
Research Article
Online Monitoring Technique of Power Condition for
Inverter-Fed Motor Driven Hydraulic System

Lichen Gu and Yuan Shi

School of Mechanical and Electronic Engineering, Xi’an University of Architecture and Technology, Xi’an 710055, China

Correspondence should be addressed to Yuan Shi; shiyuan@xauat.edu.cn

Received 1 February 2019; Revised 1 April 2019; Accepted 17 April 2019; Published 5 May 2019

Academic Editor: Changzhi Wu

Copyright © 2019 Lichen Gu and Yuan Shi. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

As a new type of global energy-saving transmission mode, frequency conversion hydraulic drive system has been widely used.
Since hydraulic systems become more complex and transfer more power, operating accidents often occur unexpectedly.Therefore,
online monitoring of the running state of the hydraulic system is significant during its long-term operation.The pressure, flow, and
vibration signals obtained by traditional monitoring methods are nonstationary and susceptible to disturbance. In order to solve
this problem, a method of monitoring power condition of the motor driven hydraulic system based on input voltage and current
of the motor is proposed. The present study uses the amplitude and phase information of the voltage and current signals on the
stator side of the AC motor to form a dynamic power circle graph and extracts feature information from the graph to monitor
the power state and its dynamic change process of the hydraulic system. Results obtained from experiments conducted under
different frequencies and loads indicate that the proposed method can realize the online monitoring successfully and effectively.
Furthermore, the method has another advantage of monitoring the dynamic power change process of the hydraulic drive system
and the power matching process between the motor and the system load condition in a visualized way.

1. Introduction

Compared with the traditional asynchronous motor drive
hydraulic system, the variable frequency drive (VFD)
hydraulic system has the advantages of wide speed regulation
range, small loss, and high system efficiency [1–3].Therefore,
it has been rapidly developed and applied in the fields
of hydraulic elevator, aircraft, injection molding machine,
centrifuge, pumping unit, and coiler [4–6]. The increasing
importance of these energy conversion devices and their wide
application require the development of research work. State
monitoring, energy saving control, and early fault prevention
and diagnosis have been constantly studied [7–9].

During the operation of hydraulic equipment, the
mechanical, electrical, and hydraulic parameters are dynamic
and coupled. In order to fully understand the operation state
and the design and manufacture level of the equipment, the
working conditions should be considered to comprehensively
analyse the changing process of the mechanical, electrical,
and hydraulic parameters. However, most of these parame-
ters, such as vibration, force, torque, rotating speed, pressure,

and flow, are obtained by embedded measurement method.
They have limited feature information and are easy to be
disturbed [10–12].These signals have low signal-to-noise ratio
and contain incomplete fault information due to the influence
of multicoupling and strong coupling characteristics of the
system, and the mutual interference among the loops in the
system, etc. In addition, since the hydraulic componentswork
in the closed oil circuit, the working process is not visible
as that in mechanical transmission and the measurement of
operating parameters is prone to interference.

Researchers have made a lot of achievements in state
monitoring and fault diagnosis of motors by using the
method based on electrical signal analysis [13–15].The advan-
tages of these studies are that there is no need to estimate
current parameters and it is easy to install the current sensor.
Therefore, in recent years, fault diagnosis based on electrical
parameters has been extended to the transmission chain
between motor and load. For instance, in the fault detection
of gearbox driven by induction motor, the wear or fracture
of gear teeth can be detected by analyzing the frequency
spectrum of stator current or estimated electric torque [16,
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Figure 1: Two-port network model for energy transfer of motor driven hydraulic system.

17]. Reference [18] proposes a way of detecting faults by
monitoring motor current or voltage to detect abnormal
worktable of coal mill. Reference [19] presents a study in
detecting misalignment between the motor axes and load
by tracking the stator current and active power consumed
by the motor. In [20], the method of detecting cavitation in
hydraulic system by motor variable is studied. In [21], the
method of extracting useful diagnostic information of motor
current signal is used to monitor and diagnose the fault of
centrifugal pump.

A large number of experimental studies and theoretical
analyses have shown that the characteristic information,
which reflects the running state, load change, and design
defects of hydraulic equipment, is coupled with the electrical
parameters of the motor by the mechanical and fluid param-
eters. This is because that the coupling effect exists between
the stator and rotor of the motor during the operation of the
motor drive equipment [16, 22, 23]. The changing process of
the motor power contains characteristic information which
reflects the operating state, the working condition, the load
changing, and the power matching of the system. Therefore,
it is a practical monitoring method to study the running
state which is contained in the information of the electrical
parameters of the operating equipment.However, the existing
methods using electrical signals of motors are mostly based
on frequency domain analysis and offline detection. More-
over, there is no visual monitoring technology to observe
online the matching condition of the instantaneous power of
the motor and the load. Therefore, a graphical monitoring
method of power condition using the input voltage and
current signal of the induction motor is proposed.

This paper is structured as follows. In Section 1, a detailed
analytical analysis of the mechanical, electrical, and hydraulic
energy conversion and coupling process is performed by
establishing the dynamic power balance equation of the AC
motor driven hydraulic system. In Section 2, the dynamic
power circle equations and the corresponding power cir-
cle graphs are deduced through mathematical derivation.
Furthermore, the characteristic information in the graphics,
including the area, the tilt angle, and its changing direction of
the power circle, is extracted, and the functional relationship
between graphic features and physical quantities is obtained.
A graphical monitoring method based on power circle is
established to realize the online monitoring of the working
state, the power condition, and the load of the hydraulic
system. Section 3 presents the experiments under the condi-
tion of different supply frequencies and loads. In Section 4,
the experimental results are discussed and the conclusion is
drawn.

