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Abstract: An energy management strategy for a series hybrid electric propulsion system designed for
a fixed-wing vertical take-off and landing (VTOL) aircraft is presented in this paper. The proposed
method combines an ideal operating line (IOL) and fuzzy logic. Fuzzy logic is used to dynamically
and optimally allocate the output power of the generator and the battery pack according to the power
requirement of the aircraft and the SOC of the battery pack. The IOL controller is used to optimize
the internal combustion engine (ICE) operating point to improve the fuel economy of the system.
The detailed aircraft model and energy system model are established. The flight process of a 100 kg
scale VTOL aircraft under a typical mission profile is simulated. The simulation results show that
running the ICE based on IOL can greatly improve its efficiency The introduction of fuzzy logic to
optimize the power allocation of the generator and battery pack improves the overall efficiency of the
system. The feasibility and effectiveness of the energy management strategy proposed in this paper
are verified, and the design ideas and analysis methods are provided for the energy management of a
hybrid electric aircraft.

Keywords: hybrid electric system; fuzzy logic control; VTOL aircraft; energy management strategy

1. Introduction

Limited by the current level of the energy density of a battery, for aircraft of the
same weight, a traditional fuel power system is significantly better than an electric power
system in voyage and duration. A hybrid electric system is a composite power system that
combines fuel power and electric power, which can improve the efficiency of the power
system of the aircraft under wide working conditions, and then meet the needs of a long
flight time in actual work [1,2].

Based on the existing technical conditions, compared with the electric power system,
the hybrid electric propulsion system has obvious advantages in terms of energy density.
Under the premise of the system design including the ICE, generator and battery pack,
its energy density is about three times that of the electric power system. Moreover, when
the hybrid electric propulsion system is working, and when the fuel is continuously
consumed, the weight of the aircraft is reduced, resulting in a reduction in the power
demand, which further improves the comprehensive energy density of the hybrid electric
propulsion system, while the weight of the electric power system does not decrease with
the consumption of electricity [3]. The mechanical efficiency of the ICE is generally around
80~90%, and there is little room for upward improvement, while the thermal efficiency is
generally around 20~40% and has huge potential. If the thermal efficiency of the ICE can
be increased to more than 50%, the advantages of the hybrid electric system will be greater.

Due to the different dynamic response characteristics of the generator and battery
pack, it is necessary to use the EMS to control the output power of the hybrid powertrain.
On the premise of meeting the power demand of the aircraft, the optimal scheduling of the
energy management strategy (EMS) is used to improve the stability and efficiency of the
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system. Therefore, energy management is a key factor in the development of the hybrid
electric propulsion system.

Researchers have conducted some exploratory work about the design of a hybrid
electric propulsion system for aircraft. Friedrich et al. [4] carried out the overall design of a
20 kg scale hybrid electric UAV based on the ideal fuel consumption curve of the ICE. A
similar study was also carried out by Riboldi et al. [5] using optimization methods for the
initial design of a small hybrid electric UAV.

For the EMS of a hybrid electric system, researchers have conducted a lot of research
work and have also achieved good research results. Li et al. [6] designed a novel propulsion
system topology and power distribution algorithm for a light manned electric aircraft
using an energy system, which combined a fuel cell and a lithium battery Their method
can protect fuel cells from rapid power changes, realize the protection of the fuel cell and
effectively improve the efficiency. The concept of hybridization for power was introduced
by Ji et al. [7], who dynamically adjusted the Hp of the hybrid electric system combined
with the power demand of the aircraft under different operating conditions to improve
the energy utilization efficiency. Hung et al. [8] verified this conclusion by a simulation
based on the flight conditions of a fixed-wing UAV. Xie et al. [9] proposed an EMS that
combines the minimum equivalent consumption strategy and fuzzy logic control (FLC) for
a fixed-wing light aircraft, which can not only achieve online energy management but also
reduce fuel consumption.

From the analysis of the results of the above researchers, the main purpose was to
improve fuel economy and system efficiency. Due to the complexity of the hybrid electric
propulsion system, the traditional design method using an accurate mathematical model
has difficulty obtaining the expected effect. FLC is an intelligent control based on fuzzy
logic, imitating human control experience and knowledge, which is very active in the
current industrial field. It is feasible and advantageous to use the FLC method to design an
EMS for a hybrid electric propulsion system [10].

