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Load Effect on Switched Reluctance Starter/Generator System in Aircraft
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Abstract: Switched Reluctance Machine (SRM) is considered as a prime candidate for Combined
Starter/Generator (CS/G) in More/All Electric Aiwrcraft (M/A EA). In this study, the effect of the load on the
power quality of the Switched Reluctance Starter/Generator (SR S/G) system 1s studied. The loads are mainly
divided into three groups, namely conventional, special and constant power loads. Many simulation results,

such as curves of output voltage and phase current under loading and unloading conditions are given.
Furthermore, the effect of the Constant Power Loads (CPLs) on the system stability is analyzed briefly.
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INTRODUCTION

Many studies have indicated that More/All Electric
Adreraft (M/A EA) technology is the future development
trend of the aviation mdustry (Quigley, 1993; Cromn,
1990) and Combined Starter/Generator (CS/G) 15 a key
subsystem of M/A EA (Ferreira and Richter, 1993;
Weimer, 2003). Among kinds of machines that can be
used as a CS/G in M/AEA, the Switched Reluctance
Machine (SRM) 15 considered as a prime candidate to
meet the requirements and constraints well (Schofield and
Long, 2005, Ferreira et al, 1995a, b; Ferreira and
Richter, 1993).

In the M/A EA, hydraulic and pneumatic systems are
canceled. The majority/all of the aircraft’s secondary
power requirements is supplied in an electrical form
(Jones, 1999). This makes the capacity and structure of
the power supply system bigger and more complex.
Furthermore, the type of the loads increases largely which
will dramatically affect the power quality, system stability
and electromagnetic compatibility of the airborne power
supply system (Rosero et al., 2007; Wetmer, 1993). So, it’s
necessary and very important to study the effects of the
loads on SR S/G system in M/A EA.

Skvarenina ef al. (1996) built a detailed model of the
power supply system i more electric aircraft. On the basis
of this model, the performances of the system were
studied under different loading conditions include
passive loads, Constant Power Loads (CPLs), Brushless
DC Motors (BLDCMs) and so on. The experimental
results were given as well as modified the system model

built by Skvarenina et al. (1997) based on Graphics
Modeler (GM) in Advanced Continuous Simulation
Language (ACSL). The visualization and flexibility of the
mmproved. Abouzeid (1998) studied the
effects of the resistive and mductive loads on the phase
current based on the transient phase inductance. The
performances of the system were improved by
adjusting the ratio between resistance and inductance in
the load.

El-Nemr et af. (2003) developed a specialized tool box
for SRM based on Object Oriented Programming (QOP)
technology. The performances of the system were studied
under the variations of the exciting voltage, speed of the
prime motor, tum-on and turn-off angles. Gao ef al. (2003)
built a model of the high-voltage DC power supply system
in the aircraft based on Matlab/PSB. The performances of
the system under loading condition were studied by
simulation. Han et al. (2006, 2008) built a state-space
model of the 270 VDC power supply system.

The small-signal stability of the system was studied
by eigenvalue method. Fmally, the results of the
theoretical analysis were verified by tine domain
simulation. Ferreira et al. (1995a, b) studied the stability of
the SR 5/G system with CPLs and capacitive loads.
Experimental results verified the accuracy of the model.
Wang and Howe (2007) proposed a novel method to
control the stability of the DC power supply system under
CPLs based on power shaping algorithm. The large-signal
stability of the system was guaranteed while the output
voltage was adjusted effectively. Zhou et al. (2002)
analyzed the characteristics of the power supply system

model were
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in more electric aircraft. A method to guarantee the
stability of the power supply system with CPLs in aircraft
was proposed. Finally, the conditions to guarantee the
system stability were given. Xie and Pu (2008) built the
model of the high-voltage DC power supply system in the
aircraft by the simulation method based on differential
equations.

The stability of the system under the interaction
between DC/DC module and CPLs was analyzed and the
conditions to guarantee the system stability were
obtained.

In this study, the effects of the loads on the power
quality of the SR S/G system are studied. Three groups of
loads, namely conventional, special and constant power
loads are considered.

CONVENTIONAL LOADS

According to the electrical characteristics, as we
know, the loads can be basically divided mto three
types: resistive, inductive and capacitive loads. The
conventional loads considered here are simple
combinations of these types of load. In this study, pure
resistance (Load I), resistance in series with inductance
(Load TT) and the load with large input capacitance
(Load TIT) are studied.

Figure 1 and 2 show the output voltage and phase
current of the SR S/G system with Load 1.
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Fig. 1. Response of the system when load I increase (a)
Output voltage (b) Phase current
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In Fig. 1, the system is started with Load T 81 The
load is changed to 40.582 at 0.1 sec. In Fig. 2, the system
is started with 40.5Q. The load is changed to 81Q at
0.1 sec.

