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Abstract: A composite strategy is proposed to address the optimal power management
for a hybrid powered compound-wing aircraft, which integrates bang-bang regulation
with optimal demand chasing regulation. The electro-gasoline hybrid power system
enhances the overall flight endurance of vertical take-off and landing compound-wing
aircraft. The power consumption in level flight appears to be much lower than that in
hovering, enabling the hybrid power system to simultaneously energize and charge the
battery pack. In order to minimize fuel consumption and battery pack degradation during
level cruise flight, a power management strategy that serves for both battery charging
and thrust energizing is worthy of careful consideration. To obtain the desired features
and design the regularity strategy of the power system, linear and nonlinear models are
established based on the configuration of an electro-gasoline series hybrid power system
installed in the proposed aircraft, with mathematical modelling of key components and
units. A notable feature of semi-fixing for battery voltage and engine rotational speed has
been qualitatively identified and subsequently quantitatively validated on the testbench.
After conducting simulations and comparing with other strategies, the composite strategy
demonstrates appropriate fuel consumption and battery degradation, effectively achieving
cost minimization. Testbench evaluation confirms the effectiveness of this proposed power
management strategy. Furthermore, the practicality of the hybrid power system and
its associated level flight composite power management strategy are validated by tests
conducted on a 30 kg aircraft prototype, thereby showcasing the potential to enhance
flight performance.

Keywords: electro-gasoline hybrid power system; compound-wing VTOL; power management
strategy; bang-bang regulation; linear quadratic gaussian

1. Introduction

Compound-wing type vertical take-off and landing (VTOL) aircraft integrate a
multi-rotor system with a fixed-wing configuration, combining the advantages of both
configurations [1-3]. The specific advantages of this configuration include: the ability
to hover for operations, long endurance, high flight speed, low takeoff and landing re-
quirements, and large mission payload capacity, and the potential application scenarios
for this configuration include logistics delivery, power line inspection, and security mon-
itoring. The onboard power system must be capable of accommodating two distinct
operational conditions throughout the entire flight profile, namely high-power vertical
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flight and low-power level cruise flight. In order to facilitate efficient power grid flight
inspection and emergency logistics by air, both vertical and level flights are taken into
consideration in the performance design. To effectively enhance flight endurance, various
electro-gasoline or electro-fuel-cell hybrid power systems have been developed for VTOLs
of this configuration, considering the relatively high energy density of fuel. In the research
of airborne hybrid power systems, a variety of design and improvement methods are
applied to enhance the efficiency and reliability of the power system, specifically focusing
on battery management [4,5], power generation [6-9], and power transmission [10-14].
This technology has been extensively employed in numerous industrial-class multi-rotor
vehicles [15,16], where a hybrid power system combining an inner combustion engine (ICE)
with a generator and battery packs offers significantly longer hovering duration compared
to pure electric systems, owing to the superior energy density provided by fossil fuels [17].
Furthermore, with regard to VTOL power supply systems, it is worth noting that while
DC/DC converters excel in electricity transmission, they incur a significant weight penalty
due to their low power density [18-23].

To enhance flight range and duration, the utilization of a series hybrid electric propul-
sion system has gained attention in recent years for VTOL, particularly compound-wing
configurations [24,25]. Throughout the entire flight profile, the ICE can consistently op-
erate within its optimal fuel economy range. Additionally, during level cruise flight, the
ICE-generator assembly is also responsible for supplying a portion of the energy required
to recharge the battery. The deployment of electricity from generators and battery packs
incorporates power management strategies during level flight of compound-wing VTOL,
effectively balancing the costs associated with fuel consumption and battery degradation.

For a hybrid power system, the development of an effective power management
strategy is considered one of the fundamental techniques, extensively explored in various
studies. Scholars have categorized these strategies into two types: optimization-based and
rule-based approaches.

Optimization-based strategies encompass Pontryagin’s minimum principle, Lagrange
multipliers, equivalent consumption minimization, and dynamic programming [26,27].
These methods aim to find the optimal control input sequence to minimize a certain
cost function. Consider an example from this study, they might be used to minimize
fuel consumption and battery degradation simultaneously. By leveraging mathematical
optimization techniques, they can theoretically determine the most efficient way to allocate
power between different components of the hybrid power system. However, these methods
need an accurate system model. In aircraft applications, where conditions are complex
and uncertain, getting such a model is tough. Additionally, their high computational
complexity can make it hard to provide real-time control decisions, which is crucial for the
compound-wing VTOL in this article.

