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Abstract: In order to improve the fault alarm effect on the power performance of hydraulic hybrid
electric vehicles (HEV), this paper proposes a fault alarm method for hybrid electric vehicle power
performance based on hydraulic technology, builds a hybrid electric vehicle power system model,
uses hydraulic technology to extract the characteristic signals of key components, uses support
vector mechanisms to build a hybrid electric vehicle classifier, and obtains the fault alarm results for
dynamic performance based on hydraulic technology. The results show that the proposed method
can improve real-time diagnosis and alarm for engine faults in HEV, and the fault can be diagnosed
after 5 s of injection, thus ensuring the dynamic stability of HEV.

Keywords: hydraulic technology; hybrid electric vehicle; dynamic performance; fault alarm; power
system; support vector machine

1. Introduction

With the advent of the information age, new technologies have been developed rapidly.
In recent years, hydraulic hybrid technology has attracted increasing attention owing to
its advantages of high power density, compact structure and low cost [1]. In hydraulic
hybrid electric vehicles adopting this technology, the hydraulic hybrid transmission system
can effectively recover the braking energy of the vehicle by utilizing the four-quadrant
operating characteristics of the hydraulic pump/motor [2], so as to achieve the purpose of
reducing energy consumption. The recovered energy can provide auxiliary power when
the vehicle starts and accelerates, thus improving the dynamic performance of the vehicle,
reducing the engine fuel consumption, reducing the emission of harmful substances, and
improving the service life of the components of the vehicle braking system, which is
especially suitable for frequent-start—stop urban vehicles [3]. Owing to the high power
density of hydraulic accumulators (ACC) [4], hydraulic hybrid technology has greater
advantages over hybrid electric technology for heavy-duty hybrid vehicles, especially in
terms of vehicle starting, climbing and acceleration [5]. However, since the power system
structure of hydraulic hybrid electric vehicles is more complex than that of traditional
vehicles, there are more types and forms of power performance failures [6]. Among them,
the most common types of power performance failures in hydraulic hybrid electric vehicles
include engine failure, hydraulic accumulator failure and hydraulic pump/motor failure [7].
Therefore, it is necessary to develop a scientific method for dynamic performance fault
identification and alarm in hydraulic hybrid electric vehicles so as to realize real-time
identification and alarm of various dynamic performance faults under different working
conditions [8].

In recent years, some scholars have studied the fault alarm method in electric vehicle
dynamic performance and achieved some progress. For example, Chen et al. proposed the
diesel engine fault diagnosis method [9], which uses an optimized stent autoencoder to
extract the depth features of complex original signals and input them into the constructed
diagnosis network to realize the diesel engine fault diagnosis. This method has high
accuracy and high efficiency in the fault diagnosis of automobile diesel engines. However,
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it does not perform well in fault diagnosis for hydraulic hybrid power systems. He et al.
proposed a fault diagnosis method for converters of series hybrid electric vehicles [10]. This
method decomposes the classified power device’s open-circuit fault signals into different
frequency bands by fast Fourier transform. After analysis and comparison, the signal of a
specific frequency band is selected as the fault diagnosis feature vector, based on which
fault type identification can be realized by combining a genetic algorithm and a BP neural
network. Although this method can reduce the diagnosis error effectively, it can only
diagnose a single fault type, and the test range is not large enough. Zhang et al. [11] studied
exponential wavelet thresholds and PSO-DP-LSSVM for engine bearing fault diagnosis.
The wavelet threshold function was used to decompose and reconstruct the original signal,
extract the energy characteristics of each component after noise reduction, and construct an
LSSVM model to output the fault diagnosis results for engine bearings through training.
This method improves the diagnosis accuracy for engine bearing fault signals, but the
diagnosis accuracy for multi-joint faults needs to be further improved.

Aiming at the inaccurate judgment of fault types and inefficient early warnings with
the above methods, this paper proposes a hybrid electric vehicle power performance fault
alarm system based on hydraulic technology and establishes a dynamic performance
multi-fault alarm model, in order to realize the dynamic performance fault alarm for
electric vehicles.

2. Power Performance Fault Alarm for Hydraulic Hybrid Electric Vehicles
2.1. Power System Model for Hydraulic Hybrid Electric Vehicles

This paper constructs a power system model for hydraulic hybrid electric vehicles
based on hydromechanical stepless transmission technology, which can not only realize the
stepless change of transmission ratio, but also realize the effective recovery and reuse of
braking energy. The vehicle power system model adopts planetary differential mechanism
shunting and fixed gear pair convergence to realize speed decoupling and torque decou-
pling, so that the engine works in the high-efficiency area. The overall model structure of
the power system of the hydraulic hybrid electric vehicle is shown in Figure 1.
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Figure 1. Overall model structure of the power system of the hydraulic hybrid electric vehicle.