Based on such research ideas, this paper takes a 100 kg scale VTOL aircraft as a
prototype to study the EMS optimization of the hybrid electric propulsion system. The
concept of IOL is introduced, and an EMS based on FLC is established. This strategy can
combine the power requirement and the SOC of a battery pack online to dynamically and
optimally allocate the output power of the generator and the battery pack. The simulation
results verify that this strategy can improve the overall efficiency of the hybrid electric
system under typical mission profiles.

2. System Modeling
2.1. Mission Profile

The research object of this paper is a 100 kg scale VTOL aircraft designed by our team,
as shown in Figure 1. The VTOL system and the horizontal flight propulsion system are
separated. In the take-off and landing stage, the rotor system provides vertical pulling
force, and in the horizontal flight stage, the fixed-wing system provides lift and thrust [11].
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The typical mission profile of fixed-wing VTOL aircraft is shown in Figure 2, which is
mainly divided into six stages: vertical take-off, mode conversion, climb, cruise, descent
and vertical landing.
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2.2. Dynamic Model

Fixed-wing VTOL aircraft can be regarded as a multi-rotor aircraft during VTOL
stages; it can also be used as a fixed-wing aircraft during climb, cruise and descent stages.
In this paper, two modes of rotor flight and fixed-wing flight are defined for fixed-wing
VTOL aircraft, and the dynamic modeling is carried out, respectively.

2.2.1. Rotor Mode

In the VTOL stage, the total weight WTO and the drag Dv of the aircraft are both
overcome by the thrust Tv generated by the rotors [12]

Tv = 1.15·(WTO ± Dv) (1)

The coefficient 1.15 indicates that an additional 15% thrust is considered to overcome
the wind. Dv is positive in the vertical take-off stage and negative in the vertical landing
stage. Its value can be calculated by Equation (2)

Dv =
1
2
·CD,v·ρ·vv

2·Sp (2)

where ρ is the air density due to the low flight height in the VTOL stage, the influence of
the altitude change on the air density is not considered, and it is set as 1.293 kg/m3. CD,v
is the vertical drag coefficient, vv is the vertical rising rate in the take-off stage, Sp is the
projected area of the whole aircraft. In the process of VTOL, the aircraft projection plane is
perpendicular to the climb velocity vector, which is suitable for the assumption of plate
resistance, the drag coefficient of the flat plate can be described as Equation (3)

CD,v = 2 · sin3 α (3)

During VTOL process, α = 90◦, so CD,v = 2. Combining Equations (1)–(3), the thrust
required for the VTOL process can be calculated. Equation (4) is derived from propeller
momentum theory to calculate the power requirement to generate the required thrust [13]

PR =
Tv · vi
FM

/(ηT ·ηM) (4)

vi is the axial induced speed of the rotor, ηT is the transmission efficiency (considering
the efficiency of energy management system and circuit loss), ηM is the motor efficiency,
FM is the rotor utility factor, also known as the rotor utility factor. Tyan et al. [14] processed
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the experimental data of 85 ICE–propeller combinations, and established a statistical model
of FM changing with the TR as shown in Equation (5)

FM = 0.4742 · TR
0.0793 (5)

TR represents the thrust generated by a single rotor in a given flight state. According
to the momentum theory, the axial velocity of rotor can be depicted by Equation (6) [15]

vi = −vv

2
+

√
vv2

4
+

TR
2 · ρ · SR

(6)

SR represents the area of a single rotor disk, which can be determined by Equations (7)
and (8), respectively.

TR =
Tv

nR
(7)

SR =
WTO

RDL · nR
(8)

nR represents the number of rotors and RDL represents the rotor disc load. Tyan estab-
lished a database of 11 multi-rotor aircraft models, and derived a formula for calculating
RDL and take-off total mass (MTO) by constructing a statistical regression model [14]

RDL = 3.2261 · MTO + 74.991 (9)

The power demand of a single rotor in the VTOL stage can be calculated from
Equations (1)~(9), and the total required power of the rotor system (Preq,R) can be calculated
by Equation (10):

Preq,R = nR · PR (10)

2.2.2. Fixed-Wing Mode

During the climb, cruise and descent stages, the aircraft adopts the fixed-wing flight
mode, the propeller provides forward thrust, and the wings provide lift. Establish the
dynamic equation in fixed-wing flight mode using the center of mass motion model [16].