On the other hand, rule-based strategies involve state machines, fuzzy logic systems,
and power follows [28,29]. These strategies are based on predefined rules and logic. State
machines operate based on different system states, fuzzy logic systems handle uncertainties
by using fuzzy sets and rules, and power follow strategies adjust power output based
on power demand. The shortcomings are also obvious, their performance depends on
the quality of the rules. Designing rules to cover all operating scenarios, like those of the
compound-wing VTOL, is challenging. This can lead to suboptimal power management in
terms of fuel consumption and battery degradation.

The limitations of existing strategies, including the high computational complexity
associated with optimization-based methods and the restricted adaptability of rule-based
approaches, necessitate the development of a more effective and practical strategy. To this
end, this paper introduces a composite power management strategy for level cruise flight
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in compound-wing VTOL aircraft powered by a direct-connected electro-gasoline hybrid
power system. This strategy integrates optimization-based and rule-based methodologies
to leverage their respective strengths, thereby enhancing performance in minimizing fuel
consumption and mitigating battery degradation while preserving the system’s robustness
and real-time control capabilities. Consequently, the proposed composite power manage-
ment strategy aims to achieve an overall reduction in both fuel consumption and battery
pack degradation, thus optimizing cost-efficiency.

The subsequent sections of this article are organized as follows: Section 2 presents the
modelling and linearization of the architecture for the proposed hybrid power system, with
a focus on key components and notable features. Section 3 provides a composite power
management strategy, based on the definitions of regulations and mechanism of battery
pack degradation. The experimental environment is described, and experimental results
are presented in Section 4, followed by concluding remarks in Section 5.

2. Architecture of Hybrid Power System
2.1. Layout of VTOL and Hybrid Power System

The VTOL is depicted in Figure 1, featuring a compound configuration of multi-rotor
and fixed-wing, and the designed UAV has a maximum take-off weight of 30 kg and a peak
power of 7 kW. In the multi-rotor mode, the VTOL ascends vertically with four rotor wings
driven by four motors, which are powered by both a battery pack and generator. To meet
long-range cruising requirements, the VIOL transitions to fixed-wing mode utilizing lift
generated from classical wings and thrust provided by an ICE-driven propeller as well as
motor-driven propellers on the wings. During level cruise flight, the wing-mounted motors
are powered by the generated electricity which simultaneously charges the battery pack.

Propeller — AC
ESCHlH ICE — DC
— DC

Generator

Figure 1. General view of the VTOL, powered by the proposed electro-gasoline hybrid power system.

The proposed layout of an electro-gasoline hybrid power system is illustrated
in Figure 1, which adopts a series configuration to enhance power efficiency and reduce
take-off weight. A specialized high-speed permanent magnetic generator is coaxially
mounted onto one end of the crankshaft of ICE, while the other end drives a fixed-pitch
propulsion propeller for cruise level flight. AC power is rectified into DC power by fast-
recover diodes inside the rectifier. The battery pack is directly connected in parallel between
the rectifier and electrical load (electronic speed controllers and motors), without requiring
a DC/DC converter. The power source and propulsion system are decoupled, allowing the
power generation system to operate within its optimal working range. In this condition,
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the engine operates with higher thermal efficiency, ensuring better working conditions,
which maximizes emission reduction and extends the lifespan of the system.

The typical flight profile of the VTOL is illustrated in Figure 2. Throughout the entire
flight process, the VTOL undergoes multiple take-offs and landings. The generator operates
in extended-range mode. During each vertical flight phase, the power demand exceeds the
maximum generated power, resulting in battery pack discharge and a subsequent decrease
in state of charge (SOC). However, upon transforming to level cruise flight phase, the
power demand reduces to one-third or less of its previous value. At this stage, it becomes
feasible to charge the battery pack using excess generator power.

L _Return trip: 30-50km

Hes ) ] Leap delivery Leapdeln;r}\'\\
i Charging: P _- P ! 1-5km 1-5km h

? b, Discharging: P_> P, e~ 1a ﬂ
I H i
| ' 1
1 1 :
{ E Vertical {light or hovering ! @ @ feeeee
: : i
' H l
| H 1
\

Delivery Delivery Delivery
point 1 point 2 point n

Level cruise flight

Figure 2. Architecture of proposed direct-connected hybrid power system on the VTOL.

For a compound-wing VTOL, the power demand for hovering or vertical flight is
typically several times higher than the power demand during level cruise flight. The
generated power is optimized to fall between the power requirements for hovering and
cruising, ensuring that SOC decreases during vertical flight while allowing for battery pack
recharging during level cruise flight.