As shown in Figure 1, the power system of the hydraulic hybrid electric vehicle is
mainly composed of the engine, clutch, brake, planetary exhaust, hydraulic pump/motor,
hydraulic accumulator and other parts. The planetary exhaust structure is mainly composed
of three parts, including the solar wheel, planetary frame and gear ring. The planetary
frame is connected to the engine as the input end, the sun wheel is connected to the
hydraulic transmission part, and the gear ring is connected to the output part [12]. Through
effective control of the engine, different working modes for the hydraulic hybrid electric
vehicle can be realized.
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2.1.1. Driving Model of the Power System of the Hydraulic Hybrid Electric Vehicle

In order to simplify the calculation, only the basic resistance overcome by the power
system of the hydraulic hybrid electric vehicle is modeled. According to Newton’s second
law, the driving running resistance balance equation for the power system of the hydraulic
hybrid electric vehicle is:

Fo:Fa+Fh+FC+Fd (1)

where F, is the running resistance of the power system of the hydraulic hybrid electric
vehicle; F; is the wheel rolling resistance of the hydraulic hybrid electric vehicle; F; is the
driving air resistance of the hydraulic hybrid electric vehicle; F. is the slope resistance of the
hydraulic hybrid electric vehicle; and F; is the starting overtaking acceleration resistance of
the hydraulic hybrid electric vehicle. The total power requested by the power system of the
hydraulic hybrid electric vehicle is:

Pre = vd,F, ()

where Py, is the total power requested by the power system of the hydraulic hybrid electric
vehicle; J, is the transmission mechanical efficiency; and v is the speed of the hydraulic hy-
brid electric vehicle under cycle conditions. According to the driver behavior characteristics
and vehicle dynamics characteristics, and by referring to the literature related to intelligent
driving systems, a speed model of the vehicle under complex urban road conditions is
established [13]. The speed profile model is shown in Figure 2.
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Figure 2. Velocity profile model.

In Figure 2, phase a is the acceleration phase, phase b is the speed-climbing phase,
phase c is the acceleration-speed-setting phase, phase d is the specific-speed-holding phase,
phase e is the deceleration phase, phase f is the deceleration-speed-holding phase, and
phase g is the average-speed-descending phase.

2.1.2. Engine Model of Power System of Hydraulic Hybrid Electric Vehicle

The mathematical model of the engine parameters in the power system of the hydraulic
hybrid electric vehicle is:
V1 = V00 /r
3
{ fi=n/u )

where f1, p1 and vy are the engine’s power output shaft torque, the engine’s power demand
and the engine’s crankshaft angular speed, respectively; 0, and o, are the transmission
ratio of the gearbox and the “main reduction and differential” gear ratio, respectively; and
r is the wheel radius of the hydraulic hybrid vehicle. The model variable terms are shown
in Table 1.
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Table 1. Terms of model variables.

Val:lable Definition Unit
Terminology
f1 Output torque of power take-off N-m
P1 Force required for normal engine operation N

The crankshaft is the most important part of the
engine. It bears the force from the connecting rod
and converts it into torque, which is outputted
4] through the crankshaft to drive other accessories rad/s
in the engine to work. The angular speed of the
crankshaft refers to the speed at which the
crankshaft moves around the center of the circle.
Ratio of the angular velocity of two rotating
components, also called speed ratio.
The circumference is the actual rolling distance
o of the wheel and is used to calculate the mm
equivalent radius of the wheel when it rolls.

The feedback control mathematical equation for the engine in the power system of the
hydraulic hybrid electric vehicle is:

G1v1 = f1 — P1qaccS1 % (01" — 1) 4)

where G; is the moment of inertia of the engine power output shaft. The moment of
inertia is a physical quantity, m*, which is used to describe the ability of an object to
resist twisting and torsion. The concentrated mass and moment of inertia of each part
are modeled through automatically added mass and moment-of-inertia nodes; ¢; is the
control coefficient; g, is the instantaneous pressure of the accumulator; g, is the peak
displacement of the engine-driven pump; v,"¢ is the engine’s requested angular speed.
Through the response of the control coefficient ¢, the instantaneous output angular velocity
of the engine in the power system of the hydraulic hybrid electric vehicle is adapted to the
requested angular velocity, thus meeting the demand of load power.

