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Abstract: A key drawback of multirotor unmanned aerial vehicles (UAVs) with energy sources based
solely on electrochemical batteries is related to the available on-board energy. Flight autonomy is
typically limited to 15–30 min, with a flight duration upper limit of 90 min currently being achieved by
high-performance battery-powered multirotor UAVs. Therefore, propulsion systems that utilize two
or more different energy sources (hybrid power systems) may be considered as an alternative in order
to increase the flight duration while retaining key performance benefits of battery energy storage use.
The research presented in this work considers a multirotor UAV power unit, based on the internal
combustion engine (ICE) powering an electricity generator (EG) connected to the common direct
current (DC) bus in parallel with the lithium-polymer (LiPo) battery, and the respective modeling and
identification of individual power unit subsystem, along with the dedicated control system design.
Experimental verification of the proposed hybrid power unit control system has been carried out on
the custom-build power unit prototype. The results show that the proposed control system combines
the two power sources in a straightforward and effective way, with subsequent analysis showing
that a two-fold energy density increase can be achieved with a hybrid energy source, consequently
making it possible to achieve higher flight autonomy of the prospective multirotor (hover load
around 1000–1400 W) equipped with such a hybrid system.

Keywords: multirotor UAV; hybrid power unit; LiPo battery; internal combustion engine; electri-
cal generator

1. Introduction

Advances in electronics, materials, and production techniques have allowed for the
manufacture of powerful and compact electric motors, high power electrochemical batteries,
integrated sensor arrays, and versatile flight controllers suitable for multirotor unmanned
aerial vehicle (UAV) applications. However, the key downside of multirotor UAVs is
their inherently limited flight endurance and useful range which are directly related to
the aircraft take-off mass (aircraft and payload mass combined) and battery charge and
energy capacity. A fully electric multirotor powered by batteries, currently being the most
widespread multirotor design, is typically characterized by a flight autonomy between 15
and 30 min, with a flight duration of 90 min currently being achieved by high-performance
battery-powered multirotor UAVs.

The initial motivation of this research was to alleviate the aforementioned drawbacks
of energy sources based purely on electrochemical batteries, by utilizing an alternative
propulsion system combining an internal combustion engine (ICE) coupled with the
electricity generator (EG) and augmented with a lithium-polymer (LiPo) battery, thus
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forming a hybrid power unit suitable for multirotor UAV use. Due to the specific energy
density of gasoline fuel (about 12 kWh/kg) being practically two orders of magnitude
greater than the specific energy density currently available with state-of-the-art lithium
polymer (LiPo) batteries (ranging about 0.2–0.5 kWh/kg) [1], it is expected that the use of a
hybrid power unit can facilitate considerable improvements in flight endurance and useful
range of such multirotor UAV.

Hybrid propulsion is nowadays typically found in road vehicles and rail transport, as
shown by analyses presented in [2,3] Since land-based vehicle motion is two dimensional,
with gravity-related constraints being much less emphasized compared to those of aerial
vehicles, hybrid propulsion system implementation for multirotor-based UAVs would pose
a significantly greater challenge, which represents an additional motivation to investigate
the proposed research topic.

Hence, the problem of multirotor UAV flight autonomy is actively investigated field
and different power system configurations are currently being researched with the aim of
satisfying low power consumption, low mass, and high output power density requirements.
In a majority of cases, hybrid propulsion system research is conducted for standard fixed-
wing and vertical takeoff and landing (VTOL) fixed-wing hybrid [4,5], and some other
types such as dirigible UAV [6,7]. A detailed analysis of synergetic effects for various classes
of UAVs is given in [8] by applying the multi-objective optimization, where results have
shown that hybrid-electric configuration has the potential to give a strong contribution to
aircraft performance. Moreover, by investigating the behavior of different power sources
within the UAV hybrid-electric propulsion system through simulations in order to predict
the hybrid electric power system behavior using bench tests, the feasibility and efficiency
of the onboard UAV power system can be assessed before the final flight test phase [9].
Also, a comparison of five different UAV power-train options has been investigated in [9]
using simulations. These alternatives included (i) a free-piston engine with integrated
linear EG, (ii) advanced lithium-ion batteries, (iii) ICE with the embedded rotary EG, (iv) a
parallel hybrid power-train configuration with ICE, and (v) the proton exchange membrane
fuel cell.

Hybrid-electric propulsion system using an ICE has been researched in [10], with
reference [11] further analyzing some realistic challenges related to ICE use in hybrid-
electric propulsion systems. These included acoustic noise and associated mechanical
vibrations, engine cooling issues, and their implications to the operation of a compact
power unit comprising a small–scale ICE equipped with suitably sized EG. In particular,
it has been shown that for such a small ICE, a powerful and complex vibration pattern
can be obtained, and it cannot be easily related to engine crankshaft rotation or linear
piston motion.

Reference [12] investigates the potential of hydrogen fuel cell stacks as an alterna-
tive power source to ICE in small UAVs. The investigation was based on the commercial
“Aeropack” hybrid power supply consisting of a fuel cell stack and a battery pack. The
functionality of such a fuel-cell battery hybrid power system has been successfully demon-
strated during a flight test of the target prototype UAV.

References [13,14] show that photovoltaic power is mostly suitable for fixed-wing
UAVs, primarily as an auxiliary power source.

Additionally, UAV hybrid power source research and development efforts have re-
sulted in several patents [15–17], which, unfortunately, do not present detailed information
about control system design, which is crucial for the implementation of such hybrid power
sources. Some other literature sources, such as reference [18], present the development
of a 1 kW hybrid electric power train along with its characterization and performance
testing. An interesting approach is given in reference [19], dealing with a dual power de-
sign concept, where UAV motion control is performed through commonly used brushless
motors driving a set of auxiliary propellers, while the major portion of UAV lifting power
is provided by a gasoline engine-powered main propeller system.
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Taking into account the above issues related to specific energy density, mass, ease of
operation and performance, and price and availability, hybrid propulsion of multirotor
UAV’s based on an ICE coupled to an EG and utilizing a battery energy storage system as
auxiliary power supply should provide many attractive research challenges in the field,
while simultaneously opening new research frontiers which might ultimately improve
knowledge levels in multiple research sub-areas [20].

