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Abstract: In order to ensure that aircraft have medium and long-range flights, enhanced aerodynamic
performance, and reduced fuel consumption, this paper presents an original Distributed Hybrid
Electric Propulsion Aircraft (DHEPA) design scheme and proposes a novel power allocation manage-
ment method based on convex optimization. Firstly, by taking the Tecnam P2006T general-purpose
aircraft as a reference, key components of DHEPA are selected and modeled. Then, a power allocation
management method for DHEPA is proposed on the basis of convex optimization, which takes the
minimum fuel consumption as the performance index to realize the reasonable power allocation of
the battery and engine, while avoiding sliding into the local optimum of allocation. Finally, momen-
tum theory and numerical simulation methods are used to analyze the aerodynamic enhancement
effect of the propeller on the wing in the DHEPA, and a dynamics method is utilized to calculate the
dynamics performance of the aircraft at several important stages. The results show that, compared
with the reference aircraft, the lift of the DHEPA is increased by 46%. Under typical sectors, the
DHEPA has a higher rate of climb and maximum leveling off speed at cruise, and a significantly
lower fuel consumption.

Keywords: distributed hybrid electrical propulsion; fuel consumption rate; power allocation; aerody-
namic performance; dynamics performance; convex optimization
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The United States and some European countries have conducted in-depth research
and experimental verification of HEPAs [5]. In 2011, NASA and GE collaborated to propose
the future wide-body airliner N3-X, whose two engines are directly connected to super-
conducting generators to generate power to drive the propellers to generate thrust [6,7].
In 2014, NASA completed the AirVolt testing table to measure the efficiency of key com-
ponents of the HEPA, and later collaborated with Experimental Systems Aeronautics and
Aviation Company (ESAero) to conduct testing tables for HEPAs [8,9]. In 2016, based on
Tecnam P2006T, NASA proposed the X-57 Maxwell all-electric aircraft project, which has
14 electrically driven propellers that provide lift and thrust to the aircraft [8]. Based on
the parallel HEPA, the University of Cambridge developed the Alatus aircraft, and Amber
Ridder Aeronautical University developed the Eco-Eagle aircraft [10]. In the meantime, a
distributed electric propulsion aircraft (DEPA) is a kind of state-of-the-art aircraft, which
is characterized by multiple propulsion devices to provide forward thrust for the aircraft.
Since propulsion devices of a DEPA are electrically connected, individual propulsion de-
vices can be placed in different parts of the aircraft through a rational layout, thus adsorbing
a thicker boundary layer flow, reducing drag, and enhancing the aerodynamic performance
of the aircraft [11,12]. Multiple propulsion devices add redundancy to a distributed electric
propulsion system (DEPS), improving the reliability and fault tolerance of the aircraft [13].

Numerous experts and scholars have also carried out a series of studies on distributed
aircraft and their aerodynamic advantages. By analyzing and modeling distributed aircraft
boundary layer ingestion systems, Da et al. [14] concluded that the energy consumption
of the propulsion system is reduced by about 4% when the percentage of the ingested
boundary layer is about 50%. Yan et al. [15] used numerical calculations to study the effects
of a propulsion system’s key design parameters on an aircraft’s aerodynamic performance.
Tong et al. [16] proposed a design method for the parameters and wing geometry of a
lightweight DEPA. Zhang et al. [17] conducted an experimental study on the coupling
characteristics of distributed electric propulsion, and the simulation results verified the
potential advantages of boundary layer inhalation technology for drag reduction. Wang
et al. [18] established a fuel consumption calculation model for a distributed aircraft
to improve the aerodynamic performance of the distributed aircraft, which provides a
reference basis for the optimization of parameters of the distributed aircraft. Lei et al. [19]
made a comparative analysis between electric propulsion and turbo-electric propulsion
architectures in terms of propulsive power, propulsive efficiency, and range by constructing
a model of an electric propulsion aircraft power system. Xue et al. [20] conducted the
design and simulation of a hybrid electric propulsion system with a lightweight unmanned
aerial vehicle prototype, and verified that the hybrid aircraft consumed less fuel during
flight. However, their research aspect of distributed aircraft is relatively isolated, and there
is no research analysis of the whole aircraft.

Compared with the conventional aircraft, DHEPA merges the advantages of DEPA
to improve the aerodynamic performance of the aircraft, and HEPA to enhance the range
performance of the aircraft to reduce fuel consumption, which is one of the most promising
aerodynamic technologies. DHEPA improves the aerodynamic structure of a conventional
aircraft; greatly increases the equivalent bypass ratio; and reduces fuel consumption, noise,
and emissions, so it attracts the attention of major aviation research and development
institutions around the world [21].

In the aviation field, both HEPAs and DEPAs have been investigated. However,
distributed hybrid propulsion technology is still in its infancy, and well-known research
enterprises of aviation in various countries are actively exploring this field.

Therefore, an original DHEPA design scheme is proposed in this paper, and the power
allocation management for the DHEPA is presented.

The remaining sections of this paper are arranged as follows: In Section 2, a certain
general-purpose aircraft is taken as a reference aircraft and the design scheme of DHEPAs
is expressed in detail, including key component selection, a mass analysis, an aerodynamic
performance analysis, and a power performance analysis. In Section 3, on the basis of
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the DHEPA power model, the DHEPA power allocation management problem is solved
according to the basic theory of convex optimization, considering the optimal performance
index of fuel consumption rate. A comparison between the aerodynamic and dynamic
performance of the DHEPA and the reference aircraft, along with a DHEPA power allocation
management simulation, is presented in Section 4. Section 5 draws the conclusions of
this paper.

2. Distributed Hybrid Electric Propulsion Aircraft Design

The main feature of a DHEPA is that multiple propellers are used for propulsion,
while the battery and engine are used as power sources to provide thrust. In this section, a
Tecnam P2006T general-purpose aircraft is selected as a reference aircraft at first, and then
the key components of a DHEPA are selected and modeled to complete the design of an
original DHEPA.

2.1. Reference Aircraft

The Tecnam P2006T general-purpose aircraft, which was certified by the Federal
Aviation Administration FAR Part 23, is used as a reference for the design of the DHEPA.
This reference aircraft is manufactured by Tecnam (Italy) and is powered by two four-
cylinder, four-stroke, Rotax 912S piston engines rated at 69 kW (73.5 kW maximum), which
were certified by the Federal Aviation Administration FAR Part 33 in 2010. Its structure is
shown in Figure 1, and its main flight parameters are shown in Table 1.

P2006 T

GENERAL VIEW

W reonan..

Figure 1. Tecnam P2006T Structure Diagram [22].

Table 1. Main flight parameters of Tecnam P2006T [22].

Parameter Value Unit
Aircraft height 2.58 m
Aircraft length 8.7 m

Wingspan 114 m

Wing area 14.8 m?

Maximum takeoff weight 1230 kg
Aircraft practical ceiling 4267 m
Empty weight 819 kg
Maximum speed 278 km/h
Cruising speed 250 km/h
Takeoff ground roll 394 m
Landing ground roll 349 m
Climb rate 5.3 m/s
Maximum range 1239 km
Total available fuel 200 L
Fuel consumption 34 L/h

Rating power 138 kW
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The flight parameters of this reference aircraft are considered for the design of the
DHEPA, such as the maximum horizontal flight speed, cruise speed, maximum flight
power, actual lift, fuel quantity, and other parameters.

2.2. Key Component Selection and Modeling

Propellers are firstly selected for the multi-propeller characteristics of the distributed
aircraft to determine the number of propellers, area, mass, and power. Then, the engine and
electric machine are chosen. Next, li-ion batteries are utilized as the energy storage module
for the DHEPA. The flowchart for DHEPA component selection is shown in Figure 2.

P
Engine - ‘ Generator -
Mechanical Energy ‘Elecmc Energy!

Figure 2. Key components of the DHEPA.

2.2.1. Propeller Selection

A propeller is a device that relies on the rotation of propeller blades to generate thrust
or torque, consisting of a propeller hub and propeller blades. The blades of the propeller
are fixed on the hub, which is connected to the drive shaft, and the power unit drives
the propeller to rotate and generate forward thrust. Under a certain power output of the
power unit, the actual output thrust of the propeller depends on the matching between
the propeller and the engine. At the same time, the DHEPA also ought to determine the
number of power devices and propellers, so selection of the propeller mainly includes the
type and number of propellers.

Propeller Type

The propeller used in the P2006T general-purpose aircraft is a two-bladed propeller,
MTV-21-A-C-F/CF178-05, manufactured by the MT Corporation (DeLand, FL, USA). The
weight of a single propeller is 10 kg, the diameter is 1.78 m, and the rotational speed in
normal operation is 2250 rpm, with an efficiency of 85%. The propeller used in the reference
aircraft cannot meet the demand of multiple propulsion for the DHEPA due to its large
diameter. Therefore, the propeller used in the reference aircraft is scaled down as the
propeller of the DHEPA.

Number of Propellers

The post-propeller wake region of the DHEPA should fill the entire wing as much as
possible, thus, once the number of propellers has been determined, an equal scale reduction
factor for DHEPA propellers will also be determined. The number of propellers is selected
based on the diameter of the propeller, the mass of the propeller, and the power match
between the propeller and the propulsion motor.

Propeller area

The area of the propeller disk is an important factor affecting propeller efficiency. The
ideal efficiency of a propeller is represented as [23]

n:(jp(_HM) M

where 7 is propeller efficiency and Cyp, is the thrust coefficient of the propeller.
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The formula for the thrust coefficient of the propeller is given as [24]
Cyp =% ®
= T
3PVo? Ap

where T}, is the thrust force generated by the propeller, A, is the area of the propeller disc,
W is aircraft flight speed, and p is the density of incoming flow.

In the case of the same dynamic pressure, the larger area of the propeller disk, the
lower the coefficient of propeller pull at the same thrust, and the higher the efficiency.
Therefore, in order to maximize the efficiency of the propeller and increase the thrust, it is
necessary to increase propeller disc area as much as possible. According to these results,
distributed propellers must cover the wings on both sides of the aircraft as much as possible,
ideally with the sum of distributed propeller diameters equal to wing lengths. In view of
the analysis results, there is a relationship between the distributed propeller diameter and
the reference aircraft propeller diameter, as Equation (3) shows.

