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Component Modeling and System Level
Simulation of Aircraft Electrical Systems

Xiao Li, Sameer Kher, Shimeng Huang, Vel Ambalavanar and Yang Hu

Abstract—The electric powered aircraft’s secondary system
has advantages of cost and efficiency when compared to the
conventional aircraft power system. However, the advantages
come at the cost of increased design and analysis complex-
ity. To support computer based modeling and simulation of
aircraft electrical system, this paper presents two libraries
in ANSYS Simplorer. At system level, a VHDL-AMS based
behavioral aircraft electrical library is developed to provide
a convenient way for designers to prototype and analyze the
electric power distribution systems. The library components are
developed as generic components, which can easily be reused
and have the ability to be modified (with experimental data)
to fit specific applications. Various subsystems of the aircraft
electrical system are discussed in combination with the multi-
level components provided by the library. At device level, a
library of detailed power semiconductor models is provided
for accurate simulation of power electronics. Using the device
characterization tool in Simplorer, parameters of these models
can be extracted from electrical and thermal characteristics
given in manufacturers’ datasheet. Finally, a simplified aircraft
electric power generation and distribution system with multiple
control loops is discussed to demonstrate the usage of the
library.

Index Terms—more electric aircraft, component modeling,
power semiconductors, system simulation, VHDL-AMS.

I. INTRODUCTION

HE concept of a more-electric aircraft (MEA) gets
increasing attention recently [1]-[8]. Electric systems
become increasingly preferable over traditional hydraulic
and mechanical systems due to economic and environmental
considerations [3]. The safety and reliability issues are also
a greater concern for the hydraulic and pneumatic systems in
the aircraft, which are hard to detect and fix due to the com-
plex structure [2]. Therefore the adoption of more-electric
aircraft, where the goal is to progressively substitute the
hydraulic, pneumatic and mechanical power in the aircraft
non-propulsive secondary system with electric power, can
bring significant benefits to system efficiency, operation and
maintenance costs, system complexity, weight and reliability
[9].
Howeyver, this trend has led to dramatic increase in size,
complexity and power rating of the aircraft electrical system

Manuscript received April, 2016

X. Liis a Research and Development engineer with System Business Unit,
ANSYS. Inc, Pittsburgh, PA, 15317, USA e-mail: (xiao.li@ansys.com).

S. Kher is a senior manager, Research and Development with Sys-
tem Business Unit, ANSYS. Inc, Pittsburgh, PA, 15317, USA e-mail:
(sameer.kher @ansys.com).

S. Huang is a Research and Development engineer with System
Business Unit, ANSYS. Inc, Pittsburgh, PA, 15317, USA e-mail: (shi-
meng.huang @ansys.com).

V. Ambalavanar is a Research and Development engineer with Sys-
tem Business Unit, ANSYS. Inc, Pittsburgh, PA, 15317, USA e-mail:
(vel.ambalavanar@ansys.com).

Y. Hu is a Research and Development engineer with Electronic
Business Unit, ANSYS. Inc, Pittsburgh, PA, 15317, USA e-mail:
(yang.hu@ansys.com).

as it retains and extends its functionality throughout the
aircraft [3]. A much more complicated electrical generation
and distribution system with multiple distributed loads of
different demands is expected. The interaction between the
wide ranges of multi-purpose components would be rather
complex and managed by power electronics based electrical
converters. The design and control of aircraft electric system
face more and more challenges as the system grows [10].

More Open Electrical Technologies (MOET) project
(2006-2009) under European Commission spent a lot of
effort to investigate the concept, benefit and implementation
of MEA [11], [12]. Computer based modeling and simula-
tion techniques as well as model based system engineering
(MBSE) methodology are used widely in the system level
design of the MEA [13]-[16]. System level models are
designed to capture the major effects of the energy flow
and some desired dynamics. In the context of MEA, system
level modeling and simulation provide a suitable approach
to perform energy management and analysis, as well as
developing more fault tolerant control scheme.

