficiency and power loss vs voltage.

shows the trend for a system with a voltage rating of 814V. It can be seen that the rectifier can
only perform the synchronisation function for input voltages from −5% and higher than the
set value, for which it has been sized. This is mainly because the output voltage of the rectifier
is inherently limited to the input voltage. Therefore, oversizing it for higher voltages would
still not overcome this limitation.
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Figure 14. Variation in component mass vs voltage change.

Figure 15. Variation in total electrical mass by vs voltage change.

The generator is able to function for all the investigated range of voltages, but the weight
penalty increases slightly with more negative voltage change. This is a result of oversiz-
ing the excitation system. The buck-boost converter demonstrates the most significant mass
sensitivity to voltage change compared to the other components.

Figure 15 depicts the total electrical system mass comparison when each of the synchro-
nisation approach is employed. The buck-boost approach incurs a significantly higher mass
penalty for the range of investigated voltage change. The total system mass when deploying
the generator field flux variation and the regulated rectification approach showed little sensi-
tivity to voltage change. However, the regulated rectification approach could only be used in
a positive voltage change configuration.
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Figure 16. Variation in total electrical efficiency by voltage change.

In terms of efficiency, the performance shown by all three methods as presented in Fig. 13
has been maintained. As seen in Fig. 16, for the investigated range of voltage change, the
generator approach appeared least efficient while the regulated rectification approach demon-
strates the best efficiency. It is noticeable that the buck-boost approach is more efficient in the
positive voltage change region, where it has significantly less power losses.

4.3 Discussion
The regulated rectification is only able to perform voltage synchronisation, but cannot adapt
by boosting lower input voltages to higher values. This limitation is likely to impact the fea-
sibility of the intended electrical system when the voltage output of the generator is much
lower than the rated system voltage. The viability of such an approach could be improved
by operating the generator (PMSG) at significantly higher voltage than that required by the
motor. Also, the rectifier and all the upstream components have to be oversized to handle
higher voltages and power. A balanced comparison would have to be done to identify where
the incurred mass penalty cancels out the benefits of such an approach.

In addition to added mass, the approach utilising the generator field flux variation adds an
extra complexity to the generator configuration. This is a deviation from the current trend
for future electrical propulsion, where a permanent magnet rotor is preferred for mass and
complexity reduction. However, the approach meets the feasibility requirement sought for
a configuration where a certain magnitude of voltage must be delivered to the motor for
continued normal operation. Also, there exists a possibility to further optimise the approach
using the pole count. This method is, however, subject to other operational parameters being
satisfied, especially the limits of magnetic saturation of the machine core.

The buck-boost converter is absent when any of the other two approach is employed. It does
not offer promising mass profiles on a system level. However, it meets the power management
requirement for all the range of voltages investigated. Compared to the generator field flux
variation, it offers more efficiency at the system level with about 20kW less losses.
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5.0 CONCLUSION
In this paper, three approaches for power management in an electric aircraft propulsion sys-
tem have been investigated. These were focused on their ability to synchronise the voltage
difference between interconnecting power sources and adapt the input voltage magnitude to
the load requirement.

Of the three approaches investigated, only two demonstrated the required robustness for
an electrical propulsion system in terms of the ability to adapt input voltages lower than
system rating. These were the generator field flux variation and the buck-boost approaches.
The generator field flux variation approach offers the least mass penalty of the two. However,
achieving a similar specific power for SPSG compared to PMSG appears to be a challenge.
This offers more opportunities to the regulated rectification approach, which has better mass
and efficiency profiles compared to the other two. The limitation of the regulated rectification
approach is its inability to deliver voltages higher than the upstream (input) voltage.

The contribution of this work offers good insight into potential strategies that could be
employed in electrical propulsion systems for optimal power management through voltage
synchronisation and adaptation. On a balance of feasibility, mass and efficiency, the generator
field flux approach appears to be the optimal choice. However, further investigation would be
required to improve the efficiency of this approach.

