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ABSTRACT

Variable refrigerant flow (VRF) systems faults are inevitable due to installation errors,
degradation, and other reasons. It is of great value to quantitatively understand the impact of faults on
VREF systems performance and to clarify the changing trends of variables under different types of faults
through experiments. In particular, the experimental analysis of simultaneous faults situations is
helpful to improve the fault detection and diagnosis technology of VRF systems. There have been
some previous experimental studies on the impact of faults, but none of them concerns modern VRF
systems and their simultaneous faults. This paper presents results from a laboratory study of a VRF
system with different types of faults. It provides the first published results of combinations of triple
simultaneous faults, in addition to previously untested types of double simultaneous faults. The
quantitative impact of the three crucial performance parameters, e.g. cooling capacity, system power,
and COP, of the system under different faults has been analyzed. In addition, the quantitative influence
and variation trend of system parameter variables during single fault and simultaneous fault are
summarized. Results show that the outdoor fouling fault has the greatest impact, which can cause a
47.6% COP drop and 80.27% cooling capacity reduction. The influence of the simultaneous fault on
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the variable trend is superimposed and offset, but the trend influence of some faults also has a dominant

characteristic.
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1. Introduction

Building heating ventilation and air conditioning (HVAC) systems have significantly impact on
the energy consumption of residential and commercial buildings. According to research in 2019[1],
the energy consumption in building air conditioners accounts for more than 30% of the total residential
electricity usage in China. Meanwhile, in the United States, the electricity use for residential space
cooling was estimated to be 226 billion kWh in 2019[2]. Operating faults in the HVAC systems can
reduce the system’s performance and thus cannot maintain the user's thermal comfort needs under
initial settings. Then the user had to change to a non-energy-saving setting to meet the demand,
increasing energy required to cool buildings. To clarify the exact impact of these failures on the
performance of the air-conditioning system is an essential step in the energy-saving assessment. The
basis for air-conditioning system fault detection and diagnosis (FDD) is understanding the impact of
faults on system parameter variables, such as temperatures and pressures. However, due to the
complexity of the air-conditioning system, clearly understand the impact of faults on a specific type of
system is an excellent choice through experiments to do[3, 4].

The research on the performance of the air-conditioning system by faults began in the 1990s. As
of now, most of the research focuses on the experimental study of the single or double fault types of
the air-conditioning system, and most of the research system objects are split system[5-9], rooftop
unit[8, 10, 11], residential heat pump[12-15]. Refrigeration charge fault and heat exchanger fouling
are the most concerned single fault type by research. The research on heat exchanger fouling can be
traced back to 1987, in which Krafthefer et al.[16] estimated the impacts on COP for typical evaporator
filter fouling of a heat pump. And then Bultman et al.[17] showed a 7.6% decrease in system COP for
a 40% reduction in airflow for an air conditioner in 1995. The impact of fouling on plate-fin and spine-
fin heat exchanger performance was also examined by Pak et al.[18] in 2005. The result shows that for
the single-row heat exchangers, the pressure drop increased by 28 to 31%, while the heat transfer
performance decreased by 7 to 12%. In 2008, Ali and Ismail[19] carried out experimental research to
explore the effect on the performance of room air conditioners and impact on indoor air quality of
evaporator air-side fouling. Qureshi and Zubair[20] performed fouling experiments in a vapor
compression refrigeration system with a dedicated mechanical subcooling cycle in 2012. Immediately
afterward, they obtained the impact in both system and performance parameters of fouling fault on the
condenser of a vapor compression refrigeration system by an experimental observation[21]. According
to the numerical value of the relative standard charge, refrigeration charge fault can be divided into
refrigerant undercharge (UC) and refrigerant overcharge (OC). As the heat transfer carrier, refrigerant
can significantly impact the system, whether it is overcharged or undercharged, so the attention of this
fault can also be traced back to the early 1990s. The typical representatives of this period are the
research of Farzad[6] and Bailey[22]. Then, with the renewal and iteration of the air-conditioning
system, some scholars carried out further research on the new system. In 2005, Grace et al.[23] presents
results of experimental investigations on the effect of refrigerant charge fault in vapor compression
refrigeration systems. The impact of refrigerant charge faults on single-speed air-cooled air-
conditioners and heat pumps was summarized by Mehrabi and Yuill[24] in 2017. Very few studies
have investigated non-condensable gas (NC) fault, because of its extremely high safety requirements
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for experiments. However, the NC fault is easy to cause due to irregular installation operations. From
the public literature, only four experiments involve NC faults [15], and its research objects are rooftop
air conditioners and residential heat pump systems.

With the deepening of research, few researchers also began to comprehensively analyze system
faults, considering multiple fault types and simultaneous faults. Du et al.[8] experimented common
faults (refrigerant undercharge/overcharge, evaporator low indoor airflow and condenser low outdoor
airflow) on split and rooftop system. Hu et al.[15] conducted experimental research on common
installation faults in a high-efficiency residential heat pump. The four types of faults considered in the
paper are improper evaporator airflow rate, refrigerant undercharge or overcharge, liquid line
restriction, and non-condensable gas. After that, Hu et al.[25] also researched the simultaneous faults
composed of these single faults.

Through literature analysis, the following research status can be summarized:

(1) The most common types of faults that affect the performance of the air conditioning system
are: refrigerant undercharge (UC), refrigerant overcharge (OC), indoor units fouling (IF),
outdoor unit fouling (OF), and non-condensable gas in the refrigerant (NC). Among them,
there are more studies on the first four categories, and NC faults are less studied due to the
high safety requirements of their experiments.

(2) Most experiments only analyze the impact of one or two system fault types on performance
due to the experiment's immense workload and stringent requirements. There are few works
on experiments on the general fault of the system, while it is of great significance for the
macro consideration of the impact of failures and comparing the effect of different fault types
on the system.

(3) There is even less research on simultaneous fault studies as experiments and analysis are
more complex. But in actual situations, simultaneous faults are inevitable. Carrying out
simultaneous fault experiments has a realistic background and practical significance.

(4) There are few fault experiments on frequency-conversional VRF systems. The cost of
destructive fault experiments is high due to the high system selling price, and the fault
experiments are complicated, and the experiment requirements are high. In addition, there is
almost no public literature involved in VRF system simultaneous fault impacts analysis.

The VRF systems, which provide a more comfortable and stable indoor thermal environment and
reduce cooling energy consumption, have been increasingly applied for buildings such as commercial
buildings, office rooms, and et.al[26]. In addition, it is relatively simple to set up and install by reducing
the need for ductwork installation. According to a research report[27], the global VRF systems market
to reach $29 Billion by 2027 and at the same time, China is forecast to reach a projected market size
of $6.4 Billion. VRF systems faults are inevitable due to installation errors, degradation due to
operation and other reasons[28]. Unfortunately, there are research gaps in analyzing the fault impact
on VRF system, which occupies an important position in the air conditioning system. To address
research gaps, this paper conducts experimental research on five common fault types. It analyzes the
performance impact and variables variation trend of VRF systems under three faults sit: single faults,
double simultaneous faults, and triple simultaneous faults. The core contribution of this study has three
points:



(1) This paper provides a comprehensive reference database of the impact of fault on the
frequency conversional VRF system, filling the research gap that the reference database is
missing.

