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Abstract: Since modern times, the increase in shipborne equipment has brought tremendous pressure
to the energy supply system. Establishing an accurate and reliable energy consumption model that
reflects the dynamic characteristics of the system will provide an essential theoretical reference for
energy efficiency optimization. This paper proposes a modeling method that considers both the
dynamic characteristics and energy consumption characteristics of the system, based on the power
bond-graph theory. Firstly, the transmission principle and energy transfer process of hydraulic and
electric helicopter traction devices are analyzed. Then, the energy consumption is analyzed, and
the state equation and energy equation of the system are established. Finally, the simulation tests
are carried out. The results show that the proposed dynamic modeling method is reasonable and
effective and can well reflect the dynamic characteristics and energy consumption characteristics of
the system.

Keywords: helicopter traction device; energy consumption analysis; dynamic characteristics; power
bond graph; dynamic modeling

1. Introduction

In modern times, the ability of ships to conduct ocean voyages and long-term combat
has become crucial [1]. At the same time, ships need to carry more and more equipment,
resulting in substantial additional energy consumption. However, ships often cannot take
too much fuel due to their size, which puts higher requirements for the energy consumption
of shipborne equipment [2,3]. Minimizing the energy consumption of shipborne equipment
while maintaining original functions has also become an important research direction in
shipborne equipment design [4-6].

The helicopter traction device is the execution host of the third-generation helicopter-
assist landing system, which is mainly used to help helicopter recovery and plays an
essential role in improving the combat effectiveness of modern ships [7-9]. The helicopter
traction device is mainly used to correct the posture of the helicopter during traction, as
shown in Figure 1. Many scholars have studied the various application stages of this
system [10-12]. However, researchers still ignore some contents, the most important
of which is the energy consumption of the helicopter traction device. The helicopter
traction device takes up most of the energy of the system in use [8,9]. It is essential to
study the energy consumption of the helicopter traction device for the optimization of the
whole system.
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Helicopter

Figure 1. The working environment of helicopter traction device.

Linn et al. [13,14] first proposed the hydraulic traction device (HTD), which mainly
uses the hydraulic pump to drive the hydraulic cylinder and then drive the reciprocating
movement of the claw to realize the correction of the helicopter and achieved ground-
breaking results in the field of helicopter-assisted landing. Zhang et al. [8,9] proposed the
realization scheme of the electric traction device (ETD), which directly drives the claw to
reciprocate through the motor and ball screw. The ETD simplifies many transmission links
of the HTD to obtain a higher energy utilization rate. The energy transfer process of the
two traction devices is shown in Figure 2. Although the ETD is expected to achieve a higher
energy efficiency, specific energy-saving efficiency and an accurate energy consumption
model are still urgent problems to be solved [15,16]. Establishing accurate energy consump-
tion models of the HTD and ETD will help optimize the energy consumption design of
equipment according to the function and performance requirements.

Hydraulic Traction Device |

Figure 2. The energy transfer process of HTD and ETD.

However, the more critical problem is that dynamic characteristics and energy con-
sumption models are often studied separately in the existing system-dynamics-modeling
research field. Almost no scholars have studied or analyzed the dynamic characteristics of
the system in combination with the energy consumption model [17]. On the one hand, the
existing mechanical-system-dynamics model focuses too much on the transmission charac-
teristics of the system but neglects the analysis of the energy consumption characteristics of
the system. For example, the vector mechanics method [18,19], represented by the Newton—
Euler method, and the analytical mechanics method [20-22], represented by the Lagrange
equation method, focus on describing the final force state of the rigid body. The Kane
method [23,24], based on the Kane dynamic equation, tends to write the motion differential
equation of the system better. Especially since the 1980s, traditional dynamics-modeling
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methods have paid more attention to obtaining more stable and effective numerical so-
lutions, but they ignore the energy transfer process of the system. On the other hand,
the research on the energy consumption model often pays more attention to energy con-
sumption monitoring and management and process energy-efficiency-optimization during
system operation. For example, the energy-consumption-prediction method based on the
equipment design stage [25,26], energy-consumption-optimization method based on the
equipment use stage [27,28], energy-consumption-monitoring method in the equipment
use process [29,30], etc., only focus on the efficiency of the system and ignore the related
system dynamics’ characteristics.