T · cos α − D − m · g · sin γ = m · dV
dt

(11)

T · sin α + L − m · g · cos γ = m · V
.·γ (12)

T · sin α + L − m · g · cos γ = 0 (13)
.

H = V · sin γ (14)

where V is the speed, T is the thrust produced by the propeller, α is the attack angle, m is
the mass of the aircraft, γ is the pitch angle and H is the height of the aircraft. L and D are
lift and drag, respectively, which can be expressed as Equations (15) and (16).

L = CL · Sw ·
(

1
2
· ρ · V2

)
(15)

D = CD · Sw ·
(

1
2
· ρ · V2

)
(16)

where CL and CD are lift coefficient and drag coefficient, respectively, and Sw is wing area.
The stable cruise speed and climb/descent speed of the minimum power can be calculated
by Equation (17) and Equation (18), respectively.
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VC =

√
2 · WTO

ρ · SW · CL
(17)

V

√√√√2 · WTO
ρ · SW

√
k

3 · CD0 Pmin

(18)

where CD0 is zero-lift drag coefficient, k is lift-induced drag coefficient, which can be
depicted as Equation (19) [17]

k = 1/(π · e · AR) (19)

where e is Oswald factor and AR is aspect ratio. Power requirement of the aircraft in
fixed-wing mode can be calculated by Equation (20)

Preq = (V · T cos α)/ηT · ηM · ηP (20)

where ηP is the propeller efficiency. Combined with the relevant design parameters of the
aircraft, as shown in Table 1, the power requirement under the typical mission profile can
be calculated (the cruise time is set to 1 h), as shown in Figure 3.

Table 1. The design parameters of aircraft.

Parameters Value

Total weight 12 VTOL rate 2 m/s
Wingspan 4.0 m Climbing/Descent rate 3 m/s
Wing area 2.5 m2 VTOL altitude 300 m

Cruise lift coefficient 0.44 Cruise altitude 1000 m
Cruise drag coefficient 0.03 Propeller efficiency 65%
Cruise lift–drag ratio 10 Motor efficiency 85%

It can be seen that the power requirement varies greatly in different flight stages, with
the VTOL stage being the largest, more than three times that of the cruise stage. However,
the power requirement of the descent stage is only 1/5 of that of the cruise phase due to
the release of gravity potential energy. The jump in power requirement of VTOL aircraft
brings challenges to the energy system

Aerospace 2022, 9, x FOR PEER REVIEW 6 of 19 
 

 

 
Figure 3. Power requirements under typical mission profile. 

2.3. Hybrid Electric Propulsion System Model 
2.3.1. Hybrid Electric Propulsion System Structure 

In a hybrid electric propulsion system, two or more power sources are combined to 
improve the efficiency of the aircraft. At present, there are various configurations of hy-
brid electric systems in use, the most common being the following three configurations: 
series, parallel and series–parallel. This paper adopts a series structure, which consists of 
ICE, generator, battery pack and motor. The structural layout is shown in Figure 4. 

 
Figure 4. The structure of series hybrid electric propulsion system. 

In the series structure, the ICE shaft is not directly connected to the propeller, but 
drives the generator to generate electricity, converts the mechanical energy output by the 
ICE into electrical energy and transmits the electricity to the motor, which drives the pro-
peller to generate thrust. The excess power can be supplied to the battery pack by charg-
ing. At the same time, the battery pack can be used as a power supplement to provide 
high-power output for a short period of time. Therefore, the power variation can be 
smoothed by adjusting the output power of the battery pack so that the ICE can operate 
efficiently within its rated operating range, and in a series configuration, the ICE is not 
limited to a certain torque or rotational speed setting, which also makes power distribu-
tion easier. 

2.3.2. ICE Model 
In this study, only the power distribution is optimized to make the ICE work in the 

high-efficiency area to reduce the fuel consumption during flight, and the dynamic re-
sponse mechanism of the ICE does not need to be considered. The rotational speed and 

Figure 3. Power requirements under typical mission profile.

