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Abstract

The More-Electric Aircraft (MEA) requires thorough testing procedures to meet extreme security
requirements. Real-time simulation technologies have been traditionally part of this validation and
testing process for conventional aircraft designs. The MEA concept is now pushing HIL technologies
toward aircraft electric system real-time simulation. This paper discusses the real-time simulation
requirements for MEA, analyses an aircraft electrical power system, identifies real-time modeling
bottlenecks and validation needs. The case of Bombardier Global Express aircraft is used for this

purpose.

Introduction

Traditional aircrafts use pneumatic, hydraulic, mechanical and electrical energy sources to supply their
systems, which normally imply increases in fuel consumption, low power efficiency and heavier
aircraft weight. Therefore, a new concept in aircraft industry (the more-electric concept) has tried to
considerably reduce the impact of these trends, by increasing the implementation of electrical
components in aircrafts for generating, distributing and utilizing electrical power. Thus, the more-
electric aircraft (MEA) concept impacts significantly on aircraft electrical power system design, due to
the fact that many functions conventionally managed by hydraulic, pneumatic and mechanical power
are replaced by electric systems in order to reduce size and weight, and improve fuel efficiency [1].

In contrast, the increased usage of electrical power intensifies the power demands on the electrical
system, placing new constraints on its dynamic performances and on power quality, so that new power
system architectures must be designed, extensively analyzed, tested, validated and certified before
implementation in an actual aircraft.

In this context, mathematical modeling and simulation tools constitute an efficient approach for
predicting operational behavior, correcting design errors, eliminating prototyping steps and reducing
component and overall testing cycles. This is essential to study the impact on costs and electric design
modifications. Furthermore, efforts have been made to develop studies on power distribution systems
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at fixed frequency [2] [3], variable frequency [4], and power distribution at high DC voltage [5].
Regardless of the existence of all these studies, many approximations are made, either by necessity or
by lack of data. Consequently, research must be pursued in order to study the stability of new
distribution architectures with more precision, as the presence of power electronics on aircrafts is in
constant growth [6]. This is part of the model-based design paradigm in used for many years in the
aerospace industry [7].

Real-time simulation tools are a robust and practical way to face these challenges during MEA’s
concept implementation. In addition, real-time simulation tools offer the computational speed
advantage and allow studying a very large number of operational scenarios in less time. Moreover,
such tools can provide real-time synchronized simulations and allow interfacing with external physical
devices (hardware-in-the-loop), which can be used to validate physical controllers, improve designs
and even develop models.

This paper presents an initial benchmark for the real-time simulation and analysis of the Bombardier
Global Express (GLEX) aircraft electrical power system. The tools considered are Simulink [8] (for an
off-line first implementation model) and the OPAL-RT [9] simulator for real-time simulations. In
addition, some validations on the off-line model are performed using EMTP-RYV [10]. It is shown that
these tools allow the development of advanced models and testing the aircraft system in a wide range
of scenarios. The real-time simulation of the developed power system is particularly complex.
Consequently, a new real-time simulation method called SSN [11] (State-Space Nodal method) is used
and tested successfully for this class of simulation problem.

Testing Standards

In the frame of many research programs around North America and Europe, one of the main drivers
for MEA’s design, integration and performance has been the testing standards. The aim of these
standards is to further understand the requirements and explore the challenges for characterizing new
aircraft electric systems in terms of total power and power quality.

For the scope of this paper, the military standard MIL-STD704F [12] is used to assess power quality in
terms of DC bus voltage deviation under both normal and transient behavior. MIL-STD704F
establishes the requirements and characteristics of aircraft electric power provided at the input
terminals of electric utilization equipment [12].

Moreover, MIL-STAD704F provides a range of acceptable voltage values under both steady-state and
transient behavior. In addition, the military standard MIL-E-7016 [13] is used to perform an electrical
load analysis on the GLEX’s load buses. This standard addresses the methods and analysis of electric

loads and source capacity on military aircraft [13].