(2) The paper profoundly analyzes the influence of multiple faults and multiple fault levels of
VREF systems on system performance. It explores the actual performance influence degree of
simultaneous faults (double-simultaneous, triple-simultaneous) and internal mutual coupling
influence law for the first time.

(3) The paper deeply analyzes the trend influence of single fault and simultaneous faults on
characteristic variables and explores the interaction between fault impacts on variables under
simultaneous faults; it can guide FDD models' development.

The current paper demonstrates a great experimental effort to solve critical problems involving
common single-faults and corresponding simultaneous faults in VRF systems. The rest of paper is
organized as follows: Section 2 describes methods for imposing and combining faults in the laboratory,
and metrics to describe the fault impacts. According to the complexity of the faults, Section 3 analyzes
the impact of single faults, double simultaneous faults, and three simultaneous faults on the VRF
system. Section 3.1 to Section 3.3 summarizes the quantitative impacts of various types of faults and
provides some methods and an analysis to address the problem of simultaneous faults. And then,
Section 3.4 analyzes and summarizes the quantitative influence and variation trend of system
parameter variables during single fault and simultaneous fault, which guides for the problem of fault
decoupling when developing VRF system FDD tools. Finally, the last section provides a conclusive
summary of the results.

2. Experimental setup and faults introduction

The experimental conditions are standard cooling conditions, i.e. indoor Dry-bub temperature 27°C
(Wet-bub temperature 19°C) and outdoor Dry-bub temperature 35°C. This section describes
experiments to test these faults singly and simultaneous, including a detailed description of the test
setup, instrumentation, fault implementation, and evaluation index.

2.1 Psychrometric chamber

All the experiments were performed in a standard psychrometric chamber to tightly control the
indoor and outdoor air dry-bulb and wet-bulb temperatures. The standard psychrometric chamber is
composed of a SOHP outdoor chamber and a 30HP indoor chamber. There is a set of air volume devices
in the indoor chamber with an air volume range of 500-10000m3/h, which adopts independent
measurement and control methods to make the inlet temperature measurement accurate. This standard
psychrometric chamber adopts the theory of air enthalpy potential, which uses the indoor air-side
enthalpy method to measure the room air conditioner's cooling (heat) quantity. It is designed and built
according to the following national standards of China: GB/T18837-2015, GB/T19409-2003,
GB/T18430.2-2008, GB/T18430.1-2007, GB/T7725-2004, GB/T17758-2010, GB/T18836-2002,

GB/T19232-2003. These standards can be found in the website[29]:
http://www.cssn.net.cn/pagesnew/search/search_base EN.jsp.

During the test, the standard psychrometric chamber can guarantee that the indoor and outdoor
chamber's return air temperature deviation was less than 0.5°C and 1°C, respectively. The main
3
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measuring instruments and their accuracy of the standard psychrometric chamber are shown in Table
1. The laboratory is equipped with a Yokogawa MW100 data collector. Corresponding sensors are
arranged according to the performance test requirements, and then the data is integrated by ACTest
soft, and the superheat and supercool calculations are performed. During the experiment, the data
collection interval was set at ten seconds. The following experiment guidelines are carried out as
required before each experiment: 1) Check the last operation record to confirm whether the equipment
is faulty, if there is a fault, confirm that the fault has been eliminated, and the equipment is normal
before it is ready to start up; 2) Check whether the power supply is normal; 3) Fill the water bottle on
the temperature measuring device with distilled water, change the wet-bulb gauze every 48 hours and
keep the platinum resistance wet-bulb thermometer about 28+2mm away from the water surface; 4)
Detect the sealing condition of all interfaces; 5) According to the air volume of the tested machine,
select the appropriate number of the nozzle so that the nozzle wind speed is between 20~30m/s.

Table 1 The measuring accuracy of the sensors.

Sensor Range Accuracy Measurement location
T-type thermocouples -200~350 °C +0.5°C Refrigerant
Plati -resist
FHnmreIstanee -200~500°C  +0.1°C Air
thermocouple
Relative humidity sensor  0~98% +5% RH Air
Pressure transducer -0.1~5 MPa +0.2% Refrigerant
Pressure transducer 0-1000 Pa +0.2% Air in the wind chamber
Power meter 0.5~100 kHz +0.2% FS Indoor and outdoor testing rooms

2.2 Experimental apparatus

A scheme of the experimental VRF system is shown in Fig. 2. The test system is a nominal 15.5
kW VRF system with R410A refrigerant, with a standard charge of 6.3 kg. It is composed of five
indoor units and one outdoor unit. The rated cooling capacity of the five indoor units are 2.2kW, 2.8kW,
2.8kW 3.6kW, and 7.1kW. Table 2 presents detail information about the indoor units. The diameter of
the liquid pipe is 6.35mm and the length is 20m. The diameter of the trachea is 9.53mm and the length
is 30m. In cooling operation, its environmental operating range is 10°C to 46°C, and in heating, the
range is -20°C to 15.5°C. The outdoor unit comprised an inverter two-spool compressor, four-way
valve, gas-liquid separator, fin-tube heat exchangers, outdoor electronic expansion valve (EEV), check
valve and bypass solenoid valve.
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The inverter two-spool compressor serves as the power source for the heat transfer of the VRF
system, and its standard operating pressure ratio ranges from 1.6 to 10. It required operating conditions
range from the evaporation temperature between -27 and 26°C (i.e., 0.20~1.60MPa), and the
condensation temperature between -15 and 65°C (i.e., 0.38~4.15MPa). VRF systems need to meet
heating and cooling requirements, and four-way valves realize this function. It changes the flow path
of refrigerants by controlling the pilot valve to switch the mode between cooling and heating. The gas-
liquid separator is used to separate liquid and gaseous refrigerants to avoid liquid shock in the
compressor. The outdoor heat exchanger is the core device to realize heat transfer. The refrigerant flow
rate can be adjusted by the opening ratio of the EEV, while under the cooling model, the opening ratio
of the outdoor EEV remains 100%. The amount of refrigerant flowing through the unit was adjusted
by the compressor rotation frequency and the indoor EEV opening ratio, at this time.