Dy = % < Dy, f 3)
where Dj; is the diameter of a single propeller, N is the number of propellers, [ is the wing
length, and D, is the diameter of the propeller of the reference aircraft. Since propeller
area is closely related to propeller efficiency, the thrust and torque that the propeller
can provide and the relationship between propeller area and the number of propellers is
further considered.

The DHEPA ideal total propeller area Ay, can be described as

12
Atotal = W (4)

The reference aircraft total propeller area A,.¢ can be described as

7TD,gf2
4

Ape f = Ny, f ®)
In order to ensure that the DHEPA is aerodynamically superior to the reference
aircraft, the total area of small propellers should be larger than the total area of reference

aircraft propellers.
Atotal = Aref (6)

where D, is the diameter of the reference aircraft propeller and N, is the number of
propellers of the reference aircraft. According to Equations (1)—(6), the relationship between
propeller area and the number of propellers can be illustrated, as shown in Figure 3.
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Figure 3. Relationship between propeller area and the number of propellers.
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Figure 3 shows the total area of the propeller disc in the DHEPA decreases with the
increase in the number of propellers, and the number of DHEPA propellers should be
selected to be less than 24. The correlation between propeller area and propeller number
provides a reference for the maximum number of propellers.

Propeller mass

The propellers selected for the DHEPA are an adaptation of the reference aircraft
propeller, using an isometric reduction strategy, with the same material and the same
density, so that the ratio of their mass is equal to the ratio of their volume. The relationship
between the total mass of the distributed propeller and the number of propellers can be
described as

3
D
Miotal = Mref <Ddf> "N @)

where My, is the total weight of the N small propellers and M, is the mass of the single
propeller of the reference aircraft. From Equation (7), the dependence between propeller
mass and the number of propellers can be obtained, as shown in Figure 4.

100 T T T T T
‘\ —#k— DHEPA
90 a\% Reference Aircraft |
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soF |
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v
<

¥~

ey e ]
TR e

5 10 15 20 25 30
Number of Propellers/ N

Figure 4. Relationship between total propeller mass and the number of propellers.

From Figure 4, it can be seen that the total mass of DHEPA propellers decreases with
the increase in the number of propellers, and when the number of propellers is greater
than 12, the total mass of DHEPA propellers is less than those of the reference aircraft. The
relationship between propeller mass and the number of propellers provides a reference for
the minimum number of propellers.

Propeller power

The power matching of the propeller is reflected in the propeller and power device.
When the efficiencies of both propellers and motors are high, i.e., the propellers and power
devices are well-matched, then the output power of the propellers is high. This subsection
provides a guide for the selection of the number of propellers for the DHEPA based on the
electric propulsion aircraft matching method. The relationship between propeller diameter
and output power under operating conditions can be described as

P 0.25
Dy = kg d 8)
< VOPde

where k; = 106.45 is the diameter coefficient [25], P; is the output power of the motor, and
(), is the rotational speed of the propeller at the highest efficiency.
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The reference aircraft propeller tip speed should be the same as the distributed pro-
peller tip speed to prevent excessive propeller tip speed., i.e.,

04Dy = QrefDref )

where (), is the rotational speed of the propeller of the reference aircraft.
From Equations (8) and (9), the dependence between propeller power and the number
of propellers in operating conditions can be derived as

Ppro = (k:) V0P<relfﬂref> (10)

Due to the characteristics of the motor [26], when a large power motor system is
decomposed into several small power motor systems with the same total power, the power
density and efficiency of the system remain basically unchanged. Therefore, the power of a
real single motor can be written as

P, - Protal

= 2t an

where Py, is the total motor power.

According to the propulsion requirements of the reference aircraft, as shown in Table 1,
taking Py, = 138 kW, the propeller power in full operating conditions and the relationship
between the motor power and the number of propellers are shown in Figure 5.
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Figure 5. Relationship between power and the number of propellers under operating conditions.

As shown in Figure 5, with the increase in the number of propellers, propeller matching
power decreases continuously under propeller operating conditions. To make a good
match between propellers and motors, a similar point of power between the two should be
selected, i.e., the number of propellers for the DHEPA should be between 10 and 16.

Comprehensively considered propeller diameter and propeller disk area, propeller

mass and propeller matching power, and critical parameters in the DHEPA are selected, as
Table 2 shows.

Table 2. Propeller parameters in the DHEPA.

Parameters Value Unit
Number of propellers 14
Diameter of propeller disk 0.81 m
Propeller mass 1 kg

Matching power 10 kW
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2.2.2. Engine Selection

For light utility aircraft, the most widely used power plant is the piston engine. The
DHEPA provides thrust for the aircraft through the engine and the battery, so it is essential
to determine the engine. To keep the power, structural shape, and weight of aircraft as
unchanged as possible, the DHEPA is powered by the same type of four-cylinder, four-
stroke piston engine as the reference aircraft, which is the Rotax 912S.

Based on the Rotax 912S piston engine data sheet from Rotax, its basic performance
parameters, characteristic parameters, and geometric structure are shown in Table 3,
Figures 6 and 7.

Table 3. Basic parameters of Rotax 9125 [27].

Parameters Value
Maximum engine power 69 kW
Engine mass 56.6 kg
Maximum speed 5800 rpm
Cylinder bore 84.0 mm
Displacement 1352.0 cm3
Maximum torque 128 N-m
HP kW Nm Ibft. gph
1601120 T 95 hPa inHG Iél:] 8
| 125 100030 ’J_‘_‘ ,
Manifold Pressure ]

1401400 !Erque\/ 120 %0 0 005 —| s |e S
@ < 800 =
g 120 5 / =
H 80 [Max engine perf 115 {85 2 70099 5 £
£ ‘ gine performance |— 73 20 20
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E / m| 3 &0 L] 4 g
g 801 60 pd 05 80 E T 50015 15 \ S
L P 75 4001, [Fuelc } 0| S

40 100 = 3004 [ ,

I
20 | Prop power req.| | .. 2004 4 5
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ol o | | L loo o) o o lo
2500 3000 3500 4000 4500 5000 5500 5800 2500 3000 3500 4000 4500 5000 5500 5800
Engine Speed [1/min] Engine Speed [1/min]
(a) Engine power-torque-speed curve (b) Engine fuel consumption—speed torque

Figure 6. Rotax 9125 Parameter Chart [27].

Figure 7. Rotax 912S physical image [27].

2.2.3. Electric Machine Selection

In the DHEPA, electric machines are categorized as electric motors and generators.
The sole source of propulsion for the DHEPA is the electric motor drive system, while the
generator is connected to the prime mover to provide range support and security for the
aircraft. Therefore, electric motors play a vital role in the design process of the DHEPA.
Commonly used electric motors and their performance are shown in Table 4.
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Table 4. Basic performance of commonly used motors [28].
Induction Switched
Performance DC Motors Motors PMSMs Reluctance Motors

Power density Low Medium High Higher
Overload capacity Low Highest Higher High

Load efficiency 80~87% 90~92% 85~97% 78~86%
Reliability Poor Good Best Good
Size Large Medium Small Small
Weight Heavy Medium Light Light
Control cost Best Good Good Good
Control performance Low High Higher High

By comparing the performance of the above motors, it can be seen that switched reluc-
tance motors and permanent magnet synchronous motors (PMSMs) have the advantages
of smooth operation, high torque, high power density, and high reliability. However, the
switched reluctance motor has large torque pulsation and noise, and a complex control
system, while the PMSM is easier to control and is suitable for use as an electric propulsion
motor for a high-power density vehicle, so the DHEPA uses a PMSM for both generators
and motors.

In the case of a DHEPA in windmill state, the propeller drives the motor to charge the
battery, and the motor should be used to generate electricity. A generator directly connected
to the piston engine does not need to consider the function of reversing, which should
work with the power and speed corresponding to the optimal power speed of the engine.

A generator directly connected to the engine does not need to consider the function
of reversing, and its power and speed should correspond to the optimal power speed of
the engine.

Motor Selection

The operating conditions of the motor at different powers will directly affect the flight
performance. If the power of the selected motor is too high, then too much residual power
during actual operation will lead to the overall overweight of the aircraft, as well as affecting
the battery selection. On the contrary, if the power of the selected motor is too small, it
will not be able to meet the power demand of the aircraft in some phases, such as takeoff
ground roll, climbing, and other operating conditions. Normally, the aircraft consumes
maximum power during takeoff ground roll, so the maximum power is considered to be
the same as the peak power of the motor.

Remark 1. The maximum power of a well-matched single motor and propeller is 10 kW. The power
requirement of a single motor for normal operations of an aircraft at long endurance times is about
7 kW. After a comprehensive analysis of various types of PMSM, we choose the Joby Motor-JM1S
from Joby Aviation Company. This kind of PMSM is a surface-mounted permanent magnet motor
with a mass of 1.8 kg, a rated power of 8.2 kW, a maximum operating power of 12.6 kW, a rated
torque of 13 Nm, a suitable voltage range of 40-450 V, and a rated power density of 4.56 kW/kg [29].
The PMSM has a high continuous torque density and high efficiency; for example, it has a high
efficiency of 96% when operating in the range of 1000-3000 r/min.

Generator Selection

The Rotax 9125 has its own external generator, but a low generating power of 400 W.
Therefore, it is necessary to choose a suitable generator to provide the required electrical
energy for the DHEPA. The maximum power of the generator should be as close as possible
to the maximum power the engine can provide, so that the power generation requirement
of the DHEPA can be met, and the generator can work in a higher efficiency range. After
several comparisons, it was decided the JF60-B alternator would be selected, which is a
typical three-stage brushless alternator with a rated power of 60 kW, rated voltage of 400 V,
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rated current of 174 A, and efficiency of 88%, which is able to satisfy the power output of

the engine for the DHEPA.
Ultimately, the Joby Motor-JM1S and JF60-B were selected for the DHEPA. Their

parameters are shown in Table 5.

Table 5. PMSM and generator parameters in the DHEPA.

Parameters Value Unit
PMSM mass 1.8 kg
PMSM power 8.2 kW

PMSM torque 13 N-m

PMSM power density 4.56 kW/kg

Generator mass 34 kg
Generator power 60 kW
Generator efficiency 88 %

2.2.4. Battery Selection

The primary parameters of energy storage batteries include the State of Charge (SOC),
battery energy density, the number of cycles, and energy efficiency. Common batteries are
Pb-acid batteries, Li-ion batteries, Li-ion batteries, and Ni-MH batteries, etc. Table 6 shows
the primary performance parameters of common batteries.