The above problems are caused by the diversity and complexity of existing systems.
Scientists are not just dealing with a single form of energy, but mainly with the coupling
of multiple forms of energy. Therefore, it is a challenge to consider both the energy
consumption and dynamic characteristics of the system. The power bond-graph theory
provides an effective solution to this problem. This theory was first put forward by Professor
Paynter in the United States [31]. After decades of development and improvement, this
theory has become an essential means to solve the problem of dynamic analyses of complex
systems [32,33]. For example, Borutzky [34] et al. used it for the modeling and analysis of
the hydraulic system, Fu [35] et al. used it for the modeling and simulation of the electric
drive system, and Merahi [36,37] et al. used the bond-graph theory for mathematical
modeling in the field of chemical batteries and electric vehicles. Zhang [8,9] et al. first
used the bond-graph theory for the mathematical modeling of the ETD. Note that the
bond-graph theory has hardly been used for energy consumption analysis, even though it
has excellent advantages in multi-energy domain analysis.

Based on the theory of the power bond graph, this paper presents a modeling method
that can reflect the dynamic characteristics and energy consumption characteristics of the
system. The energy consumption of the transmission system of the HTD and ETD are
analyzed, respectively. The simulation results also show that this method is intuitive,
effective, and can accurately reflect the dynamic characteristics and energy consumption
characteristics of the system, which is helpful for product design analysis and energy
consumption optimization in the field of mechanical engineering.

This paper is organized as follows. The second section analyzes the transmission
principle of the HTD and ETD and describes the energy transfer process. In the third
section, each link that affects system energy consumption is analyzed in detail, the system’s
bond-graph model is established, and the state equation and energy consumption equation
of the system are obtained. The fourth section carries on the simulation tests and takes on
the comparative analysis of the simulation result. The fifth section summarizes the research
content and concludes.

2. Principles of Helicopter Traction Devices
2.1. Transmission Principle of HTD

The working principle of the transmission system of the HTD is shown in Figure 3.
The HTD drives the gear pump to output high-pressure hydraulic oil through the motor.
Hydraulic oil, in turn, through the hydraulic pipe, one-way valve, and solenoid valve to
drive the hydraulic cylinder movement. Finally, the motion of the hydraulic cylinder rod
is transformed into the lateral motion of the claw by the pulley-and-chain transmission
system. Among them, the movable pulley is also guided by the guide rod in the movement
process. The solenoid valve is used to change the movement direction of the claw. The
overflow valve is used to limit the maximum pressure of the system, thereby limiting the
maximum thrust output of the claw. In Figure 3, the claw is floatable when the solenoid
valve is in the middle stage.
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Figure 3. The transmission system schematic diagram of HTD.

2.2. Transmission Principle of the ETD

The working principle of the transmission system of the ETD is shown in Figure 4. The
motor drives the ball screw rotation through the belt pulley, belt, and reducer. Then, the
ball nut converts the rotary motion of the ball screw into the linear motion of the movable
pulley. Finally, through the pulley-and-chain transmission system, it is transformed into
the lateral movement of the claw.

Belt pulley Motor
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Figure 4. The transmission system schematic diagram of ETD.

3. System Dynamics Model
3.1. Energy Consumption Analysis of HTD
For the HTD, the energy loss of the system in the working process mainly includes the
following aspects.
1. Motion damping

The motion damping of the system includes the friction damping between the claw
and the guide rail, the hydraulic cylinder rod and hydraulic cylinder, the movable pulley
and guide rod, and the friction damping of the ball bearing installed inside the pulley, as
shown in Figure 5.

Hydraulic cylinder Claw Pulley

T 11 _ i —_— i

! S

| I ] @ | [
Damping :

Damping

Figure 5. Motion damping schematic diagram of the HTD.
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2. Flow damping

In the hydraulic system, the flow damping of the hydraulic oil that flows through the
pipe, one-way valve, and solenoid valve should also be considered, as shown in Figure 6.

Hydraulic pipe ~ One-way valve Solenoid valve

— b ==

Damping Damping Damping

Figure 6. Flow damping schematic diagram of the HTD.

3.  Leakage loss

Internal leakage is inevitable in the working process of the hydraulic system. In the
HTD, the internal leakage involved mainly includes the solenoid valve, hydraulic cylinder,
and gear pump leakage, as shown in Figure 7.

Solenoid valve  Hydraulic cylinder Gear pump
Internal leakage Internal leakage Internal leakage

Figure 7. Leakage loss schematic diagram of the HTD.

