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Abstract—According to specific performance requirements, an
integrated switched reluctance starter/generator system, which
can start the engine and supply electrical energy to the loads, is
designed and manufactured for the unmanned aerial vehicle.
Considering the required starting torque and speed range, the
geometrical dimensions of the switched reluctance machine are
calculated based on the output equation and further optimized
with finite element analysis, and the flux-linkage, inductance and
static torque characteristics are illustrated. To verify the
performances of the designed system, detailed simulation with the
model considering piston engine and experiment using the test
bench are carried out.

Index Terms—Integrated starter/generator system, switched
reluctance machine (SRM), unmanned aerial vehicle (UAV).

I. INTRODUCTION

OME big unmanned aerial vehicles (UAVs) are propelled

by piston engines [1]. The engine needs to be started first,
and then it operates as a prime mover and drives a generator to
supply electrical energy. In traditional UAVs, a specific motor
is used to start the engine, and a generator is adopted to produce
electrical energy, which means the starting and generating
function are separated. This type of arrangement makes the
system complex, and increases the size and weight, which is
undesired for aviation applications [2].

The main motors suitable for the integrated starter/generator
(ISG) system are permanent magnet machines and switched
reluctance machines [3][4]. Permanent magnet starter/
generator (PMSG) has advantages like high power density and
energy conversion efficiency [5][6]. However, because the flux
of the permanent magnets cannot be adjusted, the flexibility
and stability of the PMSG under both starting and generating
modes should be further improved.

Switched reluctance machine (SRM) is an attractive
candidate for the ISG system due to its simple structure, high
reliability, wide speed range, low maintenance requirement and
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so on [7][8]. It can be used as a motor or a generator. When it
works as the motor, the torque current ratio is high. When it
works as the generator, the output power and the output voltage
can be adjusted under different working conditions. It can also
work in fault state when a phase defaults [9]. In [10], a high
speed switched reluctance starter/generator system was
implemented. The simulation model was constructed, and the
control parameters were optimized. In [11][12], a shaft
line-embedded switched reluctance starter/generator for an
aircraft gas turbine was presented, which needs to run in an
ambient temperature of around 350°C, and at the same time has
a very high specific output. In [13], a fast analytical modeling
method for an integrated switched reluctance starter/generator
was proposed based on the Fourier series. In [14], a sliding
mode variable structure controller was designed to build and
adjust the output voltage of the switched reluctance
starter/generator in the switch over process. In [15], the
fault-tolerant performances of the dual-channel switched
reluctance starter/generator and the dual-channel doubly salient
permanent magnet starter/generator were compared, and the
results show that the former has more stable performances.

In this paper, the integrated switched reluctance starter/
generator (SRSG) system for UAV is presented. The structure
and size of the machine are determined based on the starting
torque and speed range. Thereafter, the flux linkage, inductance
and torque characteristics are obtained by static magnetic field
analysis with the 2D FEA model. The starting and generating
performances of the system are evaluated by simulation.
Furthermore, the starting performances of the system are
verified by experiment as well. The main contribution of this
paper is design and testing of the SRSG system considering the
special resistance torque characteristics of the piston engine.

The paper is organized as follows. In Section II, the design
process and preliminary evaluation of the SRSG system are
described in detail. The modeling and simulation of the system
are illustrated in Section III. In Section IV, the experiments and
analysis are carried out. Section V concludes this paper.

II. DESIGN AND PRELIMINARY EVALUATION

The schematic diagram of the integrated starter/generator is
shown in Fig. 1. The SRSG is coaxially connected to the piston
engine. SRSG works in motoring mode and drives the engine
and propeller when the starting phase controller receives the
start command. It will stop working after the engine running at
idle state. Then the SRSG will switch to generating mode when
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the system speeds up to the required minimum speed.

Starter/generator
controller
| |
Asymmetric
half-bridge
power converter —

Fig. 1. Schematic diagram of the integrated starter/generator system.

Switched reluctance [ Piston
starter/generator | | engine

A. Electromagnetic design

The empirical formulas are applied in electromagnetic
design process based on design objects. Main structural
parameters are calculated and verified by finite element
calculation of electromagnetic field.