VHDL-AMS (IEEE 1076.1-1999) is an industry standard
multi-domain behavioral description language for modeling
and simulation, with the ability to model analog and mixed
signal systems [17]. Different levels of abstraction of the
components and subsystems can be developed using VHDL-
AMS through available behavioral and structural modeling
techniques. VHDL-AMS also provides the possibility of
acausal modeling, where it is not necessary to pre-define
the input-output computational flow of the component. Well-
defined components can be easily reused and it is easier for
the designer to build complex hierarchical systems [18]-[21].

Besides system level integration and analysis, power elec-
tronics technology and design are also important for air-
craft electrification. Since aircraft electrical system demands
significantly higher standard of power density, temperature
capability, and reliability than regular applications, it takes
special design efforts to handle power loss, oscillations, and
electromagnetic interference(EMI) introduced during power
conversion [6], [22]. When it comes to simulation of these
effects, accurate modeling of power semiconductors, such
as diode, IGBT and MOSFET, is essential. These switching
devices are the basic elements of power electronics. Their
switching transient is usually at tens to hundreds of nanosec-
onds, yet has major impact on efficiency, thermal and EMI
performance.

In this paper, we present two libraries in ANSYS Sim-
plorer for MEA simulation. First, a system level aircraft
electrical library is developed using VHDL-AMS. Next, a
device level power semiconductor library is presented for de-
tailed simulation of power electronics. The purpose of these
libraries is to address various simulation needs in aircraft
electrical system design, from top level integration to detailed
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Fig. 1. Aircraft Electrical Library Structure.

power electronics performance. The aircraft electrical library
structure, multi-level model description and several subsys-
tems are discussed in Section II. The semiconductor device
models are introduced and demonstrated in Section III. In
Section IV, a simplified aircraft electrical system application
is demonstrated and the results are shown. The paper is
concluded in Section V.

II. AIRCRAFT ELECTRICAL LIBRARY STRUCTURE AND
COMPONENTS

In MEA concept, the electric power system could extend to
nearly all secondary, non-propulsion systems in the aircraft.
Several core areas have been considered to be essential for
further investigation [23]. Internal electric power generation,
integrated auxiliary power unit, power distribution manage-
ment and motor drive control loop are important for power
energy flow analysis in MEA [3], [24]. The proposed aircraft
electric library provides a convenient way to create these
subsystem applications or even combine these subsystems
together to create a multi-level aircraft electrical system,
including power generation, distribution, transmission and
consumption.

For prototyping and reusability, library components are
not limited to pre-defined system size and power rating.
The proposed library is designed to be more focused on
general electrical system prototyping and analysis instead of
on building specific components for a specific application.
However, due to the benefit of the implicit equation system
of VHDL-AMS, the user can easily modify and extend the
generic behavior to a specific application and experimental
data.

VHDL-AMS provides a convenient way to combine ba-
sic components into a single component through structural
modeling [17]. This allows for better reuse and enables the
designer to develop very complex models by combining
simpler primitives. This multi-level structural approach will
be discussed with more detail in the following subsections.

The elements in the library can be classified into five main
categories: basic, distribution, engine, generator and load, as
shown in Fig. 1. Each category is discussed in the following
subsections.

A. Basic Components

The basic components contain generic components used
frequently in electrical applications and some sub-level com-
ponents which are required for structural component model-
ing. The Basic Elements VHDL-AMS library in Simplorer
already covers several of the more basic generic components
used in electrical applications and only a few additional
models are provided here. abc to dq0 and dqO to abc
transformation are provided for motor control, PWM signal

generators, filters, amplifiers, thyristors, PID controller with
output limit and anti-windup are also provided.

B. Gas Turbine Engine

The gas turbine engine is the main source to power the
electrical power network in aircraft [25]. The library provides
the basic structure and essential components of the gas
turbine engine including inlet, compressor, combustor, fuel
tank, turbine, nozzle and shaft. The behavior modeling of
inlet, compressor and nozzle is discussed here, more details
can be found in the library or in the references [25]-[28].