2.2. Modelling of Hybrid Power System

The combustion of gasoline within the cylinders induces reciprocating motion of the
pistons, resulting in torque generation at the crankshaft. This torque is primarily influenced
by throttle opening and rotational speed (or represented by revolutions per minute, RPM),
which can be mathematically represented as a cubic polynomial equation denoted by
Equation (1). Additionally, an inertial term is incorporated into Equation (1) to account for
the effects of combustion and heat transfer.

. 3 3 . .
Tice +tTice = f(ns,0) =) j—0 bijns'a (1)

where Tjcg, 15, and « are the ICE output torque, the shaft rotational speed, and the ICE
throttle opening, respectively. T is the inertial term coefficient and b; ; is the constant of ICE
torque expression.

The torque balance on the crankshaft is expressed as Equation (2).

..
%]sns = Ticg — Tp(ns) — T — Qng )

where J;, Tp, and T are the inertia of all assemblies linked onto ICE crankshaft, the torque
of propeller, and the Generator input torque, respectively. () is the coefficient of friction
torque in ICE.
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As the shaft speed is almost locked around a specific rotational speed, the output
torque from ICE shows a linear relationship of throttle opening, as in Equation (3).

Tice = f(ns,a) = kaa 3)

where k, is the coefficient of throttle opening.
The torque generated by the fix-pitch propeller can be modelled as a quadratic poly-
nomial of rotational speed (RPM), represented by Equation (4).

Tp(ns) = 1o + y1ns + nans> 4)

1o, 71, and 7, represent the coefficients of the quadratic polynomial.
The relationships among the generator, rectifier, battery pack, and electrical load
adhere to Kirchhoff’s laws as expressed by Equations (5) and (6).

di . : .
Ld—f = ¢ns —ipRy — U — (lc - lL)Rbatt (5)
duC _ UC
“Car Rpart ©

where L, ¢, R;, and Ry, are the winding inductance inside generator, the counter elec-
tromotive force constant, the equivalent resist in generator and rectifier, and the internal
resistance of the battery, respectively. ig, if, U. and ¢ represent the generator DC current,
the loading current, the output DC voltage, and the equivalent capacitance, respectively.

The torque of the generator is determined by the flux linkage and pole-pairs, as
described in Equation (7). Under static operation conditions, the generated torque shows a
direct proportionality to the armature current.

3 . .. .
T = Epplplq — (Ld — Lq)lqld = krig (7)

where py, and ¢ are the pole-pairs inside the generator and the flux linkage inside the
generator, respectively. L; and L, are the inductances of the d-axis and g-axis. iy and i, are
the current of d-axis and g-axis. kr is the coefficient of generated torque.

Therefore, the linearized depictions of shaft speed, battery current, and voltage are
expressed by Equation (8).

dne (3079 30kr ., 30k

7: — _(T]S+Q)ns_ T]slc—i_TI:a

fic — Rutj 4 Py — Re—Rouryy 1y ®)
du, _ 1 1;
i = TR Ut L

where 7 is the torque coefficient of the propeller near the linearization point.

The nonlinear model of the combination of ICE, generator, rectifier, battery pack, and
electrical load is expressed from (1) to (7), and the linear model can be expressed as (9)
from (8).

The generated power is dependent on the shaft power output from ICE, which is
influenced by factors such as shaft speed, throttle opening, and battery pack voltage.
Consequently, the steady-state specific fuel consumption can be accurately represented
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using Figure 3, which shows the fuel consumption rate varies with generated power, at one
specific voltage.

dng 301 30kt 30k,
E s N o ans 01 7‘15 s R OfR n
Tf = % batt —1 ic| + 0 patt —Rr i
A O T S [ N
batt c (9)
fatt :lo 10 Zj o —11 la]
U 0 01 0 O ]
c uc 17,

where iy, is the current of battery pack.

N
W

(3]
T

—_
w

— Fuel consumption rate at 46V
——Fuel consumption rate at 48V ||
——Fuel consumption rate at 50V

Fuel consumption rate(Kg/h)

400 600 800 1000 1200 1400 1600 1800 2000
Generated power(W)

Figure 3. Fuel consumption rate at different voltages.

2.3. One Notable Feature of the Architecture

Because of the considerable battery capacitance, the voltage from the battery is re-
garded as constant at any given moment, taking the transient behavior of capacitors
into account.