Although both standards were prepared specifically for military assignments, their use for commercial
applications has received a widespread acceptance over the years.

Furthermore, other avionics test standards, for both military and commercial purposes, are performed
along with [12] and [13]. For instance, system behavior must comply with Airbus directives such as
ABDO1.1.8 [14]. In other cases, the increasing number of power electronic loads would comprise a
high number of AC-DC rectifier stages, which would have to comply with the Airbus’ AC quality
standard (ABD100.1.8.1) [15].
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Modeling of GLEX Aircraft Electrical Power System

The GLEX electric system is separated into AC and DC systems, as shown in Fig. 1. The AC system
uses variable frequency generators (VFG) to supply 115/200 VAC, variable frequency (324-596 Hz)
3-phase AC power. For the purpose of this paper, the VFGs are modeled using ideal voltage sources.
However, this will be upgraded to include electromechanical dynamics and contributions to
electromagnetic transients.

The generator outputs are supplied to the AC Power Centre (ACPC), which in turn distributes the
power to the aircraft subsystems. The ACPC is a sort of switching control center for automatic AC
supply reconfiguration in case of failure and it is based on truth tables representing GLEX
reconfiguration logic [16]. It is responsible for sending binary signals to the external switching time
control for the ACPC switches, in order to change ON/OFF state positions. The amount of logical
controls is vast and implementing all of them is not the goal of this paper. Only basic architecture
reconfiguration according to VFG’s and TRU’s status is executed in the GLEX electric system.

DC EMERGENCY BUS

DC EMERGENCY
BUS LOAD

Fig. 1: One-line diagram of aircraft electric power system

Within the AC systems, AC cable impedance parameters are created, scripted in Simulink and then
validated in EMTP-RV. Zero, positive and negative sequence impedances are given according to [17].
A correction factor is applied to use the inductive reactance given in [17] for the entire range of
operations frequencies. A sequence impedance matrix is formed for each wire size from 12 AWG to
00 AWG. Phase domain cable impedance parameters are found using the Clarke transformation matrix
and finally a coupled-RL model (depending on frequency operation, length and wire size) is fully
implemented in GLEX’s Simulink model. Moreover, both passive and dynamic AC loads are
considered in the model.
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The DC power system supply consists of four Transformer Rectifier Units (TRUs) for normal power
distribution and two NiCad batteries (nickel-cadmium). Each TRU produces unregulated 28 VDC,
rated at 150 A [16]. Lack of information prevents modeling the TRU as in [18] so that a simplified
model similar to [18] is created in Simulink, using a 12-pulse power converter. For DC cable
modeling, a block is created, edited and scripted in Simulink to generate DC cable impedance based
on [17]. However, more sophisticated models could be developed to account for higher frequency
transients. For instance, it might be needed to account for temperature and altitude effects using
dynamic functions. In addition, DC loads are assumed to be constant impedance loads, drawing a
specific current at 28 VDC, while NiCad batteries are modeled using simple ideal DC sources.

Real-time Modeling of GLEX Aircraft Electric Power System

In order to use a Simulink model in real-time with OPAL-RT’s software and hardware, some
modeling concepts must be followed when building the application. One of the most important
concepts in real-time simulation using OPAL-RT is grouping the model into parallel subsystems (each
subsystem is assigned to a single CPU), using various parallelizations, so that the real-time model can
be computed on multiple cores for achieving real-time performance. In addition, Fig. 1 presents the
GLEX electric system grouped into parallel subsystems or RT-LAB cores.

One of the main challenges of MEA real-time simulation resides in the very large number of switches
in the circuits that are closely coupled to each other due to the lumped nature of MEA circuits. The
ARTEMIiS-SSN solver provides a very good solution to this challenge.

