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.e energy structure change of more electric aircraft makes the aircraft airborne system more complicated. Each subsystem
realizes the transmission, interaction, and conversion of energy and information through the dynamic coupling and coordinated
control of electrical energy, mechanical energy, hydraulic energy, and thermal energy. .is paper applies the multiphysical
domain modeling method with the parameter identification according to the original model data. Based on the power conversion
relationship of electrical equipment, it defines the port with the power potential variable and flow variable and is supplemented by
the information control. It can show the dynamic characteristics, power conversion, and loss characteristics of the device itself.
.e models can conveniently perform the large-scale system integration, which not only can build the complex electrical
equipment formed by multiphysical domain models with the series connection but also can build a complex power supply system
formed by multiphysical domain models with the parallel connection.

1. Introduction

.e secondary energy of the more electric aircraft gradually
uses electrical energy to replace hydraulic energy and
pneumatic energy for the aircraft energy optimization [1–3].
In the design of the aircraft electrical system, the perfor-
mance of the electrical equipment in terms of energy uti-
lization, power loss, and heat conduction needs to be taken
as one of the evaluation indicators [4–6].

.e electrical equipment operation of the more electric
aircraft involves the transmission, interaction, and con-
version of the multiphysical domain, such as electrical
energy, mechanical energy, hydraulic energy, thermal
energy, and information [7, 8]. Since the conversion
process is dynamic, it is obviously inaccurate to discuss the
energy utilization performance simply by using device
efficiency, and a digital simulation method is needed
[9, 10]. .e energy usage of the aircraft electrical system is
related to flight missions, involving energy conversion,
energy transmission, and energy consumption. .erefore,
it is necessary to form the actual electrical system in the

structure and perform dynamic simulation under different
missions [11].

In order to realize the simulation of the electrical system
multiphysical domain power conversion, the digital model
of the electrical equipment is required to be established. .e
multiphysical domain modeling can solve the coupling
problems [12]. .e traditional multiphysical modeling
methods are the physical structure modeling, the equivalent
circuit modeling, and the analysis structural modeling. .e
structure of electrical equipment is more accurately repre-
sented to describe the characteristics of electrical equipment
by the physical structure modeling. However, the problem is
the operation speed. When the more complex system in-
cluding nonlinear components is built, it will cause the
computer calculation speed to be too slow in simulation.

.e equivalent circuit modeling has the disadvantage
because the structure is simplified. .e more details and
nonlinear characteristics cannot be accurately represented.
.e modeling workload by the analysis structural modeling
is relatively large, and the nonlinear modeling is especially
cumbersome. .e input and output may be variables of
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different physical domains. When the electrical system in-
tegration is achieved, the system structure may be confused
and inconvenient in engineering application.

.e bond graph method is applied for the hydraulic
system [13, 14], and the Modelica is applied for the elec-
tromechanical systems [15, 16]. It can accurately represent
its power conversion and loss characteristics when
expressing the device dynamic operating characteristics [17].
In addition, because the electrical component model is used
to build an electrical system, which contains a large number
of nonlinear components, the transients in the simulation
result in slower operation speed. .erefore, in order to
achieve large-scale integrated simulation, there should be a
more suitable computing speed.

.is paper applies the multiphysical domain modeling
method with the parameter identification according to the
original model data. .e analytical model based on the
energy conversion process of the electrical equipment is
supplemented by the information control. .e model uses
the energy transmission between the electrical equipment as
the interface between the models, enabling the large-scale
integrated electrical system simulation, and the simulation
operation speed is improved.

2. Electrical Equipment Structure and
Multiphysical Domain Model

Compared with the traditional aircraft, the increase in
electrical equipment of more electric aircraft is the electrical
drive equipment. .e electromechanical actuator (EMA)
[18, 19] and the electrohydraulic actuator (EHA) [20, 21] of
the flight control system are the most typical multiphysical
domain energy conversion devices. Because it presents a
high-power short-term working mode, it has the greatest
impact on the power characteristics of the power supply
system. .is paper analyzes the modeling method of the
typical electrical equipment.

2.1. Structure of Typical Electrical Equipment. .e electro-
mechanical actuator is taken as an example to analyze the
structural characteristics of the electrical equipment. .e
EMA is an electrical drive position servo control system for
the aircraft surface..e physical model of the EMA is shown
in Figure 1. It consists of the inverter, the brushless direct
current motor (BLDCM), the reduction gear, and the mi-
croprocessor. .e LC electromagnetic interference filter
(EMI) is also on the power supply side.

.e electrical drive equipment shown in Figure 1 is
structurally divided into two parts.