ICE’s shaft speed is symmetric with the generator and proportional with the elec-
tromagnetic frequency. As the shaft speed rises while ICE’s power remains unchanged,
the output current from the generator rises rapidly and synchronously. The rising cur-
rent increases onto loading torque, and the shaft speed is consequently pulled back, and
vice versa.

Particularly, due to the one-way energy flow characteristics of the rectifier, in the
event of an uncontrolled descent in shaft speed, the output voltage drops below that
of the battery and consequently results in a significant reduction in current. From the
demonstration in (10), this leads to an almost negligible torque from the generator and
prompts a rapid recovery in shaft speed, potentially causing internal combustion engine

Te — {kTIG, Ug > U (10)

racing or overspeeding.

0/ UG S UC

where U is the generator DC voltage. As ICE’s power (tuned by throttle opening) varies
controllably, shaft speed is still chained by the voltage from the battery, and it is reflected in
the change of torque. Consequently, the current changes to balance ICE torque’s changing.

In summary, the parallel connection of the battery semi-fixes the shaft speed at which
both ICE and generator’s shaft can operate, ensuring that the voltage generated by the
generator remains slightly higher than that of the battery.
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3. Power Management Strategy of Level Cruise Flight
3.1. BANG-BANG Regulation Definition

It is quite difficult to solve the optimal input sequence. The rule-based approach
employed in this study is the bang-bang control strategy, which provides a practical
solution. This method involves regulating the input between two extreme values to
maintain a target condition. Specifically, the implementation of bang—bang control aims
to keep the battery voltage within a specified range around the desired value. When the
battery voltage reaches the lower threshold and its rate of change is negative, the throttle
opening of the ICE is set to its maximum value. Conversely, when the voltage reaches the
upper threshold and its rate of change is positive, the throttle opening is adjusted to its
minimum value.

To keep the voltage around the demand, the bang-bang regulation is designed with a
relay as in Equation (11).

u(t) = { tmax Ue == Ucmin and ng <0 a
Xmin, UC == Ucmax and dtc >0

where u(t) is the input in period f; #max and amin are, respectively, the upper and lower
limits of ICE throttle opening. Ucmin and Ucmax are the upper and lower limits of output
DC voltage, respectively.

3.2. Optimal Chasing Regulation Definition

While in cruise flight, the VTOL operates in a series hybrid mode, where the ICE drives
a generator to power the thrust motors and simultaneously charge the battery, utilizing
the rest generated power. The DC voltage of the battery increases with the state of charge
(SOC). The optimization-based approach entails employing mathematical optimization
techniques to determine the optimal control input sequence that minimizes a specified
cost function. In this case, the LQG regulation method is adopted, designed to achieve
efficient battery charging within a finite time horizon while simultaneously minimizing
state oscillation and fuel consumption. The LQG cost function is defined by Equation (12),
comprises a combination of the discrepancy between the system output and the desired
output, as well as a term associated with the control effort.

i) = 3[v(tr) ~5 ()] s[v(tr) ~9 (1))
+1Ji) [(y - ?) ‘0 (y - 37) + uTRu] dt
. (12)
x = Ax + Bu, x(tg) = xo
U
y=Cx = [1 0 0} s
i

s.t.

where ] is the cost, y is the output of the system and t; represents the final value time. R is
positive, and Q, S are non-negative. A, B and C are, respectively, the system matrix, the
control matrix, and the output matrix. The trajectory or servo demand is set as (13).

Y
{’i_A,x, (13)
y=Cx
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Matrices are augmented as (14).
~ x| ~ X (tf> ~ A 0] B
= , t = , A = , B =
* lx’] x<f> [x’(tf> 0 A 0
(14)
é | cToc cTQc'| ~ | cTsc cCTsc
- |-CTQc T —c'Tsc c'Tsc
Therefore, the cost functional is converted to a normalized LQG form, as (15).
min] = 1% (1) 8% (ts) + 34 FTéx + uTRu} dt
w2 = (15)
s.t.x = Ax + Bu,;(to) = ;0
The optimal control input satisfies Equation (16).
~T
u* = —R7'B Px (16)
where positive matrix P is a solution of an algebraic Riccati Equation (17).
~ T ~ AT ~
PA+A P—PBR 1B P+Q=0
~ (17)
P(ff) =S

Equation (12) is rewritten as Equation (18), considered a nonlinear controlled object
with bounded input.

(18)

; Upin < U < Uayx

The self-consistent Equation (19) with the optimal input that deducted from the LQG
regulator can be obtained from Equations (15) and (16).