2.1.3. Hydraulic Accumulator Model of the Power System of the Hydraulic Hybrid
Electric Vehicle

As an energy storage unit in the power system of hydraulic hybrid electric vehicles,
the hydraulic accumulator needs to quickly store or release energy to meet the braking
or driving requirements of hydraulic hybrid electric vehicles. The hydraulic accumulator
can store the recovered braking energy and convert the pressure energy into mechanical
energy when the hydraulic hybrid electric vehicle accelerates or starts [14]. According to
the working principles of the hydraulic accumulator, there is:

qaccvl 7 M; KTy
Vi = fV,::ix Zaccdt @)
Qacc = Qmaxvl/V -

where Vi, Mj and Tj are the volume, mass and temperature of inert gases (such as nitrogen,
etc.) in the hydraulic accumulator under instantaneous pressure g,., respectively; K is
the inert gas constant. The permeability of inert gas in the tire is low, which can maintain
the stability of tire pressure, reduce the probability of tire blowout, prolong the life of the
tire, reduce the vibration of the tire on the uneven road surface, and allow the vehicle
to run smoothly. Therefore, the modeling process is of great importance; Vinax and Viin
are the maximum and minimum oil volumes in the hydraulic accumulator, respectively;
t is the time; Z, is the actual flow of the hydraulic accumulator; V is the total volume
of the selected hydraulic accumulator; gmax is the maximum working pressure of the
hydraulic accumulator. When the system pressure is lower than the internal pressure of the
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accumulator, the oil in the hydraulic accumulator flows to the external system under the
action of high-pressure gas to release energy. The remaining amount Qsoc of hydraulic
energy in the hydraulic accumulator is shown as follows:

QSOC = (qacc — qmin)/(qmax ~ Gmin) (6)

where gmin is the minimum working pressure of the hydraulic accumulator (i.e., the mini-
mum residual pressure of the hydraulic accumulator). If the hydraulic accumulator exceeds
the maximum working pressure in actual operation, the hydraulic accumulator will stop
working (i.e., stop being charged by the engine), so as to ensure the safety of the power
system of the hydraulic hybrid electric vehicle. The thermodynamic model used in the
above research process is the Boltzmann statistical distribution model.

2.1.4. Hydraulic Pump/Motor Model of the Power System of the Hydraulic Hybrid
Electric Vehicle

For the power system of the hydraulic hybrid electric vehicle, the hydraulic pump/motor
is a regenerative braking component as well as one of the driving components [15], so the
hydraulic pump/motor must meet the following requirements:

(1) Under low-speed and low-load conditions, the hydraulic pump/motor can start
the whole vehicle, respectively, to meet specified speed requirements within a certain time.

(2) The hydraulic pump/motor needs to meet the requirements for regenerative
braking. For hydraulic hybrid vehicles, the hydraulic pump/motor is mainly responsible
for recovering the braking energy during vehicle deceleration [16]. When the braking
strength H = 0 < 0.1, the hydraulic pump /motor is responsible for independent braking.
When the braking strength H = 10.1 < 0.7, the combined braking mode of the hydraulic
regenerative braking system and mechanical braking system should be adopted. When the
braking strength H = 2 > 0.7, the hydraulic pump/motor does not work, and the braking
torque is solely provided by the mechanical braking system. Therefore, the hydraulic
pump/motor should be selected on the premise that all braking torque is provided when
h=0.1, that is:

Lp/m = Qminsénax = O'H\]rl/)‘l)‘p/m @)

where L/, is the torque of the hydraulic pump/motor; 53" is the maximum displacement
of the hydraulic pump/motor; 1 and N are the wheel rolling radius and total gravity of the
hydraulic hybrid electric vehicle, respectively; A, is the main reduction ratio of the drive
axle; and A, is the transmission ratio of the torque coupler. When the system efficiency
and power change, the rolling radius will not change significantly, and can be basically
ignored, so the impact of the rolling model and system power on the rolling radius is
not considered.