Table 6. Performance Parameters of Commonly Used Batteries [30].

Type Energy Density (Wh/kg) Cycle Times Energy Efficiency (%)
Pb-acid 40 500 82.5

Li-ion 240 1000 90

Ni-Cd 60 1350 72.5
Ni-MH 70 1350 70

From Table 6, it can be seen that Li-ion batteries have advantages over other batteries
in terms of energy density and energy efficiency. Additionally, Li-ion batteries have more
cycles and a long life, which can be well adapted to the needs of the DHEPA, so Li-ion
batteries are selected as the energy storage component for the DHEPA in this paper.

Based on the power demand of the flight envelope, the minimum required power of
the battery is calculated as

Pj = 14 x 10 — 60 x 2 = 20 kKW (12)

Based on the energy density of the Li-ion batteries, it was determined that the total
power provided by two groups of batteries is 30 kW, and the mass of the single group of
batteries is 65 kg. Li-ion battery resistance changes with temperature and SOC. When the
battery’s SOC is between 20% and 80% and the temperature remains constant, the battery
resistance remains constant. Therefore, it can be assumed that the internal resistance of
the battery is a constant value during the operation of the DHEPA as R; = 0.01().The
parameters of the battery are shown in Table 7.

Table 7. Battery parameters in DHEPA.

Parameters Value Unit
Battery power 30 kW
Battery mass 65 kg

Battery internal resistance 0.01 Q
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3. DHEPA Power Allocation Management

After completing key component selection and modeling of the DHEPA, the power
allocation management of the DHEPA is started. This section focuses on the quantitative
relationship between the input and output power of each component of the hybrid electric
propulsion system, and builds the power model of each component based on this. After
the modeling of the main components is completed, a convex optimization method is used
to simulate and analyze the power distribution of the hybrid electric propulsion system
from takeoff, climb, cruise, to landing, with the goal of minimizing fuel consumption.

3.1. DHEPA Power Model
3.1.1. DHEPA Power Allocation Framework

A HEPA is a kind of propulsion system that consists of an engine, a battery, and
an electric motor working together. The propulsive power required for aircraft flight is
provided by the electric motor and engine. According to whether the engine provides
propulsion power directly or not, it can be divided into series architecture and parallel
architecture. A DHEPA is a HEPA that integrates distributed propulsion.

In order to simplify the process of analyzing and calculating aircraft fuel minima
during the operation of the DHEPA, it is assumed that all the power generated by engine
and the battery is used for the propulsion device, and the fuel consumption caused by the
power consumption of other power-using devices of the general-purpose aircraft is not
taken into account.

The DHEPA uses 14 electric motors to provide thrust; a series power framework is
more in line with the structural requirements of the DHEPA.

In series architecture, when the aircraft is performing flight tasks, the engine does not
directly connect to the propeller, but transfers the power to the generator, which in turn
transfers power to the aircraft power grid, and the power demanded by the propeller is
completely provided by the motors. When the aircraft is in a windmill state, the propeller
drives the motors to reverse, the motors power the aircraft grid, and the battery draws
power from the aircraft grid at this time. The series hybrid electric propulsion power
framework is shown in Figure 8.

Aircraft power grid

—» Mechanical power prmssass 5 5
— ¥ Electric power —

Lithium battery <—">

' })elg Pgﬂl
) — 5 Generator —

Engine WB PMSM
Figure 8. Series hybrid electric propulsion power framework.

Where ¢, is fuel flow, Py is the power produced by the piston engine, Pee, is the
power produced by the generator, P, is the chemical power provided by the battery, Py, is
the effective electrical power transferred from the battery to the grid, Py, is the electrical
power input from the grid into the electric motor, Py, is the mechanical power output
from the electric motor, and Py, is the propulsive power required to carry out the normal
mission of the DHEPA.

Characterized by the power allocation of the series DHEPA, the motor electric power
is supplied by the generator and the battery through the DC bus, and can be obtained as

Prie = Poen + Py (13)
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3.1.2. Aircraft Dynamics Power Model

Aircraft dynamics modeling is first performed to establish the correlation of fuel
consumption with propulsion power. Typical operating conditions of the aircraft include
takeoff, climb, cruise, descent, landing, etc. To simulate the dynamics of the aircraft, the
aircraft is simplified into a particle, and all the forces of the aircraft are concentrated on
the point mass. The forces of the aircraft in its typical operating conditions are shown in
Figure 9.

Figure 9. Forces on the aircraft in typical operating conditions. Where T is the thrust, L is the lift, D is
the drag, V is the speed of the aircraft, m is the total mass of the aircraft, a is the angle of attack of the
aircraft, and v is flight path angle.

According to Figure 9 and the momentum theorem, Equation (13) can be derived as
follows
{m;tv_ Tcosa — 1CppSV? — mgsiny (14)

mV%’y = T'sina + %CLpSV2 — mg cosy

where the values of C; and Cp are related to the angle of attack of the aircraft.
From Equation (13), the required propulsive power of the aircraft can be expressed as

= mV%V + %CDpSV?’ +mgVsinvy

3.1.3. Engine Power Model

The rate of change in the mass of the aircraft is the rate of fuel consumption, which
can be converted into the power that can be supplied by the engine and can, therefore, be
derived as

m= —@Pm = _f(Peng/ (Ueng) (16)

where we;g is the piston engine output shaft speed and f(-) is a function of fuel consump-
tion, power, and speed.

This quantitative relationship can be obtained by fitting the data from the fuel charac-
teristic plot, presented as a segmented quadratic function [31].

¢ = f(Peng Weng) (17)
= B2 (weng)Peng + B1 (weng) Peng + Bo (weng)

where B3 (weng) and B (weng) are coefficient functions related to the output speed of the
engine and are greater than zero. Furthermore, engine output speed and output power are
required to meet the safety limit requirements, i.e.,

Weng < Weng S?eng (18)
Beng < Peng < Peng

where Weng is minimum weng, Weng 1S Maximum Weyg, Beng is minimum Pgng, and ﬁmg is
maximum Py
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3.1.4. Motor Power Model

The power model of the motor mainly considers the interaction of motor input power
with output shaft power. In accordance with the motor characteristic curve, the motor
model in the form of a segmented linear quadratic function can be derived as

Ppe = h(Pem/wem)

19
= KZ(Wem)Pemz + K1 (wem)Pem + KO(wem) (19)

where w,y, is the motor speed and x; (wem ) and &1 (wem ) are coefficient functions related to
the motor output speed, all of which are greater than zero. Meanwhile, the motor output
speed and output power are required to meet the safety limit requirements, i.e.,

Wop < Wem < ?em (20)

Bgm S P em S P em
where w,,, is minimum Wey, Wey 18 Maximum Wey, Py, is minimum P, and Doy is
maximum P,,;,.

The power model of the generator considers the relationship between the generator
input shaft power and the input electrical power, and the generator power model can be
expressed as

Pet = hgen (P gen,“’geg) 1)
=1 (wgen) Pgen +1n (wgen)Pgen + v (wgen)

where wyen, is generator speed, 11 (wgen ) and 12 (wgen ) are functions of coefficients related to
generator output speed, and, since the piston engine is co-axially connected to the generator
in the series architecture, there is ween = Weng-

3.1.5. Energy Storage Battery Power Model

The fundamental physical model of the battery can be equated to a circuit as shown
in Figure 10. In this circuit, the battery consists of an ideal open-circuit voltage source in
series with an internal resistance.

e L

I,

- ®

Figure 10. Battery equivalent circuit.
By Kirchhoff Voltage Laws, the equation can be derived as
Uoe — R; - I = U, (22)

where R; is the internal resistance of the battery, I, is the current flowing through the
battery, and U, is constant open circuit voltage.

The formula for calculating the current during constant current charging and discharg-
ing of the battery can be expressed as [32].

Uy U \
I = 2R, <2Ri) Py, (23)

where Py, is effective electric power that can be delivered by the battery.
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Therefore, the function of battery chemical power and effective electric power available
through the battery power is [33].

uocz 4Ri
= 1—4/1——=P 24
Pb 2R1 ( Uocz bc ( )

Due to Equations (21)—(23), the maximum chemical power of the cell can be calcu-
lated as

— U,c2
Py chemical = 2(1)261, (25)
The SOC is related to the battery charge as
SOC = —D, (26)

To ensure the life and safety of the battery, there are minimum and maximum SOC,
which are determined by battery’s own characteristics and operating conditions

S0OC < S0OC < 50C (27)
where SOC is minimum SOC, and SOC is maximum SOC.

3.1.6. Power Model Discretization

For subsequent simulation calculations, it is necessary to obtain the aircraft dynamics
power model, engine power model, electric motor power model, and battery power model
at a discrete time.

From Equations (13) and (14), the power model of aircraft dynamics in discrete time is
described as

m;i(Viz1 — Vi) /8 = Ficosa; — 3Cp(a;)pSVi* — mig siny;
m;Vi(vig1 —7i)/8 = Fisina; + 3Cp(a;)pSVi? — mig cos (28)
Pyry,i = m; <Vi+12 - Vi2) /6 + 5Cp(a;)pSV;® + migV;siny;

wherei =0,1,--- ,N —1, N is the total number of sampling steps during flight time, F is
thrust, and 0 is a fixed sampling time. If the total flight time is T, then N = T /4 exists.

Fuel mass consumption and engine power model under discrete time conditions can
be rewritten as,

M —m; = —df (Peng,i/ weng,i) (29)

Pmi = fi (Peng,i/ weng,i) - ,82 (a)eng,i> Peng,i2 + ,Bl (weng,i) Peng,i + ;BO (weng,i) (30)

where B; is obtained by interpolating and fitting the data from the engine performance
parameter map.
The motor power model under discrete time conditions can be expressed as

Pme,i = hi(Pem,i/ wem,i)

(31)
=K (wem,i)Pem,i2 + %1 (wem,i)Pem,i + Ko (wem,i)
The generator power model under discrete time conditions can be represented as
Pgt,i = hgen,i (Pgen,i,wgen,i) (32)

=W (wgen,i)Pgen,iz +1 (wgen,i) Pgen,i + 10 (wgen,i)
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The equation defining the relationship between the chemical power of the storage
battery and the effective electric power that can be output to the grid under discrete time
conditions is

Upe? 4R;
Py = gi(Ppc,i) = % (1 —4/1= ulszc,z) (33)
1 oc

where 1 — (4Ri / Uocz) Py i > 0; therefore, the maximum value of the chemical power of
the cell can be obtained as Pb,i > Uy2/ 2R;.