Y= (A ER*%TP)}, Y¥(to) = %o (19)
~ o~ AT

The stability of the LQG regulator is ensured when the coefficient matrix A — BR~!B P

of the self-consistent equations is negative definite. In the case of a bang-bang regulator

applied to nonlinear systems, Equation (3) reveals the presence of a linear control term,

while the objective function incorporates a non-linear integrand. Moreover, considering

that the components of the control vector are subject to bounds due to constrained throttle
opening, stability is ensured within this system.

3.3. Power Management Strategy Definition

The composite power management strategy incorporates both an optimization-based
method and a rule-based method to manage power distribution within the electro-gasoline
hybrid power system of the compound-wing VTOL aircraft during level cruise flight.
Ilustrated in Figure 4, the power management strategy comprises two key components.
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When the real-time voltage of the battery pack deviates significantly from the demand value,
the LQG regulation provides an optimal solution to minimize cost while increasing voltage.
As the battery pack’s voltage reaches the demand once, a switch to bang-bang regulation
occurs, where regulation is achieved using a relay, and voltage fluctuates repeatedly around
the demand value.

Demand ,” N -};c;v_v-e-r-r-n-a-rl-:;ée-r_n-e_r{t- o \ Cruise
voltage ' strategy ! power
Ueolt) E | demand
: QG |
" ‘[ true | regulation i
Transfer Voltage comparation E i
to level i I
| me |
cruise If|U,-U,|>U ? ' i
flight i i
7Y ' else_| Bang-bang I
T ! regulation i
Hovering | | = TTtttoommommmmmmommomees ’
Uc(f) feedback

Figure 4. Schematic of power management strategy.

3.4. Battery Degradation Definition

The service life of the battery pack, that is usually made by a Li-polymer, will decline
sharply when the operating current exceeds the optimal rate, leading to a significant
increase in cycle degradation, which is worth considering in the overall cost.

The degradation of battery satisfies the Arrhenius model [30], as in Equation (20).

1374 Crate

gbatt = (’Yl +72- Cmté’)ei( oAT ?otal (20)

where (. and Qyop1 are, respectively, the degradation of battery pack and the total
discharge capacity of battery pack. c,. represents the charge and discharge rate of the
battery pack. 71, 72, 73, and 74 are the constants of the Arrhenius model. The cost of the
battery degradation satisfies Equation (21).

My = 0oty 1)

where 11, is the cost of battery pack degradation. «y,; represents the maximum degrada-
tion limit coefficient of the power battery. To ensure the safe operation of the UAV, lithium
power batteries are generally retired when their capacity drops below 70%. Consequently,
this paper adopts a value of 0.7.

4. Results of the Experiment
4.1. Simulation Verification

As depicted in Figure 5, the bang-bang and LQG strategies are implemented and
validated through simulation. The bang-bang approach rapidly regulates the battery pack
voltage from the initial stage, maintaining it within a fluctuating range around the desired
value. In contrast, the LQG method ensures smoother voltage regulation with gradual
variations in current and throttle opening. However, it is worth noting that the LQG
strategy may not effectively address uncertainties related to flight range or endurance
across all flight tasks or profiles, as shown Figures 6 and 7.
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Figure 5. The simulation of bang-bang and LQG strategies.
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(b) Uncertain power demand happens during level flight.
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Figure 7. A typical level flight profile simulation (45.048.2 V). (a) Ideal level flight with charging,
(b) Uncertain power demand happens during level flight.

These two simulations examine the requirements for VTOL operations under two
flight profiles, each demanding different voltage levels. For example, to accomplish specific
hovering tasks after level flight within a given profile, a higher demanded voltage is
necessary. Conversely, when such tasks are not required, a lower voltage setting can be
adopted, thereby conserving fuel used for power generation and battery charging.

As demonstrated in Table 1, the composite strategy shows a significantly slower
charging rate compared to the Bang—bang only regulation, effectively striking a balance
between fuel consumption and battery pack degradation.

Table 1. Simulation regulation performance comparison (with hovering during level flight).

. . Power Management Adjusting Time Fuel Consumption Battery Pack
Flight Profile Strategz(; (45.2) \" toi9.9 V) (1000 s) b Degrglation
LQG only none 0.533 L 0.73%
45.0-499V Bang-bang only 180's 0.456 L 1.60%
LQG + bang-bang 820's 0.528 L 1.34%
LQG only none 0.482 L 0.68%
45.0-48.2V Bang-bang only 120 s 0.407 L 1.44%
LQG + bang-bang 840's 0470 L 1.06%

4.2. Testbench

As depicted in Figure 8, a variable pitch propeller and a PM generator are coaxially
mounted on both ends of the crankshaft of a 2-stroke, 2-cylinder piston engine. All major
power components and their controller are installed on a specialized testbench to obtain
performance data and validate the power management strategies.