2.1.1. Power Conversion Section. From the perspective of
energy conversion, the electromechanical actuator performs
the conversion of the electrical energy to mechanical energy,
and the conversion power is determined by the fight mission.
At the same time, all parts of the equipment have the power
loss. It transforms parts of the electrical energy and me-
chanical energy into thermal energy and forms a secondary
power conversion process.

2.1.2. Information Conversion Section. .emain function of
the information conversion part is to complete the control
during the equipment. For example, the EMA realizes the
closed-loop control of the rudder surface position θa, the
motor speed Ωm, and the armature current Id. In addition, it
can also monitor the running status of the device and
communicate with the host computer and other devices.

.e physicalmodel shown in Figure 1 is not convenient for
the large-scale integration. Because of the nonlinear compo-
nents, simulation transients result in the slower operation.

2.2. Model Based on Power Conversion. According to the
structure of the electrical device shown in Figure 1, the
model of the electrical device can be divided into two
modules: the power conversion module (PCM) and the
information conversion module (SCM), as shown in
Figure 2:

(1) .e PCM represents the device power conversion
process. .e power conversion is mainly the con-
version between two kinds of energy sources. .e
thermal energy generated by the power loss is the
third additional energy conversion relationship for
the performance analysis of the power loss and
efficiency.

(2) .e SCM function of the electrical equipment is the
same as that of the information conversion part in
Figure 1. .e equipment operational control becomes
the PCM control, and monitoring and communica-
tion status can be realized at the same time.

3. Power Conversion Module of Multiphysical
Domain Model

3.1. Power Conversion of Multiphysical Domain. .e PCM
shown in Figure 2 exhibits the power conversion charac-
teristics implemented by the electrical device, which is the
power that transforms one type of physical domain power
into another. For example, the generator realizes the energy
conversion from mechanical energy to electrical energy, and
the electrical equipment realizes the energy conversion from
electrical energy to various forms of energy, including
mechanical energy, hydraulic energy, pneumatic energy, and
thermal energy..erefore, the operation of the more electric
aircraft electrical system is a multiphysical domain energy
conversion process.

When the power conversion model shown in Figure 2 is
established, the input power and output power are repre-
sented by the potential variable Y and the flow variable X,
which are defined by the connection type of the multi-
physical domain modeling [13]. .e power types involved in
the electrical system of the more electric aircraft and the
corresponding potential variables and flow variables are
shown in Table 1.

3.2. Analysis Model of PCM. .e PCM of the electrical
equipment model can be represented as Figure 3(a). .e
potential variable of the input power (source power) is
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represented as Ys, and the flow variable is represented as Xs.
.e potential variable of the output power (load power) is
YL, and the flow variable is XL. .e power loss output is
generally thermal power. .e ambient temperature Tw is a
potential variable, and the heat flowΦw formed by the loss is
a pseudo flow variable. C is the control signal.

According to the relationship of the PCM input/output
variables shown in Figure 3(a), the analytical method can be
described as

YL(s)

Xs(s)
  �

W1(s) W3(s)

W2(s) W4(s)
 

Ys(s)

XL(s)
 , (1)

where the transfer functions of W1 (s), W2 (s), W3 (s), and
W4 (s) reflect the dynamic characteristics between variables
in the power conversion process. .e power loss of the
electrical device is determined by the device operating state.
.erefore, the loss model can be expressed as a function of
other variables, namely,

Φw � fw Ys, Xs, YL, XL, Tw( . (2)

For the electromechanical actuator shown in Figure 1,
the analytical formula of the PCM shown in Figure 3(b) can
be described as follows:

Ωa(s)

Is(s)
  �

W1(s) W3(s)

W2(s) W4(s)
 

Us(s)

TL(s)
 . (3)

.e potential variable of the input power in equation (3)
is the power supply voltage Us, and the flow variable is the
supply current Is. .e potential variable of the output power
is the angular velocity Ωa of the aircraft rudder surface, and
the flow variable is the resistance torque TL of the rudder
surface. D is the duty cycle of the PWM signal.

3.3. System Control Model of PCM. .e energy conversion
relationship of the entire device is shown in equation (1). As
shown in Figure 2, the energy conversion process of the
electrical device needs to perform under the SCM control. In
order to express the power conversion relationship under
the control process, the power conversion module can be
rewritten as

YL(s)

Xs(s)
  �

W1(s) W3(s)

W2(s) W4(s)
 

Ys(s)

XL(s)
 

�
G1(s) G3(s)

G2(s) G4(s)
 

ysc(s)

xLc(s)
 ,

(4)

where ysc and xLc are the device control and interference
variables, respectively, which are generated by the SCM and
have a certain functional relationship with Ys and XL. G1 (s),
G2 (s), G3 (s), and G4 (s) are the transfer functions of the
device control system.