2.3. Hybrid Electric Propulsion System Model
2.3.1. Hybrid Electric Propulsion System Structure

In a hybrid electric propulsion system, two or more power sources are combined to
improve the efficiency of the aircraft. At present, there are various configurations of hybrid
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electric systems in use, the most common being the following three configurations: series,
parallel and series–parallel. This paper adopts a series structure, which consists of ICE,
generator, battery pack and motor. The structural layout is shown in Figure 4.
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In the series structure, the ICE shaft is not directly connected to the propeller, but drives
the generator to generate electricity, converts the mechanical energy output by the ICE into
electrical energy and transmits the electricity to the motor, which drives the propeller to
generate thrust. The excess power can be supplied to the battery pack by charging. At the
same time, the battery pack can be used as a power supplement to provide high-power
output for a short period of time. Therefore, the power variation can be smoothed by
adjusting the output power of the battery pack so that the ICE can operate efficiently within
its rated operating range, and in a series configuration, the ICE is not limited to a certain
torque or rotational speed setting, which also makes power distribution easier.

2.3.2. ICE Model

In this study, only the power distribution is optimized to make the ICE work in the
high-efficiency area to reduce the fuel consumption during flight, and the dynamic response
mechanism of the ICE does not need to be considered. The rotational speed and torque
are used as the model input, and the brake specific fuel consumption (BSFC) and the
instantaneous fuel consumption rate are used as the output. The model is based on the
Limbach L275EF two-stroke ICE shown in Figure 5 [18].
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Figure 6. ICE characteristic. (a) ICE external characteristic. (b) Universal characteristic map.

The blue dotted line in Figure 6a represents the maximum torque (Nm) at current
speed (rpm), which means the throttle valve opening is 90◦. The red solid line and the black
dashed line represent the power (kW) and BSFC (kg/kWh) under the current operating
condition (speed, maximum torque), respectively. The numbers on the contour lines in
Figure 6b represent the BSFC under the current operating condition (speed, torque). A
two-dimensional look-up table function is established based on the test data, which can
calculate the BSFC corresponding to any operating condition.

2.3.3. IOL Controller Model

It can be seen from Figure 5, that when the ICE outputs the same power at different
speeds and torque, the BSFC is quite different. In the universal characteristic map, it can
be seen that different torque points at the same speed or different speed points under the
same torque have great differences in BSFC. It means that under the same output power,
different operating points (speed, torque) correspond to different BSFC.

A major advantage of the series hybrid electric system is that the engine and the
propeller are not mechanically connected, so the engine can run at different operating
points at a certain output power. In order to make the engine work efficiently, the concept
of ideal operating line (IOL), also known as e-line, is introduced, which is a line composed
of optimal operating points corresponding to different output power values. These points
represent the torque and speed combination corresponding to the minimum BSFC under
steady state [19]. An optimization algorithm is used to search for the operating point
(corresponding to torque and speed) that minimizes BSFC under different powers, as
shown in Figure 7a. The optimal operating points under different powers are extracted,
and the IOL of the engine can be drawn as shown in Figure 7b.

The black triangle in Figure 7a represents the optimal operating point obtained by the
optimization algorithm, which corresponds to the determined power value. Figure 7b is
the connection of the optimal operating point. It can be seen that when the output power
of ICE is around 15 kW, the BSFC is the lowest and the efficiency is the highest, and the
efficiency is also very high when it is between 7 and 10 kW, which provides a basis for
subsequent energy management.

The controller model based on IOL is established, the input of the model is the output
power allocated to the ICE by the EMS and the output corresponds to the speed and torque
at the optimal operating point under this power. Therefore, through the IOL controller, the
target output power can be converted into the optimal speed and torque, which can be
used as the input of the ICE model, which not only makes the ICE more efficient but also
simplifies the model.
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2.3.4. Battery Model

In this study, battery pack is used to store energy and quickly respond to demand
power in the hybrid power system. The rechargeable characteristic enhances the utilization
efficiency of ICE by storing the surplus energy when the power demand is low, which
plays an important role affecting the performance and fuel economy of system. At present,
the mainstream battery models include electrochemical model, empirical formula model,
machine learning model, neural network model and equivalent circuit model. In this paper,
the equivalent circuit model commonly used in engineering is adopted. The battery is
equivalent to an ideal voltage source and an internal resistance in series [20], as shown in
Figure 8. The circuit equation is seen as Equation (20){

