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Abstract: The simulation of an aero-engine control system involves numerous disciplines due to its
complex functions and architecture, which generally consist of mechanical, hydraulic and electrical,
and electronic systems. For each discipline, the modeling and simulation are usually dependent on
different commercial software and tools, which makes the simulation, integration, and verification of
system-level models very difficult. To meet this challenge, a multi-domain co-simulation method
based on the Functional Mock-up Interface (FMI) standard is proposed to integrate models developed
by different software or tools. The simulation and testing results demonstrate that multi-disciplinary
model integration and cross-platform simulation based on the FMI standard can be realized for
an aero-engine control system, which lays a foundation for high-fidelity control system design,

simulation, integration, and testing.

Keywords: aircraft engine; control system; multi-domain simulation; functional mock-up inter-
face (FMI)

1. Introduction

Simulation technology runs through the whole development cycle of an engine control
system, which makes it possible to detect and verify the design error at an early stage of de-
velopment. An aeroengine control system is composed of mechanical, hydraulic, electronic,
and electrical components [1]. Each component is designed by a professional designer
with different commercial simulations or platforms. Ultimately, those detailed component
models must be integrated to verify the overall performance due to the impact of small
variations [2]. However, due to the inconsistency of the solver, operating environment, and
especially model interface of commercial simulation tools, it is difficult to integrate the
component models into system-level models for high-precision co-simulation. In response
to this issue, many methods have been proposed in the past decades.

NPSS (Numerical Propulsion System Simulation) [3], a numerical simulation tool for
propulsion systems developed by NASA (National Aeronautics and Space Administration)
Glenn in the 1990s, is based on scaling technology and CORBA (Common Object Request
Broker Architecture) to realize distributed co-simulation of aeroengine multi-precision
and multi-disciplinary models. Scaling technology can modify the interfaces between
different components to connect components of different dimensions in series. CORBA [4]
designs a set of interface and communication specifications, so that all software systems
or tools that meet the specifications can be easily integrated into the CORBA system and
to realize distributed co-simulation through network communication. Unfortunately, the
implementation scheme relies on the tools based on NPSS and is not applicable to commer-
cial simulation software. In addition, this tool only considers the co-simulation of engine
components of different dimensions but ignores the multi-disciplinary co-simulation of
control systems. The HLA [5] (High Level Architecture) was proposed by the Office of
Modeling and Simulation of the United States Department of Defense. HLA introduces the
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framework technology structure of component-based distributed simulation. Its specifi-
cation defines the interaction and communication between simulation components from
three aspects: rules, interfaces, and object models to realize the interoperability and reuse
of models. The development of the HLA system depends on RTI (Runtime Infrastructure),
and many countries are actively developing their own RTI, which is conforming to the
HLA specifications. In addition, HLA architecture is based on the high-level concept,
which defines the framework of distributed simulation. However, the high-level concept
does not set up and standardize the operation details of simulation models. Thus, it has
less practical application in simulation. In this case, the 2010 European Development
Information Plan (ITEA2) [6] proposed MODELISAR (Model-AUTOSAR integration to
support vehicle Functional Mockup), which developed an FMI standard for the first time.
FMI standardizes all simulation processes. According to this standard, all modeling and
simulation software can export its models into FMU (Functional Mock-up Unit) files, and
other software can parse and call these files. At present, the standard has been adopted
by more than 110 types of commercial simulation software, including control system sim-
ulation software AMESim [7-9], Simulink [10], etc. and has gradually become a unified
standard widely accepted.

In the past decades, the FMI-based co-simulation was widely used in the vehicle,
vessel, and aerospace fields and has shown tremendous potential [11-14]. However, the
application of this technology in the field of aero-engine control systems is still in the
development stage. At present, most of the co-simulation for aero-engine is only for a
certain component, such as a fuel actuator, which lacks the overall co-simulation modeling
of engine control systems. Yu, et al. [7,15] adopted AMESim to build a fuel metering device
of aeroengines, and the effect of the main design parameters of the metering device on the
fuel metering characteristics was analyzed. Gu [16] built an engine cooling system based
on AMESim to simulate the steady heater transfer and flow of engine cooling systems.
A single spool gas was built using Modelica, which verified the validity of model [17].
Furthermore, the hardware-in-the-loop (HIL) simulation of aero-engine control system
co-simulation has rarely been studied, which is a significant way to verify model and
control logic [18,19].