The behavior of the inlet is described as piece-wise func-
tions based on altitude and mach number [26], the ambient
temperature and pressure can be calculated by :

o Tamb,0 — (a1 - alt), alt < 11000 )
amb = Tamb.c, otherwise
as - exp (ag — as - alt), alt < 11000
- Tam 2 .
Pamb Pomibo - ( b ) ,  otherwise 2)
Tamb,O

where T},,,,0 and P, ¢ are the ambient air temperature and
pressure at sea level, respectively. alt is the altitude, Topmp ¢
is the ambient temperature when altitude between 11000 m
and 25000 m. ai, as, a3, ag and as are coefficients used
in the calculation, which should be fit to experimental data.
The performance of the inlet is represented by the pressure
recovery factor 1,1+ and it can be determined from mach
number using US military standard [26]:

Ninlet = {

And the temperature and pressure at the outlet can be
calculated by

inlet — 1
Tinlet = Tamb . |:1 + (’Yl;

1.0,
1.0 — ag - (mach — 1)7,

mach <1
otherwise

3)

) . machQ] @

Yinlet

inlet — 1 Yinlet —1
Piniet = Nintet - Pamb - {1 + <ry2f> . machﬂ
)

where ;1 18 the ratio of specific heats in the inlet.

The compressor process is considered as isentropic. The
temperature and pressure at the outlet of the compressor can
be represented by [26], [27]

]_ Ycomp—1
Tcomp = Tcomp,in ' |:]- + n : (p?’ Yeomp  — 1>:| (6)
comp

Pcomp =pr- Pcomp,in @)

where Teomp,in and Peopp in are the temperature and pres-
sure at the inlet of the compressor, respectively. 7.om, and
Yeomp are the isentropic efficiency and specific heats ratio
in the compressor, respectively. pr is the demand pressure
ratio.

In the nozzle model, the performance of the nozzle is
based on the nozzle back pressure Py, and the exit critical
pressure P, the two pressures can be calculated from [25],
[26]

Prack = Pinlet,in (3
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Fig. 2. Schematic of Gas Turbine Engine.
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Pcr = Pnoz,in ' ( 1> (9)

Tnoz — 1

where ;.. 1s the specific heats ratio in nozzle. When Pygcx
is greater than P, the flow is subsonic and the behavior of
the nozzle can be represented by [26]

P, = Pyack (10)
P P J
. noz,in e Tnoz
Mnpoz = . Anoz
RTnoz,in <Pnoz,in>
Jnoz—1 (1 l)
2Yn0z 1_ ( P, ) Ynoz
Ynoz — 1 Pnoz,in

Jnoz—1

Pe Tnoz
Th = Mnozy | 2¢pT oz in |} — <P> ] (12)

Ve = 13)

Jnoz—1
27&}{]’%2 in ll _ <Pe> e ]
Ynoz — 1 ' Pnozﬁin

where R is the universal gas constant, A,,, is the nozzle
area, T'h is the nozzle thrust, ¢, is the specific heat at constant
pressure, V. is the air velocity at nozzle exit. When Pyqcr <
P,,, the flow is sonic, the exit pressure is given by

P, e — P cr (14)
The air velocity can be calculated through the same equation
as (13), the mass flow rate and thrust can be calculated using

p 9 %wzir}
m'rwz = wAnoz Ynoz | ———7 ’ (15)
\V4 RTnoz,in Ynoz +1
p Jnoz—1
TYnoz
Th = Mnpoz 2Canoz)in |:l — <Pnoz71n) ] (16)
+ Anoz (Pcr - Pe)

The schematic of the gas turbine engine is shown in Fig. 2.
This design is also used in the demonstrative example shown
in IV
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Fig. 4. IDG Output Voltage RMS.

C. Electrical Generator

The electrical generator converts the mechanical energy
into electrical energy and powers the electric system in the
aircraft. Several essential components to build the integrated
drive generator (IDG) are provided in the library, like con-
stant speed drive (CSD), generator control unit (GCU) and
generator with electrical excitation (EESG) and others [29].

The schematic of integrated drive generator example is
shown in Fig. 3, the IDG output voltage RMS is shown in
Fig. 4, which is regulated to the reference input of 1000 V.
The output voltages of IDG are shown in Fig. 5.