(3) Under normal driving conditions, the hydraulic accumulator can be charged
by adjusting the working point of the engine. When the charging pressure reaches the
preset value, the whole hydraulic hybrid vehicle adopts hydrostatic driving mode, and
the minimum power of the hydraulic pump/motor at the lowest pressure of the hydraulic
accumulator should meet the power demands of the whole hydraulic hybrid vehicle at the
average endurance speed, that is:

(P”/’")min = 0F,(1/36006,,,, ) (8)

where P,/ is the power of the hydraulic pump/motor; (P]l7 /m) _ is the minimum power
min

of the hydraulic pump/motor; 7 is the average driving speed of the hydraulic hybrid electric
vehicle; F, is the resistance overcome by the driving of hydraulic hybrid electric vehicle;
and 6, /,, is the working efficiency of the hydraulic pump/motor. Excessive pressure and
excessive flow in the hydraulic system are the fundamental causes of energy consumption.
Therefore, it is necessary to reduce the pressure surplus, make the system pressure as close
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as possible to the load pressure, and reduce the flow surplus, so that the hydraulic system
can save energy.

At the same time, the maximum power of the hydraulic pump/motor should meet
the requirements of the hydraulic hybrid vehicle to drive at the maximum speed and climb
at a certain speed, that is:

P,1 = UmaxFy(1/36005.) 9)

(Pz)max = maX(ler PZZ)
Py = vy (Fy + F.) (1/36005:)

where Umax is the preset maximum driving speed of the hydraulic hybrid electric vehicle
and v; is the climbing speed of the hydraulic hybrid vehicle.

2.2. The Power Performance Fault Alarm of the Hydraulic Hybrid Electric Vehicle Based on a
Support Vector Machine

Based on the power system model and key component model for the hydraulic hybrid
electric vehicle established in the previous section, a power performance fault alarm model
for the hydraulic hybrid electric vehicle based on a support vector machine (SVM) has
been constructed. Faults in key components in the power system of the hydraulic hybrid
electric vehicle can be diagnosed in real time, and the alarm information can be sent in time
to realize real-time diagnosis and alarm for single faults and multiple faults in the power
performance of the hydraulic hybrid electric vehicle. The fault alarm model can realize
the identification and alarm of different types of power performance faults in real time.
Compared with the fault alarm system for only a single component, the established fault
alarm model comprehensively considers the operation state of the power system of the
hydraulic hybrid electric vehicle, and realizes diagnosis and alarm for all key components
of the power system more accurately.

2.2.1. Feature Signal Extraction for the Key Components of Hydraulic Hybrid Electric
Vehicle’s Power System

Through the constructed power system model of the hydraulic hybrid electric vehicle,
the characteristic signals of key components are extracted. After processing these character-
istic signal data, data samples for key components of the power system are formed. Taking
the data samples as the input samples, the power performance fault alarm model for the
hydraulic hybrid electric vehicle based on support vector machine is constructed to realize
the real-time diagnosis and alarm of power performance faults. Since all characteristic
signals are derived from the simulation results for the power system model and key com-
ponent model of the hydraulic hybrid electric vehicle, all extracted characteristic signals
must be included in the model. Considering the compatibility of the alarm model and the
whole vehicle controller of the hydraulic hybrid electric vehicle, the extracted characteristic
signal can be regarded as the input signal for the controller of the hydraulic hybrid electric
vehicle, that is, the characteristic signal that can be collected by the sensor in the actual
hydraulic hybrid electric vehicle. The characteristic signals for key components of the
hydraulic hybrid electric vehicle’s power system to be extracted are shown in Table 2.
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Table 2. Extraction of characteristic signals for key components of the power system of the hydraulic
hybrid electric vehicle.

Key Component Name Name and Unit of Characteristic Signal

Power/kW
The engine Rotate speed/r/min
Torque/N/m
Residual hydraulic energy
Hydraulic accumulator Voltage/V
Current/A
Torque/N/m
Hydraulic pump/motor Power/kW
Rotate speed/r/min

The characteristic signal data for the key components of the hydraulic hybrid vehicle
power system are extracted by a magnetoelectric sensor, and the processing of such charac-
teristic signal data is realized by programming. The processing flow of characteristic signal
data is shown in Figure 3.

e )
| Start )
o ]
Find the path to store the original
signature document

v

Read the document of original signature data

v

Calculate all signature data

v

Filtrating wild spot

v

Save the data as a document to the
corresponding folder

v

Complete the processing of characteristic signal data of key
components of hydraulic hybrid electric vehicle power system

v

e ™
( End )
o %

Figure 3. Processing flow for characteristic signal data.

Firstly, read the document of original characteristic signal data, find the path to store
the file, take out one line at a time, and read successively until all characteristic data of the
complete document are read. Then calculate all characteristic signal data, further analyze
and process all characteristic data obtained, and filter out wild points, so as to ensure the
accuracy of fault diagnosis and alarm in subsequent applications. Finally, all the dynamic
characteristic data obtained are saved to corresponding folders to process the extracted
characteristic signal data for key components of the hydraulic hybrid electric vehicle’s
power system.