Referring to the control system of a turbofan engine with a large bypass ratio, typical
control system components, i.e., model, engine model, and control law model, are built
using AMESim, Modelica [20,21], Simulink, and C language. Then, the integration and
co-simulation of multidisciplinary models of control systems are realized based on FMI
standards. Finally, the integration and verification are carried out on HIL platforms.

2. Modeling and Simulation of Aeroengine Control System Components

The structure diagram of a turbofan engine digital control system with a large bypass
ratio is shown in Figure 1, which is generally adopted. The digital electronic controller
(EEC) is the central component of the digital control system, which mainly includes a
hardware circuit and software control logic. It receives the feedback signals from sensors
and actuator and outputs a control command to the ignition device, startup device, and
hydraulic machinery device after calculation. The fuel valve and exhaust valve of engines
are controlled by the hydraulic mechanical device to make sure that engines meet the
requirements of the safety and performance of aircraft.
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re 1. Control system diagram for a typical turbofan engine.

In this paper, a closed-loop speed control system is designed based on the prototype

of the numerical control system in Figure 1. The model structure is shown in Figure 2.

The

typical control components of the system (Gray Module in Figure 2) are selected to

establish a multidisciplinary model, including rotor speed sensor, EEC conditioning circuit,

fuel

actuator, engine, and EEC rising edge calculation module and control law model. The

main functions of each module are as follows:

@
@
®)

4)

)

The rotor speed sensor converts the output speed value of the engine into the induc-
tion current of the corresponding frequency;

The conditioning circuit in EEC converts the current signal from the sensor into a
square wave signal acceptable to the CPU;

The rising edge calculation module in EEC calculates the period of the square wave
signal output from the conditioning circuit by the method of measuring the cycles
and obtains the corresponding speed according to the relationship between the period
of square wave signal and the speed. The control law in EEC calculates the output
driving the current according to the reference speed, current speed, and displacement
feedback of fuel actuator. The reference speed is converted from its relationship with
the Power Level Angle (PLA);

The electro-hydraulic servo valve in the fuel actuator receives the driving current,
drives the actuator barrel to move and the output fuel to drive the engine to run. A
Linear Variable Differential Transformer (LVDT) sensor measures the displacement of
the actuator barrel and feeds it back to the control law;

The engine module is a component-level model of JTID. It receives the fuel output
from the fuel actuator and outputs the rotor speed.
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Figure 2. Closed-loop speed control diagram.
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Because of the characteristics of each component and subsystem, different software is
adopted to build the corresponding model, which mainly depends on whether the model
library contained in the simulation software can cover the complex characteristics of the
subject. This paper adopts Simulink to build the rotor speed sensor model, rising edge
calculation module, and control law model, Modelica to build the rotor speed sensor
conditioning circuit model, AMESim to build the fuel actuator model, C language and
Simulink to build the engine model, and finally integrate these models and control law
based on FMI to realize co-simulation.

2.1. Establishment of the Rotor Speed Senor Model Using Simulink

Simulink is the most widely used modeling tool based on functional module modeling
language, which makes modeling easier and clearer. In addition, Simulink has a mature
tool library of signal processing and mathematical computing models, which can be readily
applied to the modeling of signal processing objects.

A magnetoelectric speed sensor is commonly used in aeroengines. It is mainly com-
posed of a permanent magnet, ferromagnetic core, induction coil, and phonic wheel. Its
structure is illustrated in Figure 3.

Engine Rotating Shaft

—

n Phonic Wheel
Oy

2R

Permanent Magnet \4 -

{
Coil/r
N\

Ferromagnetic Core

i
“__|

Figure 3. Magnetoelectric speed sensor diagram.

The phonic wheel is installed on the engine rotating axle and rotates with it. Each time
the gear sweeps the magnetic field generated by the permanent magnet, the reluctance of
the magnetic circuit will change. Then, the magnetic flux changes, generating inductive
current in the coil and outputting the pulse signal.

A functional level model of the rotor speed sensor was built, and the function diagram
is shown in Figure 4. The input of the model is the engine rotor speed, and the output is
the inductive current generated by the sensor.

Rotor Speed Pulse Signal
pel Rog)ernggfed g

Figure 4. Function diagram for the rotor speed sensor model.

The induced current produced by the sensor can be approximated to a sinusoidal
signal, and the relationship between the frequency and the speed can be expressed by
Equation (1):

n=60f/z 1)

where 1 (rpm) is the rotor speed, f (Hz) is the sinusoidal signal frequency, and z is the
number of phonic wheel teeth. The induced current output by the sensor is:

en = Ej sin(7tnzt /30) (2)



Aerospace 2021, 8, 180

50f18

where E;, (v) is the peak value of the induced current, and f refers to the current simula-
tion time.