Even though internal combustion engines are frequently used for light model aircraft
propulsion, their controls are not a frequently discussed topic in the more recent research
literature. In order to model the highly nonlinear nature of the internal combustion engine
dynamics, the so-called mean-value engine model (MVEM) is typically used as a basis
for engine speed controller design, wherein PI and PID controllers can be optimized for
different engine speed-torque operating points [21].

For example, in [22] a PI controller with feed-forward load compensator is considered
for engine speed control within the UAV hybrid propulsion, which may utilize avail-
able generator-based measurements (current and voltage) to establish a speed-sensorless
feedback loop, or, alternatively, the readily available low-precision Hall-sensor position
measurements can be used for that purpose [23], with Kalman filtering used in both cases
to provide a relatively smooth and precise engine speed estimate.

In reference [24] the three different hybrid-electric power-plant configurations are
considered and dynamic models are derived, with flight dynamics performance testing
carried out on a UAV prototype.

A good review of current hybrid-electric propulsion systems (HEPS) for fixed-wing
aircraft can be found in [25]. A generic hybrid propulsion system based on DC-AC inverter
plus PMSM machine has been presented and modeled in reference [26], wherein a BLDC
generator plus active front end rectifier has been considered as a viable alternative to electric
power source hybrid-propulsion UAV in [27]. In the latter case, using PI and PID controllers
has shown favorable engine speed and DC bus voltage control system performance.

An alternative to active rectification of speed-dependent generator voltage has been
researched in [28], wherein a parallelized array of low-cost DC/DC power converters
and battery energy storage have been used in conjunction with passive diode rectifier to
maintain the fixed voltage at the common DC bus within the UAV.

In order to determine the optimal hybrid power-train configuration and required
hybrid propulsion system components, a parameter matching method has been proposed
in [29] wherein the correlation between rotor-based propulsion power demands and the
hybrid power system requirements have been identified, with test results confirming the
accuracy of the proposed parameter matching method.

Having the aforementioned in mind, this paper proposes a straightforward approach
to modeling, identification, and control system design for multirotor UAV power unit
system based on ICE coupled with the EG and augmented with the LiPo battery energy
storage system. To validate the proposed approach, the custom-built hybrid power unit
prototype with dedicated control unit has been built and used to conduct both the process
model identification and control system verification.

The paper is organized as follows: Section 2 gives an overview of the proposed
hybrid propulsion system topology, along with the corresponding mathematical models
of individual subsystems, in particular, the battery energy storage system, the ICE, and
the EG set with a full-wave rectifier. Section 3 presents the control system design for the
ICE-EG set based on the so-called damping optimum criterion, along with key simulation
results. Section 4 presents the results of comprehensive experimental validation of the
proposed hybrid propulsion system design. Discussion of key findings presented in the
paper and the comparative assessment of hybrid vs. purely electrical propulsion system
benefits is presented in Section 5, whereas concluding remarks are presented in Section 6.
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2. Hybrid Power Unit System
2.1. Overview

The UAV power unit must balance two opposing requirements: (i) the need for
sustained power production (i.e., energy capacity) in order to achieve flight endurance, and
(ii) the need for peak load leveling to achieve satisfactory in-flight dynamic performance
(in terms of maneuvering capability). Purely electrical propulsion, which is commonly
used in multirotor UAVs employs an electrochemical battery for energy storage and power
production [30], and has the advantages of a fast load compensation (response time within
milliseconds), whereas the electrical propulsion using electric motors coupled to propellers
offer a distinct advantage of very precise and highly dynamic thrust control. This represents
the key motivation for retaining the battery energy storage within the hybrid power unit
and electrical power transmission system using a common DC bus for power distribution,
with electrical motors powering the propellers.

The hybrid power system considered herein surpasses the key drawbacks of the
pure electro-chemical power source (using battery only) by using the energy of ICE and
EG set, supplying the bulk of energy to the common DC bus via appropriate AC to DC
rectifier, thus maintaining the DC bus operating voltage level. The battery now represents
an auxiliary power source connected in parallel to the common DC bus and is used
primarily for peak load shaving during load transients, and load leveling at very high
hybrid power-train loads. In the former case (peak load shaving role) battery surpasses
the engine-generator load response speed by several orders of magnitude, thus it can
quickly take over and sustain peak load power delivery until the ICE-EG set can take
oversupplying the common DC bus. The main advantage of such a hybrid power unit
with an electrical energy storage system (battery or possibly ultracapacitors) is the ability
to support the common DC bus voltage under highly dynamic loading conditions, and
therefore fully utilize the fast response capability of the propellers electric motor drives,
which is the key pre-requirement for high performance of the overall UAV flight control
system, whereas simultaneously exploit the rather large energy capacity of the fuel, thus
achieving enhanced flight endurance [20–23,30–32].

The analyzed configuration of a hybrid propulsion system (shown in Figure 1) is
suitable for any multirotor UAV, comprising four or six propeller drives in a conventional
configuration. The following assumptions have been made with respect to the hybrid
power unit under examination:

• ICE drives the brushless permanent magnet synchronous (BPMS) machine, used as
an EG which provides for quasi-steady-state load power supply (i.e., to cover power
demands needed for hovering and light maneuvering), while the battery unit is used
for peak load shaving;

• The energy recovery system is not used within hybrid power unit, thus simplifying
power train topology, meaning that the battery energy storage is only charged prior to
the flying mission;

• ICE angular speed is controlled by a throttle servo actuator based on a small DC
servomotor which positions the throttle valve according to the output of the engine-
based DC bus voltage controller requiring a suitable DC bus voltage reference target
and DC bus voltage measurement-based feedback.
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Figure 1. Considered hybrid power unit topology.

Figure 1 shows the hybrid power unit topology with the ICE being directly connected
to the EG shaft supplying the common DC bus through a three-phase full-wave diode
rectifier, thus acting as the DC bus power supply, that is controlled by the engine throttle
command. A battery with suitable charge capacity and terminal voltage range matching
the target DC bus voltage range is connected to the common DC bus through a blocking
diode used for preventing uncontrolled battery charging from the DC bus, and related
battery current and voltage overloads.