2. Theoretical Development

2.1. Energy Conversion Process of Hydraulic System. A motor
driven hydraulic system mainly includes power supply,
motor, hydraulic pump, hydraulic motor (or hydraulic cylin-
der), and load device. The energy transfer and conversion
process of the hydraulic system can be illustrated by a two-
port network model [24, 25], as shown in Figure 1.

In Figure 1, the input energy of the system is electric
energy (𝑢, 𝑖), which is converted into coupling rotational
kinetic energy (𝑇e, Ω) of the system state. The output energy
of the system is fluid kinetic energy and pressure energy(𝑝p, 𝑄p). The energy loss during the transmission includes
electrical loss 𝑅e and mechanical loss 𝑍Ω which includes
friction and damping loss and fluid pressure loss 𝑍Y which
includes liquid resistance loss and liquid sense loss.

During the energy conversion process of themotor driven
hydraulic system, themotor, on one hand, generates inductive
electromotive force in the circuit by the change of the stored
electromagnetic energy caused by the current change, at the
same time, it absorbs the outside electric energy. On the other
hand, it generates electromagnetic torque and transforms
magnetic energy into mechanical energy as the output. Thus,
the conversion from electric energy to mechanical energy is
realized, which is the electromechanical coupling process. On
the one hand, the high pressure cavity of the hydraulic pump
absorbs rotating mechanical energy from the output shaft of
the motor. On the other hand, the fluid energy is the output
from the outlet of the hydraulic pump.That is the mechanic-
hydraulic coupling process.

According to the principle of power conservation, the
power balance relation in the energy exchange process can
be expressed as

𝑃in = Δ𝑃R + 𝑃ms + 𝑃m (1)

𝑃m − Δ𝑃m = Δ𝑃l + 𝑃ps + 𝑃out (2)

where𝑃in is the input power of the motor,Δ𝑃R is the electrical
resistance loss power of the motor,𝑃ms is the storage power of
the motor, 𝑃m is the mechanical output of the motor, Δ𝑃m is
themechanical loss power,Δ𝑃l is the leakage loss power of the
hydraulic pump, 𝑃ps is the storage power of the high pressure
chamber of the hydraulic pump, and 𝑃out is the output power
of the hydraulic pump.

According to the coupling process in Figure 1, the elec-
tromagnetic torque of the motor 𝑇e is used as the coupling
variable during the electromechanical coupling process and
the outlet pressure of the hydraulic pump 𝑝p is used as the
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coupling variable during the mechanic-hydraulic coupling
process.

Motor-hydraulic pump rotor system is a multivariable,
strongly coupled, and nonlinear system. During the coupling
process, working load determines the coupling variable 𝑝𝑝.
When 𝑝p rises, current of the motor stator and rotor is
increased by the electromechanical coupling variable 𝑇e,
and the vibration of the rotor system in (𝑥, 𝑦, 𝑧) direction
is intensified. If the motor eccentricity increases due to
manufacturing eccentricity or improper installation, vibra-
tion in the direction of (𝑥, 𝑦, 𝑧) will be coupled to the
torsional vibration system, resulting in changes in current
and hydraulic parameters. If the hydraulic pump fails, the
pressure, efficiency, and flow rate of the hydraulic pump will
change, and the current and vibration parameters will be
affected by the coupling of the torsional vibration system.
If the motor fails, such as short circuit and broken bar,
the inductance must be changed, resulting in changes in
electrical parameters.The following is to prove the functional
relationship between electrical parameters and the working
load and between the electrical parameters and the coupling
variables from the perspective of power balance, so as to prove
that the dynamic change of electrical parameters contains
characteristic information of working conditions, loads, and
operating states of the system.

2.2. Inverter-Motor Link. In frequency conversion control,
the output of the converter is PWMwave, which contains a lot
of harmonics. However, the motor torque mainly depends on
the effective value of fundamental voltage. The stator current
of the AC motor increases when it is supplied with variable
frequency power, but the difference of the effective value
of the stator current is basically unchanged. The difference
between the stator current of the inverter-fed motor and
its fundamental component is approximately constant and
independent of the load. The total loss of variable frequency
motor is obviously higher than that of sinusoidal power
supply, but the difference between them is basically the same.
That is, the total loss of the motor caused by the harmonic
component of the converter is almost independent of the
load [26]. Therefore, the present study uses the fundamental
frequency signal of AC parameters.

U/f control is an approximate constant flux control and a
common controlmode of open loop variable frequency speed
control system. Ignoring the leakage impedance voltage drop
of stator windings, the voltage of each phase of the ACmotor
is approximately equal to the electromotive force. It shows
that the stator voltage changes with the power frequency
and the ratio of the stator voltage to the power frequency
is constant. On the premise that the flux of the motor
remains unchanged, the magnitude of the electromagnetic
torque depends on that of the rotor current. Therefore, the
magnitude of the stator current of the motor is determined
by the load torque, independent of the output frequency of
the frequency converter.

Coordinate transformation does not affect the power bal-
ance relationship of the motor. Therefore, Clark coordinate
transformation is used to simplify the model and eliminate
time-varying inductance. Then, the effect of transformer

electromotive force (EMF) and motion EMF in the elec-
tromechanical energy conversion process is decoupled [27].
The simplified voltage balance equation of three-phase asyn-
chronous motor in two-phase static coordinate system is as
follows[28]:

u = Ri + Lpi + G𝜔𝑟i (3)

Multiplying both ends of (3) by i𝑇, the power balance
equation of the motor can be obtained as follows:

i𝑇u = i𝑇Ri + i𝑇Lpi + i𝑇G𝜔𝑟i (4)

where iΤu is the input power 𝑃in, iΤRi is resistance loss power𝑃c, iΤL𝑝i is the stored power 𝑃Q in the coupled magnetic field
which corresponds to the transformer EMF and belongs to
reactive power, and i𝑇G𝜔ri is the output mechanical power𝑃m which corresponds to the motional EMF.