4. Energy storage loss

In addition to the direct energy loss mentioned above, energy storage loss occurs
during the system acceleration stage, including inertial and capacitive energy storage.

The inertial energy storage includes the kinetic energy stored by the hydraulic cylinder
and movable pulley, as shown in Figure 8. The capacitance energy storage includes the
elastic potential energy stored by the hydraulic oil and the deformation of the chain and
movable pulley shaft under stress, as shown in Figure 9.

Hydraulic cylinder Movable pulley
| |
B— I

Inertia Inertia

Figure 8. Inertial energy storage schematic diagram of the HTD.

Hydraulic cylinder Chain Movable pulley
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Figure 9. Capacitive energy storage schematic diagram of the HTD.
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3.2. Energy Consumption Analysis of the ETD
For the ETD, the energy loss of the system in the working process is free of flow
damping and leakage loss, mainly including movement damping and energy storage loss.

1.  Motion damping

The motion damping of the ETD in the working process mainly includes the rotational
damping of the transmission shaft, ball nut, pulley, and friction damping of the claw, as
shown in Figure 10.

Transmission shaft Ball nut Claw

L

; Damping

Damping

Figure 10. Motion damping schematic diagram of the ETD.

2. Energy storage loss

In the ETD, the inertial energy storage includes the kinetic energy stored at the input
of the reducer, ball screw, and movable pulley, as shown in Figure 11. The capacitance
energy storage consists of the elastic potential energy stored due to the deformation of the
belt, ball screw, chain, and movable pulley shaft under stress, as shown in Figure 12.

Input of reducer Ball screw  Movable pulley

B
Inertia Inertia Inertia

Figure 11. Inertial energy storage schematic diagram of the ETD.

Belt Ball screw Chain Movable pulley
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Figure 12. Capacitive energy storage schematic diagram of the ETD.

3.3. System Dynamics Model

According to the basic principle of energy conservation, the essential elements in the
system are represented by prescribed symbols and connected in series according to specific
connection ways to form the system bond graph. The bond graph is a visual representation
of the dynamic performance of the components in the system. In order to integrate the
state equations of components in different energy domains more easily and intuitively, the
bond-graph theory unifies a variety of physical parameters into four generalized variables,
namely potential variable e, flow variable f, generalized momentum p, and generalized
displacement g. The corresponding relationship of the above four generalized variables in
the energy domain of mechanical and hydraulic is shown in Table 1.
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Table 1. The physical meaning of the four generalized variables.

. Translational Motion Rotation Motion Liquid Flow
Driving Part
Value Unit Value Unit Value Unit
Potential variable Force N Torque N-m Pressure N/m?
Flow variable Velocity m/s Angular velocity rad/s Flow m3/s
Generalized momentum Momentum N-s Angular momentum N-m-s Pressure momentum  (N-s)/m?
Generalized displacement Displacement m Angular displacement rad Volume m?

Although the bond-graph model is drawn according to the flow of system power
transfer, in the current research, the bond graph is mainly used to construct the state
equation of the system and analyze its dynamic characteristics. Still, almost no one has
used it for the energy consumption analysis of the system. It is easy to notice that, in
the process of building a bond-graph model, the information transmitted by each bond
includes potential variable e and flow variable f. That is, the energy transmitted by each
bond is

B = [ e(t)f (e m

It should be noted that the bond-graph theory simplifies many nonlinear variables
to simplify the mathematical model and state equation of the system. For example, flow
damping and motion damping are reduced to linear functions of velocity, and internal
leakage of oil is reduced to linear functions of pressure. This way of modeling makes the
bond-graph model a linear time-invariant system. However, this does not prevent it from
being used for energy analysis in this paper because the engineer expects the trend or
percentage of energy consumption, which helps optimize the system model during the
design phase.