When the DC bus voltage is lowered below the battery terminal voltage due to the
engine-generator set slow dynamics in covering the sudden DC bus load change, the
blocking diode can become forward biased, thus allowing the battery to be discharged and
to supply the DC bus, with typical discharge rates of 50 Amperes becoming available within
a few milliseconds. In order to facilitate the engine-generator set taking over after the initial
DC bus voltage drop, the DC bus voltage control system is based on the engine-generator
set throttle command equipped with the modified proportional-integral-derivative (PID)
voltage controller, thus being able to match the ICE mechanical load imposed by the
electrical torque demand (load) from the EG.

2.2. Battery Model

The modeling approach used herein is based on the model precision requirements
and other factors as simulation speed and others. The approach based on the quasi-static
Thevenin model [33,34] (see Figure 2a) used herein to characterize the key aspects of
battery operation, i.e., quasi-steady-state terminal voltage and overall inner resistance
corresponding to heat power losses.

In the equivalent circuit shown in Figure 2a, the ideal voltage source denotes the
battery open-circuit voltage (OCV). Both the internal resistance Rb and the open-circuit
voltage Voc are dependent on the battery state of charge (SOC) ξ, state of health (SOH) and
temperature ϑb and define the terminal voltage Vb. Load current ib is positive-valued at
discharging and negative-valued at charging:

Vb = Voc(ξ, ϑb)− Rb(ξ, ϑb)ib (1)
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Battery state–of–charge is defined in the following manner [34] (see Figure 2b):

ξ = 1− ∆Qb
Qmax

(2)

where ∆Qb = −
∫

ibdt is the discharged battery charge and Qmax is the battery charge capac-
ity (which may also be dependent on the discharge current rate and battery temperature).

Figure 2. LiPo Battery modeling: (a) Quasi-static Thevenin model; (b) battery model block diagram realization.

It should be noted that the above battery model may also include the effects of battery
electrolyte polarization, which are manifested as additional first-order lag dynamics in the
battery voltage response under loading conditions [33,34]. Normally, these effects are visi-
ble only after a certain amount of time, with polarization voltage time constants typically in
the range of tens of seconds, and with voltage transient due to polarization effects typically
lasting up to several minutes [34]. Since in this work the battery is primarily used as a
power buffer that takes on short-duration load peaks, these battery polarization voltages
transient effects are far less emphasized when compared with the internal resistance-related
voltage drops which occur during these load peak shaving events. Thus, the presented
quasi-static Thevenin model should capture the dominant battery voltage effects for the
considered peak load shaving operating regimes.

The experimental characterization procedure consists of two phases: (i) the initial
intermittent discharge test intended for OCV vs. SOC curve identification, and (ii) the
continuous discharge test used for the recording of the battery equivalent circuit series
resistance vs. SOC characteristic over a wide range of battery state of charge values. Mea-
surements were conducted on a developed test bench, consisting of appropriate sensors,
data acquisition, and load with cooling propellers (see Figure 3). A network of parallel
dissipation resistors (with 4 Ω in a single parallel branch) is used as a battery load, thus
obtaining the required battery discharge current profiles, while honoring the safe range of
battery operating voltage.

Figure 3. LiPo battery test-bench.
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OCV is defined as the battery terminal voltage at idle state, i.e., the battery is neither
charged, nor discharged (so-called open–circuit condition). After the battery has been
charged or discharged, the battery terminal voltage eventually settles to a steady-state
value after a certain amount of time has passed in the open–circuit condition (typically one
hour or more).

Subsequently, after chemical stabilization of the battery has been achieved (enough
time has passed after charging or discharging), the battery terminal voltage is equal to
the OCV, which is directly related to the amount of charge currently stored in the battery
(i.e., it also corresponds to battery SOC) [34].

To relate the OCV with the battery SoC, an intermittent discharge test was conducted
consisting of the following steps:

• Initial full charging of the battery cells to achieve 4.15 V per cell, followed by voltage
stabilization (settling) to achieve electrochemical and temperature equilibrium;

• Partial battery discharging for a short period of time (i.e., 10 min);
• Allowing the battery to rest in the open–circuit condition for 3 h, in order to achieve

the terminal voltage steady-state;
• Repeating the intermittent discharging steps until OCV per cell is approximately

3.4–3.5 V (which corresponds to a fully discharged battery state).

By charging the battery with different current rates (0.25, 0.5 and 1 C), the maximum
battery charge, related to the change from 3.5 V per cell to 4.15 V per cell (all after stabi-
lization) is estimated to be 9800 mAh, and this defines 100% SOC value. The intermittent
discharging steps were repeated until OCV per cell has reached about 3.4–3.5 V (which
corresponds to the fully discharged charge state of the cell, or 0% SoC per cell).

The internal resistance characterization test relies on the gradual (very slow) change
in battery current while discharging under the constant load (Figure 4), i.e., that there
are no sudden changes in the current magnitude. Thus, it follows that changes in battery
polarization voltage are primarily dependent on the polarization resistance (polariza-
tion capacitance does not affect the polarization voltage variations), thus justifying the
aforementioned choice of the quasi-static Thevenin model of the battery.

Figure 4. LiPo Battery identification: (a) OCV vs. SoC; (b) Continuous discharge curve example (2 ohm load); (c) Experimentally–
recorded and extracted internal resistance vs. state of discharge (1−SOC), for discharging operation.

Figure 4 shows the identification results obtained at constant ambient temperature
(30 ◦C). These results point out a highly-nonlinear OCV vs. SoC dependence, as shown
in Figure 4a, and a relatively mild trend of battery internal resistance increase with the
battery state-of-discharge (1−SoC), as shown in Figure 4c. The latter result is obtained by
combining the battery voltage and current responses in Figure 4b with the battery OCV vs.
SoC over the time that discharging test in Figure 4b has been performed.
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2.3. ICE Model

A nonlinear mean–value engine model (MVEM) described in detail in [35,36] is used
as a basis for the modeling of a two-stroke engine for simulation studies and control system
design, because it covers static characteristics and dominant (low frequency) dynamic
phenomena within the engine, whereas it does not include the high-frequency (fast) dy-
namics of cyclic/reciprocating piston operation, but it does include the associated torque
development delay, i.e., the engine torque being unable to respond immediately to an
increase in the manifold pressure.

