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ABSTRACT

A detatted systemn modet for a More Electrie Aircraft power system
equipped with a swilched reluctance generator is deseribed. Example
computer studies for several types of generator loads, including
passive, constant power, a brushless DC motor, and an electre-
hydrostatic achuator, are presented with correborating experimental test
results.

INTRODUCTION

Maore: Electric Aireraft (MEA) offer potential life-cycle cost savings
for military and civilian aircraft. The military is considering DC
systems as an option, and one possible demonstration system is the
MADMEL (Power Management and Distribution System far Mare
Electre Aircraft). The MALMEL will include generators, power
conversion devices. and a vanety of electric loads. A swilched
reluctance machine 1s being considered as an integral staner/generalor
{ISG). ls advantages have been described previously (Radun, 1994),
as well as the design and performance of a candidaie 250 KW machine
which may be incorporated into the MADMEL (Richter, et al, 1994).
In erder to provide the government with an in-house analysis capabil-
ity, computer models of the switched reluctance machine and its
contrals as well as associated load companents have been developed.
These modeis, which are described in this paper, have been pro-
grammed in modular fonn, using the Advanced Continuous Simula-
tion Language (ACSL). By combining the various modules off ACSL
code that represent the different components. a variety of svstems and
operating conditions ¢an be rapidly sumulated

The loads for the MADMEL are miended to be representative of
the vanous aircraft loads including avionics, radars, electro-hydrostatic
actuators (EHA), and distribution components. Computer models

have been developed for passive loads. brushless DC imolors, and ’

EHAs. Several load studies are desenbed and, where possible.
compared 1o actual {est data.

One area that is of particular interest to the aireralt designer is that
of power system stability. Loads that mclude DC-DC or DC-AC
converters may have the constant power charactenstics, which may

appear as a negative impedance generaior load. The interaction of a
negative toad impedance with the generator may cause unstable
operation depending on cireuit parameters. An example of unstable
operation caused by ioad switching is shown.

SWITCHED RELLUCTANCE GENERATOR

The construction features and theory of operation for the switched
reluctance ISG have been described previously {(Radun. 1994),
therefore, only a bref review will be given here.

Operating Theory

The switched reluctance machine does not have rotor windings:
instead. the number of salient poies on the rotor is ditterent trom that
on the stator - The ISG for the MADMEL svstem has 12 stator poles
and eight rolor poles as shown in Figure 1. The 12 sialor poles
constitute two three-phase groups. or channels, that can be operated n
paraliel or separately. Since the number of stator and retor poles are
difterent, the inductance of each phase is a lunction of the rotor
position, and af any instant in time, the inductance ¢an be different tor
the three phases. In Figure 1. the rotor is aligned with phase a of the
stator. This aligned position is designated as zero degrees  If the siot
bebween twao rotor poles were aligned with the center line of the stator
pole. the position would be desiznated as 43 clectneal degrees, Thus
there are 90 electneal degrees between the rotor poles or 72U electrical
degrees per revolution, This s sinular 1o a four-pole convertional
machine. At the positon shown i Figure 1. the rotor s at —30
degrees wilh respect o the phase b poles of the stalor and at -30
degrees with respeet 1o phase ¢

The 1lux linkages of a stator winding are a (unction of winding
current and rolor position. A sct ol caloulated (ux-linkages curves was
oblained lor the test machune, some of which are shown i Figure 2.
In particular, curves are shown for nine degree mtervals to 435 degrees
The large air gap ar 43 degrees results messentally 2 constant
reluctance path whereupon the flux inkages - current curve becomes
essentially linear, The data set tor the machine consssted of curves
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FIGURE 1: CROSS-SECTION OF SWITCHED
RELUCTANCE MACHINE
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FIGURE 2: FLUX LINKAGE V8 CURRENT CURVES

one degree intervals [rom zero to 45 degrees.