Table 2. Indoor units’ parameters information

Parameters Indoor unit 22 Indoor unit 28  Indoor unit 36  Indoor unit 71
Size (HXWxD) mm 192x700x447 192x1180%x447
Air flow rate (m*/min) 7.3 9 9 16.5

Net weight (kg) 16 17 17 24
Cooling capacity (kW) 2.2 2.8 3.6 7.1
Heating capacity (kW) 2.5 3.2 4.0 8.0
Cooling rated input (kW) 0.03 0.04 0.04 0.06
Heating rated input (kW) 0.03 0.04 0.04 0.06
Cooling rated current (A) 0.25 0.35 0.35 0.50

Heating rated current (A) 0.25 0.35 0.35 0.50
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Fig.2. The schematic diagram of the VRF system

2.3 Fault description

Five fault types and their corresponding simultaneous fault were selected because they represent
all the common faults during installation and operation. They are refrigeration overcharge (OC),
refrigeration undercharge (UC), outdoor unit fouling (OU), indoor units fouling (IU), and non-
condensable gas (NC). Since non-condensable gas may cause an explosion in the system, it wasn’t
carried out in the simultaneous fault experiment after considering safety. Table 3 shows the detailed
test matrix information.

The refrigerant serves as a “medium” for heat transfer, and its change level will significantly
impact the VRF system. In the experiment, the “weighing method” is used to achieve different
refrigerant charging levels. The nominal charge is 6.3 kg based on the manufacturer’s charging
instructions. The definition of fault intensities is shown in Eq. (1)[15].

Intensityocyc = Mrefactual (1)
ref.rated

Where Myefrqreq indicates the nominal refrigerant charge, Myefrqcrua indicates the actual
refrigerant charge.



Due to aging, or being covered by dust, or obstruction of heat dissipation and ventilation, the heat
exchange performance of the condenser and evaporator will reduce. For indoor units, their air inlets
are blocked to reduce their air volume, thereby setting different levels of indoor fouling. The definition
of indoor fouling intensity is shown in Eq. (2)[8].

Vin.air.decrease

Intensity,;, = —— (2)

Vin.air.rated
Where Vi, girratea indicates the standard air volume, Vi, girdecrease indicates the air volume
decrease due to dirty blockage.

The outdoor fouling is similar, but the fouling intensity is defined as the ratio of the blocked area
of the air inlet of the outdoor unit to the total area. The definition of outdoor fouling intensity is shown
in Eq. (3)[30].

Aout.blocked

Intensityor = ﬁ 3)
out.rate

Where Ayt rateqa 1ndicates the outdoor unit air inlet area, Ayt piockea 1ndicates the blockage area.

The non-condensable gas is mainly because the installation process is not vacuumed according to
the standard manual. The fault intensity is mainly determined by the quality of the non-condensable
gas contained in the system. The mixing of non-condensable gases will cause safety hazards to the
system. Not only will it reduce the performance of the VRF system, but it will also cause an explosion
in severe cases. Therefore, only three groups of single faults were conducted in the experiment. The
definition of non-condensable gas fault intensity is shown in Eq. (4)[15]. my, indicates the quality
of the non-condensable gas.

Intensityyc = myc (4)

It is reasonable to assume that faults often do not appear alone, but are mutually associated,
because faults often result from low-quality installation or a lack of maintenance and harsh operating
conditions[25]. When the system has a refrigeration charge fault, it is possible to superimpose other
faults (e.g., OF, IF). Therefore, this paper considers the double simultaneous faults and triple
simultaneous, which is common in the system. In addition, because different fault intensities will cause
different impacts on the system, we also comprehensively considered the superposition of varying fault
intensities in the simultaneous faults experiment. The following paper and figures use a “+” symbol to
represent the fault superimpose. For instance, “UC80+OF50” represents the simultaneous fault of the
refrigerant undercharge fault intensity 80% with outdoor fouling fault intensity 50%.

Table 3. Test matrix for selected single faults and their corresponding simultaneous faults

Fault types Abbreviation Description Intensities

Single fault
The refrigerant charge of the

Refri t 110%, 120%
cHgetan ocC system exceeds the standard > °
overcharge 130%, 140%
charge by more than 10%
Th fri t ch f th
undercharge Y ° 70%,60%,50%

than the standard charge
3



The heat exchange performance

Indoor unit fouling IF of the indoor heat exchanger is 25%,50%,75%
reduced by airflow rate
The heat exch i f
. . e heat exchange per ormance(.) 25%. 50%.
Outdoor unit fouling OF the outdoor heat exchanger is
. 75%, 100%
reduced by airflow rate
Non-condensable NC The system contains non- 10g, 20g, 50g
gas condensable gas
Double simultaneous fault
Indoor units fouli The system has double faults
ndoor units foulin
) ) 8 indoor  units  fouling  and IF50+0C120
with refrigerant  [F+OC/UC i
refrigerant charge fault at the same IF50+UC80
charge fault )
time
Indoor units fouling The system has double faults IF50+0OF25
with outdoor unit I[F+OF indoor units fouling and outdoor IF50+0OF50
fouling unit fouling at the same time IF50+OF75
Reffi t Th t has double fault
efrigeran . e' system has double faults OC120+OF50
overcharge with OC+OF refrigerant overcharge and outdoor
. . . . . OC120+OF75
outdoor unit fouling unit fouling at the same time
) The system has double faults
Refrigerant .
undercharee with UC+OF refrigerant  undercharge  and UC80+0OF50
g. ) outdoor unit fouling at the same UC80+OF75
outdoor unit fouling i
time
Triple simultaneous fault
Refrigerant The system has triple faults
overcharge, indoor OCHIF+OF refrigerant overcharge, indoor OCI120+IF50+OF50
units fouling with units fouling with outdoor unit OCI120+IF50+0OF75
outdoor unit fouling fouling at the same time
Refrigerant The system has triple faults
undercharge, indoor UCHIF+OF refrigerant undercharge, indoor UCS80+IF50+OF50
units fouling with units fouling with outdoor unit UC80+IF50+OF75

outdoor unit fouling

fouling at the same time

2.4 Evaluation index

The paper uses the cooling capacity, the total power of the system, and coefficient of performance
(COP) to evaluate the performance of the VRF system. Their calculations are based on the
literature[31]. The experiment uses the indoor air-side enthalpy method to measure the cooling quantity
of the test VRF system. The cooling capacity @) was calculated by the following Eq. (5).

® — qml(hair.in - hair.out)
© i1+ wy)

)



Where @) was the cooling capacity of test VRF system. G, Rgirin> Rairout> Vo>, Wn denoted
the indoor units air flow rate (m*/s), enthalpy of inlet air (J/Kgdry.air), enthalpy of outlet air(J/Kgdry.air),
specific volume of moist air (m’/kg) which can be calculated by Eq. (6) and air humidity ratio
(kg/kgary.air) which equation is shown in Eq. (7), respectively.