2.2.2. Power Performance Fault Alarm Model of Hydraulic Hybrid Electric Vehicle

Taking the characteristic data for the key components processed above as the input
samples and combining them with the support vector mechanism, the dynamic perfor-
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mance fault alarm model for the hydraulic hybrid electric vehicle is established. A support
vector machine is essentially a binary classification algorithm as well as a kind of general-
ized linear classifier that classifies data in a binary way according to supervised learning.
Its decision boundary is the maximum edge hyperplane for learning samples [17]. This
classification algorithm is slightly inadequate for complex power systems that may have a
variety of power performance fault modes [18], so it is necessary to build a multi-classifier
support vector machine. This paper adopts the one-to-one (OVO) indirect method to
realize the construction of multiple classifiers using a support vector machine. This method
realizes the construction of multiple classifiers by combining two classifiers [19]. Aiming
at three common power performance faults in the power system of hydraulic hybrid ve-
hicles, such as engine operation faults, hydraulic accumulator internal resistance faults
and hydraulic pump/motor faults, three different internal resistance faults in hydraulic
accumulators are constructed. The classifiers are fault classifiers 1-2, engine operation fault—
hydraulic pump/motor fault classifiers 1-3, and hydraulic accumulator internal resistance
fault-hydraulic pump/motor fault classifiers 2-3, respectively. Among them, labels 1, 2
and 3 represent engine running faults, accumulator internal resistance faults and hydraulic
pump/motor faults, respectively [20]. After two classifiers are constructed, the OVO indi-
rect method is used to construct a multi-classifier for the support vector machine, and the
input samples are inputted into the multi-classifier to construct the dynamic performance
fault alarm model, so as to realize the fault detection of the input samples. The structure
of the dynamic performance fault alarm model of the hydraulic hybrid vehicle is shown
in Figure 4.

| Data sample extraction and | rMulti-classiﬁer construction of support |
| processing | vector machine

| R | I[" Fault classifier |
| Magnetoelectric sensor | | 1-2 |
| . . . | I[" Fault classifier Multiple |
| Engine Engine Engine | 1-3 classifier |
| speed torque power I I

|
| Residual hydraulic energy of || I |
b

| hydmu]ic accumulator | | = === _.—:::::_ﬂ
| | Fault Type Identification of ||
| Hydraulic Hydraulic | diagnosis faulty parts |
|| pump-motor pump-motor | Fault alarm |
| torque power | |
| |

Figure 4. Structure diagram of the power performance fault alarm model of the hydraulic hybrid
electric vehicle.

The dynamic performance fault alarm model of the hydraulic hybrid electric vehicle
mainly has three functions, including the extraction and processing of characteristic data
samples of the key components, the construction of the support vector machine multi-
classifier and fault category diagnosis and alarm. The data samples are obtained from the
established power system model and key component model of the hydraulic hybrid electric
vehicle. The multi-classifier of the support vector machine is constructed by the OVO
indirect method [21,22]. The fault diagnosis and alarm system outputs the fault category of
data samples through the constructed multi-classifier of the support vector machine and
sends out alarm information after confirming the fault components.

2.2.3. Design of the Power Performance Fault Alarm Process of the Hydraulic Hybrid
Electric Vehicle

The fault alarm process for the power performance fault alarm of the hydraulic hybrid
electric vehicle is shown in Figure 5.
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data of key components of |3 samples were obtained after
power system analysis and processing

v

Multi—classifier
construction of support
vector machine

Data sample Fault type ¢
diagnosis

A 4

Identify faulty parts > Send alarm message

End
Figure 5. Power performance fault alarm process of the hydraulic hybrid electric vehicle.

The fault state is confirmed according to the count value, then the fault component is
determined [23]. When the fault state of the fault type output by the multi-classifier of the
support vector machine is non-0 (default), the counter increases by 1; when the fault state
is 0 (non-default), the counter decreases by 1; when the counter value is between the given
counter upper limit (TUL) and the given counter lower limit (tll), the actual counter value
is outputted; when the counter value exceeds TUL, the TUL value is outputted; when the
counter value is equal to TLL and the current fault state is 0, the TLL value is outputted;
when the counter value is equal to TLL and the current fault state is 1, 0 is outputted; when
the counter value reaches the upper limit of counting, the fault type state is confirmed, the
fault state is outputted and the corresponding components are confirmed. TUL and TLL
are 127 and 128, respectively, according to international standards for the vehicle’s safety
integrity level.