Torque balance equation on the motor shaft is expressed
as follows [29]:

𝐽T dΩd𝑡 = 𝑇e − 𝑇df − 𝑇m − 𝐵TΩ (5)

Multiplying both sides of (5) byΩ, the output power balance
equation of the motor shaft is expressed by

𝐽TΩdΩ
d𝑡 = 𝑇eΩ − 𝑇dfΩ − 𝑇mΩ − 𝐵TΩ2 (6)

where 𝐽TΩdΩ/d𝑡 and 𝐵TΩ2 are the power stored on the drive
shaft, 𝑇eΩ is the output power of the motor, 𝑇dfΩ and 𝑇mΩ
are mechanical loss power and the power absorbed by the
hydraulic pump, respectively.

According to (4) and (6), the coupling variable 𝑇e is
expressed as follows:

𝑇e = np𝐿m (𝑖𝑠𝛽𝑖𝑟𝛼 − 𝑖𝑠𝛼𝑖𝑟𝛽) (7)

Equations (4) and (6) are the balance equations of motor
input and output power, and (7) is the electromechanical
coupling equation.

2.3. Hydraulic Rotary System Link. Based on the theory
of mechanical dynamics and fluid mechanics, the follow-
ing assumptions are made: the pipeline pressure loss and
dynamic process between pump and motor are neglected;
the pulsation of hydraulic pump oil supply is neglected; the
leakage flows of pump andmotor are laminar flow; the output
shaft of motor and its connecting parts are absolutely rigid
connection.

2.3.1. Power Balance Equation of Hydraulic Pump. It is given
that the theoretical flow, output flow, and leakage of the
hydraulic pump are𝑄L,𝑄p, and𝑄lp, respectively, and the flow
caused by hydraulic compression is𝑄ps; then the flow balance
equation of the hydraulic pump is [30]

𝑄L = 𝑄p + 𝑄lp + 𝑄ps (8)
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Multiplying both sides of (8) by the system pressure, the
power balance equation of the hydraulic pump is obtained as
follows:

𝑝p𝑄L = 𝑝p𝑄p + 𝑝p𝑄lp + 𝑝p𝑄ps (9)

where 𝑝p𝑄L and 𝑝p𝑄p are the input power and output fluid
power of the hydraulic pump and𝑝p𝑄lp and𝑝p𝑄ps are leakage
power of the hydraulic pump and storage power of high
pressure chamber, respectively.

2.3.2. Power Balance Equation of Hydraulic Motor Driving
Load. The amount of oil flowing into the hydraulic motor𝑄p
is equal to the sum of flow 𝑄m required to drive the motor,
fluid compression 𝑄ms, and motor leakage 𝑄lm. It can be
expressed as follows [30]:

𝑄p = 𝑄m + 𝑄ms + 𝑄lm (10)

Bymultiplying both sides of (10)with the system pressure, the
power balance equation of the hydraulic motor is obtained:

𝑝p𝑄p = 𝑝p𝑄m + 𝑝p𝑄ms + 𝑝p𝑄lm (11)

The torque balance equation on the motor shaft is [30]

𝐷m𝑝p𝜂m = 𝑇lm + 𝑇mf + 𝐽m𝑑𝜔m𝑑𝑡 + 𝐵m𝜔m (12)

where 𝐷m is the displacement of the motor, 𝜂m is the
mechanical efficiency of the motor, 𝐽m is the moment of
inertia converted to the motor shaft, 𝜔m is the angular speed
of the motor, 𝐵m is the damping coefficient of the rotor,𝑇mf is
the nonlinear friction torque of the motor, and 𝑇lm is the load
torque of the motor.

By multiplying the angular velocity of the motor 𝜔𝑚 at
both ends of (12), the power balance equation on the motor
shaft is obtained and then substituted into (11) to obtain the
power model of the motor driving load as expressed in

𝑝p𝑄p = 𝑝p𝑄ms + 𝑝p𝑄lm + 𝜔m𝑇mf + 𝜔m𝑇lm
+ 𝜔m𝐽m d𝜔m

d𝑡 + 𝐵m𝜔2m
(13)

where 𝑝p𝑄p is the fluid power, 𝑝p𝑄ms is the storage power
of the motor oil chamber, 𝑄ms = 𝑉m/𝛽e ⋅ d𝑝p/d𝑡, 𝑉m is the
volume of the high pressure chamber, 𝑝p𝑄lm is the leakage
loss power of the motor,𝑄lm = 𝐶lm𝑝p,𝐶lm is the total leakage
coefficient of the hydraulic motor, 𝜔m𝑇mf and 𝜔m𝑇lm are the
mechanical loss power and the output power of the motor,
respectively, and 𝜔m𝐽m(𝑑𝜔m/𝑑𝑡) and 𝐵m𝜔2m are the power
stored on the hydraulic motor shaft.

2.4. Power Balance Equation of Induction Motor Drive
Hydraulic System. According to the analysis of the energy
conversion process and the power balance equation of each
link, (6) can be expressed as (14). That is, the difference
between the instantaneous input power of the motor and the
reactive power equals the total of the resistance loss power of
the motor and the output mechanical power.