1. Resistance element

The internal motion damping of the system, including friction damping and flow
damping, is represented by the symbol R. The characteristic equation and energy consump-
tion equation of the element are as follows

{eszﬂﬂ
E(t) = [ye(t)f(t)dt = [ RF2(t)dt

It is worth noting that, for the convenience of description, the oil leakage in the
hydraulic system is often represented by the resistance element R, whose characteristic
equation and energy consumption equation are as follows

{ﬂﬂ=wm

@

®)

™
—~

~
~—

Jie(t)f(t)dt = [ RE(b)dt

2. Compliance element

The elastic potential energy stored in the system is represented by the compliance
element, including the compression of the hydraulic oil and the deformation of the chain,
belt, etc., denoted by the symbol C. The characteristic equation and energy consumption
equation of the element are as follows

{ e(t) = @ @)
E(t) = [pe()f(Hdt == [3 WLr(t)dt
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3. Inertance element

The inertance elements describe the kinetic energy stored in the system, represented by 1.
The characteristic equation and energy consumption equation of the element are as follows

ft) = @ (5)
E(t) = [le(t)f(t)dt = [le(t)2ar

4. Auxiliary element

The power bond-graph theory also includes three auxiliary elements, namely the
energy source, converter, and connector, to represent the system model more intuitively
and effectively.

The output speed of the motor is regarded as the energy source, which is represented
by Sf.

The converter is mainly used to describe the transmission characteristics of the hydraulic
cylinder, ball screw, etc., expressed by the symbol TF, and its characteristic equation is

ey, = me,
{ fa=mfy (©)

The connector includes a O-junction and 1-junction. The O-junction is used to connect
the input or output ports with the same potential variables, and the 1-junction is used to
connect input or output ports with the same flow variables. Their respective characteristic
equations are

ep=e=...=¢y

L 7
L aifi =0 7
i=1
fi=fo=...=fu

n

Y e =0 ®
i=1

where &; = 1 for the energy inflow and «; = —1 for the energy outflow.

Then, according to this energy transfer property of the bond graph, we can obtain the
following lemmas:

Lemma 1. In the process of system energy transfer, the energy consumption caused by resistance

elements is
t
Ex(t) = /O lZRieiZ]dt )
i

In particular, the leakage effect of the hydraulic system is

dt (10)

Ex()= | [zRif?

Lemma 2. In the process of system energy transfer, the energy consumption caused by compliance
elements is

Ec(t) = /; (Z 2,@) dt (11)
’ ]
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Lemma 3. In the process of system energy transfer, the energy consumption caused by inertance

elements is
El(t):/'t Y Py at (12)
o \ 7 Lk

where, i, j, and k are the symbol subscripts of R, C, and I in the bond graph, respectively.

The power bond-graph model of the HTD can be established according to the above
description of the energy transfer process and the energy consumption link, as shown in
Figure 13. The generalized displacement 417, 426, and g31 of the compliance elements and
the generalized momentum py4, ppg, and pzg of the inertance elements are taken as the state
variables of the HTD. Take the state equation as follows

X1 =A,-X14+B;-U (13)
where the state variable is shown as follows
Xi=[q7 pau 96 P8 431 P3o) ! (14)
The input of the system is shown as follows
Uy = [MSf] (15)

From Equations (2)—(8), the constant-coefficient matrix A; and the control matrix Bq
can be obtained in the following form

M niy
—_ === 0 0 0 0
Ciy Iy
my Ro3 1
M 2B 2 0 0
Ciy Iy Coe
1 1
0 ™ 0 I 0 0
24 28
M= 0 0 L 0 — 1 0 1o
Ca m3Csq
1 1
0 0 0 0 -
1113128 136
1 R34+m42R37
L 0 0 0 0 Ca1 my2I36
-
mlN
0
0
By = 0 (17)
0
. O -

where
N =1+ R4(R7 + Rg + Ry1)/(1+ R4Rs),

M = Ry/[N(1+ R4Rs5)] + Ri4/(1+ Ri4Rq5) + Rig/ (1 + Ri9Rp)
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Figure 13. The power bond-graph model of HTD
The system input energy is the motor output energy. The useful energy of the system
includes the kinetic energy stored by the load and the energy consumed by the damping of

the load. The energy equations for the system are as follows

t t
£ = / P, dt = / ey MS fdt (18)
0 0
¢ 2
Eout (t / Poysdt = / ¢P30 4 Ry, (20 |at (19)
% Ts I3
The energy consumed by resistance elements includes
t
Eri(t) = /O [R4€i + R14€%4 + nge%g} dt (20)
t
Ega(t) / {(R7 +Ro + Ri1)fg + Rusffs + Roofzn + Raafas + Raaf3, (21)
The energy consumed by compliance elements includes
(22)

wet) = ) (& St B

The energy consumed by inertance elements includes

Et:/ P24 p2s )dt
1(t) 0<124€4+12 €28

(23)