Since the switched reluctance machine does nat have rotor
windings, a source of excitation must be provided. The schemalic (or
one set of three-phase stator windings is shown in Figure 3. The
machine terminals are connecled 10 a capacitor bank 10 provide a
source of excitation. Switches provide a path 1o supply the winding
current as the rotor pole nears alignment with the stator pele. Diodes
provide a path for cumrent o flow out of the machine as the rotor poles
are dnven past alignment. Since there 1s a reluctance torque atlempt-
ing to keep ihe stator and rotor poles aligned, work must be done by
the prime mover to force the poles apart, which appears as an
electrical output from the generator.
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FIGURE 3: PHASE WINDING CONNECTIONS

Switched Reluctance Generator Model

The switched reluctance ISG cornputer model is 3 detailed model
of all three phases including the vanable induetance of the windings.
The swiiches and diodes are modeled as ideal elements. Although
expenmental results mdicate 2 sinall mutual coupling between the two
groups three-phase groups. this mutual coupling is neglected.

A block diagram ol the sunulation 1s shown i Figure 4 The hean
of the simulation is the rouline that models the phases of the machine.
The position ot the rotor with respect 1o each phase must be caleulated
at each tiine step At the appropnate time. the cutput voitage is apphed
to a phase winding. The angle at which the voltage is applied to the
phase (s an input to the simulation. The voltage 13 integrated to obtain
the flux linkage in the phase, which is input 1o a table routine that
performs & linear interpolation to determine the mmf for a given angle
and flux linkage. The cugrent is caleulated from the mmf. based on
whether the phase channels are operating separately or in parallel.

The control systemn for the machine has also been described
previously (Radun and Xiang. 1995). It is a DSP system and uses the
output voltage 1o establish a reference current level. The reterence
current detennines the time of opening the phase switches fo begmn
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FIGURE 4. BLOCK DIAGRAM OF MACHINE
SIMULATION
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generation,  The machine output capacitor and the EMI filter are
madeled using the appropriate differential equations.

SYSTEM LOADS

There arc a variety of loads in all-clectric or more-clectnc aircraft.
The MADMEL will provide sctual or sinulated devices for many of
these Ioads. A schematic for the power system that has been modeled
to date is shown in Figure 5. Ideal circuit breakers ailow the simula-
tion of the loads to be switched in or out at various limes.
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FIGURE 5. SCHEMATIC OF SYSTEM LOADS

Constant Power Load

The generator systemn provides 270 velts, and DC-AC and DC-DC
converters are required to change the voltage level for individual loads.
In some converters the output voltage is controlled to deliver constant
power. This type of load appears as a negative inpedance since in
order to supply constant power, the curreat will increase when the
source voltage decreases. In the case of the constant power load
shown in Figure 3, the desircd power is selected and the current iy
calculated by dividing the power by the actual voliage.

Electro-Hydrostatic Actuator

A type of electne load that is of interest 10 the aircratt system
designeris the electro-hydrostatic actuator (EHA), which can be used
to position the aircraft’s Right control surfaces. A mode) of an EHA
driven by a brushless DC motor was developed, based on the actuator
requirements {or the aileron on a military fighter. The simulation
block diagram for the simulation is shown in Figure 6. Since a
brushless DC motor is a controlled permanent magnet synchrenous
motor, the DC voltage from the generator must be inverted 1o provide
AC to the motor. The inverter and motor are modeled in {ull detail,
together with the specified mechanical system requirements.

SIMULATION RESULTS

Steady-state test results have been feported for the swiiched
reluctance 1SG with a resistive load (Radun and Xiang, 1995). Figure
7 shows the phase currents for one channel of the machine operating
at ground idle speed (13,450 rpm) with an oulput of 252 volts and
102.5 KW (R, = 0.61955 (3). The phase currents resulting (tom a
computer study for the same operating conditions arc shown n
Figure 8. The wavetonns in Figures 7 and 8 are essentially the same
except that the measured currents are slightly unbalanced. This is
apparently due to shight differences in the actual windings, whereas the
windings are assumed to be identical in the simulation.