The considered mean value engine model possesses only two state variables: intake
manifold pressure p and the engine angular speed ω, whereas all other effects are modeled
by means of three–dimensional static maps. Figure 5a shows the block diagram of a mean
value engine model according to reference [35].
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In the case of a small-volume intake manifold, typically valid for a small, low-power
engine, intake manifold air filling dynamics would be very fast, and, thus may be neglected.
Thus, the MVEM model can be simplified to a first-order model, and it should still be valid
for engine control applications if the bandwidth of a control system is relatively low [36].
By neglecting the intake manifold dynamics, a simplified model (with throttle dynamics) is
shown in Figure 5b.

The dynamics of the thus-simplified first-order model consists of just one state variable,
i.e., engine speed:

J
.

ω = τM − τl (3)

where τM = f (θ, ω) is net torque after losses, described by a static map. Such map can be
obtained from test bench measurements, i.e., by gradually increasing and subsequently
decreasing the throttle angle, and recording the net torque τM quasi-steady state values,
which corresponds to the imposed load (e.g., from the generator coupled to the engine
shaft). Therefore, for each throttle angle, there is an engine speed with maximum torque
output [36].

The simplified model represented by the block diagram in Figure 5b includes several
subsystems that correspond to individual engine parts, i.e., throttle servo–valve, rotational
dynamics, and the aforementioned torque development dead time (delay) Td For the
purpose of control system design, the above nonlinear first-order model is linearized in the
vicinity of the engine operating point corresponding to steady-state values of throttle angle
and speed for the case of maximum engine torque output.
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The torque development dead time Td can be approximated by the first two terms of
the Taylor series expansion of the exponential term [35]:

eTdS ≈ 1
Tds + 1

(4)

provided that the control system closed-loop dynamics are much slower compared to the
torque response. Namely, under such conditions, the engine torque response is expected to
be gradual, thus justifying the above simple approximation of the torque development dead-
time. This dead time represents the mean time between mixture ignitions within cylinders.
For a two-stroke engine, combustion occurs at every full rotation of the crankshaft, so the
dead time can be approximated as follows [20]:

Td ≈
2π
nπ
30

=
60
n

(5)

where n is revolutions per minute of the crankshaft.
Finally, the throttle actuator dynamics are approximated by a first-order lag system, as

suggested in [20,21]. The final linearized process model used in subsequent control system
design is shown in Figure 5c.

ICE-EG set test bench is shown in Figure 6, while technical parameters given by the
manufacturer are given in Table 1.

Single torque–throttle–rpm map is obtained from breaking torque/power curve pro-
vided by the manufacturer (Figure 7a) and suitable sizing methodology, i.e., as shown
in [37]. The moment of inertia is estimated by using CAD models. Nonlinear map torque-
rpm-throttle has been linearized (see Figure 7b) in the vicinity of the anticipated engine
operating point, characterized by the throttle opening of approximately 70% opening of
the full scale, and engine speed of 9500 rpm, by using related numerical tools within.
MATLAB/Simulink™ software.

Figure 6. ICE-EG set test bench.
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Table 1. ICE engine technical parameters given by the manufacturer.

Description Value

Manufacturer and model Zenoah G320RC
Type Two-stroke gasoline engine with air cooling

Fuel Eurosuper 95 gasoline and synthetic 2–stroke
oil mixture 25:1

Bore × Stroke 38 mm × 28 mm
Compression ratio 9.1:1
Maximum power output 3.22 HP (2.4 kW)
Operating speed 4000–18,000 rpm
Carburetor Walbro WT–1107
Ignition and spark plug Transistor charger ignition; NGK CMR7H
Length, width, height 16.7 cm, 21.5 cm, 19.6 cm
Mass 2.3 kg (dry)

Figure 7. ICE characterization (a) Power and torque curves for G320RC provided by manufacturer product specifications
(© Husqvarna Zenoah Co. Ltd) as shown in [20]; (b) torque map linearized in the vicinity of ICE operating point.

It is generally recognized that the internal combustion engine within a hybrid power-
train should be predominantly operated in the region of its highest fuel efficiency, which is
typically characterized by a narrow range of engine speeds and torques. When a hybrid
drive has a constraint of the lowest overall mass possible, it is of interest to attain as
much current from the generator as possible, because it effectively determines the DC bus
charging rate. This is achieved at the point of maximum torque developed by the ICE,
since the motor torque is reflected as a current in the generator (maximum of blue line
on power/torque characteristics, Figure 7a), subject to the requirement that the DC bus
voltage should be closely matched to the engine speed at the particular maximum-torque
operating point.

In this work, the particular engine has shown the best torque performance around the
engine speed of 9500 rpm [20], so the model derivation and subsequent testing have been
carried out for this particular operating point.

2.4. Electrical Generator and Rectifier Model

The brushless permanent magnet synchronous (BPMS) generator consists of the rotor
shaft with attached rotor permanent magnets, stator case with stator windings, optional
Hall sensors (logic level Hall probes) for rotor angle detection, and stator winding phase
connections [38].

According to the design that defines the shape of the electromotive force, these ma-
chines can differ as trapezoidal shape back electromotive force (BEMF) machines referred
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to as a brushless direct current (BLDC) and sinusoidal BEMF machines referred to as per-
manent magnet synchronous machine (PMSM), as elaborated in [39]. The main differences
between these two designs are related to the winding spatial distribution within stator
slots, magnetic design (i.e., airgap and rotor tooth/slot geometry), the physical shape of
rotor magnets, and their magnetization profile [39,40].

Figure 8a shows the simplified electrical circuit of the three-phase BPMS EG with rotor
permanent magnets and its connection to the three-phase full-wave diode rectifier, whereas
Figure 8b shows the trapezoidal back-emf waveforms of individual EG phases.