The power bond-graph model of the ETD is shown in Figure 14. The generalized dis-
placement g3, 419, 916, and g1 of the compliance elements and the generalized momentum
Pe, P12, P18, and pog of the inertance elements are taken as the state variables of the ETD,

and the state equation and energy equation of the system can be obtained as follows
(24)

Xo=A - Xo+B- U

where the state variable is shown as follows
! (25)

Xo=1[93 p6 q0 P12 G16 P18 G21 P26)
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The input of the system is shown as follows
Uy = [MSf] (26)

The constant-coefficient matrix A; and the control matrix B; can be obtained in the
following form

0o —— 0 0 0 0 0 0
Is
niy R7 1
- —— 0 0 0 0 0
G Ig m3Cyg
1 1
0 0 —— 0 0 0 0
m3lg Iip
1 Ry 1
0 0 —_— —— 0 0 0
Cio L myCig
Ay = 1 1 (27)
0 0 0 0 - 0 0
myl1n Iig
1 1
0 0 0 0 —_— 0 — 0
Ci6 msCy1
1 1
0 0 0 0 0 ——
mslig I
1 Rog + mg?Ryy
0 0 0 0 0 0 — - =
Cx me? I
o
ny
0
0
0
B= |, (28)
0
0
. O -
The energy equation of the system can be obtained as follows
3MSf
= t 2
/ m1C3 ol ( 9)
¢
Eout(t) z/ le6p2+122 (’726) ]dt (30)
0 I I
ER(i’) = / |:R7f7 + R13f13 + R24f24:| dt (31)
Ee(t) = / (Zfe, + 20 fig+ L0 gt g ®)
0 16

/<e P2, +ple1g>dt (33)
Lig

Iip
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Figure 14. The power bond graph model of ETD.

4. Simulation Tests
4.1. The Simulation Conditions

A simulation model was built, and simulation tests were carried out, according to
Figure 15. The simulation time was selected as 2 s; the claw speed was 0.01 m/s according
to the actual use requirements of the helicopter traction device. The motor controller used
in the simulation is a PID controller based on torque control [38,39]. The system parameters
used in the simulation are shown in Tables 2 and 3.

w T

\ 4

Controller —» Motor Dynamic model Helicopter

Figure 15. Schematic diagram of the simulation model.

The motor model based on torque control is shown in Figure 16 to describe the state
of the system accurately, and the characteristic equation is

MSf = / %dt (34)

where T is the output torque of the motor and | is the moment of inertia of the motor rotor.

Torque Gain

s s =
Velocoty — Acceleration PI +
Limit Limit
> MV —> —»—>

€07

Figure 16. Mathematical model of the motor.
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Table 2. The system parameters of HTD.

Driving Part Symbol Value Unit
TF, 3.14 x 10° rad/m3
Gear pump Ry 3.21 x 10712 m?/(s-pa)
Rs 4.72 x 10° pa-s/m3
Hydraulic pipe Ry 1.81 x 108 pa~s/m3
One-way valve Rg 8.76 x 10° pa-s/m3
Ry 1.03 x 1010 pa-s/m?
Solenoid valve Ryg 33 x 10718 m3/(s-pa)
Ris 1.32 x 10* pa-s/m3
Ciy 251 x 10714 m?/pa
Ryig 1.04 x 10712 m?/(s-pa)
6 3
Hydraulic cylinder Rao 6.37 x 10 pa-s/m
TF, 5.02 x 1073 m?/s
124 46.32 kg
Ro3 60.0 N
Ig 35.75 kg
Movable pulley TF; 0.5
Cos 43 x107° m/N
Ca1 1.49 x 108 m/N
Pulley and chain Ray 7.6 x 1072 N-m-s
TF, 56.25 x 1073 m/rad
Rsy 1 x 10* N
Load Iz 6.04 x 103 kg
Table 3. The system parameters of ETD.
Driving part Symbol Value Unit
TF, 20.61 rad/m
Belt Cs 1.92 x 1077 m/N
TF, 4852 x 1073 m/rad
Ig 425 %1073 kg-m?
Input of reducer R, 76 x 104 Nom-s
Reducer TF3 40 -
Cio 7.8 x 107° rad/(N-m)
Ip 2295 x 1073 kg-m?
Ball screw Ri3 73 % 104 N-m-s
TF, 628.93 Rad/m
118 35.75 kg
Movable pulley TFs 0.5
Cis 43 % 107° m/N
Cn 149 x 1077 m/N
Pulley and chain Rog 7.6 x 1072 N-m-s
TF, 56.25 x 1073 m/rad
Ra7 1 x 10* N
Load Ing 6.04 x 103 kg

4.2. Dynamic Characteristics and Energy Consumption Characteristics of HTD

When the speed of the traction helicopter was set at 0.01 m/s, the simulated motor
output speed and torque curve are shown in Figure 17a, and the motion speed curve of the
helicopter is shown in Figure 17b.
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(a) (b)
Figure 17. (a) The motor speed and torque of HTD; (b) The load speed of HTD.