Real-time Modeling Using the ARTEMiS SSN Solver

The real-time simulation of the GLEX aircraft is done with ARTEMIiS State-Space Nodal (SSN)
solver. The SSN solver creates virtual partitions of the model, described by state-space equations, and
combines them using a nodal admittance method [11]. The partitions are created so that the number of
switches within each of them is kept low enough to enable pre-computation. Then, the common
simultaneous solution of all partitions is found by the nodal method, using on-line LU factorization.
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Fig. 2: The SSN algorithm with parallelization capability on multiple cores
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This allows for the simulation of large circuits without any added artificial delays and with a large
number of switches, provided that these switches are grouped in different partitions (or ‘SSN groups’).
One particularity of the SNN algorithm and its implementation into the OPAL-RT simulator is that
SSN partitions can be computed in parallel in different cores of the simulator to further accelerate the
simulation. The SSN algorithm is depicted in Fig. 2.

As mentioned before, one of the main challenges in the real-time simulation of the electric circuit of
an aircraft is the very high number of topologically connected switches or breakers. In the case of the
GLEX model, there are a total of 109 switches. These switches are grouped into 25 SSN partitions
combined with a nodal admittance matrix of rank 48, which is 80% sparse.

The model, grouped into 25 SSN partitions, is executed in real-time on the RT-LAB platform (v.10.6)
at a time step of 39 ps. The RT-LAB target was a 3.33GHz 12-core PC running under RT-Linux. To
achieve this performance, the SSN simulation used 4 cores in parallel and made tri-diagonal
reordering of the nodes to take advantage of the sparsity of the nodal matrix, by using a non-sparse
method. Further gain in performance is expected when a fully sparse method will be available in SSN
[20]. Some tests, involving steady-state and transient behavior, are performed on the GLEX’s electric
system model in order to validate real-time performance. Description of the tests and results are shown
in the next section.

Test Results for the Global Express Aircraft

Test 1: VFGI1 failure with ACPC response

Fig. 3 summarizes the events in this test, in which ACPC detects a failure in VFG1 at 200 ms and
reconfigures to transfer energy from VFG4 to AC BUS1 as indicated in [19]. After 100 ms, VFG1
returns in operation and ACPC restores the power supply between VFG1 and AC BUSI1, as AC BUSI
power supply is no longer provided by VGF4. It is noticed that ACPC transfers and restores the power
supply between VFG1 and AC BUS1 within the 50 ms delay for switching operation, as required in
[16]. Due to this delay, VFG4 supplies energy to AC BUSI at 250 ms and VFG1 restores power
supply at 350 ms.

| 50 ms| | 20 ms|
VFG 1 VFG10ON delay delay VFG 1 ON AC BUS 1

VFG 24— VFe2ON____ | -] -p - Y2 L ACBUS?
VFG 34 --VFesoN_____| - tgag-- - TN 1 ACBUS3

VEG 4 VFG 40N S\l;EPG"j VFG 40N AC BUS 4
OFF VFG 1 OFF

TR N 1]
005 010 015 020 025 030 035 040 045 050

Time (s)

Fig. 3: Sequence of events in terms of energy supply for each VFG

The SSN results at a simulation step around 50 ps show a very good match when compared to
simulation at a very low time step of 1 us. The results, depicted in Fig. 4, show a slight voltage drop
with increased time step (0.05 VDC drop from 28 VDC at a time step of 50 us). These values are
within the limits established in Table IV of the military standard MIL-STD704F [12], which indicates
that a DC voltage of a system operating at nominal 28 VDC must be between 22 VDC et 29 VDC.
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Fig. 4: DC ESS Bus for real-time and off-line simulations

In addition, Fig. 5 shows current simulation results for all VFG buses when VFG1 fails at 200 ms and
restores operation at 350 ms. It is observed that VFG4 supplies more current when VFGI is off. The
magnitude and duration of the overcurrent in VFG4, as well as the magnitude of currents at new
steady-state operation, meet the requirements established in [12]. Furthermore, steady-state voltages of
all VFG buses before the failure and after the recovery are within the established in Table II of the
military standard MIL-STD704F [12], which indicates that an AC voltage of a variable frequency
system operating at nominal 115 VAC must be between 108 VAC and 118 VAC. Finally, transient
behavior of all VFG buses behaves according to the Envelope of Normal AC Voltage Transient, as in
Figure 3 of the military standard MIL-STD704F [12].
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Fig. 5: Zoom in the current simulation results from VFG buses when VFG1 fails
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Test 2: VFG4 failure with ACPC response