Ub = Uoc − Ib · Rin
Pb = Ub · Ib

(21)
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Uoc is the open circuit voltage of the battery, Ub is the terminal voltage of the battery,
that is, the output voltage, and Rin is the internal resistance of battery. The most important
parameter of the battery is the state of charge (SOC), which represents the battery state
limited within [0, 1], where 1 indicates full charge and 0 means empty. There are various
methods to estimate SOC, commonly used methods include open circuit voltage method,
charge integration method, adaptive filtering method, machine learning method, etc. This
paper focuses on the EMS, so the estimation of the SOC does not require high accuracy.
Considering the feasibility of the method, the charge integration method is selected to
estimate the SOC of the battery pack. The calculation formula is written as Equation (21)



Aerospace 2022, 9, 547 9 of 19

SOC(t) = SOC0 −
∆Q
Qb

(22)

SOC(t) is the SOC of the battery pack at the current moment, SOC0 is the SOC of
the battery pack at the initial moment, Qb is the maximum charge capacity of the battery,
namely, rated capacity (Ah), ∆Q represents the charge change, which can be depicted as
Equation (22)

∆Q =

{ ∫ t
0

Ib
ηb

dt, (Ib > 0)∫ t
0 (ηb · Ib)dt (Ib < 0)

(23)

Ib is the output current of the battery, which is positive for discharging and negative
for charging. ηb represents the charging and discharging efficiency of the battery, which
can be measured experimentally. The battery open circuit voltage Uoc is a function of SOC
and temperature. The effect of temperature is not considered in this paper, so the open
circuit voltage can be expressed as Equation (23)

Uoc = f (SOC) (24)

Molicel P28A 18650 lithium battery is adopted for the battery pack, which has a
discharge rate of 12 C. The specific power and specific energy of the battery are very high,
thus it is very suitable as a battery for a series hybrid system. The parameters of the single
battery cell are shown in Table 2.

Table 2. The parameters of Molicel P28A 18650 lithium battery.

Parameters Value

Capacity 2800 mAh Internal resistance 14 mΩ
Maximum charge current 6 A Mass 46 g

Maximum discharge current 35 A Energy density 220 Wh/kg
Rated voltage 3.6 V Power density 2739 W/kg
Cutoff voltage 2.5 V

The discharge tests were carried out under different discharge currents (0.56 A (0.2 C),
2.8 A (1 C), 10 A, 20 A, 30 A). The cutoff voltage was 2.5 V, and the data of terminal voltage
and discharge capacity of single cell were obtained, as shown in Figure 9.
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It was found that the bigger the current, the bigger the voltage drop, which is caused
by the battery internal resistance. Thus, the internal resistance can be calculated by the
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voltage drop and current increment. It was also found that with the increase in discharge
current, the effective capacity of the battery will decrease, which is called Peukert effect [21].

The Peukert effect must be considered under high discharge rate [22]. In order to
simulate the influence of Peukert effect and facilitate calculation, the concept of equivalent
discharge current is introduced. It is considered that under different discharge currents,
the battery capacity is constant (rated capacity), but the current is different. This method is
beneficial to the use of charge integration method to calculate SOC. The calculation formula
of equivalent current is as follows

Ie f f = I · (I/Ir)
pc−1 (25)

where Ieff represents the equivalent current, I is the actual discharge current, Ir is the rated
current (the battery chosen in this paper is 0.56 A) and pc is the Peukert coefficient. After
calculation, the Peukert coefficient of battery used in this paper is 1.015.

We tested the open circuit voltages corresponding to different SOC values, and per-
formed polynomial fitting processing on the experimental data to obtain the function of
the Uoc with SOC. Then we calculated the current Uoc according to the current SOC. The
experimental data and the fitting curve are shown in Figure 10, the fitting function is
addressed by Equation (24).

Uoc = f (SOC) = 13.46 · SOC5 − 42.01 · SOC4 + 50.55 · SOC3

−28.69 · SOC2 + 8.296 · SOC + 2.587
(26)
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In Figure 10, the black hollow triangles represent the experimental data, the red line
represents the fitting curve and the blue solid triangles represent the internal resistance of
the battery.

