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Abstract 

Faults in air-cooled vapor compression air-conditioning systems are known to reduce 

performance, including efficiency, capacity, and lifespan. Their effects have been studied, and 

fault detection and diagnostic (FDD) methods have been developed as tools for field technicians 

to install or repair systems, or for monitoring to alert operators to the fault’s presence. Most of 

this work has focused on faults that occur singly. It is likely that in some systems, multiple faults 

occur simultaneously, but it is uncertain what effects this may have on diagnostics. This paper 

describes a laboratory study of a split system air source heat pump in which combinations of two, 

three, and four simultaneous faults occur. The study includes all combinations of: improper 

evaporator airflow; overcharge or undercharge of refrigerant; liquid line restrictions; and non-

condensable gas in the refrigerant, each at multiple fault intensities. Fault features – those 

characteristics that can be determined from measurements, for use in diagnostics – are analyzed, 

and the key fault features are presented. A robust existing method for determining refrigerant 

charge, the virtual refrigerant charge sensor (VRC) is tested using the multiple fault data, in 

order to understand how its performance is impacted by the combined faults. The VRC performs 

well, typically able to correctly determine whether a system is undercharged or overcharged, but 

the magnitude estimates are impacted. The results suggest that simple subcooling-based methods 

of charging a system, are likely to provide unsatisfactory results when other faults are present. 

 

Keywords: Residential air source heat pump, simultaneous faults, superheat, subcooling, 

measurement variables, feature selection 

 

Nomenclature 

Symbols 

Δ difference 

k empirical parameter ��  mass flow rate 

P pressure, kPa 

R performance variable residual 

T temperature, °C 

��  air volumetric flow rate 

W power, W 

Subscripts 

0 fault-free  

A air 

amb ambient 

C condenser/condensing 

CE difference between condensing and evaporating temperature 

CH refrigerant charge 

com compressor  

Dis discharge  



E evaporator/evaporating 

i inlet 

LL liquid line ��  refrigerant mass flow rate 

meas measured 

o outlet 

OD outdoor unit 

rated rated condition 

ref refrigerant  

SC subcooling 

SH superheat 

Suc suction 

W water 

x inlet quality of the refrigerant in the evaporator 

Superscripts 

2 two times 

Abbreviations 

AC air conditioner(s) 

ASHP air source heat pump 

CA condenser airflow (including condenser fan failure/abnormality) 

CF compressor abnormal fault 

CH refrigerant charge (including undercharge and overcharge) 

COP coefficient of performance 

EA evaporator airflow (including evaporator fan failure) 

FDD fault detection and diagnosis 

FXO fixed orifice expansion device 

LL liquid line restrictions (including expansion device blockage) 

NC non-condensable gas 

NOF no fault 

OC refrigerant overcharge 

OS oversized system 

PAU packaged air conditioners 

RTU rooftop unit 

SEER seasonal energy efficiency ratio 

SHR sensible heat ratio 

SF single fault 

TXV thermostatic expansion valve 

UC refrigerant undercharge (including refrigerant leakage) 

VL compressor valve leakage 

VLCR check/reversing valve leakage 

VRC virtual refrigerant charge sensors 

 

1 Introduction 

Faults caused by poorly maintained, degraded, and improperly controlled heating, ventilation, 

and air-conditioning equipment are estimated to waste 15%-30% of the total energy usage 

(Katipamula and Brambley, 2005a). In addition to the energy waste, these malfunctions and 

degradations could result in reduced equipment life, poor indoor air quality, occupant complaints 

and discomfort, and reduced productivity in the workplace. Therefore, fault detection and 

diagnosis (FDD) technology in air-conditioning systems have been developed over the past three 

decades to help prevent these problems. Katipamula and Brambley (2005a, 2005b) implemented 

a comprehensive review of the FDD development and applications prior to 2004. During that 



time, the prevalent FDD tools used knowledge-based methods, which require a priori knowledge 

about physical characteristics of fault types. The rapid development of computational ability and 

reduced costs of sensors and processors over the past 15 years have spurred increased research in 

data-driven methods, which rely on access to a high quantity and quality of monitoring data. 

Based on recent reviews of FDD research (Kim and Katipamula, 2018; Zhao et al., 2019), more 

than 70% of published articles focused on data-driven methods in the past 15-20 years. 