3. Experimental Results

In this experiment, magnetoelectric sensors were used to extract the characteristic
signal data of key components of the hydraulic hybrid electric vehicle power system,
including the engine, hydraulic accumulator, and hydraulic pump /motor. The long-line
transmission isolator of PWM square wave signal conversion was adopted as the signal
acquisition device, and the extracted characteristic signal was regarded as the input signal
of the hydraulic hybrid electric vehicle controller.

Then locate the storage path of the file and read the file one line at a time until all the
feature data of the complete file are read one line at a time. Save all the dynamic feature
data to the corresponding folders and carry out data processing.

Finally, the fault diagnosis and alarm system outputs the fault data samples through
the multi-classifier of the support vector machine and sends the alarm information for the
corresponding fault parts.

In this paper, the main experimental equipment included the (a) transmission isola-
tor, (b) Msensor, (c) magnetoelectric sensor, (d) engine, and (e) hydraulic pump/motor
(see Figure 6).

Three common power performance faults, including engine operation faults, hydraulic
accumulator internal resistance faults and hydraulic pump/motor faults are inputted into
the experimental vehicle model. The method constructed in this paper is used to carry out
real-time diagnosis and alarm for various power performance faults. The experimental
vehicle model is shown in Figure 7.

The key parameters of the established experimental vehicle model are shown in Table 3.
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(@) (b)

© (d (e

Figure 6. Main experimental equipment. (a) transmission isolator, (b) Msensor, (c) magnetoelectric
sensor, (d) engine, and (e) hydraulic pump/motor.

Figure 7. Experimental vehicle model.

Table 3. Key parameters of the experimental vehicle model.

The Parameter Name Parameters of the Unit Parameter Values
Vehicle rotation mass conversion coefficient — 1.03
Vehicle-load quality kg 1398
The wheel radius cm 30
Coefficient of air resistance — 0.34
Moment of inertia of hydraulic pump/motor cm? 0.52
Maximum speed of hydraulic pump/motor r/min 4510
Minimum speed of hydraulic pump /motor r/min 490
Windward area cm? 202
Coefficient of rolling resistance — 0.013
Vehicle front wheelbase cm 106
Rear wheelbase of vehicle cam 140
The main transmission ratio — 3.93
Maximum speed km/h 158
Height of the center of mass cm 59
Hydraulic pump/motor displacement mL/r 57
Hydraulic pump/motor peak pressure Mpa 46
Hydraulic accumulator charging pressure Mpa 2.1
Initial volume of hydraulic accumulator L 42
Engine rating kW/(r/min) 55/5300

3.1. Alarm for Single-Type Power Performance Faults
3.1.1. Alarm for Internal Resistance Faults for the Hydraulic Accumulator

When the experimental vehicle model had run for 30 s, the internal resistance fault for
the hydraulic accumulator was injected into the experimental vehicle model. The real-time
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alarm for internal resistance faults in the hydraulic accumulator was implemented using
the proposed method, and the alarm effect for the internal resistance faults of the hydraulic
accumulator was tested based on the actual alarm results. The variation in the running
speed of the experimental vehicle model as well as the residual hydraulic energy Qsoc
of the hydraulic accumulator over time under fault injection and fault-free injection are
shown in Figure 8.

100 0-70 ] Without faults injection
CWithout faults injection — Faulty injection
80 [ Faulty injection
0.65
<60 T
E $0.60 [
3 S
240 |
w1
0.55}F
20 b m
0 I]] 1 1 1 1 1 1 0.50 1 1 1 1 | 1
10 15 20 25 30 35 40 45 10 15 20 25 30 35 40 45
Time/s Time/s
(a) (b)

Figure 8. Variation in driving speed and the remaining hydraulic energy of the hydraulic accumulator
in the experimental vehicle model with and without faults. (a) Speed changes; (b) change in the
remaining hydraulic energy of the hydraulic accumulator.

The real-time diagnosis and alarm results for the internal resistance fault of the hy-
draulic accumulator in the experimental vehicle model are shown in Figure 9.

130 — —— 3
1 Counter value
Fault Type Label
ERCE Send alarm 5
g message 1s E
g 2
=l -
{18
-65} =
B T 71 J) S S | ! 1 1 0
10 15 20 25 30 35 40 45
Time/s

Figure 9. Real-time alarm results for the hydraulic accumulator’s internal resistance failure by the
proposed method.