.e electromechanical actuator shown in Figure 1 is
taken as an example and the power conversionmodule of the
control system is

Ωa(s)

Is(s)
  �

W1(s) W3(s)

W2(s) W4(s)
 

Us(s)

TL(s)
 

�
G1(s) G3(s)

G2(s) G4(s)
 

usc(s)

TLc(s)
 ,

(5)
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Figure 1: Principle block diagram of the electromechanical actuator.
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Figure 2: Model structure of the electrical equipment.

Table 1: Potential variables and flow variables for different power
types.

Power form Potential variable
Y

Flow variable
X

Electrical power Voltage U (V) Current I (A)
Rotating machine
power Speed Ω (rad/s) Torque T (N·m)

Linear machine
power Force F (N) Moving speed v

(m/s)
Hydraulic power Pressure p (MPa) Flow q (m3/s)

.ermal power Temperature T (K) Flow (heat flow) Φ
(W)

Electrical power Voltage U (V) Current I (A)
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where the voltage applied to the motor armature winding
under the SCM control is usc, and the relationship with the
power source voltage Us is usc �DUs. TLc is the load torque
corresponding to the electromagnetic torque. In addition to
the resistance torque TL on the rudder surface, it will also
include the friction torque and damping torque on the
motor and reducer.

3.4. Power Loss Model of PCM. .e power loss model of
equation (2) is generally described according to the power
consumption principle of the device. For an electrical device
without energy storage characteristics, the input power Ps
and the output power PL can also be approximated and
described as follows:

Φw � Ps − PL � YsXs − YLXL. (6)

.e electromechanical actuator shown in Figure 1 is also
taken as an example. .e power loss is mainly the inverter
loss ∆Pec, the copper loss ∆Pcu of the motor, the iron loss
∆Pfe of the motor, the mechanical loss ∆Pm caused by the
friction of the motor and the reducer, and the power loss of
the electronic device which can be approximated to the
motor copper loss ∆Pcu and classified into the copper loss.
.erefore, the power loss can be described as

Φw � ΔPΣ � ΔPecΔPcu + ΔPfe + ΔPm

� kecId + kcuI
2
d + kfeΩm + kmΩm

� kecId + kcuI
2
d + kfe + km( Ωm,

(7)

where Id is the armature current. Due to the motor moment
inertia, the electrical drive device is expressed as the device
containing the energy storage component. If equation (6) is
used to analyze the device loss, its dynamic characteristics
will have some error.

4. Information Conversion Module of
Multiphysical Domain Model

.e SCM of the multiphysical domain model is used to
simulate the information conversion of the electrical
equipment. It can realize the operation control and the state
measurement of the system, such as the functions of the
controller and the sensor in Figure 1.

4.1. Control Information Conversion of SCM. For the mul-
tiphysical domain model described in Figure 2, the first
function of the SCM is to simulate the electrical device
control function, which forms the control signal ysc. .e
second function is to generate the disturbance signal xLc
according to the operating state. It can be described as

ysc(t) � fsc Ys, Xs, YL, XL, R
∗
, t( 

xLc(t) � fLc Ys, Xs, YL, XL, R
∗
, t( 

⎫⎬

⎭, (8)

where R∗ is the reference signal given by the host computer
and other devices.

.e electromechanical actuator shown in Figure 1 is still
taken as an example. Since it is a position servo control
system, the device needs to realize three closed-loop control
of the rudder surface position θa, the motor speed Ωm, and
the motor armature current Id. .e control voltage signal
should be

usc � DUs � Wacr I
∗
d − Id( Us

� Wacr Wasr Ω
∗
m −Ωm(  − Id Us

� Wacr Wasr Wapr θ ∗a − θa(  −Ωm  − Id Us,

(9)

where Wacr, Wasr, and Wapr are the transfer functions of
current, speed, and position regulator, Id∗ is the reference
value of the armature current, Ωm∗ is the reference value of
motor speed, and θa∗ is the reference value of the rudder
surface position..e resistance torque applied to the aircraft
rudder surface can be expressed by the hinge moment, and
kθ is the hinge moment coefficient of the rudder surface,
which is TL � kθθa. .e load torque on the actuator is

TLc � Tf + kΩΩm + kθθa, (10)

where Tf is the friction torque of the motor and the reducer
and kΩ is the speed damping coefficient of the motor.