D. Power Distribution

The generated electric power is distributed through the air-
craft secondary system with power conversion devices. With
specific demand from different loads, the electric energy need
to be converted from AC to DC, DC to AC with different
voltage level. The proposed library provides a convenient
way to simulate the electric power distribution system with
library components including boost, buck converters, DC/AC
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Fig. 5. IDG Output Voltages.
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inverter and single phase, three phase rectifiers. Converters
are based on system level devices with two modes, equiv
and behav. In equiv mode, the current through the switching
device IGBT/MOSFET) is determined by

sz - Vf sw
: ) V;w > Vs sw
Rb,sw 7
T,sw = and ctrl > 0 a7
Vou otherwise
s \%%
Rr,sw

where V;,, is the voltage across the device, V¥ 4, is the build-
in forward voltage, R}, s, is the bulk resistance, IR, ¢, is the
reverse resistance. In behav mode, the current through the
switching device is determined by

Vsw
Lot {( — 49) exp(50) — 1} , Viw >0,
Vi
Visw
M)
V. >

t
and ctrl >0

Viw
I = I, —-1], Vsw > 0,
Jer (52) -1
Viw
<50
Vi
and ctrl >0
Viw otherwise
RT',sw ’
(18)

where I,,; is the saturation current, V; is the threshold
voltage.

The converters can be built following designed topologies
easily by utilizing VHDL-AMS structural modeling. The pre-
built components can be easily reused through the format
of libraryName.model Name, and the components can be
connected through generic map and port map. A simple
code example is shown in Listing 1.
gééin

c_front : entity basic_vhdlams.c (behav)

generic map (use_v0=>use_v0_front, v0=>v0_front
)
port map (m=>m_in, p=>p_in, c=>c_front);
igbtl : entity basic_vhdlams.igbt (equiv)
generic map (rb=>igbt_rb, vif=>igbt_vf, rr=>
igbt_rr, vt=>igbt_vt, isat=>igbt_isat)
port map (e=>a_out, c=>p_in, ctrl=>igbtl);

Listing 1. VHDL-AMS Structral Modeling

A schematic to demonstrate the usage of three phase DC-
AC inverter with embedded PWM controller is shown in Fig.
6. A ramp change of the duty ratio is applied to the PWM
signal generator, the ramp changes from 1 to 0.5 starting at
0.02 sec within 0.005 sec. The frequency is set as 500 Hz
and the front capacitor value is given as le-7 F. The output
currents are shown in Fig. 7.

E. Load

Loads are the energy storage/consumption equipment to
consume the distributed electric power. The proposed library
provides couple of behavior level components for different
scenario, including different type of batteries, constant power
load, fan, motor and motor controllers, lamp, heater and so

szyﬁz
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Fig. 6. Schematic of DC-AC Inverter with Ramp Change Duty Ratio.
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Fig. 7. Load Currents of DC-AC Inverter with Ramp Change Duty Ratio.

on. The dynamic behavior of battery discharging and charg-
ing is modeled based on [30], [31]. Fig. 8 shows a simple
circuit to test the dynamic charging and discharging behavior
of a 12 V, 7.2Ah lead-acid battery model. A ramp change
of the voltage source from 13V to 11V is applied starting
at 20 sec within 2 sec, and the initial soc for the battery
is set as 0.2. The charging and discharging performance
is shown in Fig. 9. The permanent magnet synchronous
machine (PMSM) is modeled following [32]. Based on
Park’s Transformation, abc to dq0 can be represented by

Vo = Vgcos (¢e) — Vysin (de) + Vo

2 2
Vi, = Vycos <Q§€ — 37r> — Vysin <¢P — 37r> + Vo (20)

19)

2 2
V. = Vycos <¢e + 37r> — Vgsin <¢e + 37r> + Vo 21
where ¢, is the electric angle, and it is p/2 times the
mechanical angle ¢,,, with p is the number of pole of the
machine. The dynamic relations between the currents and
voltages can be given by

dI,
La dtd =Vy— Ry + Lylw (22)
dI
Lyl = Vo= Roly = (Lala + Apm) we - (23)
LS = vy~ BTy 24)

where R, is the stator resistance, Ly and L, are the induc-
tance of stator at d and q axis, respectively, Ap,,, is the mutual
flux linkage. The electric torque is calculated by

3
=P PApmdy + (Lg — Ly) 141, (25)
and the rotor dynamics is given by
dwm
Ipe = =1 (26)

dt
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Fig. 8. Test Circuit for 12V, 7.2Ah Lead-Acid Battery Model.