Figure 8. BMPS: (a) electrical circuit of the three-phase BPMS EG and its connection to the three-phase full-wave diode
rectifier; (b) trapezoidal back-emf waveforms of individual EG phases.

Each stator phase winding is characterized by its respective internal resistance and
inductance parameters Rph and Lph, and the induced EMF per phase (Figure 8b), which is
dependent on rotor speed ωg and rotor magnetic flux spatial distribution ϕm [41,42]:

el = Keωg ϕm
[
pαg − 2π(l − 1)/3

]
(6)

where l = {1, 2, 3} being the phase number, p being the number of EG pole pairs, and
αg =

∫
ωgdt is the BPMS machine rotor position (mechanical angle). On the other hand,

the total electromagnetic torque of the BPMS machine due to individual phase currents il
can be calculated as:

τg = Ke ∑3
l=1 ϕm

[
pαg − 2π(l − 1)/3

]
il (7)

According to Figure 8a,b, during each commutation sequence one of the three phases
of the trapezoidal back-emf BPMS EG is non-conducting, whereas the two remaining
phases are connected to the DC bus through the rectifier diodes when conditions for their
conduction are established (i.e., their total BEMF is higher than the DC bus capacitor
voltage, augmented by double diode forward biasing voltage). Therefore, for the case of
phases 1 and 2 conducting with respect to the DC bus, i1 = −i2 = ieq is valid (based on the
notation in Figure 8a).

In the above case the BPMS machine may be regarded as a DC machine from the
standpoint of the DC bus, with equivalent inductances and resistances given as follows:

Leq = 2Lph, Req = 2Rph + 2rd (8)

where the double value of dynamic resistance rd is added to account for semiconductor
switching element (i.e., diode) conduction losses.

Similarly, the equivalent DC model electromotive force and torque gains are defined as
double phase values (Keq = 2Ke,line) for approximately square rotor flux spatial distribution,
resulting in the following EMF and EG torque equations [41]:

eeq = Keqωg = 2Keωg, τg = Keqieq = 2Keieq , (9)

where ieq is the previously defined instantaneous BLDC EG line current.
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A lightweight, high power outrunner brushless electrical motor (type 6374 from
Maytech) is used as an electricity generator within the hybrid power unit setup (see
Figure 9a), featuring embedded current/rpm sensors and characterized by 170 KV EMF
constant (170 rpm per 1 volt of induced electromotive force). The chosen generator specifi-
cations are listed in Table 2.

Figure 9. BMPS: (a) EG; (b) Back-emf measurements.

Table 2. BPMS machine technical parameters.

Description Value

Model number MTO6374–170–HA–C
Back emf-constant KV 170 rpm/V
Maximum Current vs. Rated Current 65 A/60 A
Input voltage (defined as number of LiPo Cells) 2–12 s
Shaft 8 mm with 3 mm keyway
Motor Weight 830 g
Line resistance; line inductance (both measured) 0.04068 Ω; 40.43 µH
Max. Power 3550 W

The aforementioned motor constant is confirmed by measurements based on the ramp-
ing of the voltage throttle command from zero to maximum and recording the rotational
speed (rpm) and phase voltage profiles (Figure 9b). Measurements were conducted on the
ICE-EG set test bed (Figure 6), with a mechanically coupled EG and ICE as a prime mover,
with speed measurement based on Hall–effect sensors, and armature voltage measurements
based on a suitable resistor divider network and analog–to–digital converter embedded on
the microcontroller unit used for data acquisition. Electrical machine winding resistance
and inductance are measured utilizing a precise laboratory LCR meter. Phase–to–phase
quantities are measured for each possible phase–to–phase combination and the phase
impedance components (resistance Rph and inductance Lph) are calculated as average
values obtained by measurements.

3. DC bus Voltage Feedback Control

This section presents the control system design featuring an ICE-EG set voltage
control (DC-bus voltage) system utilizing a proportional-integral-derivative (PID) feedback
controller, with the controller tuning relying on the damping optimum criterion.

3.1. Damping Optimum Criterion

The control system design herein is based on the so-called damping optimum criterion,
which belongs to the category of practical optima for linear dynamic systems. More
precisely, this is a pole-placement-like analytical method of design of linear continuous-
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time closed-loop systems, which results in analytical relationships for precise tuning of
closed-loop damping (see i.e., [43,44]). The tuning procedure is based on the following
closed-loop characteristic polynomial:

A(s) = Dn−1
2 Dn−2

3 · · ·Dn Tn
e sn + · · ·+ D2 T2

e s2 + Tes + 1 (10)

where Te is the closed-loop system equivalent time constant, and D2, D3, . . . , Dn are the
so-called characteristic ratios.

In the so-called “optimal” case Di = 0.5, i = 2, . . . , n the closed-loop system of any
order n has a quasi-aperiodic step response characterized by an overshoot of approximately
6% (resembling a second-order system with damping ratio ζ = 0.707) and the approximate
rise time (1.8 . . . 2.1) Te. For larger Te value choices, the dominant closed-loop modes are
characterized by slower response and generally improved control system robustness and
noise suppression ability.

The aforementioned equivalent closed-loop system time constant represents the domi-
nant dynamics of the closed-loop system tuned for a well-damped response. Hence, the
closed-loop system can be approximated by the equivalent first-order lag term with the time
constant Te which can simplify the design of the superimposed (upper-level) controller:

Ge(s) =
1

Tes + 1
(11)

3.2. DC Bus Voltage Feedback Control through ICE Throttle Command

DC bus voltage control is facilitated by means of indirect ICE engine speed control
based on the DC bus voltage feedback for the dedicated PID controller commanding the
engine throttle drive (i.e., providing the throttle unit angle reference).

Figure 10 shows the proposed model layout including the linearized engine model
from Figure 5c, coupled with a fixed transmission ratio ig to the electricity generator
characterized by its equivalent DC model, which is in turn coupled to the common DC
bus characterized by the capacitance parameter Cdc. For the sake of simplicity of control
system design, the throttle unit delay and torque production dynamics can be lumped into
a single time constant TΣICE, which may also incorporate the sampling delay TAD in the
case of discrete-time (digital) controller [21,44], as shown below:

TΣICE = Tθ + TIC (12)

TIC = TM + TD + TAD (13)

Figure 10. DC bus voltage control system process dynamics.