𝑃in − 𝑃Q = 𝑃c + 𝑘 (r) 𝑃m (14)

In (14), 𝑘(r) represents the connection coefficient between
the motor and the hydraulic pump, which depends on their
installation level and connection mode. It is a function of the
space vector composed of the vibrations of 𝑥,𝑦, and 𝑧. Ideally,
it can be regarded as a constant. Here its value is set to be 1.

By substituting (6), (9), and (13) into (14), the power
balance equation of the AC motor driven hydraulic system
is obtained as follows:

𝑃in − 𝑃Q = 𝑃c + 𝐽TΩdΩ
d𝑡 + 𝑇dfΩ + 𝐵TΩ2 + 𝑝p𝑄lp

+ 𝑝p𝑄ps + 𝑝p𝑄ms + 𝑝p𝑄lm + 𝜔m𝑇mf

+ 𝜔m𝑇lm + 𝜔m𝐽m d𝜔m
d𝑡 + 𝐵m𝜔2m

(15)

The power on the right side of (15) is qualitatively divided
into three categories: the power consumed by working load𝑃es, the power consumed by leakage and loss of hydraulic
system 𝑃ls (including control valve), and the power stored in
hydraulic system 𝑃ss (including accumulator). Therefore, the
power composition of the hydraulic system and its dynamic
balance equation are obtained.

𝑃in − 𝑃Q = 𝑃es + 𝑃ls + 𝑃ss (16)

𝑃es = 𝜔m𝑇lm (17)

𝑃ls = 𝑃c + 𝑇dfΩ + 𝜔m𝑇mf + 𝑝p𝑄lp + 𝑝p𝑄lm (18)

𝑃ss = 𝐽TΩdΩ
d𝑡 + 𝐵TΩ2 + 𝑝p𝑄ps + 𝑝p𝑄ms

+ 𝜔m𝐽md𝜔m
d𝑡 + 𝐵m𝜔2m

(19)

Theworking characteristic of the hydraulic system is that loss
power, storage power, and load power influence each other
and change all the time. If the loss of power increases, the
efficiency of the hydraulic system decreases and the system
temperature and failure rate increase. When the energy stor-
age power is low, the hydraulic systemfluctuationwill become
larger and impact resistance and stability will become worse.
When the load power is too high, the energy storage power
decreases, the loss power increases, the controllability of the
hydraulic system decreases, and the failure rate increases.
These characteristicsmake it difficult to carry out the research
on state monitoring and fault diagnosis of the hydraulic
systems. Therefore, the research on state monitoring, fault
diagnosis, and power matching should be carried out based
on the dynamic characteristics, energy structure, and the
matching situation of the hydraulic systems.

3. Proposed Monitoring Method

3.1. Active Power Circle (APC) and Reactive Power Circle
(RPC). Given a perfectly symmetrical three-phase power
supply induction motor, after low-pass filter processing, the
phase voltage and current signal of the motor stator are
expressed as follows[31]:
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𝑢𝑗 = 𝑥 = 𝑓 (𝑡) 𝐵 cos [2𝜋𝑓 (𝑡) 𝑡 + 𝜑𝑢]
𝑖𝑗 = 𝑦 = 𝐴 cos [2𝜋𝑓 (𝑡) 𝑡 + 𝜑𝑖] (20)

where 𝑗 = 𝑎, 𝑏, 𝑐 represents the indexes of the phases, 𝑓(𝑡)
is the output frequency of the converter, 𝐴 is the amplitude
of the current, 𝐵 is the ratio of phase voltage amplitude to
frequency,𝜓𝑢 and𝜓𝑖 are the initial phases of the phase voltage
and current, respectively, 𝜓𝑢 − 𝜓𝑖 = 𝜑 is the phase difference,
and cos 𝜑 is the power factor.

𝐵 = √2𝑈𝑓 (𝑡) ≈
√2 × 4.44𝑓 (𝑡) 𝐾1𝑁1Φ𝑓 (𝑡) = 6.28𝐾1𝑁1Φ (21)

According to the Lissajous graphic principle [32], in a two-
dimensional plane of voltage as the horizontal axis and
current as the vertical axis, the graph drawn by (20) is an
ellipse centered at the origin.

By introducing 𝜔(𝑡)𝑡 + 𝜓𝑖 = 𝛼 into (20), cos𝛼 and sin 𝛼
can be obtained by

cos 𝛼 = 𝑦𝐴 (22)

sin 𝛼 = (𝑦/𝐴) cos𝜑 − (𝑥/𝑓 (𝑡) 𝐵)
sin 𝜑 (23)

Substituting (22) and (23) into trigonometric functions
cos2𝑎 + sin2𝑎 = 1, finally the equation of the ellipse in
Descartes coordinate system is obtained as expressed by

𝑥2
[𝑓 (𝑡) 𝐵]2 −

2𝑥𝑦𝑓 (𝑡) 𝐴𝐵 cos𝜑 +
𝑦2𝐴2 − sin2𝜑 = 0 (24)

Equation (24) is defined as the reactive power circle (RPC)
equation and its graph is defined as reactive power circle
shown in Figure 2.

In the same way, by adding 90 degree to the phase of
voltage signal in (20), the active power circle (APC) equation

is obtained as expressed by (25), and the corresponding graph
of the APC is showed in Figure 2.