It can be seen in Figures 8 and 9 that, compared with the injection of the hydraulic
accumulator without an internal resistance fault, after an internal resistance fault injection
in the hydraulic accumulator for 30 s, the increased amplitude of the driving speed of the
experimental vehicle model became smaller and the decreased amplitude of the residual
hydraulic energy of the hydraulic accumulator became larger due to the increase in internal
resistance. This is because the hydraulic accumulator’s internal resistance fault changed
little within a few seconds after the initial injection, the proposed method diagnosed the
fault 5 s after the injection of the hydraulic accumulator’s internal resistance fault, and
the counter value began to increase. After 5 s of fault confirmation, fault type label 2 was
outputted and the alarm information was sent out, so as to realize the diagnosis and alarm
of the hydraulic accumulator’s internal resistance fault in real time.

It can be seen from the above data that the proposed system can realize an alarm
for single-type power supply performance, and its fault response time is less than 5 s,
indicating good application performance.
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3.1.2. Alarming of Engine Operation Fault
According to the test vehicle data in Table 3, when the test vehicle ran for 45 s, the

engine running fault code was inputted into the vehicle running program, so that the
engine failed. Figure 10 shows the time-dependent changes in engine power and rotational
speed of the test vehicle model under faulty injection and no-fault-injection conditions.

5500 — 3 Without faults injection
-~

60 —{3 Without faults injection
—{— Faulty injection __ — Faulty injection
45T - 5000
g
= £
= =
530 8 4500
z =%
g? 17)
-
)
5T £ 4000 |
0 ] 1 1 ] ] ] 3500 | | | | . .
40 45 50 55 ) 60 65 70 75 40 45 50 55 60 65 70 75
Time/s .
Time/s
(b)

(a)

Figure 10. Changes in engine power and speed over time in experimental vehicle models with and

without fault injection. (a) Engine power changes; (b) Engine speed changes.
The real-time diagnosis and alarm results for engine running faults in the experimental

vehicle model are shown in Figure 11.

130 O3
,’/ --E=F- Counter value
865 T / —{— Fault type label -
g / 23
B / 2
Sy - Send alarm e
3 ; message ;
OO0 g
-65 L /II
I/l
130F = 0
40 45 50 55 60 65 70 75
Time/s

Figure 11. Real-time alarm results for engine operation faults by the proposed method.

It can be seen in Figures 10 and 11 that the engine operation fault sample data were
injected when the experimental vehicle model ran for 45 s. It was found that the engine
power and speed of the vehicle model were lower than those under normal operation, the
increase in engine power and speed was smaller, and the time to reach the rated power
and speed was longer; 2.5 s after fault injection, the proposed method diagnosed the
occurrence of the fault, and the counter value started to increase. Five seconds after fault
injection, the counter value reached the highest value, and the confirmation of fault type
was completed. Fault type label 1 was outputted, and alarm information was sent, which is

confirmed in the red font part of the figure. The proposed method is proved to be capable
of outputting correct early warning information, indicating excellent fault diagnosis and

early warning effects.
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3.1.3. Detection of the Fault Alarm Effect for the Hydraulic Pump/Motor

After the experimental vehicle model ran for 90 s, the hydraulic pump/motor fault
was injected into the experimental vehicle model. The real-time alarm for the hydraulic
pump/motor fault was implemented using the proposed method, and the actual alarm
effect of the method was tested based on the actual alarm results. Under fault injection and
fault-free injection conditions, the time-dependent changes in driving speed and hydraulic
pump/motor torque of the experimental vehicle model are shown in Table 4.

Table 4. Variation in the driving speed and hydraulic pump/motor torque of experimental vehicle
models with and without faults.

Without Fault Injection With Fault Injection
Time/s E)g;irll\z:) edlltf 1 Hydraulic E)((jl;irlt;[r:) edlztf 1 Hydraulic
. . Pump/Motor . . Pump/Motor
Driving Torque/N/m Driving Torque/N/m
Speed/km/h 1 Speed/km/h 1

80 21.33 510.05 21.33 510.05
85 32.05 301.25 32.05 301.25
90 39.85 245.32 39.52 245.29
95 45.68 225.16 43.16 225.12
100 50.55 218.56 46.47 216.13
105 58.73 206.35 52.35 201.45
110 60.14 196.58 53.08 195.23
115 63.17 185.06 55.57 184.98
120 65.06 177.95 58.96 177.91
125 68.73 170.65 60.51 170.62
130 70.05 166.56 63.47 166.53

The real-time diagnosis and alarm results for hydraulic pump/motor faults in the
experimental vehicle model are shown in Figure 11.