REFERENCES
1. ICAO Secretariat. International Civil Aviation Organization (ICAO) Environmental Report 2010,

2010.
2. WAHLS, R., DEL ROSAR, R. and FOLLEN, G. Overview of the NASA N+3 advanced transport air-

craft concept studies. 2nd UTIAS-MITACS International Work Aviation Climate Change, 2010, 2,
pp 1–45.

3. FELDER, J., JANSEN, R., BOWMAN, C., JANKOVSKY, A. and DYSON, R. Overview of NASA Electrified
Aircraft Propulsion (EAP) research for large subsonic transports, 53rd AIAA/SAE/ASEE Joint
Propulsion Conference, 2017, pp 1–25. doi: 10.2514/6.2017-4701

4. DYSON, R. NASA Hybrid Electric Aircraft Propulsion, 2017.
5. JONES, C.E., NORMAN, P.J., GALLOWAY, S.J., ARMSTRONG, M.J. and BOLLMAN, A.M. Comparison

of candidate architectures for future distributed propulsion aircraft. Transactions on Applied
Superconductivity, 2016, 26, pp 1–9.

6. GAO, F., BOZHKO, S., COSTABEBER, A., ASHER, G. and WHEELER, P. Control design and voltage
stability analysis of a droop-controlled electrical power system for more electric aircraft. IEEE
Transactions on Power Electronics, 2017, 64, pp 9271–9281.

7. SGUEGLIA, A., SCHMOLLGRUBER, P., BARTOLI, N., BENARD, E., ATINAULT, O. and MORLIER, J.
Exploration and sizing of a large passenger aircraft with distributed ducted electric fans, 2018
AIAA Aerospace Sciences Meeting, 2018, pp 1–33. doi: 10.2514/6.2018-1745.

8. BUTICCHI, G., BOZHKO, S., LISERRE, M., WHEELER, P. and AL-HADDA, K. On-board microgrids for
the more electric aircraft - Technology review, IEEE Transactions on Industrial Electronics, 66,
pp 5588–5599.

9. TASHAKOR, N., ARABSALMANABADI, B., IRAJI, F. and AL-HADDA, K. Power sharing strategy for
multi-source electrical auxiliary power unit with bidirectional interaction capability, IET Power
Electronics, 2020, 13, pp 1554–1564.

10. CHEN, J. and SONG, Q. A decentralized energy management strategy for a fuel cell/supercapacitor-
based auxiliary power unit of a more electric aircraft, IEEE Transactions on Industrial
Electronics, 2019, 66, pp 5736–5747.

11. TERORDE, M., WATTAR, H. and SCHULZ, D. Phase balancing for aircraft electrical distribution
systems. IEEE Transactions on Aerospace and Electronic systems, 2015, 51, pp 1781–1792.

12. DORN-GOMB, L., RAMOUL, J., REIMERS, J. and EMADI, A. Power electronic converters in electric air-
craft: current status, challenges, and emerging technologies, IEEE Transactions on Transportation
Electrification, 2020, 6, pp 1648–1664.

https://doi.org/10.1017/aer.2021.56 Published online by Cambridge University Press

https://doi.org/10.2514/6.2017-4701
https://doi.org/10.2514/6.2018-1745
https://doi.org/10.1017/aer.2021.56


1630 THE AERONAUTICAL JOURNAL SEPTEMBER 2021

13. WELSTEAD, J. and FELDER, J.L. Conceptual design of a single-aisle turboelectric commercial trans-
port with fuselage boundary layer ingestion. 54th AIAA Aerospace Sciences Meeting, 2016, pp
1–17. doi: 10.2514/6.2016-1027.

14. STÜCKL, S., MIRZOYAN, A. and ISIKVEREN, A.T. DisPURSAL D1.2 – Report on the Technology
Roadmap for 2035, 2015.

15. JANSEN, R., BOWMAN, C. and JANKOVSKY, A. Sizing power components of an electrically driven tail
cone thruster and a range extender, 16th AIAA Aviation Technology, Integration, and Operations
Conference, 2016, pp 1–10. doi: 10.2514/6.2016-3766.