𝑥2
[𝑓 (𝑡) 𝐵]2 +

2𝑥𝑦𝑓 (𝑡) 𝐴𝐵 sin 𝜑 +
𝑦2𝐴2 − cos2𝜑 = 0 (25)

Figure 2 shows that in the coordinate plane of voltage as
the horizontal axis and current as the vertical axis, the APC
and RPC are both ellipses and centered at the origin of the
Cartesian coordinates. On the trajectory of each power circle,
any point 𝐴(𝑢𝐴, 𝑖𝐴) or 𝐵(𝑢𝐵, 𝑖𝐵) represents the instantaneous
value of the voltage and current at the stator side of the motor.
The rectangular area enclosed by the vertical line from the
point to the coordinate axis presents the instantaneous active
or reactive power, respectively.

3.2. Functional Relation between Power and Graphic Charac-
teristic Quantity. Assuming that the power supply frequency
is 𝑓1, taking the single-phase RPC as an example, the RPC
area expressed by 𝑎RPC can be calculated using Green’s
formula, as expressed in (27).

𝑥 = 𝑓1𝐵 cos [2𝜋𝑓1𝑡 + 𝜑𝑢]
𝑦 = 𝐴 cos [2𝜋𝑓1𝑡 + 𝜑𝑖]

𝑡 ∈ [0, 𝑇] , 𝑇 = 1𝑓1
(26)

𝑎RPC = 12 ∮𝐿 𝑥d𝑦 − 𝑦d𝑥 =
12 ∫
𝑇

0
(𝑥d𝑦

d𝑡 − 𝑦d𝑥d𝑦) d𝑡
= 𝜋𝑓1𝐴𝐵 sin 𝜑

(27)

Then, the relationship between reactive power 𝑄 [33] and𝑎RPC is

𝑄 = 3 × 𝐴√2 ×
𝑓1𝐵√2 × sin 𝜑 = 3𝑓1𝐴𝐵2 sin 𝜑 = 32𝜋𝑎RPC (28)

Similarly, the relationship between the active power𝑃 and the
APC area is

𝑃 = 32𝜋𝑎APC (29)

Equations (28) and (29) show that the APC and RPC areas
are proportional to the active and reactive power, respectively.
Therefore, changes of APC and RPC can directly reflect
changes of active power and reactive power, respectively.

In Figure 3, the area of the bounding rectangle of APC
and RPC is expressed as 𝑎BR and 𝐿1 and 𝐿2 are side lengths
of the bounding rectangle. Since the center of the bounding
rectangle is the origin, the side length 𝐿1 and 𝐿2 is twice
themaximumamplitudes of voltage and current, respectively,
as shown in (30). Then, area of the bounding rectangle is
obtained as shown in (31).

𝐿1 = 2𝑓 (𝑡) 𝐵
𝐿2 = 2𝐴 (30)

𝑎BR = 𝐿1𝐿2 (31)
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The three-phase apparent power of the inverter-fed motor is
calculated by function 𝑆 = 3𝑈𝐼.

𝑆 = 3𝑈𝐼 = 3 × 𝑓 (𝑡) 𝐵√2 × 𝐴√2 = 3 ×
𝐿12√2 ×

𝐿22√2
= 38𝐿1𝐿2 = 38𝑎BR

(32)

Obviously, it is linearly related to the area of the bounding
rectangle as expressed in (32). Variation of the area can
directly reflect the variation of apparent power of the motor.

The angle between horizontal line and the major axis of
the RPC and APC is defined as reactive tilt angle 𝜃RPC and
active tilt angle 𝜃APC, respectively. By applying coordinate
transformation to (24), the standard equation of the ellipse
is obtained as shown in

( cos2𝜃RPC[𝑓 (𝑡) 𝐵]2 sin2𝜑 + sin2𝜃RPC𝐴2sin2𝜑
− cos𝜑𝑓 (𝑡) 𝐴𝐵 sin2𝜑 sin 2𝜃RPC)𝑥2

+ ( sin2𝜃RPC[𝑓 (𝑡) 𝐵]2 sin2𝜑 + cos2𝜃RPC𝐴2 sin2𝜑
+ cos𝜑𝑓 (𝑡) 𝐴𝐵 sin2𝜑 sin 2𝜃RPC)𝑦2

+ (− 2 cos𝜑𝑓 (𝑡) 𝐴𝐵 sin2𝜑cos 2𝜃RPC − sin 2𝜃RPC[𝑓 (𝑡) 𝐵]2 sin2𝜑
+ sin 2𝜃RPC𝐴2 sin2𝜑 )𝑥𝑦 = 1

(33)

In (33), according to the standard equation of ellipse, the third
term on the left is equal to zero, as expressed in

2 cos𝜑𝑓 (𝑡) 𝐴𝐵 sin2𝜑cos 2𝜃RPC + sin 2𝜃RPC[𝑓 (𝑡) 𝐵]2 sin2𝜑
− sin 2𝜃RPC𝐴2 sin2𝜑 = 0

(34)

By solving (34), the value of the reactive tilt angle 𝜃RPC is
obtained as shown in

𝜃RPC = {{{{{
12arctan 2𝑓 (𝑡) 𝐴𝐵 cos𝜑[𝑓2 (𝑡) 𝐵2 − 𝐴2] , 𝑓 (𝑡) 𝐵 ̸= 𝐴
±𝜋4 , 𝑓 (𝑡) 𝐵 = 𝐴 (35)

Similarly, the active tilt angle 𝜃APC can be obtained as shown
in

𝜃APC = {{{{{
12arctan 2𝑓 (𝑡) 𝐴𝐵 sin 𝜑

[𝐴2 − 𝑓2 (𝑡) 𝐵2] , 𝑓 (𝑡) 𝐵 ̸= 𝐴
±𝜋4 , 𝑓 (𝑡) 𝐵 = 𝐴 (36)

In Figure 3, changes of the tilt angles present different
changing rules under different working conditions. When the
motor is running in the motoring condition, according to its
operating principle, there should be cos𝜑 < 0 and sin 𝜑 > 0;
that is, the motor consumes active and reactive power. Under
this condition, if 𝑓1𝐵 > 𝐴, the reactive tilt angle 𝜃RPC is at(0, 𝜋/4), and the active angle 𝜃APC is at (−𝜋/4, 0); if 𝑓1𝐵 <𝐴, 𝜃RPC is at (𝜋/4, 𝜋/2), and 𝜃APC is at (−𝜋/2, −𝜋/4), which
means that the reactive tilt angle 𝜃RPC is in the first quadrant,
and the active tilt angle 𝜃APC is in the fourth quadrant.