The technical requirements of the considered SRSG system
are as follows:

Rated power 2kW
Rated voltage 60VDC
Rated speed 4800rpm
Rated efficiency +€80%
Starting torque <15Nm
Ignition speed 700rpm
Disconnection speed 1000rpm
Weight of the SRM > 6kg

To reduce the ripple of the torque and voltage, 4-phase
16/12-pole topology is selected. The output equation of SRM
expressed by torque is

T =kDL, (1)
where T is the required lowest starting torque, which is 15Nm
in this paper. £ is the torque coefficient, D, is the rotor outer
diameter, and Ly is the core length of SRM. The value of & is
proportional to the product of electrical and magnetic load. For
aviation applications, its value range is 20.7 -51.7 kNm/m?.

The ratio of the core length to the rotor diameter is defined as

L

il @

The range of 1 is generally 0.5-3. After determining 7" and 4,
Ly and D, can be calculated by (2).

In order to obtain larger output power and reduce the
volt-ampere capacity requirement of the power converter, the
air gap length g should be shortened as far as possible. However,
due to the limitation of processing and assembly technique, as
well as the consideration of reliable operation, g should not be
too short. The air gap length g of small motor is no shorter than
0.25mm.

Stator pole width # and rotor pole width ¢ can be calculated
using

t,=2(r, +g)sin% (3)
o sin 2
¢t =2r sin 5 4)

where i is the radius of the rotor, S, and S, are the stator and
rotor pole arcs, respectively.

In order to ensure that the maximum magnetic density of the
yoke is not oversaturated, the yoke height of stator y, and rotor

yr are determined by

y, =(1.2~1.4)% (5)

v, :(1.2~1.4)% (6)

The shaft diameter Dy, of the motor should not be very small,
otherwise it will affect the mechanical strength, as well as
causing rotor vibration and eccentricity which would increase
the motor noise. At the same time, it should not be too big. The
appropriate shaft diameter should be chosen to provide a large
second air gap and a high rotor yoke. It can be generally
selected as

D, =(04~0.5)D, (7)
Series winding numbers of each phase can be calculated by
30 N UG
- r c 8
o 7[2 B(S'Dertk ( )

Based on the above design process, the main parameters of
the SRM are obtained and shown in Table I. It should be noted
that the final determination of the parameters not only depends
on the above equations, but also on other considerations, such
as the operating condition, manufacture complexity and
external connection constraint. For example, in this paper, ys
and y, are larger than the calculating results to reduce the
saturation, and the shaft diameter is limited by the external
mechanical connection.

TABLE I

MAIN PARAMETERS OF THE SRM
Parameter Value
Phase number 4
Stator pole number N, 16
Rotor pole number N, 12
Stator outer diameter D; 150mm
Rotor outer diameter D, 90mm
Core length Ly 45mm
Air gap length g 0.5mm
Stator pole arc f; 10.5°
Rotor pole arc S, 11.5°
Stator pole width ¢ 8.3 mm
Rotor pole width ¢z, 9.1 mm
Stator yoke y; 6 mm
Rotor yoke y, 8 mm
Shaft diameter Dy, 25 mm
Series winding numbers N, 20
Number of parallel conductors 8
Coil space factor 57%
Weight 4.5kg

The cross-sectional view of the stator and rotor are shown in
Fig. 2.

(a) Stator
Fig. 2. Cross-sectional view of the stator and rotor.

(b) Rotor
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B. Preliminary Evaluation

1) Static characteristic analysis

The magnetic field distribution, flux linkage w, inductance L
and torque T of the designed SRM can be analyzed and
calculated with FEM. Thereafter, the static characteristics of
the machine can be obtained, which is crucial to performance
verification.

Fig. 3 presents the relationship between flux linkage and
current under different rotor positions.
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Fig. 3. Flux-linkage characteristics.

As shown in Fig. 3, the rotor gradually moves from the
minimum inductance position to the maximum inductance
position. The flux linkage first increases fast, which is easier to
reach saturation. Then it grows slow, and the nonlinear
relationship between flux linkage and current starts to present.