4.2. Test of Running Status. .e function of the SCM op-
eration state measurement is to simulate the sensor function
of the electrical equipment. .e test signal can be used as a
feedback signal of the system control and provide to the
monitoring device or the host computer, which is the output
information in Figure 2.

.e SCM test information is defined as S, which can be
expressed as

Tw

Ys

Xs

C

XL

YL

Фw

Electrical
equipment PCM

(a)

D

Is TL

Us Ωa

Tw Фw

Electromechanical
actuator PCM

(b)

Figure 3: Input/output variables of the power transformation model. (a) Variable relationship of electrical equipment PCM. (b) Variable
relationship of electromechanical actuator PCM.
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S(t) � fs Ys, Xs, YL, XL, R
∗
, t( . (11)

For the EMA control and disturbance signals in equa-
tions (9) and (10), the required test signals are

Id � ksIs

Ωm � kiΩa

θa � 
t

0
Ωadt

⎫⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎭

, (12)

where Id is the motor armature current, Is is the power
supply current, ks is the proportional coefficient, Ωa is the
angular velocity of the aircraft rudder surface, Ωm is the
motor speed, Ki is the reduction ratio of the reduction gear,
and θa is the rudder surface position.

If it needs to know other signal information, such as the
motor electromagnetic torque Te, it can be described by

Te � ktId � ktksIs, (13)

where kt is the torque factor.

5. Modeling and Verification of
Electromechanical Actuator

.e electromechanical actuator is used as multiphysical
domain modeling object, and the consistency is verified by
comparison with the original model simulation results.

5.1. Electromechanical Actuator Parameters. .e multi-
physical domain modeling object is the EMA model shown
in Figure 1. It is composed of nonlinear characteristic
components such as the inverter and the brushless DC
motor, which is called the EMA original model. For example,
the main parameters of an EMA are the power supply
voltage 270VDC, the motor rated angular speed 600 rad/s,
the maximum rudder surface torque of 11500N·m, the
electromagnetic time constant 0.000865s, and the electro-
mechanical time constant 0.00652s.

5.2. Electromechanical Actuator Modeling. .e multi-
physical domain modeling is mainly to establish the PCM
transfer functions of G1 (s), G2 (s), G3 (s), G4 (s) with
equation (2) and the power loss with equation (4).
According to the original model of the electromechanical
actuator shown in Figure 1, the transfer function G1 (s)∼G4
(s) with equation (5) can be established by the principle
analysis method or the signal identification method.

Since the EMA in Figure 1 contains nonlinear compo-
nents, the principle analysis modeling is complex; the signal
identification method is adopted. .e original model shown
in Figure 1 is set as the open-loop structure. A step signal is
applied to the control voltage usc, and it is simulated with
TL � 0 to obtain the unloaded angular velocity Ωa0 of the
rudder surface and the power supply current Is0. .en, the
load torque TL is set to a step signal for simulation, and the
speed signal ∆Ωa and the power source current ∆Is are

obtained. .e obtained signals are, respectively, identified
and the PCM is described as follows:

G1(s) �
Ωm0(s)

usc(s)
�

3.13
7.33 × 10−7

s
2

+ 2.303 × 10−3
s + 1

G2(s) �
Is0(s)

usc(s)
�

6.69 × 10− 3
s + 0.0005

8.781 × 10−7
s
2

+ 2.404 × 10−3
s + 1

G3(s) �
ΔΩm(s)

TLc(s)
�

−1.24 × 10− 3
s − 3.72

7.618 × 10−7
s
2

+ 2.36 × 10−3
s + 1

G4(s) �
ΔIs(s)

TLc(s)
�

3.68
8.578 × 10−7

s
2

+ 2.398 × 10−3
s + 1

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

.

(14)

Combining the power conversion module of equation
(14) with the information conversion module of equations
(9) and (10), the multiphysical domain model shown in
Figure 2 can be constructed.

5.3. Simulation Verification of Electromechanical Actuator.
.e reference position θa∗ of the actuator is set to 25° in the
simulation. .e multiphysical domain model and the
original model are simultaneously simulated and compared
to obtain the EMAmotion speedΩa (potential variable) and
the power supply current Is (flow variable). .e curves are
shown in Figure 4. .e dotted line is the simulation curve of
the multiphysical domain model, and the solid line is the
simulation curve of the original model.

It can be seen from Figure 4 that the actuator speed
simulation curve of the multiphysical domain model is
basically consistent with the original model, while the power
supply current and the power loss have some errors in the
subtleties, which is due to the model linearization. .e error
effect can be ignored for the simulation goal proposed in this
paper.