_0.455(0.622 + wy,)(T,, + 273.15)

' 6

" 9.869 x 10~4(1 + w,)P ©)
_( op )

wn = (Fo 0

None of these five variables can be directly measured, and they need to be measured indirectly
through the measured values the inlet temperature, the inlet air wet-bulb temperature, the outlet

temperature, outlet air wet-bulb temperature and so on. The g,,; can be calculated by Eq. (8)
2

qmi = C*x A * val/;{:C*n*dI*\/zvan, ()
Where C was the air velocity (m/s); p, was the air density at the test point; d was the diameter of
tuyere.
The hgirin can be obtained from temperature and humidity, as shown in Eq. (9). The same can
also be calculated to obtain Ay oy¢-
hair.in = f (Tair.ins WBair.in» Pair.in) = 1.005t;, + Wn_in (2500 + 1.84¢;,) ©)
The total power Wi of the system can be directly collected by the power meter. Therefore, the
system COP can be calculated by Eq. (10).

@
cop = —9 (10)

2.5 Uncertainty analysis

Measurement uncertainty is an important index to evaluate the measurement quality and data
reliability of a measurement system. To assess the credibility of the collected data of the test VRF
system, this section calculates the uncertainty of the important measurement data such as the cooling
capacity and COP of the air-side enthalpy potential method according to the standard JJF1059-1999.1n
the air-side enthalpy potential method, the cooling capacity of the VRF system is calculated by the Eq.
(5). According to the uncertainty transfer formula of the indirect measurement (National Bureau of
Quality and Technical Supervision of China, 1999), the standard uncertainty of the indoor cooling
capacity can be calculated according to Eq. (11).

hal - haz 2 q z
W =l arwy) Yt [Vn(l—-ljjl/l/n)] (Wher + Uias)

;(ha1 — haz) Zuz 4 (hat — haz) Zuz
V)2A+ W) ™ | @+ w2 [

(11)

— 24,2 2 2 2 2,,2 2,,2
= CiUg, + ¢ (uha1 + uhaz) + c3uy, + ciuyy,



Where uéc was the uncertainty of cooling capacity; ué ; and c?are the uncertainty and the its

2

transfer coefficient of the air volume flow; uleal, uf and c¢Z are the uncertainty of the air enthalpy

a2

value and its transfer coefficient; u]z,nand c are the uncertainty of the air specific volume and its
transfer coefficient; uﬁ,n and c? are the uncertainty of the air specific volume and its transfer
coefficient.

The measurement uncertainty of the basic sensor can be obtained from Table 1, and substituting
Eq. (11) to obtain the uncertainty range of u,. is 0.7% ~ 1.6%. Besides, the uncertainty range of the
measured power was calculated according to the test value of power and the maximum error of power
meter in 0.6% ~ 1.4%. In the same way, according to Eq. (10) and u,, the uncertainty range of the
COP can be calculated in 0.8% ~ 1.7%. Results suggest that the reliability and accuracy of data
collected by testing equipment and the enthalpy potential method were reasonable in this study.

3. Effect of faults on performance under cooling model

In this section, we will first explore the effect of a single fault for the VRF system, then expand
to double simultaneous faults and triple simultaneous faults. Finally, the trends of some critical features
under different faults are analyzed. In the following figures, OC100%, UC 100%, IF 0%, OF 0%, and
NC 0 indicate that the VRF system is not faulty.

3.1 Single fault performance effect

Fig.3 shows the impacts of OC faults on the cooling capacity, total system power, COP at four
intensities (110%, 120%, 130%, 140%). The right side of the figure is the actual value, and the left
side is the ratio of its change to the normal operating conditions. At low OC intensity (less than 110%),
the system's cooling capacity decreases less and hardly changes, which was consistent with the results
of other studies of TXV-equipped systems[14]. However, when the OC fault is further aggravated, the
cooling capacity of the system will drop[8]. Especially when OC intensity is 140%, the system's
cooling capacity will drop by 35% compared to normal conditions. At this time, the COP value has
increased by 26.14% compared to normal conditions. This abnormal phenomenon is caused when the
system’s high voltage reaches the high voltage protection threshold after OC130% intensity. When the
refrigerant is overcharged by 130%, a large amount of refrigerant cannot be condensed and
accumulates at the end of the condenser, resulting in an abnormal increase in high pressure. At this
time, the high voltage protection control will be triggered, e.g. the system compressor frequency
reducing. So that the compressor power is reduced[24] and its reduction ratio is greater than the cooling
capacity reduction ratio, The former 48.48%, the latter 35.01%. Therefore, there will be a phenomenon
that the system COP value is higher than average, but this does not mean that the system performance
becomes better. On the other hand, due to the 35.01% reduction in cooling capacity, the system cannot
keep the indoor room thermal comfort requirements under the same thermal load.
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Fig.3 Impacts of refrigeration overcharge faults

Fig.4 shows the impacts of UC faults on the cooling capacity, total system power, COP at five
intensities (90%, 80%, 70%, 60%, 50%). The cooling capacity diagram shows that when the fault
intensity range is 90%-80%, the system capacity decreases less. This is similar to the discovery by
Mehrabi and Yuill[24] at this charge level for the multiple systems they studied. Because in this range
of UC fault intensity, the system cooling capacity can maintain a high level by adjusting the opening
of the indoor electronic expansion valve (EVI). At this time, the system COP increases to 2.48, an
increase of 6.14%. This phenomenon is due to that the compressor needs to reduce the frequency to
adjust the high superheat of the system due to the refrigerant undercharge. In contrast, the system’s
cooling capacity is not attenuated. But this does not mean that refrigerant undercharge is beneficial to
the VRF system. The system standard refrigeration charge is the optimal charge volume that meets the
system operation under different operation conditions. The UC 90% to 80% fault intensity may not
guarantee optimal performance under other working conditions. Fig.5 shows UC fault impacts under
different operating conditions. The horizontal axis represents different fault intensities, and the vertical
axis represents the rate of change of each index compared to the normal operation under the same
operating condition. From Fig.5, it can be found that under 27°C/35°C operating conditions, the COP
values of fault intensity 90% and 80% are reduced by 3.58% and 12.09% respectively compared with



the standard charge. In addition, under the 32°C/43°C operating condition, the system still obtains
more cooling capacity as the fault intensity increases, this is obtained at the cost of additional power

consumption. Therefore, its COP value also dropped by 7.84% and 7.45% respectively.
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Fig.5 UC fault impacts under different operating conditions (27°C/35°C means indoor dry bulb
temperature 27°C, outdoor dry bulb temperature 35°C)

The cooling capacity and COP of the fault intensity over 70% will drop significantly. The system
cooling capacity and COP’s reduction ratio in UC 50% fault intensity decrease 18.07% and 8.93%.
Compared with the OC and UC fault, it can be found that the refrigeration undercharge fault has a
smaller impact on the system than the overcharge fault.