The specialized testbench is equipped with adjustable power sources, lift/hovering
simulation, and thrust simulation capabilities. The controllable power source derived from
the generator/ICE ensures precise control over the experiment. Bench sensors and an
oscilloscope are employed to monitor the charging or discharging rate of the battery, which
can be fine-tuned by the bench controller. The simulated time-domain thrust and lift curves
are configured to imitate practical flight profiles. Regarding the measurement parameters
and methods, shaft speed is measured using sensors attached to the crankshaft of the ICE.
Battery current and voltage are monitored with current and voltage sensors connected to
the battery pack. Fuel consumption is tracked by monitoring the fuel flow rate during
engine operation. Battery degradation is calculated using the Arrhenius model, where the
charge and discharge rate of the battery pack are measured, and degradation is estimated
using constants specific to the battery chemistry.
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Figure 8. The specialized testbench for the proposed hybrid power system.

4.3. Typical Operation Conditions

The proposed VTOL aircraft takes off with a typical weight of 30 kg, a wingspan of
3.2 m, a fuselage length of 1.9 m, and a maximum payload capacity of 5 kg. It maintains a
cruise speed of 27 m/s, while the drag force, which is equal to the total thrust, amounts
to 8.6 kgf. The total thrust is generated by wing-mounted propellers and an ICE coaxially
installed thrust propeller. Consequently, the power consumption of the wing-mounted
propulsion motors depends on the thrust provided by the ICE-driven propeller.

The universal characteristics curve of ICE is acquired and shown in Figure 9. Con-
sidering both fuel efficiency and power output, the optimal range of rotational speed is
selected within the range of 6000-7000 RPM.

|:| specific fuel consumption g/kWh
] -
\ 1145 ——@50.0————
y, /. 4 e —— x )
6 Y /\ N
= [ / AN N
€ |/ | 900. 0 se—.
2 4- -
4
1050, 1000
> :
1145
0 T T v T v T ¥ T v T N I

2000 3000 4000 5000 6000 7000 8000
Speed (RPM)

Figure 9. Universal characteristic curve of ICE acquired by testbench.
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The static relationship between thrust and power consumption from one of the pro-
pellers on the wings is shown in Figure 10, where the throttle value comes from the flight
controller, and the practically used throttle value is set within 0.55-0.65.

2000 T 7
; -~ 6
~ 1500 | Cruise throttle range
g 8
3 1000 t 2
g E
8 =
e E
'g 500 -
o ——power consumption vs. throttle 2
- = = “Thrust vs. throttle
oL 1 1 T T 1
0.4 0.5 0.6 0.7 0.8 0.9 1

Throttle (%)

Figure 10. On-wing thrust and power consumption vary with throttle.
Typical operation conditions for the power system are chosen as listed in Table 2.

Table 2. Parameters at Typical Operation Conditions.

Performance Value Performance Value
VTOL take-off weight 30 kg Power demand for level cruise flight 600 W
Cruise airspeed 27m/s Generateq power 1700 W
(charging)
Total cruise thrust .
(converted at ground) 8.6 ksf Thrust on wings 2.8 x 2 kgf

ICE speed

6500 RPM (converted at ground)

The bench test was conducted to validate the feature of voltage-controlled shaft
speed. The throttle opening was set at a fixed 70%, while the actual total thrust from
the thrust motors was manually controlled. As depicted in Figure 11, both SOC and
voltage gradually increased due to the charging of surplus power. From 600 s to 1000 s,
despite significant variations in actual thrust (representing required power), the shaft speed
remained constrained by voltage, resulting in minimal deviation within this time period.

o 6800 T 1
b=
g
§6600 N

w T 08
: 3
6400 3
-
= [— Shaft speed at 70% throttle] ——S0C at 70% throttle|
@ 6200 0.6

600 800 1000 1200 500 600 700 800 900 1000 1100 1200
Time(s) Time(s)
(@) (b)
< Z 1250
S H
z z
Z 2 1200
= 2
z 3 %
—g' g 1150
2 —Actual thrust at 70% throttle 2 {— Generated power at 70% throttlc‘
3 11(
500 600 700 800 900 1000 1100 1200 © 600 800 1000 1200
Time(s) Time(s)
(©) (d)

Figure 11. Shaft speed is chained by the voltage, even though demanded power varies frequently
(a) shaft speed. (b) SOC (c) actual thrust. (d) generated power.
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4.4. Result Under Power Management Strategies

Thrust motors convert the flight profile shown in Figure 12 into power demand
(loading power). When there are variations in battery voltage, the controller adjusts the
throttle opening to regulate the output shaft power of the ICE accordingly.