When the motor is running in generation condition,
cos𝜑 < 0 and sin 𝜑 > 0, the motor emits active power
and consumes the reactive power to establish magnetic field.
Under this condition, if 𝑓1𝐵 > 𝐴, the reactive tilt angle 𝜃RPC
is at (−𝜋/4, 0) and the active angle 𝜃APC is at (−𝜋/4, 0); if𝑓1𝐵 < 𝐴, 𝜃RPC is at (−𝜋/2, −𝜋/4) and 𝜃APC is at (−𝜋/2, −𝜋/4),
which means both 𝜃RPC and 𝜃APC are in the fourth quadrant.

Based on the analysis above, the following conclusion
can be drawn: when the motor is running under electric
condition, the active tilt angle is in the first quadrant and the
reactive tilt angle is in the fourth quadrant; when the motor is
generating, both angles are in the fourth quadrant. Therefore,
the characteristics of motor load condition can be judged
according to the tilt angles of the power circles.

3.3. Apparent, Active, and Reactive (A/A/R) Power Cir-
cles Graph. In electrotechnics, alternating current power is
defined as the flow rate of energy through a given node. In
the average energy of a complete cycle of an AC waveform,
the power flow that transfers energy in one direction is called
active power P; the power flow that is reserved and returned
to the power supply is called reactive power Q; the product
of the voltage effective value and the current effective value
is the apparent power 𝑆. The relationship between the three
powers is as follows:

𝑆2 = 𝑃2 + 𝑄2 (37)



Mathematical Problems in Engineering 7

−2

−1

0

Po
w

er
 (p

u)

1

2

10−1 2−2
Power (pu)
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Combining (37) with (28), (29), and (32), the power circle
equations are obtained, as shown in (38), by which the
A/A/R power circles of the motor is established in the same
coordinate system, and the graph is shown in Figure 4.

𝐴outer circle = 𝜋𝑆2 = 𝜋(38𝑎BR)
2

𝐴 inner circle = 𝜋𝑃2 = 𝜋( 32𝜋𝑎APC)
2

𝐴 ring = 𝜋𝑄2 = 𝜋[(38𝑎BR)
2 − ( 32𝜋𝑎APC)

2]
(38)

In Figure 4, the area of the outer circle, inner circle, and the
ring represents the square of apparent power, active power,
and reactive power, respectively. Changes of the power circles
correspond to changes of the working conditions, which
will be verified by experiments. The A/A/R power circles
graph can visually reflect the dynamic relationship among
the apparent power, active power, and reactive power under
varying operating conditions of the motor driven hydraulic
system.

4. Experimentation

4.1. Experiment Setup and Signals Preprocessing

4.1.1. Experiment Platform. The test bench and its schematic
diagram are shown in Figure 5. It is a pump-controlled vari-
able frequency and variable displacement compound speed
regulating hydraulic system, which mainly consists of power
source, closed hydraulic transmission system, hydraulic load-
ing system, and measurement and control system.The power
source of the test bench includes distribution system, fre-
quency converter, and three-phase asynchronous motor. The
closed hydraulic transmission system includes variable pump,
variable motor, and hydraulic control components such as
relief valve. The hydraulic loading system includes gear pump

and pilot proportional relief valve for loading. The measure-
ment and control system includes sensors, multifunction data
acquisition card, industrial computer, and software platforms.

The frequency converter controls the motor 1 to drive the
variable displacement piston pump 3 and then adjusts the
input flow of the variable piston motor 6 by changing the
speed or displacement of the pump 3. Loading valve 9 is used
to regulate the outlet pressure of gear pump 8 and then control
the load torque of variable pistonmotor 6. Safety valve 5 limits
the maximum working pressure of the hydraulic system. The
slippage pump 4 is used to supplement the leakage flow of
pump 3 and motor 6, and the oil pressure is controlled by
the relief valve 12. Flow meter 21 measures the high pressure
side flow of the hydraulic system. Pressure sensors 19 and
22 measure the high pressure chamber pressure of variable
pump 3 and variable motor 6, respectively. Pressure sensor
13 is used to measure the pressure of the system. Speed and
torque sensors 2 and 7 measure the torque and speed of
variable pump and motor, respectively.

In the experiments, the speed of variable displacement
pump is controlled by adjusting the frequency of the inverter,
and the loading signal is adjusted by controlling the input of
the loading valve. In this way, the pressure of the gear pump
oil-out line is generated, and the loading torque is generated
on the motor shaft.

4.1.2. Acquisition of Electrical Signals. As shown in Figure 6,
converter 2 processes the three-phase alternating current
(AC) supplied by power supply 1 and drives the motor to
rotate with the AC signal output from the converter. At the
same time, sensor 7 measures the voltage and current signals
after frequency conversion. Since the voltage and current
signals output from the inverter are no longer standard
sinusoidal waves because of their harmonics, it is impossible
to accurately describe the phase information of voltage and
current signals. Therefore, conditioning circuit 8 is used to
obtain the voltage and current signals which are close to
sinusoidal waveform. Then the digital signal is acquired by
A/D acquisition card 9 and sent to the computer for further
signal processing.