Fig.6 shows the impacts of IF faults on the cooling capacity, total system power, COP at three
intensities (25%, 50%, 75%). It can be found that the impact of indoor fouling fault on the cooling
capacity gradually increases with the increase of the fault intensity, which was also found by other
researchers[8, 15]. In the initial 25% fault intensity increase, i.e. 0% to 25%, the cooling capacity
reduction ratio is 8.78%, while in the final 25% fault intensity increase, i.e. 50% to 75%, the cooling
capacity reduction ratio is 23.77%. The same fault intensity increase, the cooling capacity reduction
rate brought by the difference was 170.73%. The COP indicator also has the same phenomenon. In the
early stage of the fault, the impact of each 25% fault intensity is -6.2%, and in the later stage, it can
reach -18.09% which is 2.92 times the initial. By contrast, Du et al.[8] found a reduction of about 2%
at 22% fault intensity and 4% at 32% fault intensity. This result shows that the later the indoor fouling
fault, the greater the impact on the system. In other words, early repair of the indoor fouling fault can
effectively avoid the sharp increase impacts on the system in the later stage of the indoor fouling fault.
When the system has an IF fault, the phenomenon is similar to the system UC fault; The cooling
capacity and system power will be reduced with the fault intensity increase. However, it is evident that
the impact of IF fault is more significant than that of UC fault. The former can cause up to 36.84%
cooling capacity loss and a 24.38% COP drop in 75% IF fault intensity. At this time, the system can
hardly meet the indoor thermal comfort requirements.
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Fig.6 Impacts of indoor units fouling faults

Fig.7 shows the impacts of OF faults on the cooling capacity, total system power, COP at four
intensities (25%, 50%, 75%, 100%). The impact of OF fault on the system is more obvious, and it also
has the same fault characteristics as IF; That is, as the fault intensity increase, the more significant the
impact of the fault. The attenuation of the cooling capacity is similar to the change of the quadratic
function, similar to the discovery by Du et al.[8]. When the fault intensity reaches 100%, the cooling
capacity drops sharply by 80.27%. At this time, it can be determined that the system has failed. By
contrast, according to Du et al.[8] research results, the cooling capacity decays more smoothly and the
cooling capacity is reduced by about 7.5% when the OF fault intensity is 35%. It is worth noting that
at 50% and 75% fault intensity, the COP value of the system is 6.55% and 11.55% higher than the
normal state. But this does not mean that the performance of the system is improved. On the contrary,
the VRF system has not guaranteed indoor thermal comfort requirements due to the 26.75% and 46.82%
reduction of cooling capacity under the same thermal load. At this time, the system’s high pressure is
too high due to the OF fault. The compressor frequency is limited, the system’s power consumption is
greatly reduced and the magnitude is greater than the reduction of the cooling capacity COP value is

10



increased. Overall, OF fault can cause the cooling capacity to drop by 80.27% and the COP to drop by

47.6%, which is close to complete failure.

. 0%l m 1ol ®
£ 000 T _Mlaas T
- 10,57 Z 12 1292
< [ | | |
-30% =10}
< -26.7\ = 10.58\
'%45%- - § 8t -
B 0% 46.8 o 6 7.68
20 =
2 750 g af
g ’ m | O -
O ooul -80.27 2t 2.85
0% 6}
0.00 0.71 6.18 6.13
2 -15%¢
= 5t
o —
b =
S -30% <
> -31.25 g 4.25
2 -45%1 o
E =B 3L
-60%| -52.32 2.94
2;
-62.35 e r
0| " 2.6}
o — 2.4 %
w 0%t m 6.55 N 2.49
.5 -10% .U'O(N./ 221234 \./
= |
T oo 9.93 2.0 211
34
5 o |
O
-40% \ 1.4¢ \
0, [ ] 1.2+ n
-50% :
-47.6( 0 1.23
0% 25% 50% T5% 100% 0% 25% 50% T5% 100%

Fault intensity (OF)

Fault intensity (OF)

Fig.7 Impacts of outdoor unit fouling faults

Fig.8 shows the impacts of NC faults on the cooling capacity, total system power, COP at three
intensities (10g, 20g, 50g). From the perspective of changes in cooling capacity, NC fault has a
negligible impact on the VRF system. When the system contains 50g of non-condensable gas, the
system’s cooling capacity is only reduced by 1.17%. The reduction of COP is only within 3%. This is
similar to the discovery by Hu et al.[15], which is decreasing by <1.0% for all operating conditions,
and only 1.1%-3.9% with the maximum possible NC fault level. Therefore, it can be concluded that

the non-condensable gas has a small impact on the unit’s performance in the short term. However, the

oxygen in the air will cause the lubricating oil to fail after the long-term operation and cause damage
to the compressor. In addition, the mixed oxidation reaction of non-condensable gases may also cause
the system to explode. Such hazards can lead to complete system failure, which is highly harmful.

11
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Fig.8 Impacts of non-condensable gas faults

In this section, we analyze the impacts of five common single faults in VRF system. The results
show that all five types of faults harm the performance of the VRF system. Among them, the OU fault
has the greatest impact, which can cause a 47.6% COP drop and 80.27% cooling capacity reduction.
The NC fault that has the least impact on system performance in the short term will reduce the cooling
capacity by about 1.1% and the COP value within 3%.

3.2 Double simultaneous fault performance effect

Fig.9 to Fig.12 show the difference between single-fault and corresponding double simultaneous
fault effects on cooling capacity, power, and COP, respectively, to examine the extent to which fault
combinations have synergistic or canceling effects.

Fig.9 shows the impacts of “IF+UC/OC” double combination faults. Here, a mixture of IF50 and
refrigerant OC120 or UC80 fault is used. First, analyze the simultaneous fault of IF50 and UCSO0, the
results show that the system’s cooling capacity will be slightly reduced at this time, but the COP will
increase instead, compared to the superimposition of the effects when the two failures occur separately.
When the simultaneous fault of IF50 and OC120 occurs, the system performance will not deteriorate
compared to the corresponding single fault. Even the COP value has increased by 3.88%. This is

12



because the IF fault makes the compressor reduce the frequency, offsetting part of the OC120 high
load effect, and the simultaneous fault of IF50 and OC120 finally increases the COP value of the
system. In general, the simultaneous fault of IF+UC/OC does not make the system performance
degradation more serious but can offset each other's adverse effects to a certain extent.
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Fig.9 Impacts of double combination faults (IF+UC/OC)