Figure 1 shows that when Load T increases, there is a
sudden drop in the output voltage and the phase current
increases accordingly.

After a short adjusting time, the output voltage
returns to its steady-state setting value, namely 270 V.
When Load T decreases, the response of the system is
reverse.

Figure 3 and 4 show the output voltage of the SR 5/G
system with the loading of Load I and Load II,
respectively.

In Fig. 3, the system is started without load.
Load T 81Q is added to the system at 0.03 sec. In
Fig. 4, the system 1s started without load. Load
IT 81Q in series with 1 h is added to the system at
0.03 sec.

Figure 4 shows that the existence of nductive
load (Load II) can significantly decrease the falling
speed and amplitude of the output voltage after
loading.

However, the adjusting time will increase. The reason
15 that the current of the inductive load can’t change
suddenly. Consequently, the current of the load will
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Fig. 4 Output voltage of the system with loading of
load IT

mcrease slowly. It can be considered as gradual
loading. Figure 5 shows the load current with Load T and
Load II.

Figure 6 shows the output voltage of the system
when Load IT 1s changed from light to heavy. The system
is started with 81Q and 1 h. The load is changed to 40.5Q
and 1 h at 0.1 sec. It can be seen that when the load is
changed from light to heavy, the output voltage will
not decrease suddenly. Instead, it will mcrease firstly
then decrease and return to its steady-state value
finally. The reason for this is that when the load is
changed, the cumrent of the new load will increase
gradually (Fig. 5b). Consequently, during a short period
after the change, the load current will be smaller than
that before the change. The rising speed and
amplitude of the output voltage depend on the ratio
between resistance and inductance in Load 1I.

In the aircraft, many electrical loads have input
capacitances to smooth the current and decouple different
systems. Figure 7 shows the output voltage of the system
with the loading of Load III. The system 1s started without
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Fig. 5: Current of load T and load TT (a) Load T (b) Load I
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Fig. 6: Output voltage when load II 1s changed from light
to heavy

load and Load III 1s added at 0.03 sec. Here, the structure
of Load III 15 an 81Q) resistance connected with a 1 h
inductance in series and then connected with a 1 mF
capacitance in parallel.

From Fig. 7, it can be seen that because the voltage of
the capacitance can’t change suddenly after loading, the
output voltage will fall to the exciting voltage. The steady-
state ripple of the output voltage will significantly
decrease because of the filtering action of the
capacitance.
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Fig 7 Output voltage of the system with the loading of
load III

SPECIAL LOADS

In M/A EA the majorityfall of the arborne units is
supplied in an electrical form. This makes the type and
amount of the loads increase largely. A single form of
power can't mest the requirements of different types of
loads simultaneously. Furthermore to optimize the
petformances of the power system, distributed high-
voltage DC power supply system 15 adopted. All these
make the amount of the DC/DC converters and DCMAC
inwerters increases largely. So, it's necessary to study the
performances of the power system with these special
loads.

Figure 8 shows the simulation results of the system
with the loading and unloading of a closed-loop voltage
control DC/DC converter (Load IV). The system is started
with an 31£) load and Load IV 15 added at 0.05 sec, then
the fault of the SEM named LP (lack of phase) ocours at
0.1 sec, Load [V 15 removed at 0.15 sec finally. The bus
voltage, output woltage of Load I'V and the phase current
of the SEI are given. From the Fig 8, it can be seen that
after loading, the bus voltage decreases suddenly.

After a short adjusting time, it returns to the
steady-state walue and its ripple increases significantl v,
At the same time, the output woltage of the DC/DC
converter achieves it setting walue quickly. When the
fault occurs, the ripple of the bus wvoltage further
increases but the output woltage of the DC/DC converter
is hasicaly unaffected After unloading, the output
voltage of the DC/DC converter gradually falls to zero.
Because of the LP fanlt of the SEM, the steady-state
ripple of the bus woltage is bigger than that before
loading, These simulati on results also verify that the SEM
has strong fault-tolerant ability.

An outstanding feature of M/A EA is the wide
application of electric actuators. Many motors are used to
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dnive different types of actuators, pumps and so on. So
it's necessaty to study the performances of the system
when the motoris considered as load.

Figure 9 shows the simulation results of the system
with the loading and unloading of a closed-loop speed
control DC motor (Load V).
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The system is started without load and Toad V is
added at 0.05 sec, then the speed of the prime motor
changes from 7500-15000 rpm at 0.35 sec, Load V is
removed at 0.55 sec finally. The bus voltage and the
speed of the DC motor are given. From Fig. 9, it can be
seen that after loading, the ripple of the bus voltage
increases significantly. At the same time, the speed of
the DC motor increases quickly.