\ —»  we— Hovering to cruise Cruise to hovering —! le—
I i
F ] conversion conversion [ ]
Hovering | | ! | Hovering
] | —ip]
Take-off ! 1 I n Landing

N N Cruisc -
i i

i

Demand Demand
Demand lift . lift Demand
thrust _— { electrical
Demand electrical power i
or lift /I power
........... )
........................................................ |
Demand thrust Ts E
i1
Y
il
Time

Figure 12. A typical flight profile demonstration for test.

The entire power system is linearized around a typical operation condition selected
from Table 2. Based on Equations (12) to (17), an LQG controller is designed to track a
demanded voltage of 49.9 V and 48.2 V, whose parameters are shown in Table 3.

Table 3. Parameters of 2 LQG regulators.

Parameter Q S R Voltage Error (V)
_ _ 4
Q1 = 1.8 x 107 Sy = 1.8 x 107 ﬁ“ - } ﬁzz - 1 x 10
LQR-1 Q33 = 1.0 x 102 Sa3 = 1.0 x 102 R33 _7 R44 ] —3.06 x 1073
Jp— - O P 55 — 1, N6 —
Qij=0(,j#13) Sij=0(i,j#13) Rij =0 (i £ ) 4
Q11 = 1.9 x 10° Sy = 1.9 x 105 ﬁll = }'ﬁzz = } x 10
LQR-2 Q33 = 1.0 x 102 Sa3 = 1.0 x 102 33 = v = —1.04

Rss =1,Re6 =1

Ql-]-:O(i,]'#l/?’) Sl-]-:O(i,]'#l,?’) Rijzo(i#].)

As depicted from Figures 13 and 14, five different strategies are conducted into the
on-bench regulation tests. The LQG’s parameters are calculated off-line. Voltage under
the LQG-only regulation reaches the demand after 600 s. The bang-bang-only regulates
voltage most rapidly. The other three strategies combine smooth regulations with bang-
bang. These strategies start with PID or LQG. Once voltage surpasses the lower limits,
bang-bang is switched, and the real-time voltage oscillates around the demand. Within the
bang-bang regulation, the battery pack’s current changes with a stepwise shape between
the maximum charging value and level cruise pure-electric discharging value.

The bang-bang regulation switches the throttle opening to either 100% or 45% (the
minimum for idle). The degradation is calculated by Equations (20) and (21) with time-
domain absolute current from the battery pack (12 cells in series, 5800 mAh Li-polymer).

The on-bench regulation performances are compared in Table 4; despite the longer
adjusting time, the strategy of LQG with bang-bang achieves the best overall cost, taking
both fuel consumption and battery degradation into account. The overall cost is calculated
by aggregating the fuel cost and battery degradation, with equal weighting assigned to each
factor. The fuel cost is derived from a rate of 1.143 $/L, while battery degradation is assessed
by multiplying the degradation percentage by the battery price of $95.15. In comparison with
other strategies, the LQG-only strategy has the longest adjusting time, while the bang—bang-
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only strategy has the shortest adjusting time but the highest overall cost. The PID strategy has
a relatively small adjusting time, but its overall cost is also higher.

5 - Domantsd vektags £
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g
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=
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Figure 13. On-bench regulation comparison among five different power management strategies when

the demand voltage is 49.9 V. (a) DC voltage. (b) Absolute DC current. (c) Input throttle opening.
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Figure 14. On-bench regulation comparison among five different power management strategies when
the demand voltage is 48.2 V. (a) DC voltage. (b) Absolute DC current. (c) Input throttle opening.

Table 4. On-bench regulation performance comparison.