Battery SOC Battery1 -

055 Curve Info
] battery1.soc
] TR

e

i

o
|

battery1.soc
&
w
&
ol

LA PO S A R L L S I B o
20.00 25.00 30.00 35.00 40.00
Time [s]

LI e e s P B ey
0.00 560 10.00 15.00
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Battery Model.

where I,,. is the rotor inertia. However, the nonlinear char-
acteristic of more realistic behavior is not involved for the
library models due to generic modeling consideration, but it
can easily be adopted by replacing the ideal mathematical
equation with experimental data which describes the nonlin-
ear characteristics. More detail can be found in the library
and related documentation.

III. DEVICE LEVEL POWER SEMICONDUCTORS LIBRARY

VHDL-AMS converter models in Section II-D provide
convenient building blocks to simulate the power distribu-
tion system. The simplified switching model described by
Equation (17) or (18) is usually sufficient for functional
verification. Besides the simulation is fast and easy to set
up. However, such model cannot simulate detailed switch-
ing transients, which are nonlinear and operating condition
dependent.

To model the switching characteristics of power elec-
tronics, a library of device level power semiconductors is
provided in Simplorer. For detailed simulation of power
electronics, the device level models can be used to replace
the simplified switching devices, and simulated compatibly
with other VHDL-AMS components in the aircraft electrical
library. As shown in Fig. 10, it contains detailed dynamic
model for IGBT, MOSFET and Power Diode, each with
built-in power loss calculation, and optional thermal model
for junction temperature simulation. The models are cat-
egorized by semiconductor materials: the widely applied
Silicon(Si) devices and the emerging Silicon Carbide(SiC)
devices are currently supported. In addition, using the char-
acterization tool in Simplorer [33], parameters of components
in this library can be extracted for any specific off-the-shelf
device, using only information from datasheet.

A. Power Semiconductor Device Models

The purpose of device level power semiconductors library
is to enable accurate simulation of arbitrary off-the-shelf

B9 Power Semiconductors
-9 Si
. @-i@ Diodes
ﬂj |GBTs_Average
@ IGETs_BasicDyn
. E-f@ MOSFETs_BasicDyn
-3 SiC
ﬂj Diodes
&gl MOSFETs_BasicDyn

Fig. 10. Device Level Power Semiconductors Library.

device. Device models are specifically developed based on
external behavior, so that they are technology independent.
All information needed to parameterize the model can be
found in datasheet.

Fig. 11 shows the equivalent circuit inside the MOSFET
model. It consists of a static core of Schichman-Hodges FET
model [34], around which a set of lumped passive elements
and current sources are built to model the dynamic behavior.
An additional resistance R (Vds) is used to damp possible
oscillations in the device model. There is also an optional
module of the free wheeling diode (FWD), which is modeled
by a static diode plus a diffusion capacitance and current
source for reverse recovery. Parameters of the model are
working point (current, voltage and temperature) dependent,
so it can simulate realistic behavior under changing operation
conditions. To close the loop between electrical and thermal
behavior, standard 4-order thermal network model, with the
option of Cauer type or Foster type, is built in from junction
to case for both transistor and FWD. Electrical power losses
are internally calculated and injected into a heat sink through
the thermal model. More details of this MOSFET model and
its parameter extraction method are published by Fang Wang
et al. in [33].

Other devices in this library follow a similar modeling
method. Power diode uses the same model as the FWD, while
the internal circuit of the IGBT is showed in Fig. 12. Itis a
combination of a MOSFET and a bipolar junction transistor
(BJT). Since the internal BJT is always in the forward active
region, only its current gain is available as parameter of the
IGBT model. The device models are modular model with
definable simulation levels. Different simulation depths can
be selected for the electrical and thermal behavior [35], [36].

B. Power Converter Simulation with Device Level Power
Semiconductor Models

Detailed device models can be used to study switching
noises and power loss introduced by actual power electronics.
These factors determines EMI and thermal performance
which are crucial for aircraft applications. In this section, a
simple buck converter example is used to compare the device
level models with the system level ones in Section II-D.