It can be seen in Table 4 and Figure 12 that, after hydraulic pump/motor fault injection
for 90 s, the driving speed and the increases amplitude of the experimental vehicle model
gradually decreased due to the reduction in the mechanical efficiency and the driving
capacity of the hydraulic pump/motor. At the same time, it can be seen that the torque of
the hydraulic pump/motor after 90 s with fault injection decreased compared with that
without fault injection, affecting the acceleration performance of the whole experimental
vehicle model. After injection of the hydraulic pump/motor fault for 3 s, the proposed
method diagnosed the fault and the counter value began to increase. After 6 s of fault
injection, the counter value reached the highest value, the fault type confirmation was
completed, the fault type label 3 was outputted and alarm information was sent out, so as to
realize real-time diagnosis and alarm for hydraulic pump/motor faults in the experimental
vehicle model.
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Figure 12. Real-time alarm results for hydraulic pump/motor faults by the proposed method.

3.2. The Alarm Effect for Multi-Type Power Performance Faults

The alarm effect for multi-type dynamic performance faults was detected under the

conditions of faulty injection from 150 s to 160 s, hydraulic accumulator internal resistance
fault from 165 s to 190 s, and hydraulic pump/motor fault from 195 s to 210 s. Real-time

diagnosis and alarm for various types of dynamic performance faults were carried out
using the proposed method. According to the actual alarm results, the alarm effect for
multi-type dynamic performance faults using the proposed method was verified. Real-time
diagnosis and alarm results for multi-type dynamic performance faults in the experimental

vehicle model are shown in Figure 13.
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Figure 13. Real —time alarm results for multi-type faults by the proposed method.

As can be seen in Figure 13, the counter value for engine operation fault increased
gradually from about 150 s, and reached the highest value after 5 s. It can be confirmed that
the fault type was an engine operation fault; tag 1 was outputted and alarm information
was sent out and the counter value decreased to the lowest value between 160 s and 165
s. When the internal resistance fault for the hydraulic accumulator was injected at 165 s,
the counter value rose again and reached its highest value at 173 s. It can be confirmed
that the fault type was an internal resistance fault of the hydraulic accumulator; tag 2
was outputted and alarm information was sent out. The counter value was kept at the
lowest value between 190 s and 195 s, and then increased gradually after the hydraulic
pump/motor fault injection until the highest value of the counter was reached at 201 s.

It can be confirmed that the fault type was a hydraulic pump/motor fault; tag 3 was

outputted and alarm information was sent out.
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The fault classification accuracies for the support vector machine multi-classifiers
constructed by the OVO indirect method, the method in [10] and the method in [11] are
comparatively analyzed, and their ROC curves are shown in Figure 14.
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Figure 14. ROC curve of fault classification [10,11].

According to the AUC values of the three fault classification algorithms in Figure 14,
the proposed support vector classifier has the highest classification accuracy.

The fault classification effects of the proposed method, the method in [10] and the
method in [11] were comparatively analyzed, and the results are shown in Figure 15.
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Figure 15. Root-mean-square error of fault classifications [10,11].

According to Figure 15, when the number of experiments is 200, the root-mean-square
errors of fault classification for the method in [10], the method in [11], and the proposed
method are 0.13, 0.39, and 0.01, respectively. When the number of experiments is 500,
the root-mean-square errors of the fault classification for the method in [10], the method
in [11], and the proposed method are 0.35, 0.53, and 0.03, respectively. The above results
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show that the proposed method is more effective in classifying electric vehicles” dynamic
performance faults.

In summary, the proposed method has fast response ability and strong fault confirma-
tion ability for the above three types of power faults. The diagnosis and alarm rate for the
proposed method is higher for engine running faults and hydraulic pump/motor faults,
but slightly lower for hydraulic accumulator internal resistance faults. However, further
study is needed to investigate the reason why the proposed method takes a longer time to
alarm for t internal resistance faults in the hydraulic accumulator.

4. Conclusions

This paper proposes a dynamic performance fault alarm method for hydraulic hybrid
electric vehicles. The proposed method has the function of not only analyzing dynamic
performance faults but also diagnosing key components in the hydraulic hybrid electric
vehicle power system in real time. The fault response time for the proposed method is
short, usually less than 5 s. However, the proposed fault alarm method is only applicable
for diagnosis and alarm for three key faults, including engine running faults, hydraulic
accumulator internal resistance faults and hydraulic pump/motor faults. In the future, we
will continue to study the diagnosis and alarm effect for other types of power failures in
the power systems of hydraulic hybrid electric vehicles.
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