As shown in Figure 17a, the output speed and torque of the motor increase rapidly
from Os, and reach a steady state at about 0.08 s~0.1 s. At this time, the output speed of the
motor is about 140 rad/s, and the output torque is about 1.45 N-m. As shown in Figure 17b,
the load reaches a steady state at about 0.08 s~0.1 s and mov at a uniform speed.

The energy curve and power curve of the system input are shown in Figure 18a, and
the energy curve and power curve of system output are shown in Figure 18b.

500 T T T T T T 500 T T T T T T T T
280+ 140
Input energy Input Puwﬂ| |— Output energy Output powch
400 + 400 240+ 120
200 100 _
300 - 3005 = =
= = 160t B =,
:):\' '-J-T: :LQ
200 - 200 120+ 60
80 - 40
100 100
40+ 20
1 I 1 I Il 1 1 1 1 0 1 1 Il - I 1 1 Il 1 1 0
02 04 06 08 10 1.2 14 16 1.8 02 04 06 08 10 1.2 14 16 1.8
1/(s) 1(s)
(a) (b)

Figure 18. (a) The input energy and power of HTD; (b) the output energy and power of HTD.

As shown in Figure 18a, the total energy input by the motor of HTD was about 395 |
after working for 2s, and the stable state input power was about 202 W. It can be seen from
Figure 18b that the system output energy was about 193 ], and the steady-state output
power fluctuated around 99 W.

In addition, the energy and power curves consumed by the resistance elements and
energy storage elements in the transmission process of HTD are shown in Figure 19.
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Figure 19. (a) The energy and power curve of the resistance elements; (b) the energy and power
curve of the energy storage elements.

It can be seen from Figure 19a that the energy consumed by the resistance elements
of the system increases sharply from 0 s. When the system reaches a steady state at
about 0.08 s~1 s, the power of the resistance elements begins to stabilize, and the energy
consumed by the resistance elements increases linearly. The energy consumed by the
resistance elements is about 201 J in 2 s, and the steady-state power fluctuates around
103 W.

As shown in Figure 19b, different from the energy consumption of the resistance
elements, the energy consumption of the energy storage elements of the system is only
about 1.14 ] within 2 s. It can be seen from the power variation curve that the energy
consumed by the energy storage elements mainly occurs in the system acceleration stage.
When the system enters the steady state, the energy storage elements are saturated and no
longer consume energy.

4.3. Dynamic Characteristics and Energy Consumption Characteristics of the ETD

Similarly, for the ETD, when the traction speed is set at 0.01 m/s, the simulated motor
output speed and torque curve are shown in Figure 20a, and the helicopter speed curve is
shown in Figure 20b. The steady-state errors of the HTD and ETD are shown in Figure 21.
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Figure 20. (a) The motor speed and torque of ETD; (b) the load speed of ETD.
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Figure 21. The steady-state errors of HTD and ETD.

As shown in Figure 20a, the motor output speed reaches a steady state at about 0.05 s,
at which the speed is 126 rsd/s. The motor torque increases sharply in the acceleration
stage and fluctuates sharply in the steady-state phase. This phenomenon is because the
ETD, compared with the HTD, reduces most of the transmission parts, making the motor
end load more sensitive to changes in system characteristics. After filtering, the steady
output torque of the motor is about 1.25 N-m. Correspondingly, as shown in Figure 20b,
the speed change of load in the steady state is more stable, which is also caused by the
sensitive adaptation of motor output torque.

As shown in Figure 21, compared with the HTD, the ETD can achieve higher control
accuracy in a steady state because the output torque of the motor can accurately reflect the
dynamic characteristics of the system.

The energy curve and power curve of system input are shown in Figure 22a, and the
energy curve and power curve of system output are shown in Figure 22b.
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Figure 22. (a) The input energy and power of ETD; (b) The output energy and power of ETD.