Fig.10 shows the impacts of “IF+OF” double combination faults. From the point of view of the
impact on the cooling capacity, these simultaneous faults IF+OF have noticeable superimposing effects.
A single OF25 fault impacts -10.57% on the cooling capacity, and the IF50 fault is -13.07%. When
these two faults occur simultaneously, the reduction of the system cooling capacity is 22.04%, which
is slightly less than the sum of the separate effects of two single faults. It is worth noting that the higher
the intensity of OF faults, the superimposed effect of mixed faults will gradually decrease. For example,
when only the OF100 fault occurs, the cooling capacity will be reduced by 80.27%, but when it
combines with the IF50 fault, the cooling capacity will only be decreased by 83%, only 2.73% more.
From the COP chart, it can be found that when IF50+OF50/75 occurs, the system COP value will
increase relative to IFS0+OF25. This is because the IF50 fault alleviates the huge reduction in the
frequency of OF50/75.
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Fig.10 Impacts of double combination faults (IF+OF)

Fig.11 shows the impacts of “OC+OF” double combination faults. Similar to the IF+OF
simultaneous faults, the OC+OF simultaneous faults also have obvious superimposing effects. A single
OC120 fault impact -14.46% on the cooling capacity, and the OF50 fault is -26.75%. When these two
faults occur simultaneously, the reduction of the system cooling capacity is 43.04%, which is 1.83%
larger than the sum of the separate effects of two single faults. This result shows that when the system
has the simultaneous fault of OC and OF, the system’s performance will deteriorate more severely.
However, the superposition of this influence has a certain limit. When OF fault intensity is increased
from 50% to 75%, the cooling capacity attenuation of the simultaneous fault OC120+OF75 is 45.71%,
which is only an increase of 2.67% compared with OC120+OF75 simultaneous fault. This result shows
that when the fault intensity of one single fault is further increased, its superimposing effect will not
increase drastically. From the single fault analysis, we know that when the system has an OF fault, the
COP value of the system will increase due to the greatly reduced frequency of the compressor. This
phenomenon becomes more obvious after the overcharge fault is simultaneous. In this case, the power
of the system decays to half of the normal value.
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Fig.11 Impacts of double combination faults (OC+OF)

Fig.12 shows the impacts of “UC+OF” double combination faults. From the perspective of
system cooling capacity, when the system occurs UC80+OF50 simultaneous fault, the cooling capacity
attenuation is 17.54%. However, even a single OF50 fault has an impact of -26.75% on the cooling
capacity. This phenomenon shows that the simultaneous fault of UC+OF has canceling effects for VRF
system performance. However, these canceling effects will weaken as the fault intensity increases. For
example, when the OF fault intensity is increased from 50% to 75%, the cooling capacity attenuation
of the simultaneous fault UC80+OF75 is 45.3%, which is only 1.6% less than the combined value of
two single faults. This also shows that there will be different performance effects on the results in the
double simultaneous fault of different fault intensities. This mixture of faults, which have the canceling
effects for VRF system performance, makes the law of VRF system performance changes more
complicated.
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Fig.12 Impacts of double combination faults (UC+OF)

In general, the impact of double simultaneous faults on system performance presents two
characteristics. First canceling effect, that is, if two faults occur simultaneously, the impact of the fault
on the system performance will cancel each other out. The typical simultaneous fault with canceling
effect is UC+OF. The canceling effect on the system cooling capacity can reach 9.21%. Second
superimposing effect, that is, if two faults occur simultaneously, the impact of the fault on the system
performance will superimpose each other out. The typical simultaneous fault with superimposing
effect is OC+OF. It is worth noting that this superimposing effect is more obvious at low fault intensity.

3.3 Triple simultaneous fault performance effect

Adopt the same method of analyzing double faults; in this section we present results for triple
simultaneous faults. Fig.13 and Fig.14 present the impacts of cooling capacity, power, and COP for
three simultaneous faults. Except for the normal condition, all other triple-fault combinations also
compared to corresponding double simultaneous.

Fig.13 shows the impacts of “OC120+IF50+OF50/75” three simultaneous faults. The impact of
these three single faults (OC120, IF50, OF50) on the cooling capacity are -14.46%, -13.07%, and -

26.75% in sequence. The impacts of corresponding double faults (OC120+IF50, OC120+OF50,
16



IF50+0F50) are -14.19%, -43.04%, and -31.89%. From Fig.13 we know that the OC120+IF50+OF50
simultaneous fault of these three faults impacts the system’s cooling capacity by -44.51%, which is
9.77% less than the combined value of three single faults. And it is only 1.47% greater than the impact
of the OC120+OF50 simultaneous fault. This result shows that in the three-fault mixture, IF50 fault
can still compensate for the negative effects of these faults. This result is also true in the
OC120+IF50+0OF75simultaneous fault. In addition, in triple simultaneous fault, the deterioration of
one of the fault intensities will also aggravate the overall impact of the cooling capacity. For example,
in the OC+IF+OF simultaneous faults, the OF fault intensity changes from 50% to 75%, and the system
cooling capacity attenuation changes from 44.51% to 50.71%. In addition, we can see that when the
OC+IF+OF simultaneous faults occur, the COP of the system increases sharply. This is also due to the
superimposed effect of OF fault. This also shows that under simultaneous fault, faults will affect each

other.
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Fig.13 Impacts of triple combination faults (OC+IF+OF)

Fig.14 shows the impacts of “UC120+IF50+OF50/75” three simultaneous faults. Interestingly,
although UC80, imposed individually, had no significant effect on cooling capacity, when it is
combined with other faults, it can compensate for the negative effects of these faults. The impact of
these three single faults (UC80, IF50, OF50) on the cooling capacity are -0.08%, -13.07%, and -26.75%
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in sequence. The impacts of corresponding double faults (UC80+IF50, UC80+OF50, IF50+0OF50) are
-14.62%, -17.54%, and -31.89%. When three faults co-occur, the UC80 fault can reduce the -31.89%
impact of the original IF50+OF50 fault to -26.75%. This is mainly due to that the undercharge fault
can effectively avoid the system high-pressure frequency limitation problem caused by outdoor fouling.
This impact is still effective when one of fault intensity is increased. For example, when the OF fault
intensity is increased from 50% to 75% in UC+IF+OF simultaneous faults, the UC80 fault can still
reduce the original 52.34% adverse impact of IF50+OF75 to 46.78%. We see that the attenuation rate
has changed by 5.56%, which is basically the same as the 5.14% change in the case of
UC80+IF50+0F50 fault circumstances. This shows that the compensation of the negative effects of
UCS80 will not change significantly because of one of fault intensity increases.
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Fig.14 Impacts of triple combination faults (UC+IF+OF)
3.4 Trend analysis

System variables are measurable performance indicators, and they play an excellent role in
understanding system conditions. Understanding the trend of system variables under fault conditions
forms the basis of the field of fault detection and diagnosis. To find the magnitude of the feature
deviation from normal condition, we define feature variations, defined in Eq. (11).
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feature_ifq — feature_inormar

VariatiOnfeature_i feature i l (1 1)
_tnorma

where feature_ifqy; and feature_iyormq are the measured values of feature i from the faulted
condition and normal condition, respectively.