3.2. DHEPA Power Allocation Based on Convex Optimization
3.2.1. Basic Theory of Convex Optimization

Convex optimization, as one of the mathematical tools in the field of optimal control,
is an optimization algorithm based on convex sets and convex functions, which has been
widely applied in recent years in the field of engine design, such as automotive energy
management, communication and signal processing, finance and statistics, etc. [34]. The
convex optimization problem is a study of the maximum and minimum values of convex
functions under specific constraints. When a certain problem is to satisfy the conditions
of a convex optimization or can be transformed into a convex optimization problem, this
problem can be solved by a specific framework structure of convex optimization. The
convex optimization method can avoid local optimality and achieve global optimization in
system control. Therefore, many engine optimization problems, which are too complex and
non-convex, are transformed into convex optimization problems and given an approximate
solution to the problem.

For general optimization problems, the standard form is described as follows

minimize fp(x)
st. fi(x)<0,i=1,---,m (34)
hi(x)=0,i=1,---,p

For convex optimization problems, the standard form is expressed as follows

minimize fo(x)
st. fi(x)<0,i=1,---,m (35)
aiTx = bir i=1,--- P

From the standard form of convex optimization, it can be summarized that a standard
convex optimization problem consists of three main parts:

1. Objective function: the objective function is a kind of performance index for finding
the minimum, and it must be a convex function on a convex set.

2. Inequality constraints: it must be a convex function on a convex set.

3. Equation constraints for affine.

Therefore, the convex optimization model for the DHEPA should also have the above
three conditions.

3.2.2. DHEPA Power Model Convex Optimization Processing

As mentioned in Section 3.2.1, three conditions should be satisfied to solve the problem
through the convex optimization algorithm, whereas the power models in Section 3.2 do not
contain inequality, and some of the optimization variables and functional relations are not
convex functions. To ensure that the problem of minimizing the fuel consumption rate of the
DHEPA is solved through the convex optimization method, it is necessary to make approx-
imations to these non-convex functions to satisfy the conditions of convex optimization.
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Convex Optimization Inequality Acquisition

In a series power architecture, the quantitative link between fuel consumption and
power consumption is required to be constructed. The most critical are the relationships
between fuel consumption, battery power consumption, and propulsion power. According
to the direction of power allocation in a series, the following relation can be derived as

Pm,i = fi (hgen,i (Pdrv,i(mi) -gi ! (Pb,i))) (36)

where Equation (36) is also convex since f;, higen,i, 8i, and Py ; are all convex functions.

The ultimate goal of DHEPA control is to enable the aircraft to achieve minimum
fuel consumption while meeting the propulsion power requirement for typical operating
conditions. In the absence of an optimum, actual fuel consumption is always greater than
the fuel consumption obtained by back-calculating propulsion power and battery power.
Therefore, the following exists

Pm,i > fz (hgen,i (Pdrv,i(mi) - giil (Pb,i))> (37)

Aiming to ensure that the components are always in a safe while the DHEPA is
performing a mission, it is also necessary to determine the upper and lower limits of
the power model for each component. In an attempt to minimize the variables as much
as possible, the upper and lower power limit protection of the engine and motors are
transformed. The upper and lower power limits of the engine can be transformed into
limits on fuel, while the upper and lower power limits of the motors need to take into
account both the power limit of battery itself and the power demand of motors, so there are

Qm,i <¢; < am,i (38)

Py < Pypi < Py (39)
where g, ; = fi(Peng,i) and P = max{f,- (Beng) , fi(—B2/2B1) } In a convex optimization
problem, f;(-) should be an increasing function, so a lower bound on the fuel quantity
fi(—B2/2pB1) is obtained for a simple increasing function determination.

The upper and lower bounds of the cell can be expressed, respectively, as

Py = min{gi (hi (Pem,i) = 1" gen,i <f1i <—2ﬁﬁ12) > )gi <hi() —h gen,i <f1i <_2,3ﬁ12) >) LZI;{CZZ } (40)

Py =gi (hi (Pemi) =B gen,i (ffli (@m) )) (41)

Equations (40) and (41) show that the calculation method of the upper and lower limits
of battery power can be transformed into a limit value relationship among the battery,
motor, and fuel.

Convex Optimization Power Model for Aircraft Dynamics

To transform a non-convex power model formulation of aircraft dynamics into a
convex optimization model, lift and drag coefficients therein need to be simplified to obtain
a convex functional about propulsive power and mass. For a given Reynolds and Mach
number, lift and drag coefficients can be viewed as a quadratic polynomial and a primary
polynomial in the angle of attack, respectively, as shown in Equation (42) [35].

{ Cp(a;) = ara® + aya; + ag (42)
Cr(wi) = bra; + bo

where ag > 0,bg > 0,47 > 0,07 > 0.
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Substituting Equation (42) into Equation (14), and taking into account that the range
of values of the angle of attack for general-purpose aircraft is usually less than 2°, T; sin «;
is neglected. The relationship in the form of a quadratic function between the mass of the
aircraft and propulsion power can be obtained as

Piro,i = M2,mi” + 11, + 1o, (43)
where the coefficients in front of the quadratic polynomial are described, respectively, as

205 (Vi (141 —7i) /6-+g cos 1)

T2i = b2pSV,
mi= 3(Vier = Vi) /0 + gVisiny; + g-Vi(Vi(vip1 — 1) /6 + g cos i)
_ 200b0Vi(Vi(141-7) /4 c0s 1)V, (44)
b2
2
i = 3pSVi° (azf(z’ — g 4 ﬂo)

The three coefficients in Equation (44) vary with speed and trajectory angle, and
once the values of speed and trajectory angle are determined, the three coefficients are
also determined. As can be seen from Equation (44), 1, ; is always greater than zero, so
propulsion power is a convex function of mass.

Motor Convex Optimization Power Model Parameter Calculation

For obtaining the convex optimization model of a motor, the parameters of the motor
power model need to be calculated. Meanwhile, in order to simplify the calculation, the
connection between the electric power of the motor and the power of the output shaft can
be approximated as linear in a typical operating range. Therefore, the required convex
optimized power model of the motor is transformed into

Pme,i =K1 (wem,i)Pem,i + %o (wem,i) (45)

where x, =~ 0.

To obtain the specific values of x; and x( varying with motor speed, given the data of
motor operating points (motor speed, motor input, and output power), the least-squares
method is firstly applied to fit different input electric power values and corresponding
output shaft power values of each motor speed point. After obtaining x; and x( at multiple
motor speeds, a linear power model of the motor is obtained by spline interpolation. The
correlation between electrical power and output shaft power at a motor speed of 1800 rpm
is shown in Figure 11.

9

Motor Power (kW)

1 2 3 4 5 6 7
Data Point

Figure 11. Relationship between electrical power and output shaft power.
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Figure 11 gives the dependence of input power and output power of the motor, while
indirectly reflecting efficiency values of the motor at different speeds and different powers.
It can be seen that, as the given electric power becomes larger and larger, the output shaft
power of the motor increases, but the increase is smaller than the increase in electric power,
i.e., the efficiency of the motor is decreasing. Interpolating electric power and shaft power
for several given speed conditions, a convex optimized power model of the motor can be
obtained, i.e., the variation of electric and shaft power with respect to motor speed.

Generator Convex Optimized Power Model

In accordance with the characteristics and efficiency of the generator selected in Section 2,
the generator power model is simplified to the form of a primary linear function, i.e.,

Pgen = 0.88Peng (46)

3.2.3. DHEPA Power Model Convex Optimization Problem Solving

The goal of the DHEPA convex optimization task is to carry out a reasonable allocation
of power output between the engine and the battery, which makes the aircraft consume the
least amount of fuel on the basis of meeting the normal safety range of operation of each
component. The performance index is shown in Equation (47)

T
]:/0 f(Peng/weng)dt (47)

Based on the power allocation in series-connected architecture and the constructed
convex optimization model of each component, a standard convex optimization problem
expression can be derived as

N-1
minimize ), @, ;0
i=0
St Qi > ﬁ(hgen,i(Pdrv,i(mi) - giil (Pb,i)))
i—1
SOC; = SOCy — ¥ Py 6
i=0
i1 (48)
mi =1y = Y, Pm,jo
=
Py < Py < Py,
SOC £ 50¢; £ 50C

9, S PSP

where the upper and lower limits for fuel are, respectively, as follows

am,i = fi(ﬁeng,i)/ lei = max{fi (Beng)'fi(_ﬁl /ZﬁZ)}

The upper and lower limits of the battery are, respectively, as follows

Bb,i = &i (hi (Bem,i) - h_lgen,i (f_ll‘ (a,m) ))r
Py = min{gi (hz- (Pomi) —h ™ gon,i (f*li(—ﬁl/zﬁz))), UOCZ/ZRi}.

4. Comparative Analysis between the DHEPA and the Reference Aircraft

The mass of the reference aircraft changes when it is modified to the DHEPA, and
this change in mass is analyzed comparatively. To verify the effect of the propeller on
wing aerodynamic force in the DHEPA, the momentum theory and numerical simulation
method are employed to calculate and analyze. The dynamic performance is calculated
for several important stages, such as takeoff ground roll, climbing, and cruise, to complete
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a comparative analysis between the DHEPA and the reference aircraft in terms of mass,
aerodynamic performance, and dynamic performance. Finally, the performance of DHEPA
is verified by power allocation management simulation.

4.1. DHEPA and Reference Aircraft Mass Analysis

In the whole flight profile of the aircraft, the reference aircraft has a maximum power
of 134 kW, the mass of two Rotax engines with gearboxes is g1 = 113.2 kg; the mass of
two large propellers is 1,0 pe11er1= 20 kg; fuel capacity is 200 L; fuel mass is m,,; = 90 kg;
and the mass of two generators is g1 = 16.8 kg.