The experiment uses an electric parameter data acquisi-
tion system which enables a noninvasive measurement with
great accuracy [34]. In the conditioning circuit, MFB third-
order Butterworth low-pass filter as shown in Figure 7 is
adopted.

The waveforms of the collected voltage and current
signal are shown in Figures 8(a) and 8(b). It can be seen
that although the signal is filtered in the hardware circuit,
nonfundamental frequency interference still exists in the
voltage and current signals. In order to retain useful infor-
mation for analysis and filter out interference information,
the fundamental frequency components of signals are further
extracted by low-pass filtering in computer software. Since
the motor circuit of the test bench is triangular connection,
shown in Figure 5(c), the line current is converted into
phase current by phase-shifting and amplitude-modulation
processing before filtering.The smooth sinusoidal waveforms
of voltage and current are obtained after filtering, as shown in
Figures 8(c) and 8(d).
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Figure 5: (a) Schematic diagramof experiment platform. 1-variable frequencymotor, 2/7-torque and speed sensors, 3-variable piston pump, 4-
slippage pump, 5-safety valve, 6-variable pistonmotor, 8-gear pump, 9-proportional relief valve, 10/14-globe valve, 11/15/17-filter, 12-relief valve,
13/19/22-pressure sensor, 16-radiator, 18-tank, 20-temperature sensor, and 21-flow meter. (b) Hydromechatronics test platform. (c) Wiring
diagram of three-phase electric parameter acquisition.

In addition, in order to facilitate calculation and analysis,
the per-unit values of voltage and current signals (i.e., the
ratio of voltage and current signals to the reference value
based on no-load operation voltage and current signals) are
used.

4.2. Experiment during Varying Speed Condition

4.2.1. Monitoring under Frequency Conversion Acceleration
Condition. The variation law of power circles and tilt angles
during frequency conversion acceleration is shown in Figures
9 and 10. In the experiment, the motor speed is set to change
from 100 to 600 r/min (the speed is proportional to the
frequency), and the sampling frequency is 5000Hz.

In Figure 9, the areas of APC and RPC increase with the
speed, while the tilt angles decrease. The vertical edge of the
bounding rectangle 𝐿2 (corresponding to the current ampli-
tude) does not change significantly during the acceleration
process, while the vertical edge 𝐿1 (corresponding to volt-
age amplitude) increases gradually during the acceleration.
Figure 10 shows the variation law of A/A/R power and tilt
angle during frequency conversion acceleration. The higher
the supply frequency, the larger the areas of RPC and APC,
and the smaller the tilt angles 𝜃RPC and 𝜃APC.
4.2.2. Monitoring under Sinusoidal Frequency Condition. The
variation law of power circles and tilt angles under sinusoidal
frequency condition is shown in Figures 11 and 12, where
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Figure 7: Schematic diagram of third-order Butterworth low-pass filter circuit.

the speed of the motor is set to change sinusoidally between
100 𝑟/min and 600 𝑟/min. The tilt angles and powers vary
periodically with the change of motor speed. When the
frequency sinusoidally increases, the areas of APC and RPC
increase, while the active tilt angle 𝜃APC and reactive tilt angle𝜃RPC decrease. When the frequency sinusoidally decreases,
the area of APC and RPC decrease, while the active tilt angle𝜃APC and reactive tilt angle 𝜃RPC increase.

4.3. Monitoring under Constant Frequency. Experiments
under typical working conditions of the hydraulic system,
such as loading, unloading, overloading, and impact, are
carried outwith a constant frequency of 50 Hz.Theminimum
and maximum load pressure are 0MPa and 15MPa, respec-
tively.

4.3.1. Loading and Unloading Conditions. Figure 13(a) shows
the variation law of power circles under a loading condition.
When the system loads, both the area of APC and the
area of RPC increase gradually, the ellipse rotates clockwise
centering at the origin, and the tilt angle decreases. At
the same time, it can be seen that 𝐿1(corresponding to
voltage amplitude) changes a little, while 𝐿2(corresponding
to the current amplitude) increases gradually during the
process of loading. When system load reaches to 15Mpa,
it begins to unload, both of the areas decrease gradually,

and the tilt angles increase gradually. During the process
of unloading 𝐿1 remains unchanged, while 𝐿2 decreases
gradually. Figure 13(b) shows the variation law of tilt angles
under load-adding and load-reducing conditions. It can be
seen that the greater the system load is, the greater the change
rate of tilt angles is. The active power circle rotates from
clockwise to counterclockwise with the increase and decrease
of load.

4.3.2. Overload Protection Condition and Cyclic Impact Con-
dition. Under overloading conditions, as shown in Figure 14,
the change trend of the loading process is consistent with the
trend under loading conditions shown in Figure 13.When the
maximum pressure is reached, overflow protection occurs in
the system, which makes the pressure no longer increase. At
the same time, the system load no longer increases; similarly,
the graphic area and tilt angles no longer change significantly.
When the hydraulic system is subjected to periodic impact,
the graphical characteristics change periodically, as shown in
Figure 15.