This simplification is used to form the following input-output transfer function model
of the engine-generator set connected to the common DC bus

Gp(s) =
KMT

KPV s(1 + TΣICEs)
(
1 + TPV s + TPV TEQs2

) (14)
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where the transfer function model parameters are:

TPV =
JCDCREQ

KPV K∗EQ
, TEQ =

LEQ

REQ
, K∗EQ = i−1KEQ (15)

The above process model is of the fourth order, which would result in a fifth-order
closed-loop system when using the proportional-integral-derivative (PID) controller. How-
ever, if the process model could be simplified to a third-order system, then it would be
possible to derive explicit analytical expressions for the PID controller parameters, as
shown in reference [44]. More precisely, if the second-order term:(

TPV TEQs2 + TPV s + 1
)
= Ω−2 s2 + 2ζΩ−1 s + 1 (16)

would be characterized by TPV >> TEQ then it could be approximated by the first-order
lag dynamic term, valid if the damping ratio ζ is greater than 0.707:

1(
1 + TPV s + TPV TEQs2

) ≈ 1
(1 + TPVs)

(17)

Figure 11 shows the block diagram representation of the DC bus voltage feedback
control system with a PID feedback controller implemented in the so-called I + ID mod-
ified form (see [44]). By equating the coefficients of the characteristic polynomial of the
closed-loop system with the equivalent coefficients of the “prototype” damping optimum
characteristic polynomial of the fourth order, the following explicit analytical expressions
are obtained for the PID controller parameters:

TE = TI =
1

D2D3D4

TPV TΣICE
(TPV + TΣICE )

(18)

TD = D2TE

(
1− D2D3TE

(TPV + TΣICE )

)
(19)

KR =
KPV
KMT

(TPV + TΣICE )

D2
2D3T2

E
(20)

KPV =
1

i−1
g KEG

(
J + i−2

g K2
EGCDC

)
, TPV =

JCDCREQ

K∗EQKPV
(21)

Figure 11. DC bus voltage control system.

It is assumed that the torque gain of the linearized internal combustion engine model
is subject to additive errors ∆Kmt and ∆Tm from their nominal values Kmt and Tm used in
engine speed control system design, so that the actual gain and time constant K∗mt and T∗m
are given as K∗mt = Kmt + ∆Kmt and T∗mt = Tmt + ∆tmt.

The total inertia J, throttle lag Tθ , DC bus capacitance Cdc and generator resistance
and inductance parameters Req and Leq can be regarded as constant during the engine
operation, and engine torque development lag (dead-time) can be calculated online based
on speed measurement (estimation), as indicated above.
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The closed-loop poles of the control system subject to torque gain variations according
to the definition above are shown in Figure 12 for two characteristic scenarios, correspond-
ing to gain Kmt relative errors of ±50% with respect to the nominal case (also shown in
Figure 12), characterized by the nominal tuning of the DC bus PID controller with nominal
Kmt gain value. The results in Figure 12 show that the torque gain error shifts the dom-
inant conjugate-complex towards the imaginary axis of the s-plane, but the closed-loop
pole damping is still favorable, i.e., it is still ζ ≈ 0.5 or better, which indicates that the
proposed PID controller tuning is characterized by favorable robustness to torque gain
modeling errors.

Figure 12. Dominant closed-loop pole locations of PID controller-based DC bus control system ICE
speed control system subject to torque gain error.

The effectiveness of such a PID controller tuning approach is illustrated by simulation
results shown in Figure 13, for the case of the simplified MVEM model of the ICE used
within the DC bus closed-loop control system model in Figure 11. Simulation is carried out
for the DC bus load stepwise change from 0 A to 10 A and steady-state voltage reference of
48 Volts used as PID controller setpoint.

Figure 13. Simulation results of ICE-EG set DC bus voltage control system with PID controller: (a) ICE quantities;
(b) EG quantities.

The ICE responses show that the DC bus voltage control system featuring a PID
feedback controller is characterized by a rather fast response: a speed drop after the
disturbance is about 45 rpm and overall engine speed recovery lasts 0.4 s. Similarly, the
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DC bus voltage response is characterized by a short transient with the maximum voltage
drop (of about 0.6 V, and the overall load transient) lasting about 0.25 s. Such favorable
closed-loop system performance is mainly due to the fast action of the derivative term
within the PID feedback controller.

4. Experimental Verification of DC Bus Voltage Feedback Control System

This section presents the design and development of the proposed hybrid propulsion
system experimental setup (schematically shown in Figure 14a) which was subsequently
tested under realistic DC bus electrical load conditions to verify its functionality and
validate the simulation model.

Figure 14. Experimental setup: (a) Schematic view; (b) Photograph of experimental setup.

4.1. Experimental Hybrid Power Unit Realization

The experimental setup (a photograph is shown in Figure 14b) consists of the frame
that holds all components together, the ICE-EG set that is connected to the common axle
using a claw coupling and equipped with mechanical dampeners and springs, a LiPo
battery, graduated cylinder tank with the capacity of 0.5 L, and various electronic circuitry
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including the two microcontroller boards. Separate microcontrollers are used for the
ICE throttle control and data acquisition/telemetry tasks in order to avoid possible data
acquisition and code execution bottlenecks. Both microcontrollers are programmed and
monitored through a host portable computer running MATLAB/Simulink™ software
environment. Table 3 lists the key parameters of individual components used in the setup,
along with brief descriptions of these components.

Table 3. BPMS machine technical parameters.