16. WELSTEAD, J. and FELDER, J.L. Conceptual design of a single-aisle turboelectric commercial trans-
port with fuselage boundary layer ingestion, 54th AIAA Aerospace Sciences Meeting, 2016, pp
1–34. doi: 10.2514/6.2016-1027.

17. CHAPMAN, J.W., HUNKER, K.R., CONNOLLY, J.W., STALCUP, E.J. and CHICATELLI, A. Modeling
and control design for a turboelectric single aisle aircraft propulsion system, Electric Aircraft
Technologies Symposium, 2018, pp 1–19. doi: 10.2514/6.2018-5010.

18. SCHAEFER, R.C. The art of generator synchronizing, IEEE Transactions on Industry Applications,
2016, pp 1–8.

19. WELSTEAD, J., FELDER, J.L., GUYNN, M.D., HALLER, W., TONG, M.T., JONES, S., ORDAZ, I., QUINLAN, J.
and MASON, B. Overview of the NASA STARC-ABL (Rev. B) Advanced Concept, 2017,
pp 1–14.

20. PAUL, G., TOM, K., ARTHUR, R., YAN, P., RIXIN, L., DI, Z., RUXI, W., XINHUI, W., YAN, J., STEVE, G.,
KIRUBA, H., WILLIAM, P., JIM, B. and ANTONIO, C. Architecture, Voltage and Components for a
Turboelectric Distributed Propulsion Electric Grid (AVC-TeDP), 2015.

21. TAO, Z.T.Z., BAOLIAN, L.B.L. and HUIPING, Z.H.Z. Direct torque control of permanent magnet
synchronous motor. Control Conference (CCC), 2010 29th Chinese, 2010.

22. DURSUN, M. The analysis of different techniques for speed control of permanent magnet
synchronous motor, Technical Vjesnik Gazette, 2015, 22, pp 947–952.

23. PAGONIS, M. Electrical Power Aspects Of Distributed Propulsion Systems In Turbo-Electric
Powered Aircraft, Cranfield University, Cranfield, UK, 2015.

24. IBRAHIM, K., SAMPATH, S. and NALIANDA, D. Optimal voltage and current selection for turboelec-
tric aircraft propulsion networks. IEEE Transactions on Transportation Electrification, 2020, 6,
pp 1–13.

25. Emrax. User’s Manual for Advanced Axial Flux Synchronous Motors and Generators, 2017.
26. PETERMAIER, K. Electric propulsion components with high power densities for aviation,

Transformative Vertical Flight Workshop, 2015, 2, pp 1–16.
27. MegaKabel. Short Circuit current calculation for XLPE and PVC.pdf.
28. KLUMPNER, C. and BLAABJERG, F. A new generalized two-stage direct power conversion topology to

independently supply multiple AC loads from multiple power grids with adjustable power loading.
PESC Record - IEEE Annual Power Electronics Specialists Conference, 2004, 4, pp 2855–2861.

29. TCHESLAVSKI, G. Synchronous Generators I. 38, 2011.
30. NOLAND, J.K., EVESTEDT, F., PÉREZ-LOYA, J.J., ABRAHAMSSON, J. and LUNDIN, U. Design and char-

acterization of a rotating brushless outer pole PM exciter for a synchronous generator. IEEE
Transactions on Industry Applications, 2017, 53, pp 2016–2027.

31. NUZZO, S., GALEA, M., GERADA, C. and BROWN, N. Analysis, modeling, and design considera-
tions for the excitation systems of synchronous generators. IEEE Transactions on Industrial
Electronics, 2018, 65, pp 2996–3007.

32. SALAH, M., BACHA, K., CHAARI, A. and BENBOUZID, M.E.H. Brushless three-phase synchronous gen-
erator under rotating diode failure conditions, IEEE Transactions on Energy Conversion, 2014,
29, pp 594–601.
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