Fig. 13 shows the simulation schematic of a 260V to
220V DC-DC converter. It uses MOSFET IXFN 130N30
from IXYS, of which the device level model parameters
are extracted in Simplorer. Using the device characterization
tool, static and thermal parameters are fitted to datasheet
curves, and dynamic parameters are automatically tuned to
match switching time and energy data. Fig. 14 verifies output
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characteristics of this model, in which simulated drain to
source I-V curves under different temperatures and gate
votlages are plotted against points sampled from datasheet
of the MOSFET. It shows that the model is well fitted under
various operating conditions.

Fig. 15 shows the simulation waveforms on MOSFET
during switching. On top and middle are the drain to source
current and voltage of the MOSFET. Comparing to the
simplified system level model output (blue dash line), the
device level model (red solid line) gives realistic detail
on time delays, and charging/discharging behavior of the
power semiconductor. For high power application, it leads to
significant difference in switching loss estimation, which is

o p_in
.
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0 PWM vl
- ref,mputr
p U W
]

Schematic of a DC-DC Buck Converter
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Comparison of System Level and Device Level MOSFET

shown at the bottom of Fig. 15. In the same plot of MOSFET
power loss, junction temperature of the device level model
is shown in gray dotted line.

IV. APPLICATION EXAMPLE AND SIMULATION

The aircraft electrical library can be used to effectively
build relatively large electrical power system. By combin-
ing the components and subsystems described above, it is
possible to simulate and analyze the mixed effects from the
combination of high frequency switching power electronics
devices and relatively slow environmental load control. The
aircraft electrical system application schematic is shown in
Figure 16. It contains the gas turbine subsystem and the
integrated drive generator subsystem described in Section
II-B and Section II-C, as well as components for power
distribution, conversion and consumption.

There are five control loops in the system distribution and
load side.

e The ramp change of the PWM duty ratio input of the
DC-AC inverter. At 0.1 sec, the duty ratio decreases
from 1 to 0.5 within 0.02 sec.

o The PI control to maintain the output voltage of buck
converter A, which is the source of lamp A and buck
converter B. The output voltage is kept at 220 V.

(Advance online publication: 18 May 2016)
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Fig. 16. Aircraft Electrical System Application Schematic.
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o The PI control to maintain the output voltage of buck
converter B, which is the source of lamp B and the
battery pack. The output voltage is kept at 65 V. The
battery pack is charging until the switch is turned off.

o The on/off control on the switch at the output of buck
converter 2. The switch is turn off at 0.2 sec, and after
the switch turn off, the battery pack becomes the source
of lamp B and start to discharge.

o The motor speed control through the DC-AC 3 phase
motor controller. The speed reference is changed from
1 rad/sec to 2 rad/sec at 0.15 sec within 0.01 sec.

The output currents from the integrated drive generator
subsystem are shown in Fig. 17. The amplitude of the
currents changes due to the load side control changes.

The output currents from the DC-AC inverter are shown
in Fig. 18. The currents decrease due to the ramp change of
the PWM duty ratio start from 0.1 sec to 0.12 sec.

The buck converter A’s output voltage is shown in Fig.
19. The inner loop PI control regulates the voltage level for
the loads of buck converter A, it keeps the same voltage
as the switch on the buck converter B turns on/off. The
buck converter B’s output voltage is shown in Fig. 20. The
inner loop PI control keeps the voltage level for the loads of
buck converter B until the switch turned off at 0.2 sec. After
0.2 sec, the voltage is mostly depends on the battery pack
voltage, which will decrease as the battery discharges.
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PMSM Motor Speed
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Fig. 21. PMSM Speed.

The motor speed control results are shown in Fig. 21 with
the dash line represents the speed reference and the solid line
represents the PMSM speed.

V. CONCLUSION

In this paper, two libraries are presented to support sim-
ulation of aircraft electrical system in ANSYS Simplorer.
The proposed aircraft electrical library provides the abil-
ity to quickly prototype complex electrical generation and
distribution system with multi-level, generic components.
The reusability and the extensibility of VHDL-AMS make
it relatively easy to modify and improve the system with
more realistic components from experimental results. On
the other hand, the power semiconductor library provides
detailed switching dynamics that enables accurate simula-
tion of power electronics. Models in this library can be
characterized to an off-the-shelf device using its datasheet
information. Combination of the library components can
cover MEA simulation tasks at various level of details. A
demonstrative example using library components is discussed
and the simulation results are presented.
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