According to Equation (2), the model of rotor speed sensor is established. The Simulink
model is shown in Figure 5. The input of the model is the rotor speed, and the output is
the induced current. The number of phonic wheel teeth is 60 referring to a real sensor. It is
necessary to note that the moment at which the input speed changes, the output signal will
not change abruptly. To simulate this characteristic, time in Equation (2) was replaced by
the integral of time.

Peak Value

Em T
Induced Current

%

sin

»|=

Figure 5. Rotor speed sensor model in Simulink.

2.2. Establishment of a Sensor Conditioning Circuit Model Using Modelica

Modelica is an object-oriented and non-causal modeling language. The object-oriented
method ensures high reusability and conciseness of models. Non-causal modeling means
that the mathematical language can be utilized to describe the behavior of the model
without a relationship between the output and input of the model. These two characteristics
make Modelica suitable for circuit modeling. Taking advantage of the characteristic of
the visual interface, the model built in Modelica can maintain a high consistency with the
circuit schematic.

The conditioning circuit model of the rotor speed sensor mainly includes a filter, clamp,
amplification, and comparison module [22]. The circuit diagram is shown in Figure 6.

3.3v
R2 R8
Ci Lm393
Q =FR1[] C2=

AC

Figure 6. Rotor speed sensor conditioning circuit.

Load resistor R1 and load capacitor C1 convert the input current frequency signal into
a voltage frequency signal. The low-pass filter composed of R2, R3, and C2 only allows a
low-frequency signal to pass through. A clamp module composed of two reverse parallel
diodes prevents excessive input signal from damaging the circuit. Amplifier LM358 and
clamp modular can fix the amplitude of the signal within the acceptable range of EEC, and
the delay comparison circuit composed of comparator LM393 prevents the disturbance of
a signal waveform from affecting the measurement results.

Based on the integrated compiler environment Mworks [23], this paper builds the
model of a rotor speed conditioning circuit. Because of the image drag modeling function
of the software, the model can be built very quickly. The model is shown in Figure 7. It can
be found that the model based on the visual interface is similar to the schematic diagram
of the conditioning circuit in Figure 6.
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Figure 7. Rotor speed sensor conditioning circuit model in Modelica.

2.3. Establishment of the Control Law Model Using Simulink

Simulink has an advanced tool library of linearization and control algorithms and is
the most widely used tool in control law design.

In this paper, the control system built in Simulink is composed of fuel closed-loop
control and LVDT displacement closed-loop control as Figure 8 shows. The main fuel
closed-loop control, which is also called outer-loop control, includes the main fuel controller,
engine, and rotor speed sensor, etc. According to the error of the command speed and
actual rotor speed measured by the rotor speed sensor, the main fuel controller calculates
the required LVDT value as the reference value of the LVDT displacement closed-loop
control. The LVDT displacement controller then calculates the driving current that drives
the actuator to release the fuel needed by the engine.

Command .
Command Bumer | LvDT LVDT i Fuel Nirorat
Fuel displacement Actutor Engine
- Control ler - Control ler 9
Rotor LVDT Rotor
Speed _ Speed
RElzgeg L Conditioning Rotor Speed |
; Square ircui i I
Detection v?/ave Ciseuit ! Sensor

Figure 8. Aero-engine controller diagram.

When designing the control law, the LVDT displacement closed-loop controller is first

designed. Then, the fuel actuator and engine are regarded as a one non-linear system, and
the system is linearized by the fitting method. Thus, a set of state-space models is obtained.
For each state-space model, a PI controller is designed in the frequency domain. Finally,

the gain of the PI controller is regulated according to the high-pressure rotor speed.
The model built in Simulink is shown in Figure 9.

NL_dmd

C O

NL_dmd
- Wf

NL

Fuel Controller

LVDT_demand

LVDT

Wi

Wf NL

LVDT

LVDT displacement Controller

Actutor

Aircraft Engine

small closed-loop

big closed-loop

Figure 9. Speed closed-loop control model in Simulink.
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2.4. Establishment of a Fuel Metering Device Model Using Amesim

Aiming at the modeling and simulation of a fuel metering device, AMESim, which has
a diverse mechanical, hydraulic, pipeline, and pneumatic library, provides an efficiently
way of rapid modeling and simulation of fuel metering devices.