Component Description

Throttle actuator High torque stepper motor, 5 V, separately powered
RPM sensor Hall sensor, pull up logic
Current sensor ACS758 Hall sensor, 100 A, 3 qty

Voltage sensor Voltage divider network with ratio 22.3, 0.1% tolerance
0.5 W resistors

Diode High voltage Schottky rectifier diode, Vf = 0.37 V,
Imax = 250 A

Load switches Logic level n–channel MOSFET, IRLZ44, Vdss = 60 V, Id = 27 A
Filter Capacitors 1200 µF, electrolytic, 63 V
Battery LiPo 10,000 mAh, 25 C, 12 s

Computer and Microcontroller Host computer: MacBook Pro 2018 with running
MATLAB/Simulink™, Microcontroller: Arduino Mega, 2 qty.

Load Wirewound power resistors network, 2 Ω, 500 W, 8 qty.
Cooling fans for load resistors 6–inch racing multirotor prop–motor set, 3 qty.

The microcontroller running the PID control algorithm is equipped with a DC bus volt-
age sensor connected to the appropriate analog-to-digital converter input, this providing
the DC voltage measurement needed to establish the feedback loop for the PID controller
(as elaborated in the previous chapter). Moreover, this microcontroller also provides the
actuator reference for the ICE throttle valve actuator (in the form of a suitable PWM signal).
Thus, when DC bus voltage excursion due to electrical load change is detected through
the change of feedback signal, the PID controller adjusts the ICE throttle PWM reference,
consequently correcting the engine rotational speed and torque, i.e., the overall power
output of the engine-generator set feeding the common DC bus.

Any load excess that cannot be compensated for by the DC bus voltage PID con-
troller is taken over by the battery (see Figure 1), whose discharging is mandated by the
perceptible DC bus voltage drop sufficient to forward bias the blocking diode. In this way,
straightforward passive energy management is implemented, which is desirable from the
standpoint of overall control system robustness and redundancy.

The second microcontroller used solely for data acquisition only is equipped with
current sensors for the EG current, battery current, DC bus total current, rpm hall sensor,
and DC bus voltage sensor. Data acquisition is executed within the MATLAB/Simulink™
software environment, using the so-called simulation model “external mode” execution
thus facilitating real-time telemetry.

In order to have a safe and reliable connection between the ICE and EG, a claw
coupling of sufficient torque rating is used. It is secured using an appropriate adapter
with a conical hole on the engine side to connect it to the engine shaft (Figure 15a). On
the EG side, the coupling must be fixed using a screw characterized by sufficient strength
to withstand the load torque variations due to the stroke-based operation of the ICE (see
locking pins in Figure 15b).
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Figure 15. Coupling mechanical details: (a) Coupling adapter—ICE side, (b) ICE-EG coupling.

Figure 16 represents the validation of the drive simulation model shown in Section 2.3.
Different modes of hybrid drive operation were considered, from the idle throttle, accel-
eration, and deceleration of the engine. It is shown that the proposed simulation model
captures all of the dominant engine-generator system modes quite well, and as such can be
used for the synthesis of the DC bus voltage control system.

Figure 16. Model validation.

4.2. Engine Fuel Consumption

The fuel consumption was measured in engine idle regime first, followed by five
characteristic operating points that corresponding to EG power output range between 300
to 1700 W. EG unit power was subsequently dissipated by the power resistor network,
which was also simultaneously measured by means of a suitable DC wattmeter (see
Figure 17a).

Each test was conducted under steady-state load conditions, by keeping the engine
in the particular operating regime for over 5 min. For each steady-state load case, initial
and final volumes of fuel were measured using the graduated cylinder tank (as shown
in Figure 17a). Each test was repeated five times to obtain a reliable fuel consumption
estimate. The final results of averaged fuel consumption for each operating regime are
shown in Figure 17b. The presented results indicate that fuel consumption characteristic is
practically linear with respect to the EG unit electrical load.
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Figure 17. Fuel consumption measurement (a) Graduated tank and DC wattmeter, (b) Fuel consumption measurement results.

4.3. Hybrid Power Unit Measurements

In order to test the functionality of the proposed hybrid power system concept under
realistic load conditions, a system was tested in several operating regimes corresponding to
no-load (idling), low load, medium load, and high load operating modes. In all experiments,
the voltage reference is set to 50 V. The DC bus voltage PID controller was implemented
in the C programming language complying with the proposed PID algorithm structures
presented in Section 3.

A stepwise load is chosen for the testing of the hybrid power system transient and
steady-state performance for the following reasons: (i) it provides the most abrupt load
profile, usable for stringent testing of the control system transient performance, including
testing for possible saturation effects and stability issues (closed-loop damping issues), and
(ii) it can be easily related to a sudden vertical ascending maneuver, because in that case all
propeller drives are suddenly loaded with an almost equal constant (stepwise) load which
is maintained until the desired flight level is reached.

Each test was repeated five times and consists of the following DC bus loads emulated
by the power dissipation resistor network equivalent resistance:

• 4 Ω load (low load);
• 2 Ω load (medium load);
• 1.33 Ω load (high load);
• 1 Ω load (peak load).

During tests, ICE is initially held in idle conditions for approximately 5 min (engine
warm-up period), followed by the DC bus load being stepped up and down, with each
load step lasting several seconds to record the corresponding load-on and load-off DC
bus system voltage and current transients. Offsets in current measurements are due to
non–ideal sensor characteristics, notably emphasized while measuring low (near–zero)
currents, which would be removed by periodic recalibration of current sensors in actual
applications. Since the tests conducted herein were rather short, these offsets were simply
subtracted offline after the measurements were carried out.

Low load responses are presented in Figure 18a,b. Initially, during the engine run-up
from idle speed to the chosen operating point around 10,000 rpm, the battery provides
the DC bus load (139–143 s). As the engine speed (rpm) reaches around 10,000 rpm, the
EG takes over the load, and the battery current drops to zero. DC bus voltage remains
stable near the target value of 50 V throughout the experiment, without significant voltage
drop excursions.
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Figure 18. Low load responses (a) RPM and DC bus voltage, (b) DC bus currents; Medium and high load responses (c) RPM
and DC bus voltage, (d) DC bus currents; High load (1.33 Ω) and peak load (1 Ω) response (e) RPM and DC bus voltage,
(f) DC bus currents.