6. Integrated Method of Multiphysical
Domain Model

Another advantage of the multiphysical domain model is
that it facilitates large-scale integration to establish the
complex electrical system. .e multiphysical domain model
integration is based on the energy conversion relationship,
and there are two types of series integration and parallel
integration.

6.1. Serial Integration of Multiphysical Domain Model.
.e multiphysical domain model of complex electrical
equipment can be obtained by the serial integration of
multiple simple multiphysical domain models.

For example, the EHA consists of the motor, the hy-
draulic pump, and the hydraulic actuator. If the EHA
original model is available, the same EMA signal identifi-
cation modeling method as equation (14) can be used. If
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there is no original model, it can also be modeled by the
serial integration of the motor, the hydraulic pump, and the
hydraulic actuator. In the integration, the consistency of the
potential variable and the flow variable must be guaranteed.
.e structure is shown in Figure 5.

Since the EHA is controlled by the motor speed to realize
the flow control of the hydraulic pump and the position
control of the actuator, the control signal from the infor-
mation conversion module is applied to the motor model. In
addition, the EHA output is a linear motion; therefore, the
potential variable of the output power according to Table 1 is
the force Fa, and the flow variable is the moving speed va.

For example, the main parameters of the EHA are the
power supply voltage 270VDC, the motor rated speed
8000r/min, the actuator rated moving speed 0.12m/s, and
the maximum force 200 kN. .e EHA model is simulated
with the position which is set to 80mm. .e simulation
waveforms are shown in Figure 6. Among them,
Figures 6(a)∼6(d) are the actuator output (mechanical
energy), the hydraulic pump output (hydraulic energy), the
motor output (mechanical energy), and the motor input
(electrical energy). Figure 6(e) shows the power loss and the
total loss of each EHA part.

It can be seen from the simulation results that the EHA
model obtained by the series integration of the multiphysical
domain model can not only simulate the EHA input and
output variables and power data but also observe the
waveforms of each connection point in order to analyze the
correctness of the model.

6.2. Parallel Integration of Multiphysical Domain Model.
In the electrical system of the more electric aircraft, the
power supply needs to provide electrical power for all the
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electrical equipment; that is, the electrical
equipment forms the parallel structure on the bus bar.
When all the electrical equipment is described by the
multiphysical domain models, the structure is as shown
in Figure 7.

.e output power of the power supply is the electrical
energy. .e potential variable is the power supply voltage Us
connected to the potential variable Usi of all electrical loads
with the power supply side. .e flow variable Is is the
summation current of the electrical equipment input cur-
rent, which is the power flow Isi summation of all electrical
loads.
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Us � Us1 � Us2 � · · · � Usm

Is � Is1 + Is2 + · · · + Ism
, (15)

.e flight control system of the aircraft is taken as an
example. .e flight control system consists of the left and
right ailerons, left and right elevators, and the rudder. It is
assumed to be driven by the EMA, established with the
power supply system shown in Figure 7 and simulated.

It is assumed that the aircraft continuously completes the
climb phase, the combat phase (including the yaw, roll, and
dive flight attitude), and the descent phase of the flight. .e
control signals are obtained by the flight control system
models. .e corresponding reference signal θa∗ is set for
each EMA. .e power characteristics of the simulation are
shown in Figure 8. Figures 8(a)8(c) are the power charac-
teristics of the elevator, the aileron, and the rudder, re-
spectively. Figure 8(d) shows the power characteristics of the
power supply. .e movements of the left and right elevators
and ailerons are symmetrical; therefore, the power charac-
teristics are the same.

It can be seen from the simulation results shown in
Figure 8 that the elevator is the main drive device when the
aircraft is climbing and descending. .e elevator, aileron,
and rudder need to be integrated operation when the aircraft
is rolling and yawing, and the power conversion is
complicated.

Since the electromechanical actuator belongs to the
dynamic load of the short-time operation, the flight control
system shows the pulse power of different sizes from the
above figures. .e power analysis for this type of system can
only be done by the digital simulation.

7. Conclusion

.e multiphysical domain model with the parameter
identification according to the original model data is applied
in this paper. It takes the power conversion process of the
electrical equipment as the basic modeling and accurately
expresses the power conversion and loss characteristics
based on the dynamic characteristics of the device itself. .e
model based on the energy conversion relationship for
system integration is to achieve the large-scale integration of
the electrical system flexibly and the required digital sim-
ulation of the electrical system design.
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.e data used to support the findings of this study are
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