A fuel metering device is mainly composed of an electro-hydraulic servo valve, con-
stant pressure differential valve, constant pressure valve, actuator barrel (metering valve
assembly), LVDT displacement sensor, and so on. Its structure diagram is shown in
Figure 10. After receiving the current signal of EEC, the electro-hydraulic servo valve
drives the cylinder to move; thus, the openness of the metering valve is changed. In this
process, the constant pressure difference valve is required to keep the pressure difference
of the metering valve unchanged to make sure that the fuel output only depends on the
openness of the metering valve. The constant pressure valve assembly is adopted to ensure
that the oil-source pressure of the servo valve remains unchanged.

Electrohydraulic
Servo Valve

N Outlet

| [

Metering Valve LVDT

p= = —

| Constant Pressure Valve |
Constant Pressure

Differential Valve

| [
Return-Oil |, T

Inlet Inlet

Figure 10. Fuel metering diagram.

A simplified and general fuel metering device model is built, which basically includes
an electro-hydraulic servo valve, actuator, and LVDT displacement sensor. The overall
structure is shown in Figure 11.

Driving Eleciro LVDT Actutor

curren 4 . Positiqn

4‘ hydraulic | Actuator —) Displacement 4
servo valve Sensor

Figure 11. Fuel metering model diagram.

The electro-hydraulic servo valve receives the electric signal from EEC and controls
the displacement of the actuator valve. The LVDT displacement sensor feeds back the
actual displacement to EEC to form the closed-loop displacement control. By calibrating
the relationship between the position of the actuator barrel and the amount of fuel, the
demand fuel is exported to the engine.

The AMESim model of fuel metering is shown in Figure 12.
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LVDT Displacement
Sensor

@ w Actuator

Figure 12. Fuel Metering Model in AMESim.

2.5. Establishment of an Engine Model Using Simulink and C Language

Aeroengine modeling is usually based on FORTRAN or C language due to the con-
sideration of operational efficiency and technical legacy issues. TMATS (Toolbox for the
Modeling and Analysis of Thermodynamic Systems) [24] is a simulation library for ther-
modynamic system modeling and control law developed by NASA in the United States.
The core thermodynamic calculation part of the library is based on C language and is
encapsulated into Simulink module with the S-Function. This method not only improves
the reuse rate of the model with object-oriented characteristics, but also guarantees the
operating efficiency of model.

The engine model in this paper is a component-level model of a JT9D turbofan
engine [25] with a large bypass ratio designed and manufactured by P&W in the 1960s.
Its structure is shown in Figure 13 [26]. It mainly consists of nine components: inlet, fan,
low-pressure compressor, high-pressure compressor, burner, high-pressure turbine, low-
pressure turbine, core nozzle, and bypass nozzle. Its physical working principle can be
briefly described as follows: airflow enters the engine from the inlet, then passes through
the compressor after isentropic compression, making the speed of air decrease and the
pressure increase. In the next step, high pressure air flows to the burner and mixes with
fuel to obtain combustible gas. After isobaric combustion, the internal energy of the gas
converts to a large amount of thermal energy. When gas passes through the turbine, the
thermal energy is converted into mechanical energy by isentropic expansion, which drives
the turbine to rotate, and the turbine drives the compressor to rotate. The gas eventually
expands further in the nozzle, converting the remaining thermal energy into kinetic energy
and ejecting at high speed to provide the power needed by aircraft.

Figure 13. JT9D engine diagram.

The structure of the JT9D component-level model in this paper is shown in Figure 14.
Thermodynamic calculation of each component is carried out sequentially from the given
inlet conditions, and then the parameters of each outlet section and the output of the engine
can be obtained. At the same time, the interaction equations of each component should be
met, which means the air mass flow of each engine section and the shaft power of rotors
should be balanced when the engine is at steady state. When the engine is in a dynamic
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state, the shaft power of the rotors is no longer balanced, and the deviation of the power
leads to the acceleration or deceleration of the rotor speed.

12 21 13 15 17
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b | 8 1
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| I | I I

IInlet! | | | | | I Nozzle
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Figure 14. JT9D engine model diagram.

In this paper, the C/Simulink model of the JT9D engine is shown in Figure 15a.
Figure 15b shows the structure of the compressor. The thermodynamic calculation of
components is S-Function modular written in C language.