The DHEPA has an increased mass of aircraft due to the addition of electric motors,
batteries, and electronic control systems. The DHEPA consists of two identical architectures,
each consisting of a Rotax engine driving a JF60-B generator, which is connected to the
aircraft grid. The DHEPA has a maximum power of 134 kW, two Rotax engines without
reduction gearboxes with a mass of 11,y,gine2 = 102.8 kg, fourteen propellers with a mass of
Mpropelier2 = 14 kg, a fuel capacity of 200 L, a fuel mass of m,,; = 90 kg, two JF60-B genera-
tors with a mass of mge,2 = 68 kg, two li-ion batteries with a mass of e, = 130 kg, and
fourteen Joby Motor-JM1S propulsion motors with a mass of 710y = 25.2 kg. In addition
to the above equipment, the retrofit design needs to take into account a variety of electronic
controllers, etc., in order to simplify the calculation, here assuming that the controller’s
power-to-weight ratio is 20 kW /kg and the total mass of electronic controllers is about
Meontrol = 6.5 Kg.

Based on the analysis of the reference aircraft and the DHEPA, it is possible to summa-
rize the mass variation of the reference and the DHEPA at takeoff.

The mass of the propulsion system of the reference aircraft is given by

mmginel =113.2 kg
Mpropellerl = 20 kg
M fyel = 920 kg
Mgem = 168 kg

Myef = =240 kg

The mass of the propulsion system of the DHEPA is given by

mmginez =102.8 kg

Mpropeller2 = 14 kg

M fyel = 90 kg

mhyd = Mgen2= 68 kg =436.5 kg
Mumotor = 25.2 kg

Mpattery = 130 kg

Meontrol = 6.5 Kg

It can be seen that, after transforming the reference aircraft into the DHEPA, if the
fuselage and power system of the aircraft are not changed and only the hybrid electric
propulsion part is added on the original basis, the mass will be greatly increased. This
increase in weight is particularly reflected in the batteries, where specific power is lower
at this stage, and the development of hybrid electric propulsion is limited by battery
technology. Taking the DHEPA as an example, after adding the hybrid electric propulsion
system on the basis of the reference aircraft, the mass of the propulsion system increased
by 193.5 kg.

The increase in mass means a decrease in mass available for load and a decrease
in efficiency. However, by converting the reference aircraft into the DHEPA, distributed
architecture will bring a series of aerodynamic and dynamic performance improvements
to the aircraft, which will compensate for the efficiency loss of the DHEPA to a certain
extent. Therefore, Sections 4.2 and 4.3 will investigate the aerodynamic performance and
lift improvements of the aircraft from a distributed propulsion perspective.
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4.2. Aerodynamic Performance Analysis of the DHEPA and the Reference Aircraft
4.2.1. Theoretical Analysis of the Momentum Theorem

DHEPAs have a greater number of propellers arranged at the leading edge of the
wing compared to reference aircraft, and the whole wing is in the slipstream area behind
propellers. In this subsection, it is theoretically proved that propeller slipstream has an
aerodynamic performance-enhancing effect on the rear wing through the momentum
theorem method. Meanwhile, the extent of lift enhancement of the aircraft by using a
multiple propeller propulsion configuration is analyzed for the selected reference aircraft
and distributed aircraft.

The momentum theory is based on the momentum and energy changes in flow through
the paddle disk; the propeller is viewed as a paddle disk with an infinite number of
advancing paddle blades and the flow is able to pass through the paddle disk continuously.
The flow is assumed to be an ideal incompressible flow, and the airflow through the paddle
disk has no rotation. When the flow approaches propeller, the flow velocity increases, the
pressure decreases, the potential energy is gradually converted into kinetic energy. After
the propeller, due to the propeller’s work on the flow, at this time it can be seen that the
flow velocity remains unchanged, the pressure of the flow increases AP, the paddle wake
flows into the slipstream area, axial velocity increases further, and the pressure is slowly
reduced to the state before propeller disturbance. The change in velocity of air flow through
the propeller is shown in Figure 12 [36].

Propeller V, K

Figure 12. Schematic diagram of speed changes before and after the propeller.

Assuming that the flow is an incompressible ideal flow, p is the incoming flow density,
A is area of propeller disk, Vj is axial velocity not disturbed by propeller, Vy(1 + a) is
velocity of the airflow through the disk, V(1 + b) is velocity of the airflow after entering
slipstream area, Py is pressure not disturbed by propeller, P; is pressure in front of the
paddle disk, and 4 and b are the acceleration velocity increments due to acceleration. Based
on the above analysis process, the Bernoulli equation (energy equation) before and after
the propeller disk can be written.

The Bernoulli equation before the propeller disk is

1 1
P* =Py + 5oV = P+ 5oVl (1+ a)? (49)
The Bernoulli equation after the propeller disk slipstream region is
1 1
Py" = P+ AP+ 5oV (1 + a) =Py + SPVo (1 + b)? (50)
Equations (49) and (50) are differentiated to find the pressure difference between the
front and rear of the propeller disk, as well as the thrust force on the paddle disk under
ideal conditions

AP = P* — P* = %png(bz +2b) (51)

Ty = AAP = %ApVOZ(bZ +2b) (52)
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According to the momentum theorem, the force of the propeller on airflow (the reaction
force of thrust on the propeller disk) is equal to the increment in momentum per unit time
through the propeller disk, i.e.,

%ApVOZ(bZ +2b) = ApVp(1+a) - [Vo(1+b) — Vo] (53)

After simplifying and re-arranging, it can be obtained as

b
a=3z (54)
The flow velocity increment at the propeller disk is half the flow velocity increment
in the slipstream zone. If the propeller is placed in front of the wing so that the wing is
immersed as much as possible in the slipstream region, it can effectively increase flow
velocity over the wing surface.
The useful work done by propeller thrust can be expressed as

1
E1 =TV, = EA,ovo?’(b2 +2b) (55)

The work done by the paddle disk on the airflow can be expressed as the increment in
kinetic energy before and after the airflow passes through the propeller disk

E= %ApVo(l +a)- [v02(1 +b)* — VOZ} (56)

The ideal efficiency of a propeller is expressed as the ratio of useful work done by the
thrust of the propeller to work done by the paddle disk on the airflow. The ideal efficiency
of a propeller can be represented as

(57)

where a = 0.1765 and b = 0.3529.
The lift equation for the wing section without a propeller can be expressed as [37]

1
Lo = 5pV*CLS0 (58)

where C; is the lift coefficient corresponding to the wing and Sy is the area of the wing.
The equation for the wing lift subject to the slipstream effect can be described as

1
Ly = Epvo2(1 +b)2CLSo (59)

It can be seen that having a propeller in front of the wing can add (1 + b)2 times lift to
the wing compared to having no propeller.

Assuming that the wing shape and lift coefficients of the reference aircraft and the
DHEPA are kept constant, and they fly at the same speed and angle of attack in the air, the
lift of the reference aircraft and the DHEPA can be expressed as Equations (60) and (61),
respectively

1
Lg=2- EPV()zCL(S —S1+S1(1+b)?) (60)

Lp=2- %pVOZCL(S — 7854 7S5(1+b)?) (61)

where S is the area of the wing on one side of the aircraft, S; is the area of the slipstream
area generated on the wing after a single reference aircraft propeller, and S, is the area of
the slipstream area generated on the wing after a single DHEPA propeller.
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The area of the slipstream area behind the propeller is closely related to the area of the
wing and the diameter of the propeller; when there is no incoming flow or the incoming
flow speed is low, slipstream diameter behind the paddle disk is contracted to be from
0.816 times to 0.92 times the diameter of the propeller, and when the incoming flow speed
is high, slipstream diameter is approximately equal to the diameter of the propeller. The
cruising speed of this model is lower than 250 km/h, and the flow velocity is low. Hence,
the following exists

$1_goPres
Sy Dy

The ratio of lift between the reference aircraft and the DHEPA under the same flight

conditions can be stated as

(62)

Lg ~ S+1.665, o
Ip 515815, ~ 68.6% (63)

Under the same incoming flow conditions, by increasing the area of the wing behind
the paddle that is immersed in the slipstream area, the DHEPA can ideally increase lift by
almost 46% compared to the reference aircraft. As a result, the aerodynamic performance of
the aircraft is improved after the adoption of the distributed propulsion model, compared
to the conventional reference aircraft.

The DHEPA has more batteries, generators, and electric motors than the reference
aircraft, resulting in a 16% increase in aircraft mass. However, the DHEPA is able to improve
the aerodynamic performance of the aircraft and increase lift, compensating for the loss of
efficiency due to the increased mass. Keeping the payload and fuel weight of the DHEPA
consistent with the reference aircraft, a comparison of the mass and performance of two
aircraft is shown in Table 8.

Table 8. Comparison of the DHEPA with the reference aircraft.

Parameters Reference Aircraft DHEPA
Maximum takeoff weight/kg 1230 1423.5
Empty weight/kg 819 1012.5
Payload/kg 321 321
Fuel weight/kg 90 90

As shown in Table 8, the empty weight of the DHEPA has increased by 23.6% compared
to the reference aircraft due to the increase in various electrical equipment. The maximum
takeoff weight of the DHEPA has increased by 15.7%.

4.2.2. Numerical Computational Analysis

The theoretical analysis of the propeller using the momentum theory shows the
improvement in aerodynamic performance of the aircraft by the distributed architecture, but
it does not reveal the distribution of propeller blade turbulence or turbulence suffered by the
wing behind the propeller. Therefore, this subsection utilizes computational fluid dynamics
numerical simulation to analyze the effect of propeller slipstream on the aerodynamic force
of the wing. There are two main methods to study the propeller and its slipstream effect
through numerical simulation [38,39]:

1.  Sliding mesh method: The sliding mesh method is to divide the propeller and other
parts into regional meshes. The propeller is a rotating part, and the whole domain
containing the rotational path of the propeller can be set as a rotating domain. The
external flow field other than the rotating domain is set as a stationary domain, and an
interface needs to be set between the two domains, which plays the role of exchanging
fluid data between the two domains during the numerical calculation.

2. Momentum source method: The momentum source method is to approximate the
propeller disk as a disk without thickness, that airflow parameters before and after
propeller remain the same, and that the disk has the same effect on the airflow as the
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propeller disk on the airflow. To simulate the rotation and slipstream effect of the
actual propeller, the disk surface is set as an internal domain, and suitable boundary
conditions need to be set on the boundary surface of the paddle disk to simulate the
tangential velocity to the airflow generated by the propeller in the calculation.