We selected six important variables (shown in Table 4) to analyze the influence trend of the fault
on these characteristic variables. In addition, the changes in magnitude are also useful for some data-
driven-based FDD methods to classify the fault type. To facilitate comparison and analysis, the trend
impacts of a different single fault, simultaneous faults, and their different fault intensities on a certain
variable is plotted in a chart.

Table 4 Definitions of selected six features

Symbol Definition Uint
Pq Compressor discharge pressure Mpa
Ps Compressor suction pressure Mpa
T suc Compressor suction temperature °C
T dis Compressor discharge temperature °C
T s Condenser supercooling temperature °C
T sn Discharge superheat temperature °C

Fig.15 presents the trend impacts of Pq feature in different types of fault. OC fault and UC fault
will lead to opposite Pq4 trends, and its variation trend has a clear positive correlation with the fault
intensity. The former will cause the Pq4 feature larger, and the latter will cause the P4 feature to become
smaller. Through Fig.15, we can find that IF and UC's trend impacts for Pd feature are similar, and the
OF and OC are identical. The non-condensable gas cannot be condensed in the condenser and
accumulates, making Py feature higher. However, from a quantitative point of view, its impact is far
less than the high fault intensity OC, UC, IF, OF faults. This is consistent with the conclusion that NC
fault has little impact on system performance in Section 3.1. In simultaneous faults, a significant
finding is that the upward trend of P4 feature is a dominant characteristic. When faults occur
simultaneously, as long as one fault can cause P4 feature to become higher, the final simultaneous faults
result is that the system pressure becomes higher. Only when the two faults both lead to a reduction in
Pq feature, the system Pq4 value will decrease, and of course the two will have a certain promotion effect.
As shown in Fig.15, the P4 value in the simultaneous fault result shows a negative trend only when the
two faults of UC and IF co-occur. And we can find that the P4 variation of UC80 is 6.23%, and the
IF50 is 4.89%, but the simultaneous fault UC80+IF50 is 7.92%. This phenomenon shows that these
two faults have mutually promoting effects.
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Fig.15 compressor discharge pressure (Pq) variations in different fault type and fault combination

Fig.16 presents the trend impacts of Ps feature in different types of faults. It can be seen from
Fig.16 that most of the faults cause the system Ps feature to increase and only the UC and IF faults will
cause it to decrease. And only the UC fault intensity is high, the Ps feature will reduce. This shows that
when the UC fault intensity is low, the system can keep the Ps feature in a normal range by adjusting
the compressor frequency and valve opening. When OF fault intensity is over 25%, Ps feature will
increase significantly, and as the fault intensity increases, the variation range will be greater. The
maximum variation is 108.52%, which is 15.2 times the absolute value of maximum UC P feature
variation, 14.1 times that of NC fault, 3.6 times that of IF fault, and 2.2 times that of OC fault. This is
because when the outdoor heat exchanger has poor heat dissipation, the condensing temperature rises
and then causes the evaporation temperature to rise. The low pressure of the system becomes higher.
This effect continued in double simultaneous faults containing OF fault. For example, fault of
OC120+0F50/75, UC80+OF75, IF50+0F50, etc., caused the Ps feature to rise by more than 60%.
Interestingly, when the three types of faults UC/OC, IF, and OF fault occur simultaneously, the rising
trend of the system Ps feature is suppressed. From the results, the maximum Ps variation is 40%. This
shows that IF50 fault has a strong effect of offsetting the upward trend of other faults. This
phenomenon was also verified in double simultaneous fault OC120+IF50 and IF50+OF25. Initially,
UC120 and OF25 have 6.25% and 7.53% Ps variation effects, but when it occurs simultaneously with
IF50, the corresponding simultaneous fault Ps variations are -13.49% and -7.67%. IF50 can change
the original positive trend into a negative trend.

20



110%

100% 1
90% ]
80% i
70% -
60% ]
50% 1
40% |
30% 1
20% -]

10% o

Compressor suction pressure (Ps) variations (%)

0% — -
-10% +
-20%
-30% - . : .
o o o ol o o <o ol oo wm|ln o v ol <o ol|lo o v o o v v o v ol o w o
T 0 o =l 0 = W Bl o -l N - o= & nn n - n N - o - o N - -
UDoBl3838E=E=8805z|225fF58F838355 385|885
o & & & o & ¥ 1 &2 I I I I I Q| I I
8 9 © ®» o o o o o ITle o o o
o= 82 0 88222 Q|8 £ £ £
oC ucC IF OF NC & R Y 2355 ===&w|lFTFF T
o O o o o o
S
9] ]
& =2 & -
Single Double Triple

Fig.16 Compressor suction pressure (Ps) variations in different fault type and fault combination

Fig.17 presents the trend impacts of T suc feature in different types of faults. T suc feature will only
show a downward trend when the IF fault occurs, and the proportion of decline increases sharply with
the intensity of the fault, and finally reaches -721.43%. When the IF fault occurs, the refrigerant cannot
evaporate effectively, causing a large amount of liquid refrigerant to accumulate in the indoor units.
At this time, the pressure drop in the evaporator increases, resulting in a decrease in suction
temperature. The greater the intensity of IF fault, the more serious the indoor units' liquid floodback,
and the greater the drop in suction temperature. Therefore, it can be considered that T g feature can
be used as a characteristic variable for identifying OF fault. Correspondingly, the OF fault makes T suc
feature has a significant increasing trend. When OF fault intensity is 100%, T suc feature has the largest
variation, reaching 1578.57%. In terms of magnitude, NC fault has the least impact on the T s feature.
Similar the Ps feature, the IF fault has a strong offsetting effect, so that the increasing trend of the T suc
feature is alleviated. Even in minor fault intensities, the original positive trend becomes a negative
trend, e.g., OC120+1F50, UC80+IF50, and OF25+IF50.
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Fig.17 Compressor suction temperature (T suc) variations in different fault type and fault combination

Fig.18 presents the trend impacts of T qis feature in different types of faults. Intuitively, the trend
of T 4is feature caused by other faults is much more complicated. For example, OF fault, when the fault
intensity is lower, the T 4;s feature shows a positive trend, and as the fault intensity increases, the greater
the variation. However, when the fault intensity is large to a certain extent (e.g.75%), the T qis feature
will show an opposite trend. With the increase of the fault intensity, the greater the variation. IF faults
are more complicated. When the fault intensity is 25%, the variation of T 45 feature is -1.83%, and
when the fault intensity becomes 50%, there is almost no change. Still, when the fault intensity rises
to 75%, it causes -1.70% variation. As a result, the trend of the T 4is feature in simultaneous faults is
also complex and diverse. The T gis feature variations of OC120 and OF50 were 3.53% and 9.29% in
corresponding single fault, respectively. However, in the OC120+OF50 simultaneous fault, its
variation has become -8.64%. By consulting the unit control results, it was found that when the two
faults co-occurred, the compressor entered the high-pressure protection control, which reduced the
frequency and caused the discharge temperature to decrease. This also explains why the T 4;s feature
increases when UC80+OF50 and UC80+OF75 fault occur. It’s because the refrigeration undercharge
makes the compressor frequency up.
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Fig.18 Compressor discharge temperature (T 4is) variations in different fault type and fault

combination

Fig.19 presents the trend impacts of T . feature in different types of fault. The T s feature can be
used to distinguish OC and UC faults very well. When OC fault occurs, the trend of T s feature is
positive, bigger than 40%. While the trend is negative when UC fault occurs. This is because when the
system refrigeration is undercharged, the relative area of the condenser increases and the corresponding
saturation temperature decreases, resulting in a decrease in the T s feature.