4.3.3. Motor Winding Fault Condition. Figure 16 shows the
three-phase active power circles under the condition that
the motor has electrical faults, including out of phase and
short circuit. Figure 16(a) shows the APC of three phases
with A-phase short circuit fault. It is obvious that when the
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Figure 8: Comparison of voltage and current signals before and after preprocessing. (a) Voltage signals acquired. (b) Current signals acquired.
(c) Fundamental component of Voltage. (d) Fundamental component of current.
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Figure 9: Dynamic change process of power circles during frequency conversion acceleration.

motor operates in the state of short circuit (i.e., phase-A short
circuit), voltage of phase-A is zero, voltages of the other two
phase are the same, and both aremuch larger than the normal.
Current of phase-A is the largest and current of the other
two phases are the same and much larger than the normal.
When the motor runs a phase-lacked state (i.e., phase-C
disconnection), as shown in Figure 16(b), current of phase-
C is zero, currents of the other two phases are the same and
larger than the normal, the active power of phase-A is the
largest, and phase-B is the second.

5. Conclusion

In this paper, a monitoring approach of the power condition
for inverter-fed motor driven hydraulic system is proposed.
The dynamic power balance equation of AC motor driven
hydraulic system is established to analyze the conversion and
coupling process of the electric, mechanical, and hydraulic
energy. The amplitude and phase information of the input
voltage and current signals of the AC motor are used to
fuse the dynamic power circle. And then, the power state

and its dynamic change process of the hydraulic system are
monitored based on the power circle. The theoretical and
experimental explorations show the following.

(1) The area of APCandRPC is proportional to the power
supply frequency and system load, which directly
expresses the active and reactive power of the variable
frequency motor.The bounding rectangle has a linear
relationship with the apparent power indicating the
load state of the power supply.The power factor of the
motor can be calculated directly from the apparent
power and active power.

(2) Dynamic power circle A/A/R obtained from the
active power, reactive power, and apparent power can
directly reflect the power changes of motor, which
facilitates online monitoring of the power matching
process between the motor and hydraulic system.

(3) The characteristics of tilt angle change can identify the
typical working conditions of inverter-fed hydraulic
system such as frequency conversion acceleration,
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Figure 13: Changes of power circles and tilt angles under loading and unloading conditions. (a) Dynamic change process of power circles.
(b) Active tilt angle and reactive tilt angle.

loading, unloading, impact, and overload. In addi-
tion, it is worth noticing that the tilt angle of APC and
RPC is sensitive, and its change process containsmore
dynamic operation information of the system, which
needs to be further excavated and utilized.

(4) Higher harmonics in electrical signals may cause
additional losses or even equipment faults in the
system. The energy distribution of harmonic com-
ponents also contains characteristic information that
reflects hydraulic system faults. Therefore, more stud-
ies should be conducted to separate power source
interference, extract the amplitude and phase infor-
mation of the harmonic components of electrical
signals by using the appropriate signal processing
methods, and drawholographic power circle to obtain
fault characteristics of the system.

The proposed method offers an inexpensive and novel
alternative to the traditional monitoring ways based on

the pressure, flow, and vibration signals which are unstable
and easily disturbed. Furthermore, the graphical monitoring
method directly reflects the working condition of the system
and can be realized online. It is hoped that the study will
help foster the creation of a condition monitoring and
diagnosis method of the hydraulic system based on holo-
graphic power circle (amplitude and phase of each harmonic
component).

Nomenclature

Symbols

𝑇e: Electromagnetic torque𝑝p: Outlet pressure of the hydraulic
pump𝑅e: Resistance𝑍Ω: Mechanical impedance𝑍Y: Liquid impedance
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Figure 14: Changes of power circles and tilt angles under overloading condition. (a) Dynamic change process of power circles. (b) Active tilt
angle and reactive tilt angle.

𝑒: Motor eccentricity𝑃in: Input power of the motorΔ𝑃R: Electrical resistance loss power of
the motor𝑃ms : Storage power of the motor𝑃m: Output mechanical power of the
motorΔ𝑃m: Mechanical loss powerΔ𝑃l: Leakage loss power of the
hydraulic pump𝑃ps: Storage power of the high pressure
chamber of the hydraulic pump𝑃out : Output power of the hydraulic
pump𝐽T: Moment of inertia on the shaft of
the motorΩ = 𝜔r/𝑛p: Mechanical angular velocity𝑛p: Number of pole-pairs𝑇m: Output mechanical torque of the
motor

𝑇df : Nonlinear friction torque of the
motor𝐵T: Damping coefficient of the motor
rotor shaft𝑄L = 𝐷p𝜔r/2𝜋𝑛p: Theoretical flow of the hydraulic
pump𝐷𝑝: Displacement of the hydraulic
pump𝑄p: Output flow of the hydraulic pump𝑄lp = 𝐶lp𝑝p: Leakage of the hydraulic pump𝐶lp: Total leakage coefficient of
hydraulic pumps𝑄ps = 𝑉p/𝛽e(d𝑝p/d𝑡): Flow caused by hydraulic
compression𝑉p: Volume of the high pressure
chamber of the hydraulic pump𝛽e: Elastic modulus of the oil𝐷m: Displacement of the motor𝜂m: Mechanical efficiency of the motor
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Figure 15: Changes of power circles and tilt angles under periodic impact condition. (a) Dynamic change process of power circles. (b) Active
tilt angle and reactive tilt angle.

𝐽m: Moment of inertia converted to the
motor shaft𝜔m: Angular speed of the motor𝐵m: Damping coefficient of the rotor𝑇mf : Nonlinear friction torque of the
motor𝑇lm: Load torque of the motor𝜃RPC: Tilt angle of reactive power circle𝜃APC: Tilt angle of active power circle

Abbreviations

EMF: Electromotive force
APC: Active power circle

RPC: Reactive power circle
A/A/R power circles: Apparent, active, and reactive

power circles.
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Figure 16: Three-phase active power circles in the case of motor winding failure. (a) Phase-A short circuit. (b) Phase-C disconnection.
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