?Izlllt‘aagg Power Management Strategy (I::Sd z)u\s,ttz‘i; 19115) Fuel C(c;r(;(s)t;r)nptlon ]];Tgt:gjall?;ﬁ Overall Cost ($)
LQG only 600 s 0.325L 0.82% 115
LQG + bang-bang 480s 0.305L 0.84% 1.15
499V Lower PI + bang-bang 450s 0299 L 0.92% 1.22
Higher PI + bang-bang 260 s 0.276 L 1.92% 2.14
Bang-bang only 180's 0.266 L 2.12% 2.32
LQG only 600 s 0.262L 0.77% 1.03
LQG + bang-bang 380's 0.255L 0.78% 1.03
482V Lower PI + bang-bang 500s 0.299 L 0.88% 1.18
Higher PI + bang-bang 390s 0276 L 1.72% 1.95
Bang-bang only 120s 0.266 L 2.01% 2.22

Flight test is conducted on the proposed 30 kg VTOL, which is uploaded with planning
flight profile containing vertical take-off, hovering-cruise transferring, climbing, circling,
waypoint cruise, approaching, and vertical landing, as shown in Figure 15.

The power management strategy of LQG with bang-bang is verified through a flight
test. The voltage is demonstrated as Figure 16, and the performance comparation is shown
in Table 5. Compared with other three regulations, the proposed composite regulation
recovers voltage in a smoother way. There is no overshoot, and meanwhile, the overall
cost is relatively low. In exchange, the adjusting time is longer than that of PID only and
bang-bang only. Despite a slightly higher overall cost, the composite regulation enables
faster charging of the battery pack compared to LQG only, ensuring robustness in dealing
with uncertain or sudden high-power demands.
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Figure 16. In-flight regulation comparison of DC voltage among four different power strategies.

Table 5. In-Flight Regulation Performance Comparison.

Power Management Adjusting Time Fuel Consumption Battery Pack
Strategy (After Conversion) Overshoot (600 s) Degradation Overall Cost ($)
LQG only 600 s None 0.332L 0.85% 1.23
PID only 150 s 0.6V 0.378 L 1.13% 1.56
Bang-bang only 150 s none 0.267L 1.89% 2.19
LQG + bang-bang 330s none 0.310L 0.92% 1.27

The bang-bang regulation switches the throttle opening to either 85% (for the re-
liability of ICE) or 45% (the minimum for idle). The degradation is calculated by
Equations (20) and (21) with time-domain absolute current from the battery pack (12 cells
in series, 5800 mAh Li-polymer).

Remark on Figure 16: the conversion from hovering to level cruise flight takes approx-
imately 10 s from the beginning. The hybrid power system demonstrates a peak output
power, resulting in rapid voltage decay.



Energies 2025, 18, 799

18 of 20

5. Conclusions

The present article proposed a composite power management strategy for the electro-
gasoline hybrid power system that powers a compound-wing VTOL in level cruise flight.
By analyzing critical components, the linear model of the hybrid power system was derived.
To optimize the cost under flight demand of this hybrid power system in level cruise flight,
the optimization-based and rule-based regulations were introduced and combined. Key
conclusions are summarized as follows.

(1) The complete hybrid power system was modelled and linearized, incorporating the states
of shaft speed, voltage, and current. The shaft speed of ICE was primarily determined
by the battery voltage, with a secondary influence from current. The validation of
semi-fixing the shaft speed through bench testing further confirmed this relationship.

(2) The fuel consumption chart and battery pack degradation mechanism were provided.
The simulation results revealed that the LQG regulation strategy exhibits lower fuel
consumption, while the bang-bang regulation strategy performed well in dealing
with flight uncertainty. To strike a balance between cost and flight uncertainty, a
composite power management strategy combining LQG and bang-bang regulation
was devised.

(3) The proposed composite strategy, integrating LQG and bang-bang regulation, has
been validated in both ground testing and flight tests on VTOL prototypes, demon-
strating its feasibility and cost-effectiveness. In a comprehensive flight duration of 600
s with uncertainty, this strategy achieved a fuel consumption of 0.310 L, representing
a 6.63% reduction compared to the LQG only strategy, which consumed 0.332 L. Bat-
tery degradation was reduced to 0.92%, indicating improved battery longevity. This
composite strategy not only minimized costs but also enabled the system to achieve
desired performance objectives more rapidly.

Furthermore, the absence of future research directions in the conclusion merits attention.
First, optimizing the power management strategy for various flight phases, including takeoff,
landing, sharp maneuvers, sharp climbing, and flight mode transformation could enhance its
overall applicability. Second, integrating advanced battery monitoring techniques to more
accurately assess battery health and optimize charging and discharging patterns would be
beneficial. Additionally, exploring the influence of external factors such as varying weather
conditions on the hybrid power system and refining the strategy accordingly could yield
significant improvements. Finally, investigating the scalability of this strategy for larger-sized
aircraft or fleets of VTOLs would broaden its practical applications.
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