Results for medium-high and high load regimes are shown in Figure 18c,d. Engine
ramps up its rpm to approximately between 13,500 rpm and 14,000 rpm. As was the case
for low load, the battery initially supplies DC bus load until the EG takes over, with the
average generator load being around 30–35 A, thus corresponding to 1500–1750 W of power
consumption at the load dissipation resistor network. Again, DC bus voltage is maintained
near the target value of 50 V without significant voltage drop excursions.

Results for the case of peak load are shown in Figure 18e,f. Due to limited ICE-EG set
power output, the battery needs to supply the additional current load (approx. 16 A) to
the DC bus when the EG current limit of 30 A is reached. In this case, the overall hybrid
power system is characterized by maximum power production, amounting to 2400–2500 W
of total power output. The DC bus voltage again remains very stable near the reference
voltage, without significant voltage excursions under abrupt load current changes.

5. Discussion

Based on the obtained results, it can be concluded that a functional hybrid power
system has been developed comprising an ICE-EG set and LiPo battery, with the output
DC voltage being fully supported by the power output of the ICE-EG set up to DC bus
electrical loads amounting to 1700 W. For larger loads magnitudes, the battery pack is
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capable of supplying the additional peak load, so a total of 2200 W (up to 2.5 kW in best
cases) can be obtained from the proposed hybrid power system. The EG is capable of
continuously delivering up to 1200 W without significant heating, with increased heating
of the EG (up to 85 ◦C) being noticed when the power demand exceeds 1500 W, primarily
due to EG being fully enclosed, which may prevent adequate cooling at higher loads.

The hybrid power supply overall efficiency can be estimated in the following manner:

ηe f f =
Pel

Pmech
≈ 0.75 (22)

where Pmech is the mechanical power at the ICE output, and Pel is the electrical power
transferred from the generator to the load (i.e., power at the dissipation resistor grid). Since
the engine can produce 1.8 Nm of torque at 10,500 rpm, what would correspond to the
mechanical power of 1980 W. Under these conditions, electrical power dissipated that the
load is 1500 W, and the overall efficiency of the hybrid power system is estimated to the
aforementioned value of 0.75.

The hybrid drive vs. conventional drive efficiency analysis can be determined based
on the energy obtained over a particular reference time interval. In order to equate the
energy capacity of the battery and the hybrid drive energy delivery capacity in a straightfor-
ward manner, the equivalent hybrid drive energy production in Watt-hours was calculated
based on the recorded data and compared with values of the energy capacity of typical bat-
teries for UAV applications. In particular, the internal combustion engine fuel consumption
is about 30 mL/min under sustained power production of 1500 W at the generator (corre-
sponding to medium to high generator loads), thus resulting in hourly fuel consumption of
about 1.8 L of fuel. This corresponds to 1500 Wh of available energy at the generator, with
the overall mass of the hybrid power unit (engine, generator, rectifier, fuel) amounting to
6 kg.

On the other hand, the UAV battery pack under examination is characterized by
400 Wh of energy capacity (see results of battery identification section), with the total mass
of the battery and the supporting equipment of about 3 kg. Thus, in order to match the
energy output of the hybrid power unit, a total of 4 battery packs are needed, resulting in
an overall battery system mass of 12 kg. It is, therefore, easily concluded that the ICE-EG
hybrid power unit has a gravimetric energy density of 300 Wh/kg, while the energy-
equivalent battery pack has an energy density of about 140 Wh/kg. This clearly shows
that the energy (i.e., flight) autonomy of a UAV equipped with a hybrid power unit is
significantly improved in comparison to the battery-only ”benchmark” case (see Figure 19).

It is important to point out that when designing the experimental setup, the authors
have mounted the ICE-generator set on rubber dampeners (so-called rubber bobbins or
bushings). An estimate of the vibrations magnitude was done by using vibration tests
that were implemented in the UAV multirotor “Pixhawk 2” controller unit and “Mission
Planner” software. It turns out that the vibration modes that occur during the operation of
the ICE-based hybrid propulsion are outside the frequencies that would affect the sensors
(inertial unit) and, thus, create navigation problems and stability problems for the aircraft
in general. This fact inspires confidence that it should not be too complicated to decouple
the hybrid drive from the frame of the aircraft and thereby reduce the impact of vibrations
generated by ICE.
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Figure 19. Energy density analysis of hybrid and conventional electric power unit.

6. Conclusions

Based on the results of computer-based simulations and experiments conducted using
the hybrid power unit test bench, and the comparative assessment of the conventional
battery power unit with the proposed hybrid power unit, several clear benefits of hybrid
power supply are identified, which are given below:

• Hybridization of the conventional ICE–EG set results in a stable power source is
obtained which is characterized by the gravimetric energy density which is two times
higher compared to a purely battery-based power supply;

• For the aforementioned increase in the gravimetric energy density using a hybridized
ICE + EG power unit, the overall mass of the hybrid power system is two times smaller
when compared to the comparable battery-based system.

According to the obtained results that indicate the maximum stable power obtained
from the hybrid propulsion, in the future the plan is to build a multirotor aircraft (pre-
sumably a quadcopter) with a takeoff mass of 10–12 kg with highly efficient 22–24 inch
agricultural-UAV propellers, with typical hovering regime power requirements of approxi-
mately 1000–1200 W, which would be provided for by a hybrid drive, and an additional
power margin of 300–500 W, wherein any power demand above 1500 W would be covered
by the battery.

In the future, it would be interesting to explore hybrid power supplies featuring
energy recovery, where the battery would be recharged if the generated power of the
hybrid drive allows charging of the battery, by means of simultaneous DC bus voltage and
battery current control, which may require additional power electronic systems in the form
of bidirectional DC/DC power converter.

Of particular interest would be the application of an active rectifier, where a stable DC
bus voltage could be generated, independent of the ICE speed, which motivates further
research of fuel consumption-optimal ICE control.
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35. Deur, J.; Ivanović, V.; Pavković, D.; Jansz, M. Identification and speed control of SI engine for idle operating mode. Sae Tech. Pap.
2004. [CrossRef]

36. Rajamani, R. Mean Value Modeling of SI and Diesel Engines; Springer: Boston, MA, USA, 2012.
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