To study the disturbance conditions of wing flow field when the propeller rotates,
the numerical simulation in this paper adopts the sliding mesh method to compare the
wing flow field without a propeller, with a single propeller and the DHEPA with seven
propellers, and to obtain the fluid pressure distribution of the wing and the streamline
distribution of fluid flow through the propellers and wing for the above three cases.

The sliding mesh method can usually be categorized into structured mesh, unstruc-
tured mesh, and hybrid mesh. Structured meshes are characterized by a simple structure,
easy storage, and good mesh quality, but if the model structure is too complex, the mesh
generation step will be particularly cumbersome. Unstructured mesh is easier to deal with
for complex models, but computational efficiency is low. Considering that the computa-
tional models in this subsection are multiple propellers and wings, which are relatively
complex, unstructured mesh was chosen for the analysis.

Unstructured meshes usually fill the basin by tetrahedral meshes, which are basic cells
in the whole flow field. Since unstructured mesh does not limit mesh nodes, parameters
such as mesh cell size and the spatial location of the mesh can be easily controlled, so
it has a strong adaptability to the complex structural model. Therefore, the numerical
simulation in this subsection adopts unstructured mesh to divide the propeller and the
wing. The parameters of the propeller model of the reference aircraft were obtained from
the propeller datasheet on the official website of MT, and the propeller of the DHEPA is
a scaled-down model of the reference aircraft propeller. The wing model of both aircraft
adopts the same P2006T wing and, due to the complexity of the reference wing model, the
wing is simplified. The propeller, wing models, and their unstructured meshing images are
shown in Figures 13 and 14.

The number of meshes of a single propeller model and the number of meshes of the
wing are both about 1 million. After modeling the propeller and the wing, respectively, and
meshing, a combined model of the propeller and the wing is built based on the propeller
layout of the reference aircraft and the DHEPA. The model and non-structural meshing
profiles of the two models are shown in Figures 15 and 16, respectively.

(a) Propeller model (b) Profile of propeller mesh division

Figure 13. Propeller model and its mesh division profile.
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(a) Wing model (b) Mesh division profile of wing section

Figure 14. Wing model and its meshing profile.

—

(a) Combined propeller and wing model (b) Propeller and wing meshing profile

Figure 15. Reference aircraft.

|

(a) Propeller and wing combination model (b) Propeller and wing meshing profile

Figure 16. DHEPA.

As can be seen from Figure 16, the meshing method adopted in this subsection firstly
divides stationary and rotational domains (the wing is regarded as the stationary domain
and the propeller as the rotational domain). To minimize the amount of mesh and sub-
sequent simulation calculations, and to improve the calculation accuracy, a small area is
divided for each propeller and wing for increasing local mesh density. The fluxes between
rotating and stationary domains are transferred through the mesh intersection surface, and
the entire rotating area of the propeller and the stationary part of the wing are in a large
stationary domain. Due to the limitation of simulation calculation conditions, the mesh
division of two aircraft is fine-tuned separately, and the finalized mesh number is about
5 million for the reference aircraft and 8 million for the DHEPA.

The generalized solution of the calculation can be obtained by integrating control
equations at each unit node, after which it is necessary to set boundary conditions for the
solution region. The computational boundary conditions are set as follows:

1.  Inthe model, the angle of attack of the wing is 2°, and the incoming velocity is set
to the cruising speed of aircraft: 75 m/s. The propeller rotation domain adopts the
Frame motion method, and the propeller blade is set to the cruise speed of aircraft.

2. The propeller rotation domain adopts the Frame motion method and the area where
the propeller blade is located rotates relative to the external airflow.

3. The wall surface of the propeller blade is an adiabatic non-slip wall surface, which
rotates in the same direction with the same speed following the rotating domain.
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4. The inlet pressure is set as a standard pressure at 4 km altitude: 61,625 Pa; the outlet
boundary condition is set as the pressure outlet boundary; and the pressure value is
consistent with inlet pressure.

5. For the multi-propeller structure of the DHEPA, the propeller rotation direction needs
to be selected, and the rotation direction of the multi-propeller structure can be divided
into four modes as shown in Figure 17.

160 e
49D DD
e DD DEC
o (N

Figure 17. DHEPA multi-propeller structure rotation modes. (A) all propellers rotate clockwise;
(B) all propellers rotate counterclockwise; (C) propellers are distributed clockwise—counterclockwise
alternately; and (D) propellers are distributed counterclockwise—counterclockwise alternately. In the
rotation domain setting, boundary conditions are set for these four rotation modes, respectively.

After the simulation setup is completed, simulation calculations are carried out for
the propeller-less wing model, the reference propeller wing model, and the distributed
wing propeller model, respectively. Figure 18, Figure 19, and Figure 20 show the upper and
lower surface pressure contour and velocity streamline diagrams of propeller-less wing
cases, respectively. It can be seen that the pressure on the upper surface of the wing is
smaller than that on the lower surface, and, on both sides of the wing, a vortex of airflow
from the bottom to the top occurs due to the induced drag.

Pressure
Contour 1
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Figure 18. Pressure contour on the upper surface of the wing without propeller action.

Pressure
Contour 1

[Pa]

Figure 19. Pressure contour on the lower surface of the wing without propeller action.
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Pressure
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Figure 20. Velocity streamlines of the wing without propeller action.

The reference aircraft has only one large propeller rotating in front of each wing.
Since the rotational direction of the propeller of the reference aircraft is not mentioned,
simulation calculations and comparisons are made in this subsection for both clockwise
and counterclockwise rotational modes. The pressure contour diagrams of upper and lower
surfaces of the reference aircraft wing and velocity vector distributions and streamline
diagrams are shown in Figures 21-24.
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Figure 21. Pressure contour of the wing with the propeller rotating clockwise.
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Figure 22. Clockwise rotational velocity vector distribution and streamline diagram.
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Figure 23. Pressure contour of the wing with the propeller rotating counterclockwise.
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Figure 24. Counterclockwise rotational velocity vector distribution and streamline diagram.

Compared with the pressure contour of the wing without a propeller, due to the
slipstream effect of the propeller, the airflow velocity through the wing increases, and the
pressure difference between the upper and lower wing surfaces increases. However, due to
how the number of propellers is only one, there are fewer portions of the wing that generate
the slipstream area and produce a larger pressure difference. From the comparison of the
simulation images of the clockwise and counterclockwise rotation of the reference aircraft
propeller, it is clear that the counterclockwise rotation of the propeller can make the pressure
difference between the top and the bottom of the wing larger, and the propeller slipstream
effect spreads farther, therefore generating more lift for the aircraft. The main reason for the
difference between the clockwise and counterclockwise rotation of the reference aircraft is
the asymmetry of the wing chord, with smaller chords at the wing tips and larger chords at
the wing roots. Where the chord is smaller, the airflow is less impeded by the wing, and the
airflow is accelerated by the counterclockwise rotation of the propeller for a longer period
of time.

There are fourteen propellers on both sides of the DHEPA, which rotate simultaneously
to provide the required thrust for the aircraft during a mission. Figure 25 shows the velocity
streamline distribution of the DHEPA with seven propellers rotating simultaneously on
one side of the aircraft.

Velocil
Streamline 1

' 9.403e+02
r 7.052e+02

l 4.701e+02

r 2.351e+02
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Figure 25. DHEPA rotating propeller velocity streamline.

From the fluid velocity vector diagram of the rotating propeller of the DHEPA, the
velocity of the propeller is lower in the center part, and the closer to the tip position, the
faster the fluid flow rate is. From Figure 17, DHEPA multi-propeller propulsion can be
roughly categorized into four rotational modes, and this subsection carries out simulation
calculations for these four rotational modes, respectively.

Figures 26-33 show the four rotational modes A, B, C, and D, respectively, of the
wing’s upper and lower surface pressure contour, wing velocity vector distribution, and
velocity streamline. Among these four modes, mode A and B are different to C and D
in both wing surface pressure contour and wing surface velocity vector distribution and
velocity streamline diagrams. Mode A and B rotate the propeller uniformly clockwise or
counterclockwise, so that the airflow is also tilted to the left or right, which prolongs the
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time of the slipstreaming effect to a certain degree compared with the reference aircraft.
Mode C and D are able to provide a longer time for the aircraft wing to rotate, which is the
same as the reference aircraft. The two modes are able to provide a larger pressure difference
between the top and the bottom of the aircraft wing, which has a greater contribution to
increasing aircraft lift. From the velocity vector diagram, mode C makes the slipstream
area run through the whole area, which can effectively improve the length of the slipstream
effect; mode D makes the airflow between the two propellers collide with each other, which
increases the breadth of the slipstream area, but cannot be realized through the whole wing
area. It can be seen that when the DHEPA is performing flight tasks, it is better to alternate
the rotational direction of multiple propellers, to maximize the use of the slipstream effect
of the propellers to increase the lift of the wing. However, these alternating changes also
produce two distinct effects. Based on the difference between these two effects, propeller
rotation can be used in mode C when the aircraft wing has a short wingspan and a long
chord, and propeller rotation can be used in mode D when the aircraft wing has a long
wingspan and a narrow chord.

Pressure Pressure
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Figure 26. Rotation mode A wing upper and lower surface pressure contour.
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Figure 27. Rotational Mode A velocity vector distribution and velocity streamline.
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Figure 28. Rotation mode B wing upper and lower surface pressure contour.
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Figure 29. Rotational Mode B velocity vector distribution and velocity streamline.



Aerospace 2024, 11, 408

29 of 41

Pressure Pressure
Contour 1 Contour 1

4.332e+04
4.186e+04.
4.000e+04
]

[Pa]

Figure 30. Rotation mode C wing upper and lower surface pressure contour.
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Figure 31. Rotational Mode C velocity vector distribution and velocity streamline.
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{oSime
9.281e+02

6.961e+02

2.320e+02

0.000e+00
[ms*1]

Figure 33. Rotational Mode D velocity vector distribution and velocity streamline.

4.3. Dynamics Performance Analysis of the DHEPA and the Reference Aircraft
4.3.1. Drag Polar Analysis

The drag polar is the curve of the lift coefficient and the drag coefficient of an aircraft,
which is the most important aerodynamic parameter to measure the lift and drag character-
istics of an aircraft [40]. To analyze the dynamic performance of an aircraft and determine
the lift and drag magnitude of an aircraft in each flight state, it is necessary to calculate and
image the drag polar of the reference aircraft and the DHEPA.