Bypa&!}[pzzle

Core Nozzle

B o -
- — - - 94,_. ‘‘‘‘‘‘ P !
In I et o e - ) » awracrnin & tua|a ¥ e L“"PT
Fan =2t = Burner HPT
LPC HPC
@)
GasPthCharln C_Data
S-Function
Rline CustBldsCharOut
CO—
Nmech FBldsCharOut
Compressor
(b)

Figure 15. (a) JT9D engine model using C/Simulink. (b) JT9D compressor model using C/Simulink.

3. Full Digital Co-Simulation of the Control System in FMI
3.1. Introduction of FMI and Its Simulation Mechanism

FMI defines a general interface specification for co-simulation. Model components
conforming to FMI specification are called FMU, which are usually converted by simulation
tools supporting FMI specification. The specification defines two modes, one is Model
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Exchange (ME) and the other is Co-Simulation (CS). The difference between them is that
FMU of the first mode does not contain a model solver, while the latter does.

The second mode was chosen. The simulation mechanism of this mode is shown in
Figure 16. The master calls the slave program (FMU) through the interface provided by
FMI specification. The master can be either a simulation platform supporting FMI or a C
program. In this paper, Simulink is used as the main control program in the full digital
simulation stage, and C program is used as the main control program on the HIL platform.
FMU is a model derived from simulation tools supporting the FMI standard. It is called
Slave in co-simulation and contains a model and solver needed by simulation. The exported
files consist of two parts: model description file (xml), which contains all information of
model export variables; dynamic link library file (dll), which is a file encapsulating all the
functions needed by the model.

FMU
Slave
master O~
FM

Figure 16. FMI CS mode simulation mechanism.

The simulation software involved in this paper transforms the model into a differential
algebraic equation (DAE) or ordinary differential equation (ODE) and then solves them
by the solver. The DAE equation can also be transformed into ODE Equation (3) [27]. In
the process of exporting the model to FMU, the simulation tool encapsulates the solving
process of the equation, so the FMU has the structure and variables shown in Figure 17.

y = fo(t/ xCr xd/ u)
x = fy(t, xc, xq,u) (3)
Xg:= fu(t,xc, xq,1)

to,,P\Vo “' "‘ v

t Simple time, t, is the initial time

m discrete state

p Parameters of Real Number, Integer, Boolean,
String Type

u Input

v All visible variables, VO is the initial value

u |  x Continuous state y
d(x) Derivatives of x
y Output

z Event designators

TRy

Solver

Co-Simulation Slave (FMU)

Figure 17. FMU structure and variables [28].
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NL_cmd

3.2. Full Digital Co-Simulation

In this section, Simulink is chosen as the main control program to carry out full digital
co-simulation. Firstly, FMU is generated from the Modelica model and AMESim model
and imported into Simulink. The connection between them is shown in Figure 18.

S-Function

D
MODELICA bk

< J\XHG C/C++

'tm__i s~
HNLUMS

A Sigmens Rirsincss

Figure 18. The connections between different tools.

The overall Simulink model is shown in Figure 19, where the fuel actuator and rotor
speed conditioning circuit are the imported FMU, and the rest of the models are built by
Simulink and C (S-Function).
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S ¥ [NTERFACE
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Figure 19. Full-Digital co-simulation (Simulink Master).

The simulation results are shown in Figures 20-22. Figure 19 shows the result of the
full digital simulation. The start and stop stages are under open-loop control, and the
other stages are under closed-loop control. The actual speed is the feedback value of the
engine model, and the measured speed is the speed calculated from the rising edge of EEC.
The relative error between them is shown in Figure 20, with a maximum of no more than
0.4%. The source of the steady-state error is that there is an error of &1 counting the clock
pulse when measuring the speed by the cycle measuring method. The relative error is
E = (1/mgp) x 100%, and my is the pulse number of the internal clock in a period of the
measured rotor speed. In simulation, the period of the internal clock can be considered to
be the simulation step size. If the simulation step size is set to 10~°s and the rotor speed is
1000 rpm, then the relative error is 0.1%. The simulation results accord with the theoretical
analysis. The error of the dynamic process is greater than the steady state at the initial
stage, which is caused by the delay of pulse signals when measuring rotor speed by the
cycle measuring method. Figure 22 shows the effect of LVDT displacement closed-loop
control. It can be seen from the figure that the actual displacement of the actuator tracks
the demand displacement exactly.
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Figure 22. Full-digital simulation LVDT displacement closed loop control.

4. Integration and Verification on the HIL Simulation Platform
4.1. Introduction of the HIL Real-Time Simulation Test Platform

The HIL Real-time Simulation Platform (HIL Platform for short) is an aeroengine/gas
turbine hard-ware-in-the-loop simulation platform, which can be used to verify digital
models, control algorithms, fault diagnosis, and dual-channel switching algorithms. The
HIL platform is shown in Figure 23.
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Figure 23. HIL platform.