As shown in Figure 22a, after the ETD works for 2 s, the system input energy is
about 254 J, while the input power fluctuates violently, corresponding to Figure 20a. After
filtering, the steady-state input power is about 112.5 W. Figure 22b shows that the output
energy is about 195 J, and the steady-state output power fluctuates around 100 W.

In addition, the energy and power curves consumed by the resistance elements and
energy storage elements in the transmission process of the ETD are shown in Figure 23.
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Figure 23. (a) The energy and power curve of the resistance elements; (b) The energy and power

curve of the energy storage elements.

It can be seen from Figure 23a that the energy consumed by the resistance elements
of the system also increases sharply from 0 s. When the system reaches a steady state at
0.05 s, the power of the resistance elements begins to stabilize, and the energy consumed by
the resistance elements begins to increase linearly. The energy consumed by the resistance
elements of the ETD is about 24 ], and the steady-state power fluctuates around 12 W, which

is much lower than the HTD.

As shown in Figure 23b, the energy consumed by the energy storage elements mainly
occurs in the acceleration stage of the system. When the system enters the steady state, the
energy storage elements are saturated and no longer consume energy. However, the energy
consumption of energy storage elements is much higher than the HTD, which is as high as

35 ] within 2 s.

In addition, it can be seen from Figure 20, 22, and 23 that the input torque and input
power of the ETD fluctuate significantly because of the fluctuation of the energy storage
element. On the one hand, the ETD is more sensitive to the representation of the dynamic
characteristics of the system. On the other hand, the motor control system can adjust the
output torque in real-time according to the motor speed feedback, which leads to the speed
fluctuation of the energy storage elements.

4.4. Analysis of Energy Consumption

For the HTD, the energy utilization rate within 2 s can be obtained from Equation (35),
and the calculated energy utilization rate is about 48.85%. In the steady state, the energy
transfer efficiency of the system can be obtained from Equation (36), and the calculated
transfer efficiency in the steady state is about 49%.

Ein
= —in 35
171 Eout ( )
P
= 36
=3 (36)

After ETD works for 2 s, the energy utilization rate is 76.77%, and the energy transfer
efficiency of the system is about 88.89% in the steady state.

Figure 24 shows the energy consumption ratio of the HTD and ETD. The energy
consumption of the energy storage elements is further divided into inertance elements
and compliance elements to describe this characteristic more accurately. The resistance
elements in the HTD are divided into internal leakage and motion damping.
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Figure 24. (a) The energy consumption ratio of HTD; (b) the energy consumption ratio of ETD.

As shown in Figure 24, the energy consumption loss of the HTD is more concentrated
on the resistance elements, accounting for about 50.87%. Among them, the resistance loss
accounted for 29.36% of the total energy consumption of the system, and the leakage loss
accounted for 21.51%. On the contrary, the energy loss of the ETD is more concentrated in
the energy storage elements, accounting for about 14%, among which the energy storage
loss caused by the inertance elements is as high as 13.39%.

This phenomenon is expected for the high-pressure, high-flow hydraulic system used
in the HTD. Relatively high pressure and flow will inevitably lead to severe system leakage
and resistance loss. As for the ETD, the energy storage loss caused by the inertance elements
is mainly caused by the high speed and large inertia transmission parts at the input end of
the reducer.

5. Conclusions

Based on the power bon-graph theory, this paper proposes a modeling method that
takes into account the dynamic characteristics and energy consumption characteristics
of the system and brings the helicopter traction device as an example for analysis and
simulation test. The following conclusions can be drawn from the simulation results.

1.  The proposed modeling method can better reflect the dynamic characteristics of the
system and accurately describe the energy consumption trend in each link of the
system. This modeling method is mainly used for energy consumption analysis
and the optimization design of shipborne equipment. It also has essential reference
significance for the modeling and analysis of other complex mechanical systems.

2. Compared with the HTD, the ETD has a higher energy utilization rate and more stable
system operation in the steady state. Therefore, in shipborne equipment, it is of great
significance to popularize the application of electric drive equipment to improve the
capability of ocean voyages and long-term combat.

3.  Theenergy consumption of the HTD is mainly concentrated on the resistance elements,
accounting for 50.87% of the total energy consumption. The energy consumption of
the ETD is mainly concentrated in the inertance elements, accounting for 13.39% of
the total energy consumption. This conclusion is helpful for designers to optimize the
energy consumption of the system and improve its efficiency.
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