The pole curve equation for the ideal state is described as

Cp = Cpp+ (64)
D= D07 oA
12
A=—
S (65)

where Cp is the drag coefficient, Cp  is the zero-lift drag coefficient, A is the aspect ratio,
and e is the Oswald efficiency factor. Since the Mach number of the reference aircraft is less



Aerospace 2024, 11, 408

30 of 41

than 0.9 and the spreading ratio is more than 5, the Oswald efficiency factor is calculated
using Equation (66) [41]

- 0.3N,+0.1 1 01424 f(A) A(12) 035 (66)
St + (1+012M6) <1 + WAL )
f(A) = 0.005(1+15(1—0.6)°) -

where N, is the number of propellers on the leading edge of the wing, ¢ is the wing swept
back angle, t/c is the relative thickness of the wing, and A is the ratio of wing tip chord
length to wing root chord length.

The zero-lift drag coefficient can be calculated by [42]

Coo=1 (69)
where f is the equivalent drag area and S is the area of the aircraft wing.
The equivalent drag area is related to the surface friction coefficient and the maximum
takeoff mass, so to simplify the calculation, the empirical formula for the equivalent drag
area of a propeller aircraft is selected as

log,y f = —2.98 + 1.102510g Swet

log, Swet = 1.0892 + 0.6847 log;, Wro (69)

In view of Equations (64)—(69), the corresponding zero-lift drag coefficients, Oswald’s
efficiency factors, spreading ratios, and other parameters for the two aircraft can be calcu-
lated as shown in Table 9. Based on the pole curve input parameter values and Equation (65),
the ideal state pole curves for the DHEPA and the reference aircraft can be obtained as
shown in Figure 34.

Table 9. Drag polar input parameters.

Aircraft Parameters DHEPA Reference Aircraft
Wing area (m?) 14.8 14.8
Wingspan (m) 114 114
Maximum takeoff mass (kg) 1423.5 1230
Aspect ratio 8.85 8.85
Zero-lift drag coefficient 0.0367 0.0251
Oswald efficiency factor 0.4848 0.627

0.22
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Figure 34. Two aircraft pole curves in the ideal state.
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Based on the maximum slopes of the drag polars corresponding to the two aircraft in
the ideal state, the maximum lift-to-drag ratio suffered by the two aircraft during flight can

be calculated as
1 |mAe
K == 7l
max 2 CD/O ( 0)

The maximum lift-to-drag ratio of the reference aircraft is K;max = 13.1267, and the
maximum lift-to-drag ratio of DHEPA is K, = 9.5805. Since the DHEPA is propelled by
fourteen small propellers and the reference aircraft is propelled by two large propellers, the
increase in propellers makes the resistance of the DHEPA larger. Additionally, the formula
for calculating the ideal lift-resistance ratio does not fully take into account the propeller
slipstream effect, which makes the reference aircraft maximum lift-resistance ratio larger
than the DHEPA maximum lift-resistance ratio.

4.3.2. Takeoff Ground Roll Performance Analysis

The power used by a light utility aircraft during the takeoff ground roll is generally
the maximum power of the power plant, while the power used during climb is 90% of the
maximum power of the powertrain. The takeoff ground roll can generally be divided into
three phases: ground roll, rotation, and takeoff phase. The takeoff ground roll is shown in
Figure 35.

Ground roll Rotation Take off

Figure 35. Takeoff ground roll.

The takeoff ground roll of an aircraft is a process of variable acceleration, in which
the lift of an aircraft increases until the main wheels of the aircraft lift off. During this
process, the thrust generated by the propeller and the drag force on the aircraft are not
constant. The drag force on the aircraft mainly includes ground friction and air resistance,
in which the ground friction decreases with the increasing lift force, while the air resistance
of the aircraft increases with increasing ground-roll speed. To analyze the difference in
the performance of the DHEPA and the reference aircraft in the takeoff ground roll phase,
combined with engine research experience, the following assumptions are made for the
ground roll phase of the aircraft:

1. The sum of air resistance and ground roll friction resistance remains constant.

2. The thrust force on the aircraft during the takeoff ground roll stage remains constant.

3. The whole takeoff ground roll process of the aircraft is regarded as a process of
uniform acceleration.

The lift and air resistance on the aircraft are expressed as
1 2
L= ECLpV S (71)

D= %CDpVZS (72)

The resistance of an aircraft during a ground roll consists of two parts, air resistance D
and ground friction resistance ff, i.e., Dyotsy = D + ff.
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The empirical formula for propeller ground thrust for the reference aircraft can be
described as [23]

3 3
Fy = 7.38 x 9.8 x (Pml : Dref) 3 (pi) (73)
where py is the density of air at standard atmospheric pressure, pg = 1.225 kg/m>. The
ratio of the two densities at different flight altitudes can be represented as

P (1 225577 x 10°H (74)

)4.25588
00

where H is altitude.

To obtain the thrust of both aircraft, the power of their power plants needs to be
estimated and calculated according to Equation (73). The empirical equations for the
approximate estimation of variation of power, with height for the permanent magnet
synchronous motor and piston engine, are formulated as Equations (75) and (76), respec-
tively [43]

Ny = (0.8 — 10—5H) Npo + (10—3H - 1)Ai (75)
Nri = Ngo (1.1113H To _ o.11> (76)
Py \| Ty

where Ny and Ny are the power of the drive motor at flight altitude H and sea level,
respectively, and Ai is the temperature rise limit of the motor; Nry, Py, Ty are the power
of the engine at flight altitude H, ambient pressure, and temperature, respectively; and
Nro, Po, Ty are the power of the engine at sea level, ambient pressure, and temperature,
respectively.

The dynamic equations and force analysis calculations in the takeoff ground roll are
as follows

av
T-D—ff=m_ (77)
ff=f-(mg—Fp) (78)

where f is the coefficient of friction of the airport against the wheels of the aircraft, and for
a dry concrete runway, f ~ 0.03. So the following exists

av 1
m— =T —mgf — = fpV?SCy (79)
dt 2
In the first two stages of the takeoff process, there is dL = Vdt. Integrating

Equation (79) yields

dt = md}/ (80)
T —mgf — 5fpV25Cy
Viifto
L=Vdt= / e mva (81)
0 T —mgf — 5fpV25Cy

where Voo 7 is the liftoff speed of the aircraft at the moment at the end of the rotation phase.

To summarize, to shorten the ground-roll time and ground-roll distance as much as
possible, it can be used to increase the thrust, reduce the ground-leaving speed, reduce the
friction resistance coefficient, and reduce the resistance during skidding. The aircraft flight
performance calculation manual gives various types of aircraft ground speed ranges, for
which civil aircraft ground speed range is

Viitoff = 1.15 ~ 1.25V; (82)

where V; is the stall speed, the average value taken being Vj;ss,rf = 1.2Vs. According to the
P2006T Aircraft Operations Manual, the stall speed is 66 knots, i.e., Vs =34 m/s.
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In the process of aircraft ground roll, assuming that the aircraft follows uniformly
accelerated linear motion, when the aircraft is at the beginning of the ground roll stage, the
speed is zero; aircraft resistance is the ground friction, when the aircraft is off the ground
instantly, aircraft resistance is the air friction. The aircraft ground roll process as a whole,
the resistance of the aircraft for the average of the maximum value of the two types of
resistance, can be phrased as

1 1
wrs]) < (42
to

to

D=5

where F¢ art is ground friction at the moment that the aircraft starts ground roll, Fp|,,
star

is air friction on the aircraft at the moment of takeoff from the ground, and K|,, is the
lift-to-drag ratio on the aircraft at the moment of takeoff from the ground.

In summary, the DHEPA and the reference aircraft takeoff ground roll distance versus
airport altitude can be obtained, as shown in Figure 36.
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Figure 36. Relationship between airport altitude and ground roll distance.

As shown in Figure 36, the required ground roll distance of the aircraft increases
with the increase in airport altitude. Meanwhile, at the same airport altitude, the required
ground roll distance of the reference aircraft is shorter than that of the DHEPA due to the
significant weight increase in the DHEPA compared to the reference aircraft.

4.3.3. Climbing Performance Analysis

Important indicators to describe climb performance include climb angle, climb rate,
climb time, residual thrust, and other indicators [44]. Civil aircraft usually climb at a fixed
climb angle and rate in the process of climbing, so it can be approximated as a constant
climb. In a constant climb state, the aerodynamic forces on the aircraft change very little,
and can be regarded as a quasi-static flight from the view of the force state. Assuming
that the constant climb speed of the aircraft is V., the climb rate v, of the aircraft can be
expressed as

T—D
ve=—"-W (84)
mg
1
D= Epchczs (85)

The empirical formula for the thrust on a single propeller in the air can be phrased as

F=F|1-0.106V, (86)
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With aircraft dynamics calculations, considering the effects of atmospheric density
and airport altitude, the climb rate versus altitude curves for the DHEPA and the reference
aircraft can be simulated, as shown in Figure 37.
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Figure 37. Comparison of climb rate with airport altitude for the DHEPA and the reference aircraft.

As can be seen in the Figure 37, the climb rate of the aircraft decreases with increasing
airport altitude. If taking off and climbing from the same airport altitude, the DHEPA is
able to achieve a higher climb rate compared to the reference aircraft. Taking the climb rates
of the two aircraft at zero altitude as an example, the DHEPA's climb rate after takeoff is
11% higher than that of the reference aircraft, and a higher climb rate means that the aircraft
can climb to the mission altitude at a faster rate. From this point of view, the DHEPA has a
better power performance than the reference aircraft.

4.3.4. Level Flight Performance Analysis

The aircraft enters the level flight stage after ground roll and climbing. Level flight
performance is reflected by the aircraft’s performance parameters when the aircraft is flying
smoothly in the air, usually including the level flight thrust, maximum level flight speed,
and so on. It is assumed that the aircraft is in uniform linear motion during level flight, and
mass reduction caused by fuel consumption during the working process is not taken into
account. When the aircraft is flying at a constant speed, it is in the state of zero acceleration
and balance of forces, at which time the lift equals the weight and thrust generated by
propellers equals the drag, i.e.,

1
D¢ = EpvcrzscD,cr =T (87)

1
Lo = EPVcrzscL,cr =mg (88)

where Ty, D¢y, and L, are total thrust force generated by the propeller at level flight, air
resistance and lift force on the aircraft, and level flight speed, respectively.