The HIL platform is consist of six parts:

(1)  The first part is the IPC (Industrial Personal Computer), which mainly includes the
data acquisition and monitoring system, main control platform, engine model real-
time operation platform, and actuator model real-time operation platform. They are
mainly used for monitoring data and running real-time models.

(2) The second part is the data acquisition system, which is mainly responsible for
collecting data from the IPC and controller.

(3) The third part is the signal conditioning device, which receives data from the data
acquisition system and simulates it as a real sensor signal.

(4) The fourth part is the electronic controller, which receives the signals from sensors and
calculates the control variables. The data acquisition samples every 5 milliseconds
from the controller.

(5) The fifth part is the load simulator, which receives the output of controller, and the
data acquisition system collects its output and returns it to the IPC to complete the
closed-loop simulation.

(6) The sixth part is the system test adapter, which provides the function of fault injection.

4.2. Overall Scheme of Integration of the Multidisciplinary Model and Control Law on the
HIL Platform

The flow chart of analysis, design, integration, and validation of aeroengine control
system is shown in Figure 24. Firstly, the requirement analysis of the whole control system
is carried out and then the model and control law are designed in the full digital simulation
platform. Finally, the model and control law are integrated and validated on the HIL
platform. The Simulink/C hybrid model of engine and control law can be generated into C
code by the Simulink code generation tool, and the C code can be encapsulated according
to the interface specification of the HIL platform. Then, the engine model and control law
are integrated into the engine model IPC and EEC, respectively. The focus of this paper is
on the integration of the FMU model of the actuator in the IPC.
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Figure 24. Model and control logic design, analysis, integration and testing process.

In order to integrate the actuator model FMU on the IPC of the HIL platform, it is
necessary to encapsulate the master program that can call FMU into DLL according to the
interface specification of the HIL platform, so that the IPC can call FMU. The schematic is
shown in Figure 25.

HIL platform
PXI
encapsulatio DLL
call
FMU
-

Figure 25. Schematic Diagram of FMU Integrated on HIL.

4.3. FMU Master Control Program

In order to realize the integration and verification of FMI on the HIL platform, it
is necessary to write a master program according to the FMI specification to call the
encapsulated functions in FMU. The main control program of FMU consists of three parts:
the first part parses the XML file to get the internal information of the model, the second
part initializes the FMU, and the third part is a single step simulation program. The main
control program calls the functions of each part step-by-step according to the flow chart
shown in Figure 26.
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Figure 26. FMU simulation process.

In the FMU simulation process, the function names and functions are shown in Table 1.

Table 1. FMI function name and effect.

Process Name Function
Instantiation fmi2SetupExperiment Initialize time and parameters
Initialization fmi2EnterInitializationMode Jump into initialization

fmi2ExitInitializationMode Exit initialization
Single step calculation fmi2SetXXX Input parameters
fmi2DoStep One-step simulation
fmi2GetXXX Output parameters
Termination fmi2Terminated Stop simulation
fmi2Freelnstance Release examples

4.4. Simulation Result

The comparison of the HIL platform simulation result and full digital simulation
result is shown in Figure 27. The relative error of the rotor speed in the closed-loop control
stage of the two platforms is shown in Figure 28. The maximum relative error is less than
1%, and the steady-state error is less than 0.5%. It shows that the simulation results of full
digital simulation and the HIL platform are almost identical, which shows that FMI can be
integrated on the HIL platform successfully.
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Figure 27. Rotor speed control comparison between HIL and digital simulation.
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Figure 28. Relative rotor speed error between HIL and the digital simulation.

5. Conclusions

This paper presented a method for co-simulation between four different tools and
platforms of aeroengine control system detailed models. To achieve this, the FMI technology
was used and proven effective. In addition, the result of real-time simulation on the HIL
platform shows the possibility of promoting the scalability of the HIL platform in this
way. The FMI-based co-simulation in the paper provides a simple design method for
aeroengine control system researchers and can be also used in many other fields, for
example, dynamic simulation of aircraft, lightning resistance tests, etc. It works well in
reducing the design period and improving the reusability of the model by making full use
of different professional commercial tools. It is worth mentioning that the simulation on
the HIL also indicates that there are some potential real-time issues. In other words, for
more complex models, further research on model simplification and distributed parallel
simulation is still needed to shorten the time of co-simulation.
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