Fig. 4 presents the relationship between inductance and rotor
position with certain phase current.
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Fig. 4. Inductance characteristics.
Fig. 5 presents the relationship between static torque and

rotor position with certain phase current, where 0° and 15° are

the unaligned and aligned rotor position, respectively.
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Fig. 5. Static torque characteristics

In static magnetic field analysis, single phase excitation is
performed to observe the magnetic field distribution when
SRM is located in the unaligned and partial aligned position as
shown in Fig. 6.

379

Fig. 6. Magnetic field distribution of single phase excitation.

2) Motoring performance analysis

Fig. 7 shows the phase current and torque under motoring
mode obtained by finite element analysis in Maxwell. The
speed is 700 rpm, and the current chopping range is 140-160A.
The turn-on and turn-off angles are 0 and 15¢, respectively.
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Fig. 7. Phase current and torque under motoring mode.

3) Generating performance analysis

Fig. 8 shows the phase current, torque and voltage under
generating mode. The speed is 4800 rpm, and the turn-on and
turn-off angles are 12° and 24°, respectively.

Current (A)
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Fig. 8. Phase current, torque and voltage under generating mode.
III. SYSTEM MODELING AND SIMULATION
A. Dynamic model of engine starting process
During starting, the resisting force mainly include

compression resistance of cylinder, frictional resistance of
assembly parts, inertia force of rotating parts and so on. The
resisting forces act on the crankshaft and produce
corresponding resistance torque.
1) Compression resistance torque of cylinder

The air inside the cylinder acts directly on the top of the
piston and push the piston back and forth. The compressed air
works negatively when the piston is in the compression state.
The compressed air works positively when the piston is in the
expansion state. As shown in Fig. 9, when the engine is starting,
the gas pressure inside the cylinder P, transfers to the
crankshaft through the piston. Py is the force along the direction
of connecting rod which can be decomposed into tangential
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force Pr and radial force P,. Prand P, are expressed as

R=— ©)

Ccos

P, sin(a+f3) (10)
cos ff

where a is the crank angle, § is the swinging angle of the

connecting rod.

P :Pksin(a+ﬁ):

3
}/)c 0

Fig. 9. Force diagram of crank-link mechanism

The gas compression process is similar to the gas state
equation, which is

(11)

where Py is the atmospheric pressure, ¥y is the cylinder working
volume at the beginning of the compression process, n; is the
adiabatic coefficient, V, is the cylinder working volume when
the crankshaft turning.

The initial compression resistance torque is derived as

BV sin(a+ B) ”(B)ZV(lz)
{VC +[r(l—cosoz)-¢—/tr(l—cos20:)/4]7[(D/2)2}"I cosf N2

})()I/Onl :})ngnl

T.=Pr=

where V¢ is the combustion chamber space, s is the piston
displacement, 4 is the crank radius ratio.
2) Frictional resistance torque

The frictional resistance torque is demonstrated as

N,
T, = )
ﬂns,

=3.18P Vit + ke (13)

where V} is the working volume of engine horizontal bar, i is
the number of engine cylinders, 7 is the number of engine work
cycles, Pris the average pressure of starting frictional resistance,
k is the load factor, and w is the angular velocity of the
crankshatft.

P; is determined according to the following empirical
equation.

P, =38.4x10° xy*?
 =384x10°xy (14)
where ¥ is the viscosity of the lubricating oil at the starting
temperature.

3) Inertial resistance torque

The inertial resistance torque can be expressed as

do

L=1-T,-Tc=J—= (15)

where T, is the electromagnetic torque.

B. Simulation
1) Starting stage

Fig. 10 shows the torque and speed response at starting stage
obtained by dynamic simulation in Matlab. In the figure, 1/3
cycle and 1/2 cycle indicate the conduction angle. For 1/3 cycle
conduction, the turn-on and turn-off angles are 0° and 10°,
respectively. The conduction angle is 10°, and is 1/3 of the
inductance period of the considered SRM, which is 30°. For 1/2
cycle conduction, the turn-on and turn-off angles are 0° and 15°,
respectively. The conduction angle is 10°, and is 1/2 of the
inductance period.