Finally, it is important to analyze TRU behavior before and after a switching event. In this test, VFG4
fails at 200 ms of simulation, so that VFG1 supplies energy to AC BUS4 as indicated in [16]. After
100 ms, VFG4 returns in operation and restores the power supply with AC BUS4. Again, there is a 50
ms delay between switching operations. Furthermore, the voltage drop is detected by the controls
implemented in Simulink for triggering the closure of the solid state power controllers (SSPC) in 2 ms,
in order to supply battery power to the DC bus. As observed in Fig. 6, the minimum voltage sag
reaches 14.31 VDC in less than 2 ms, while the maximum overvoltage reaches 43.06 VDC during 2.95
ms. Both voltage levels are within the requirements in section 5.3.2.1 of the military standard MIL-
STD704F [12].
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Fig. 6: TRU voltage transient behavior during VFG4 failure

Test 3: VFG1 and VFG4 failure with a miss operation occurring while switching

In this test the phase A of the VFG4 switch remains connected while VFG4 fails at 200 ms.

In addition, the phase B and phase C of the VFGI switch remains connected while VFG1 fails at the
same time as VFG4. The idea of this test is to simulate a possible problem when a switch does not
operate properly.

Fig. 7 zooms on the moment where the fault occurs. Since two phases of the VFG4 are OFF, ACSC
sends a fault signal to the ACPC in order to command VFGI1 to supply AC BUS 4. Therefore, AC Bus
1 shows an overcurrent when failure occurs. In addition, a transient in AC BUS 4 is observed at 250
ms when ACPC tries to restore the power supply.

Regarding the DC buses, DC ESS Bus shows a 7.7% voltage drop through failure, since there is an
overcurrent in AC Bus 1. In this case, SSPC does not work during failure since DCSCC does not see
any fault signal because there is only one phase OFF. Moreover, DC BATT Bus does work on battery
back-up through failure, since two phases are OFF and DCSCC interprets this situation as a failure.
Both DC voltages reach steady-state values after transients and meet the requirements in section
5.3.2.1 of the military standard MIL-STD704F [12]. Fig. 8 shows the DC voltages from DC ESS Bus
and BATT Bus under the conditions stated above.
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Fig. 7: Zoom in on the current simulation results from AC BUS 1 and AC BUS 4
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Fig. 8: Voltage simulation results from DC ESS Bus and BATT Bus

It is noticed that the analyses presented in this section meet the intent of MIL-E-7016F [13] as well.
Furthermore, as shown above, to develop as accurate a model as possible, the power system military
standard MIL-STD-704f [12] is used to meet basic steady-state and transient output requirements.

Other validations are made on the model performance during failure, involving energy transfers in
accordance with ACPC truth table logic. The power quality of the simulation results is evaluated
according to [12] and [13]. Results show that voltage ripples, as well as AC and DC responses are
within the standards.
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Conclusion

This paper presented an initial attempt to model GLEX electric systems in steady state and transient
behaviors for real-time simulation. It demonstrated the capability to study system performance under
given operating conditions and potential benefits of conducting real-time simulations for MEA electric
systems. This testing methodology can be used to study various aircraft power system architectures
and test their performance within practical economical and reliability constraints.

The paper also demonstrated that the SSN solver is efficient enough to enable real-time simulation of
MEA with a very high number of switches present in the model. Further work is ongoing with the
objective of decreasing the time step of the real-time simulations, increasing the number of switches
usable in real-time simulation and performing faster HIL tests, as required by complex MEA’s electric
systems.

New concepts or designs are constantly emerging and must be extensively analyzed, tested, validated
and certified before its implementation in an actual aircraft. One long term objective of this work is to
contribute to the creation of a model-based certification process for MEA, for research on simulation

methods for aircraft power systems.
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