It can be seen that when the SOC of the battery is lower than 0.2, the open circuit
voltage drops sharply, which makes the power system unable to operate stably, and it is
not safe when the SOC is too low. However, when the SOC is higher than 0.8, the internal
resistance is larger, which leads to a decrease in the charging and discharging efficiency.
Therefore, the SOC value range of the battery is set to [0.2, 0.8]. According to the voltage
requirements of the load equipment (motor) and the current constraints under high power,
the battery pack adopts a design of 28 series and 4 parallel.

Combining Equations (21)–(26) can calculate the discharge current according to the
output power allocated to the battery pack, and calculate the SOC of battery pack in real
time through the charge integration method.

3. Energy Management Strategy

The purpose of the fuzzy logic control strategy developed in this paper is to make the
ICE run efficiently by reasonably allocating the power output of the two energy sources in
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the series hybrid electric system based on the power requirement of the aircraft, so as to
improve the fuel economy of the system and the range of the aircraft [23].

The energy management control logic of the hybrid electric system is shown in Figure 9.
The power requirement of the aircraft, Preq, and the state of charge of the battery pack, SOC,
are taken as the input variables of the fuzzy controller, and the output variable is the output
power of the generator, Pgen. Preq is calculated by the current flight state of the aircraft, and
the SOC is calculated by the charge integration method. After obtaining the value of the
input variable, the fuzzy inference is carried out by the designed fuzzy controller, and the
value of the output variable, Pgen, can be determined. The output power of the battery pack,
Pbat, can be represented by the difference between Preq and Pgen.

3.1. Membership Function Setting

According to the actual value range of the input and output variables of FLC and
the control precision requirement of the fuzzy controller, the fuzzy subset and domain
corresponding to each variable can be determined. In Section 2.2, the power requirement
under the entire mission profile is preliminarily calculated: the minimum power is 1.5 kW,
and the maximum power is 24.4 kW, so the range of Preq is set as [0, 25].

Since the flight process can be divided into five stages according to the required power:
take-off and landing, transition, climbing, cruise and descent, the Preq is divided into five
fuzzy subsets, quite small (QS), small (S), medium (M), large (B) and quite large (QB),
namely {QS, S, M, B, QB}. Since the initial value of the SOC is 1 (it is fully charged before
take-off), and the lower limit of the SOC is set to 0.2 in Section 2.3.4, the range of the input
variable SOC is set to [0.2, 0.9]. It is also divided into five fuzzy subsets within its range,
namely {QL, L, M, H, QH}.

For the output variable of the fuzzy controller, generator power, Pgen, its upper limit is
determined by the maximum output power of the ICE and the generator efficiency. The
maximum output power of the ICE and generator combination in this paper is 16.56 kW,
and since the battery pack can be powered by itself, the ICE can be turned off, so its range
is determined as [0, 17]. In order to improve the stability and dynamic performance of the
aircraft power control system, four fuzzy subsets are set for the output variables, which are
zero (ZO), medium (M), large (B) and end quite large (QB), i.e., {ZO, M, B, QB}. The fuzzy
subsets and membership functions of each variable are shown in Figure 11.
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3.2. Fuzzy Logic Rule Setting

According to the mission profile and power requirements of the fixed-wing VTOL
aircraft, the characteristics analysis of the hybrid electric system and reference from the
existing research, and Combined with the fuzzy set and membership function, 25 fuzzy
rules are formulated, the fuzzy control rule table is shown in Table 3, and the fuzzy inference
surface is shown in Figure 12.

Table 3. Fuzzy logic control rule table.

Preq
SOC

QL L M H QH

QS B B ZO ZO ZO
S B B M M ZO
M QB B B B M
B QB QB B B B

QB QB QB B B B
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4. Simulation and Analysis

Based on the 100 kg scale VTOL aircraft mentioned in this paper, a series hybrid
electric propulsion system was built. The parameters of each component are shown in
Table 4.
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Table 4. Component parameters of hybrid electric system.

Components Parameters Value

ICE

Maximum
power

18.5 kW
@7500 rpm

Generator

Efficiency 93%

Battery pack

Rated Voltage 100 V

Rated power 15 kW
@7000 rpm

Rated
voltage 110 V Capacity 11.2 Ah

Maximum
speed 7500 rpm Rectifier

efficiency 95%
Maximum

discharge/charge
current

140 A/24 A

Mass 7 kg Mass 4.2 kg Mass (including
BMS) 5.6 kg

Based on the model established in Section 2, the simulation modules were built in
the environment of MATLAB/Simulink, and the EMS designed in this paper was used to
optimize the energy management under the typical mission profile.