Conversely, when the system refrigeration is overcharged, the condensing pressure rises, and the
corresponding saturated condensing temperature also rises. However, because the excess refrigerant
accumulates at the bottom of the condenser and exchanges heat with the environment sufficiently, the
outlet temperature of the condenser is close to the ambient temperature, which causes the T s feature
increasing. When the IF fault intensity is large, it will also cause a negative trend variation in the T
feature. But its impact is far less than UC fault. It is worth noting that when the OF fault intensity is
lower, the T s feature increases, but when the fault intensity reaches 100%, there will be a great
negative trend variation. This is caused by poor heat dissipation of the outdoor unit. When the OF fault
intensity is very high, the refrigerant cannot be condensed and is directly output in the form of high-
temperature gas, and the T s feature is drastically reduced. The simultaneous fault analysis shows that
the negative trend of T s feature caused by UC and IF fault is a weak influence, liking a recessive.
Because only when these two faults co-occur, the simultaneous faults will eventually show a negative
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trend. Once other faults can lead to a positive trend variation, the simultaneous faults must eventually
show a positive trend variation.
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Fig.19 Condenser supercooling temperature (T sc) variations in different fault type and fault

combination

Fig.20 present the trend impacts of T s feature in different types of faults. The T s feature has
an apparent negative correlation with the refrigerant charge. The larger the refrigerant amount, the
smaller the T sn feature. Because if the performance of the compressor remains unchanged, the
discharge temperature will be relatively unchanged. The condenser's saturation temperature will
increase when refrigerant increases, decreasing the T sn feature. The impact of OF and IF fault on the
T sn feature 1s much more complicated. The variation may show the opposite trend with the different
intensities of fault. In OF faults, when the fault intensity is low, its impact on the T s, feature is negative,
with a value of 9.17%. However, when the fault intensity is increased to 50%, the impact becomes a
positive trend with a value of 3.55%.

What's more varied is that when the fault intensity increases, the trend becomes negative again,
and as the fault intensity increases, the greater the negative trend value. The OF100 fault has the most
serious impact on T g, feature, which can reach -56.74%. The negative trend of T g, feature caused by
OC fault is a dominant characteristic. This means that as long as the OF fault is included, the
simultaneous faults must cause a negative trend variation to the T s feature.
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Fig.20 Discharge superheat temperature (T s) variations in different fault type and fault combination

In the end, according to the analysis of the results in Fig.15 to Fig.20, the trend of six typical
variables in different single faults or simultaneous faults can be concluded as shown in Table 5. In the
table, "1" indicates a positive trend, also called an upward trend and the corresponding "|" indicates a
negative trend, also called a downward trend. It is worth noting that " Uncertain " means that the
changing trend is not clear; the variation trend will have an opposite trend as the fault level increases.

Table 5 Six variables trends in different fault situation summary

Numb Types Pq Ps T dis T suc T s T sh
1 ocC 1 1 Uncertain 1 ) !
2 ucC l Uncertain 1 1 l 1
3 IF l l Uncertain l l Uncertain
4 OF i i Uncertain 1 Uncertain  Uncertain
5 NC i i i i T T
6 OCHIF Uncertain  Uncertain  Uncertain ~ Uncertain ) Uncertain
7 OC+OF 1 1 l 1 Uncertain !
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10
11
12

UCHIF ! ! Uncertain  Uncertain ! )
UC+OF 1 1 1 1 Uncertain  Uncertain
I[F+OF 1 Uncertain  Uncertain  Uncertain  Uncertain ~ Uncertain
OC+HIF+OF 1 1 l 1 Uncertain !
UCHIF+OF 1 1 1 1 Uncertain ~ Uncertain

4. Conclusions

This paper demonstrates an extensive experimental effort dedicated to solving critical problems

related to VRF systems’ fault detection. Different fault intensities, fault types and simultaneous faults

such as double simultaneous and triple simultaneous are all considered. The cooling capacity, system

power, and COP are used as indicators of performance impact. In addition, the impacts caused by

different faults on system parameter variables are also be analyzed and summarized. Several core

conclusions were listed below:

(1) The results show that all five types of faults harm the VRF system’s performance. Among

them, the outdoor fouling fault has the most significant impact, which can cause a 47.6% COP
drop and 80.27% cooling capacity reduction at 100% fault intensity. The non-condensable gas
faults that have the most negligible impact on system performance in the short term will
reduce the cooling capacity by about 1.1% and the COP value within 3%. The refrigeration
undercharge fault has a smaller impact on the system than the overcharge fault.

(2) The impact of simultaneous faults on VRF system performance is not a simple superposition

of the impact of a single fault. Under simultaneous fault, faults will affect each other,
significantly cancel or combine synergistically. For example, for VRF system performance,
indoor fouling with outdoor fouling simultaneous fault has a noticeable superimposing effect,
and the undercharge with outdoor fouling simultaneous fault has canceling effects. When the
fault intensity of one of single fault is further increased, its superposition or cancel influence
will gradually decrease.

(3) Some of the faults’ effects on VRF system variables are similar, e.g., overcharge fault and

outdoor fouling, undercharge fault, and indoor fouling. Correspondingly, the same
simultaneous fault may lead to different variations due to the different fault intensity. This
phenomenon is most typical for outdoor fouling with indoor fouling simultaneous fault. This
is undoubtedly the difficulty of fault detection and diagnosis. Compressor discharge pressure
feature can be used as a vital parameter indicator of whether the system is faulty. Condenser
supercooling temperature feature can be used to identify the characteristic variables of
refrigeration undercharge and indoor fouling faults in the system. Only the indoor fouling
fault will cause a negative variation trend in the compressor suction temperature feature.

(4) In simultaneous fault, the influence of the fault on the variable trend is not only superimposed

and offset, but also the trend influence of some faults has a dominant characteristic. The
negative trend of discharge superheat temperature feature caused by the overcharge fault is a
dominant characteristic. This means that if the outdoor fouling fault is included, the
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simultaneous faults must cause a negative trend variation to the discharge superheat
temperature feature.
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