On account of Equations (87) and (88), and the ideal state drag polar, the required
thrust of the aircraft at a constant cruising speed can be determined as

m
Frgq - ?g (89)
where K is the lift-to-drag ratio coefficient corresponding to level flight speed.

Based on the aircraft’s required thrust lines and maximum propeller thrust lines
available for the two aircraft, the thrust lines can be plotted for different level flight speeds,
as shown in Figure 38.
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Figure 38. Thrust lines for both aircraft at different level flight speeds.

In the thrust curve, the line of the aircraft’s required thrust is a curve that descends and
then rises. When level flight speed is 150-200 km /h, the aircraft requires less thrust and,
therefore, less power, and level flight at this speed can prolong the endurance of the aircraft.
The reference aircraft and the DHEPA's thrust line is two straight lines with negative slopes,
the intersection of the aircraft’s available thrust line and the required thrust line indicates
the maximum level flight speed point of the aircraft under the power, as can be seen in
Figure 38. The maximum level flight speed point of the reference aircraft is about 270 km/h,
while the maximum level flight speed point of the DHEPA is about 260 km /h. The DHEPA
adopts a multi-propeller propulsion layout to achieve a larger thrust.

4.4. DHEPA Power Allocation Management Simulation

MATLAB R2023a software and the CVX toolbox were applied to solve convex opti-
mization problems for DHEPA power allocation management. The previously designed
DHEPA has two sets of identical propulsion systems, each of which contains an engine, a
generator, a li-ion battery, and seven small propulsion motors, and to simplify the analytical
process, power allocation of one of the sets of the hybrid electric propulsion systems is
considered only. To simulate the reverse charging of the battery by the propeller during
windmill state of the aircraft, the propulsion motor can be applied as a generator for a short
period of time, and model parameters of this small generator are kept the same as those of
the electric motor. DHEPA parameters are shown in Table 10.

Table 10. Model parameters of DHEPA.

Parameter Symbol Value Unit
Number of systems n 2 /
Flight time T 3600 s
Fuel mass mo X n 45 x n kg
Battery mass my X n 65 xn kg
Battery internal resistance R; 0.01 Q
Battery open circuit voltage Uoc 400 Vv
Piston engine power range [&ng, Pen g] [0,69] kW
Battery charge state range [SOC, SOC]| [0.2,0.8] /
Individual motor power range [Pems Pem) [0,12] kW

A complete aircraft mission includes the process of ground roll, taking off, climbing,
cruising, descending, and landing, etc. In order to facilitate the analysis of the aircraft’s fuel
consumption and the power allocation of each component, ignoring the fuel consumption
of the aircraft’s jogging, waiting, and ground roll, and starting from the moment of the
aircraft’s takeoff from the ground until the aircraft’s landing, which lasts for 1 h and flies
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220 km, the speed profile and altitude profile of the DHEPA are selected and plotted as a
flight instruction, as shown in Figure 39.
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Figure 39. Relationship of aircraft speed and altitude with time.

Figure 39 contains five flight processes: within 500 s after takeoff, aircraft speed and
altitude increase continuously; within 500-1000 s, aircraft altitude remains unchanged at
3000 m and the speed increases continuously, until it reaches the maximum cruise speed
of the aircraft; within 1000-1500 s, the aircraft begins to climb further until it reaches the
maximum lift of the aircraft, during which the flight speed remains unchanged; within
1500-2500 s, the aircraft enters the cruise state at the maximum cruise speed and maximum
cruise altitude; after 2500 s, the aircraft begins to descend until it lands. In this process,
aircraft flight speed remains constant; within 1500-2500 s, the aircraft enters the cruise state,
flying at the maximum cruise speed and maximum cruise altitude; after 2500 s, the aircraft
begins to descend and the speed decreases until it hits the ground.

On account of a given flight speed and flight altitude, with the goal of minimizing fuel
consumption, power flow and distribution of the aircraft under full operating conditions
can be obtained. Figure 40 shows the distribution of the flow of the motor inputs outputs
and propulsion power of the DHEPA.

Power/(kW)
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Figure 40. Series DHEPA motor end power flow.

From Figure 40, the power consumed for takeoff and climb is the largest in the initial
stage of the aircraft. As the speed and altitude of the aircraft continue to increase, the
propulsion power of the aircraft continues to decrease and, at once, the motor electric power
and shaft power of the DHEPA also decreases, until the aircraft reaches the predetermined
speed and altitude values set at 500 s. Then, the propulsive power and the motor end
power continue increasing because aircraft altitude remains constant and speed increases,
but the increasing trend is slow. Starting at 1000 s, aircraft speed reaches its maximum
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and starts to climb. Aircraft propulsive power continues to increase continuously, and the
increase rate is fast. As the aircraft enters the cruise state, the propulsive power of the
aircraft remains stable, while the shaft power and electric power of the motor also remain
stable. Finally, the aircraft begins to enter the descending landing phase. Eventually, the
aircraft enters a windmill state at 2800 s, at which time the aircraft propeller reverses, and
the propulsion motor transforms into a generator to generate electricity.

Figure 41 shows the fuel change in the tanks of the reference aircraft and the DHEPA
during 1 h of mission. According to engine performance curves in Section 2, there is
a certain quantitative relationship between fuel consumption and the output power of
the reference aircraft engine, and fuel variation of the DHEPA is obtained by making a
difference between the initial aircraft mass and the current moment aircraft mass. Usually,
fuel consumption per unit of time is the highest in the climb phase of the aircraft, followed
by the cruise phase, and is the lowest in descent phase. As shown clearly in Figure 42,
the fuel consumption rate is highest in the climb phase; slows down as the ircraft enters
the cruise phase; and, after 2800 s, the DHEPA enters the windmill state and no longer
consumes fuel, while the reference aircraft continues to consume fuel.
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Figure 41. Comparison of fuel consumption between the reference aircraft and the DHEPA.
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Figure 42. Variation of the DHEPA battery SOC with flight time.

Figures 42 and 43 show the relationship between SOC and the battery power of the
DHEPA battery with flight time and flight conditions of the aircraft, respectively. To ensure
the life and safety of the battery, the SOC upper limit and the SOC lower limit of the battery
are 0.8 and 0.2, respectively. As shown in Figure 42, in the first 2800 s, the battery SOC
decreases until it is lowered to the lower limit of the battery SOC, then the aircraft enters
into a windmill state and the generator charges the battery, so that after 2800 s, the battery
SOC has partially recovered. As shown in Figure 43, batteries all rise in the initial stage of
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power demand increase, and battery power decreases as generator power increases. From
the total mission envelope, the battery discharging power continues to increase until the
aircraft enters the windmill state at 2800 s, and the battery reverses to be charged, so the
battery power is negative.

25
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Figure 43. Variation of the DHEPA battery power with flight time.

According to Equation (12), the sum of the power input to the aircraft grid from the
generator and the battery should be equal to the electrical power input to the motor, and
this feature of series power frame is verified and calibrated, as shown in Figure 44.

]00[

Power/(kW)

. . . . . . .
0 500 1000 1500 2000 2500 3000 3500 4000
Time/(s)

Figure 44. Series DHEPA frame power calibration.

As can be seen from Figure 44, the generator power output change rule is almost
consistent with the propulsion power demand change rule. In the aircraft’s takeoff, climb,
speed increase, and other power requirements of the mission segment, the generator plays
a more important role; when entering cruise and other flight segments, the motor provides
greater power until the aircraft is ready to land. Battery power is as low as the SOC limit,
which ensures that aircraft fuel consumption is minimized. After the aircraft enters the
windmill phase, the engine and generator stop the power output, and power obtained from
the aircraft grid completely charge the li-ion battery. After calibration, the sum of aircraft
generator power and battery power output to the grid is aircraft grid power.

5. Conclusions

To meet the requirements on reducing carbon emissions and lower fuel consumption
rates, this paper carries out an original Distributed Hybrid Electric Propulsion Aircraft
(DHEPA) design scheme and expresses a novel power allocation management method
based on convex optimization, to realize that the aircraft possesses medium and long-range
flights, improved aerodynamic performance, and decreased fuel consumption rate.
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The main features of this article include:

1.  Anoriginal DHEPA design scheme is proposed by taking the Tecnam P2006T general-
purpose aircraft as a reference aircraft in this paper. Based on the demanded power
and external dimensions of the reference aircraft, the key components of the DHEPA
were selected and modeled.

e The DHEPA is in the form of series architecture, with significant advantages.
Because the engine is directly connected to the generator in the DHEPA, a power
allocation management system design is relatively simple.

e  FPocusing on the quantitative relationship between the input and output power
of each component of the DHEPA, the power model of each component has
been built.

2. Based on the power model of the proposed DHEPA, a novel convex optimized power
allocation management method is presented to enable the DHEPA consumes the least
amount of fuel while performing the flight mission.

o  The constructed power model is convex optimized so that it can be solved by the
convex optimization method. The approach of the convex optimization method
can avoid a slide into the local optimum and achieve global optimum in power
allocation management.

e Power allocation management is simulated for a complete mission, including
ground roll, takeoff, climb, cruise, descent, and landing, for a distributed aircraft.
The results show that the DHEPA has lower fuel consumption compared to the
reference aircraft under the same flight conditions.

3. A comparative analysis between the proposed DHEPA and the reference aircraft has
been completed, exploring both aerodynamic performance and dynamics performance.
The simulation results show that:

o  Compared to the reference aircraft, the DHEPA has a 15.7% increase in maximum
takeoff weight.

e  The DHEPA has a significant advantage over the reference aircraft in terms of
power performance during several important phases, such as takeoff ground roll,
climb, and cruise.

e Based on flight altitude, Mach number, and other parameters, power allocation
management of the DHEPA aircraft has been carried out. The DHEPA consumes
less fuel than the reference aircraft.

Compared with the reference aircraft, the lift of the DHEPA is increased by 46%, which
not only compensates for the mass increase brought by the modification, but also improves
the maximum takeoff mass of the aircraft. Propeller wing fluid simulations explain the
effect of rotational direction on the wing, i.e., due to the slipstream effect of the propellers,
the rotational direction of multiple propellers of a distributed aircraft can be changed
alternately, thus maximizing the lift of the DHEPA. Under typical sectors, the DHEPA has a
higher rate of climb and significantly lower fuel consumption rate.
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