As a comparison, a rule-based EMS [24] that is commonly used in series hybrid electric
aircraft was designed and simulated, which follows the following principles:

(1) When the power requirement is greater than the maximum output power of the gener-
ator, the ICE outputs the maximum power, and the remaining power is supplemented
by the battery pack.

(2) When the power requirement is less than the maximum output power of the generator,
the output power of the generator is equal to the power requirement of the aircraft.

(3) After entering the cruise stage, the battery pack is charged, and the output power of
the generator is equal to the sum of the power requirement of the aircraft and the
charging power

The logic block diagram is shown in Figure 11. In this paper, a rule-based strategy
(named RBS) and a rule-based strategy with IOL controller (named IOL-RBS) were designed
for comparative analysis.

The IOL-based fuzzy logic control strategy (named IOL-FLCS) designed in this paper
performed an online optimal allocation of the output power of the generator and the battery
pack under the typical mission profile. The results are shown in Figure 13.
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In the take-off stage, the power requirement is large, so the generator and the battery
pack supply power together. At the beginning, due to the sufficient charge of the battery
pack (SOC is 100% before take-off), the output power of the battery pack is about 11 kW,
which enables the ICE to provide output at the rated power. As the battery continues to
discharge, the SOC decreases. In order to avoid excessive discharge of the battery pack, the
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generator increases the output power to 15.2 kW, which is close to the maximum power.
After entering the climbing stage, the power requirement of the aircraft drops to 11.8 kW. At
the same time, the SOC of the battery pack drops to below 0.8 and needs to be charged. At
this time, the power of the generator returns to the rated power (13.5 kW), and the battery
pack is charged with a charging power of 1.7 kW while matching the power requirements
of the aircraft.

After entering the cruise stage, the power requirement is further reduced, the output
power of the generator is reduced to 8.1 kW and the battery pack is slowly charged with a
charging power of 1.3 kW until the SOC reaches the preset upper limit value (0.8) and then
stops charging; then the output power of the generator is reduced to the same as the power
requirements of the aircraft. In the descent stage, due to the release of the gravitational
potential energy of the aircraft, the power requirement is very small. It mainly relies on the
battery pack to meet the power requirements. At this time, the ICE is in an idle state, and
the output power of the generator is about 0.1 kW. During the landing stage, the generator
output power is 15.2 kW, and the battery pack is used as a power supplement. After the
mission is completed, the SOC of the battery pack is 0.37, which is higher than the preset
lower limit value (0.2).

Figure 14 shows the output power of the ICE and SOC of the battery pack under the
three energy management strategies, and Figure 15 shows the BSFC and fuel consumption
of the ICE. Table 5 shows the results of IOL-RBS and IOL-FLCS and the comparison with
the benchmark RBS in terms of fuel consumption. Since the final SOC of the three strategies
is not exactly the same, a direct comparison of fuel consumption does not reflect which
one is better in terms of fuel economy. Research [25] shows that the fuel consumption in
HEPS should be considered to evaluate the equilibrium energy content of its energy storage
devices. In this paper, the fuel consumption is corrected and the SOC is corrected to 50%,
and the calculation formula is as follows:

∆m f =

(
0.5 − SOC f inal

)
· Qb · Ub · ηb

ηgen · 3600
· BSFC (27)

where ∆mf represents the fuel consumption increment corresponding to the corrected SOC,
SOCfinal represents the SOC of the battery pack at the end of the flight and BSFC represents
the average BSFC, taking the value of the cruise stage, 373 g/kWh.

Table 5. Comparison between RBS, IOL-RBS and IOL-FLCS.

RBS
IOL

IOL-RBS IOL-FLCS

Original SOC (%) 100 100 100
Final SOC (%) 0.50 0.50 0.37

Fuel consumption (kg) 3.93 3.82 3.69
Corrected SOC (%) 50 50 50

Corrected fuel consumption (kg) 3.93 3.82 3.70
Fuel saving (%) — 2.80 5.85
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Figure 14. Operating condition comparison between RBS, IOL-RBS and IOL-FLCS. (a) ICE power
comparison between RBS, IOL-RBS and IOL-FLCS. (b) SOC comparison between RBS, IOL-RBS and
IOL-FLCS.