From the simulation results, it can be seen that in the
low-speed zone, under the condition of fixed turn-on and
turn-off angles, the output torque is no less than 20Nm, which
meets the requirement of design. When speed reaches about
700 rpm, it declines more slowly at 1/2 cycle mode, which
results in larger negative torque. Therefore, the angle position
control (APC) should be adopted to optimize the turn-on and
turn-off angles according to the efficiency.
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Fig. 10. Torque and speed response at starting stage.
2) Power generation stage
Fig. 11 shows the torque, output voltage and current at power
generation stage. The speed is 4800rpm, the maximum
excitation current is 80A, the output voltage is 60V and the
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Fig. 11. Torque, output voltage and current at power generation stage.

IV. EXPERIMENTAL VERIFICATION AND ANALYSIS

A. Hardware design

Fig. 12 shows the overall scheme of the SRM drive system.
Asymmetric half-bridge topology is selected for the converter,
and the control algorithm is implemented with DSP
TMS320F28335 and FPGA EP2C8Q208C8. The phase current
and rotor position signals are processed by A/D converter and

rotary transformer decoder AD2S1210, respectively, and then
input into FPGA. The real-time rotor position is compared with
the turn-on and turn-off angels to get the APC control signals,
and the real-time phase current is compared with the current
chopping range to get the current chopping signals. The logic
synthesis of the APC and current chopping signals is carried out
in FPGA to get the control signal. To adjust the speed at the
starting stage and voltage at the generating stage as required,
the closed-loop control methods, such as PI control, are
implemented in DSP. The communication between computer
and DSP is RS232, and the user can get system operation
information and input control requirements with the computer.

B. SRM prototype and loading platform

Fig. 13 shows the photos of the SRM prototype and the
loading platform, respectively.
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Fig. 12. Overall scheme of the SRM drive system
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Fig. 13. SRM prototype and the loading platform

C. Experimental results and analysis

Fig. 14 shows the experimental results. The battery voltage is
57.5V, the turn-on and turn-off angles are 0° and 10°,
respectively. The current of the magnetic powder brake is 0.5A,
which corresponds to 16Nm loading torque.

As shown in Fig. 14(a), at the beginning of starting stage,
current rises fast due to the low back EMF. The voltage is taken
down to about 48V. Thereafter, the current reaches to the
chopping state. During the low speed stage, the back EMF is
low. Therefore, the current goes up fast, which can reach to
about 100A. The speed rises fast because the produced
electromagnetic torque is large. As the speed increases, the
back EMF rises, therefore the current increases slowly and the
electromagnetic torque decreases. Finally the speed rises
slowly and tends to be steady. It can be seen that speed reaches
to 750rpm after 0.45s, which means that the output torque is no
lower than 16Nm at 0~700rpm and meet the design
requirements. As shown in Fig.14 (b), the system tends to be
steady after 0.3s, which means that the starting time can be
shorten by increasing current chopping level. In Fig. 14, the
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magnitude and hysteresis width of each phase current are not
identical due to the inaccuracy of the current sensors, which
will be improved in the future work.
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Fig. 14. Experimental results.
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V. CONCLUSION

In this paper, considering the outstanding performance
merits of the switched reluctance machine, an integrated
starter/generator system is presented for UAV, which can
accomplish the starting and generating function with a single
SRM. The design process of the SRM is described in detail, and
the flux-linkage, inductance and static torque characteristics of
the design scheme are analyzed by the finite element method.
The model of the switched reluctance starter/generator system
considering the resisting torque of the piston engine is built in
Matlab, and the starting and generating modes are simulated
under different operating conditions. Furthermore, with the
specialized test bench, the starting capability of the SRM
prototype is evaluated by experiments. Both the simulation and
experimental results indicate that the performances of the
designed SRSG system meet the technical requirements.
Further test, analysis and improvement will be carried out in the
near future.
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