When the speed of the motor reaches the setting
value, the ripple of the bus voltage decreases. As the
speed of the prime motor increases, the ripple of the bus
voltage further decreases but the speed of the DC motor
is basically unaffected. After unloading, the speed of
the DC motor gradually falls to zero under the influence
of inertia. Because the speed of the prime motor is still
high, the ripple of the bus voltage is smaller than that
before loading.

CONSTANT POWER LOADS

There are many Constant Power Loads (CPLs) in M/A
EA. Their characteristic of positive feedback may cause
the instability of the system. The definition and
characteristics of the CPLs can be found in numerous
literatures.
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Fig. 10: The equivalent circuit of the distributed DC
power supply system in M/A EA

In this study, the small-signal stability of the
distributed DC power system in M/A EA with CPLs is
studied briefly. The necessary and sufficient condition to
guarantee the stability of the system is obtained and
verified by simulation.

To study the stability of the power supply
system, its structure should be analyzed firstly. In aircraft,
the power supply system mainly consists of generation,
transmission and load subsystems.

Figure 10 shows an equivalent circuit diagram of the
distributed DC power supply system in M/A EA. To
reduce the complexity of the analysis, each subsystem
shown in Fig. 10 is simplified The generation subsystem
is expressed by a voltage source that has infinite hard
characteristics.

The transmission lines and the filter of the load are
indicated by R, L. and C. Py and R, represent the
constant power and constant voltage loads,
respectively.

According to some related circuital theorems, the
voltage and current equations of the circuit shown in Fig.
10 can be easily written as:

v

in o

=Ri, + L%+V
dv, P v,

—t 4+

dt v, R,

i, =C

where, P 1s the power of the CPL.

Equation 2 shows the small-signal transfer function of
the system. It can be obtained by the linearization of
Eq. 1 around the rated operating point:

1/CL (2)

P[RR
vi|C R, VI

where, V; is the rated output voltage of the system.
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According to some control theories to keep the
system stable, all the poles of its transfer function should
have negative real parts. So, based on Eq 2, the
necessary and sufficient condition to guarantee the
small-signal stability of the system shown in Fig. 10 can
be obtained as:

V? RC V2 RR
P<—2+—V’ and —=»_—= (3)
R, L P RIR,

From Eq. 3, it can be seen that the stability of the
system 15 determined by many factors and it can be
unproved by increasing the rated output voltage V, and
filter capacitor C and decreasing the load resistor R and
transmission line inductor I.. However in practice, Vy, Ry,
and L are always fixed.

So, C is commonly used to improve the system
stability (Glover and Sudhoft, 1998, Sudhoff ef al,
1998; Belkhayat et al, 1995). By the way, although the
resistance of the transmission line R can impact both
mequations, its value 15 always fixed and himited by
system loss. So, R is also not considered in this
study.

To verify the correctness of above theoretical
derivation, a simulation example is given. In Fig. 11, the
system operates with pure resistive load in the beginning
and the CPL is added at | sec.

The values of parameters are: R=0.01Q, L =10mH,
C =10 mF, p = 30W, R, = 10Q and V=V, = 20 V.
Substituting there values mto Eq. 3, it can be found
that both inequations are satisfied and the system is
stable.

From Fig. 11, it can be seen that the oscillation of the
output voltage after loading convergent. So, the
system 1s stable. Figure 12 shows the output voltage of
the system when CPL increases to 50 W. Recalculating

i

Eq. 3, it can be found that the first inequation i1s not
satisfied.

From the figure, it can be seen that the oscillation of
the output voltage after loading 1s divergent. So, the
system is unstable.

To make the system stable agam, the filter
capacitance C need to be adjusted. Figure 13 shows the
output voltage of the system when C increases to 0.1 F.

Recalculating Eq. 3, it can be found that both
inequations are satisfied again. From the figure, it
can be seen that the oscillation of the output voltage
after loading is convergent. So, the system is stable
again.
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CONCLUSION

In this study, the effects of the loads on the power
quality of the SR S/G system m M/A EA are studied.
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Three groups of loads such as conventional, special and
CPLs are considered. The conventional loads include
resistance, resistance in series with mductance and the
load with large mput capacitance. The special loads
include closed-loop voltage control DC/DC converter and
closed-loop speed control DC motor. Many simulation
results, such as curves of output voltage and phase
current under loading and unloading conditions are given
and analyzed.

Finally, the small-signal stability of the distributed DC
power system in M/A EA with CPLs 13 studied briefly.
The necessary and sufficient condition to guarantee the
stability of the system is obtained and verified by
simulation.
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