Based on the given mission profile of a one-hour cruise flight, the total fuel consump-
tion under IOL-RBS is 3.82 kg, while the total fuel consumption under the IOL-FLCS is
3.69 kg, and the fuel consumption saved is 2.8% and 5.85%, respectively, comparing with
RBS (3.93 kg). The results show that the EMS based on IOL can significantly reduce fuel
consumption. The introduction of fuzzy logic makes the ICE work at the high-efficiency
operating point more by rationally allocating the power output of the generator and the
battery pack, which further improves the fuel economy. Since the power change in the
cruise stage is small, the fuel consumption under the two strategies is almost the same.
If only the stages with obvious power changes such as take-off, landing and climb are
considered, the fuel consumption under the two strategies is shown in Figure 16, and the
comparison results are shown in Table 6.
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Table 6. Comparison between IOL-RBS and IOL-FLCS.

IOL-RBS IOL-FLCS

Original SOC (%) 100 100
Final SOC (%) 50 37

Fuel consumption (kg) 1.534 1.438
Corrected final SOC (%) 50 50

Corrected fuel consumption (kg) 1.534 1.453
Fuel saving (%) - 5.28

The vertical line indicates that the battery pack is fully charged and the SOC reaches
0.8. Before the vertical line is the process of take-off, climb, and cruise charging, and after
the vertical line is the landing stage. The fuel consumption of IOL-RBS is 1.534 kg, and the
fuel consumption of IOL-FLCS is 1.453 kg, saving about 5.28%.

Xie et al. [9] conducted similar work: they studied the energy management strategy
on a hybrid electric fixed-wing UAV and designed a fuzzy logic control strategy based on
equivalent fuel consumption (F-ECMS). The results show that this strategy can achieve fuel
saving, but the improvement is not significant compared with the optimization results of the
equivalent fuel consumption strategy (ECMS). However, in this paper, fuzzy logic control
is adopted to significantly reduce fuel consumption compared with the ordinary energy
management strategy. The results show that the fuzzy logic control strategy designed in
this paper can distribute the power output of the two energy sources more reasonably, thus
improving the efficiency of the system.

5. Conclusions

In this paper, aimed at the power requirements of a 100 kg scale fixed-wing VTOL
aircraft under a typical mission profile, the energy management optimization is carried out
based on the series hybrid electric system, and an EMS combining an IOL controller and
fuzzy logic control is proposed. Through numerical simulation, the following conclusions
are drawn:

(1) The fixed-wing VTOL aircraft has different working modes in different flight stages,
resulting in a large jump in power requirements. The power of the VTOL stage is
more than three times that of the cruise stage, while the power of the descent stage is
only about a quarter of that in the cruise stage. The hybrid electric propulsion system
combines the high specific energy and specific power of the battery, which can not
only reduce the size of the ICE, but also improve the overall efficiency of the system
by rationally allocating the output power of the two energy sources.

(2) Combining the universal characteristic map of the ICE to find the ideal operating line,
running the ICE based on the IOL can make the ICE work at the optimal operating
point under the given output power, thereby improving the efficiency. Under the
simulation conditions of this paper, the fuel consumption saved was 2.8%. After the
introduction of the IOL, the flexible transformation between the output power and
the operating point (torque, speed) of the ICE is realized, which is beneficial to the
optimization of the energy management.

(3) The EMS based on fuzzy logic is adopted, and the output power of the generator
and the battery pack is dynamically and optimally allocated according to the power
requirement of the aircraft and the SOC of the battery pack, so that the ICE works in
the efficient operating area most of the time, thereby improving the fuel economy of
the system and the range of the aircraft. Additionally, it is different from the dynamic
programming strategy that needs to know the working conditions in advance; the
EMS based on fuzzy logic can perform online optimal control under the condition of
unknown working conditions.
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In this paper, the design and simulation verification of an online energy optimiza-
tion IOL-FLCS for a hybrid electric propulsion system of a fixed-wing VTOL aircraft are
completed. Suggestions for future work are as follows:

(1) The IOL-FLCS should be verified in the hardware system, combined with theoretical
simulation data and experimental data to improve the practicability of the EMS.

(2) An EMS can be established that comprehensively considers fuel consumption and
emissions. This further study needs to be carried out based on the emission character-
istic map of the ICE.
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