A dynamic lcad change [est was also done on the [5G operaling a1

Ssa, Ssb, Ssc
vdc
—_
. lnverter
ide ias ibs, ics
-

vas, vbg, ves

PM ac motor

Te

Mechamcal

wt, gr

system

Current
control

iaStar,
ibStar,
1IcStar

Field

crientation
control

Control

igsrStar,
idsrStar

FIGURE & BLOCK DIAGRAM OF ELECTRC-
HYDROSTATIC ACTUATOR SIMULATION
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FIGURE 7: MEASURED GENERATOR PHASE
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ground idie speed. In this case the load was suddenly changed from
86 KW to 102.5 KW, The measured voltage transient (voltage at
veap? in Figure 5) is shown in Figure 9. A drop ol approximately 15
valts oceurs with a iccovery time of approximately 16 msee. The
results of the computer study are shown in Figure 10. The computed
response does not exhibit as much low frequency (about 400 Hz)
ripple as the experimental waveformn;, however, # similar voltage drop
and recovery tirme occurs.
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FIGURE 9: MEASURED BUS VOLTAGE DURING
RESISTIVE LOAD INCREASE

ACSL 1s equipped wilh a vaniable time-step algorithm in which the
user specifies minimum and maxinum time steps. In Figure 10, a
maximumn tirme step of 0.5 psec was used. [tis interesting that with
alonger time step of 5.0 psec the waveform shown in Figure 11 was
obtained. 'This waveform compares more favorably with the test
results (Figure 99, specifically in regard to the 400 Hz ripple. Although
the differences in 400 Hz ripple are of secondarv unportance, the
computed results suggest the possibility that the sampling rate of the
acquisition system used in the experimental tests was oo low 1o
capture the exact waveform. This is left 10 future investigation.
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FIGURE 10: CALCULATED BUS VOLTAGE DURING
RESISTIVE LOAD CHANGE

Constant power load switchirg

Testing has not been reported for the ISG with constant power
loads; however, a compuler study was conducted. The results of the
study are shown in Figures 12 and 13, Therein, the volage at the

FIGURE 11: 8US VOLTAGE TRANSIENT CALCULATED
WITH LARGER INTEGRATION TiIME STEP

autput of the generator EMI Glier (Veap2) and the voltage at the
oulput of the constant power load Gller (Veil) are plotted. In both
cases. the simulation was run at ground idle speed. with an ouipus
vohage of 277 voils and a resistive load of 86 KW at the oulput of the
load flter (Figure 3). W ihe study. thes toad was swiched to a 70 KW
conslant power ioad. The values (or the load filter in Figure 12 were
10 uH tor LI and 624 pF for CIf. Since there was s reduction in load.
the voltage increased and then returned to s controlled value, The
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FIGURE 12: TRANSIENT VOLTAGES CALCULATED
DURING CHANGE FROM RESISTIVE LOAD TO
CONSTANT POWER LOAD

systern remamed stable

In Figure 13 the same load swilching ceeurred. but values of Yt
yH and 670 pF were used for LI and CIf. respectively. In this case,
ihe system 1s stable wath the 86 KW resistive load: however, when the
toad 15 switched 1o the 70 KW constant power load. the voltages
oscillate with ncreasmg amplitude uniif the sysiem becomes unstable
ILis inferesting 10 note that il the load was swilched back Lo its origing,
confliguration prior o 0.0456 sees the syslem returned to stable
aperalion.
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FIGURE 13; POSSIBLE UNSTABLE QOPERATION
PREDICTED BY COMPUTER SIMULATION

SUMMARY

A detailed computer madel of a switched refuctance generator with
various loads has been developed and a number of studies have been
performed. Expenimental verification has been obtained for steady-
state operation and {or switching of resistive loads. In addition, the
computer simulation has been used to demonstrate potential system
instability due to a constant power foad.
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