Table 1 Summary of previous studies on the detection features of knowledge-based FDD 

Author (year) Faults System Detection features 

Yoshimura and Ito 

(1989) 

CA, CF, LL, 

OC, UC 

Air/water-cooled 

PAUs 

��,��	
��,�	��
 ,
��,��	
��,�	��
 , ∆��� , ∆��,��� , ��� , ��� , ∆��� 

Inatsu et al. (1992) UC Automotive AC Liquid-gas flow ratio 

Wagner and 

Shoureshi (1992) 

CA, EA, LL, 

UC, VL 
ASHP ���� , �� ,���� , 

Rossi and Braun 

(1997), Breuker 

and Braun (1998a, 

1998b), Li and 

Braun (2003) 

CA, EA, LL, 

UC, VL 
RTU �� , ��� , ��� , �� , ���
, ∆��� , ∆��� 

Chen and Braun 

(2000, 2001) 

CA, EA, LL, 

OC, UC, VL, 

NC 

RTU ��� , ∆����,� , ∆��,���, ∆���  

Siegel and Wray 

(2002) 
OC, UC Split system ��� , ���  

Mei and Chen 

(2003) 
EA, UC Split system �� , ��� , ∆��� 

Armstrong (2006) 
CA, EA, LL, 

OC, UC, VL 
RTU Power (real, reactive, apparent), phase angle 

Kim et al. (2006, 

2009), Payne et al. 

(2009), Yoon et al. 

(2011), Cho et al. 

(2014), Domanski 

et al. (2014) 

EA, CA, LL, 

VL, OC, UC, 

NC 

Split system �� , ��� , ��� , �� , ���
, ∆���, ∆��� , ∆��� 

Li and Braun 

(2007a, 2007b) 

EA, CA, LL, 

VL, OC, UC, 

NC 

RTU, Split system ��� , ��� , ∆�� , ∆���
 , ∆����, ∆����, ∆���� 

Li and Braun 

(2009a, 2009b) 
UC, OC RTU, Split system ��� , ���  

Li and Braun 

(2009c) 
VLCR RTU, Split system 

���� , ����,��� , ���
 , ���
,��� , �	�� , �� , �
��,��� , ���
,��� , ���,�, ��,�  
Kim and Braun 

(2013) 
UC, OC RTU, Split system ��� , ���  

Kim and Braun 

(2015), Patil et al. 

(2016) 

UC, OC RTU, Split system ��� , ��� , ��,�	��
 , ��,��	
 
 

FDD applied to air-cooled vapor compression refrigeration cycles is of particular interest 

because these systems are so widely deployed – serving most residential installations and more 

than half of commercial buildings in the US (EIA, 2018) – and because they are believed to 

suffer from faults at a higher rate than other equipment (Yuill and Braun, 2013). Zhao et al. 



(2019) pointed out that a key challenge in developing FDD tools, is that one fault may result in 

multiple symptoms, while other faults may result in similar symptoms. These symptoms could be 

measured variables, like temperatures, pressures, and power, or calculated variables like capacity 

and coefficient of performance (COP). These variables, commonly referred to as “features”, 

form the foundations for developing both knowledge-based and data-driven FDD tools. To 

characterize these features and facilitate FDD, many studies have investigated their changes for 

various fault types, summarized in Table 1. 

Models can be helpful in understanding fault conditions, and form the basis of model-based FDD. 

Mehrabi and Yuill (2017, 2018) gathered all available existing fault data for air-cooled air 

conditioners, and developed generalized regression models relating fault intensity to the effects 

on features. Cheung and Braun (2013) developed a set of fault-enabled gray-box models of some 

of the systems in Table 1. They modeled each cycle component separately, using a combination 

of physics-based and empirical relationships, then joining the components into a cycle. The 

model was validated for use in testing the performance of FDD systems (Yuill et al., 2014) and 

was found to perform very well at modeling single faults. However, an important question arose: 

whether the model could simulate multiple simultaneous faults. There are very limited data 

available to use for training or testing the model’s capability to simulate multiple simultaneous 

faults, but the data that do exist showed that a model trained with single-fault data could not be 

used to simulate simultaneous faults.  

The limited studies that do exist include several studies (Wichman and Braun, 2009; Palmiter et 

al., 2011; Shen et al., 2011; Wang et al., 2016; Kim and Braun, 2020) that each investigate two 

simultaneous faults. Wichman and Braun (2009) studied UC with EA, CA, VL, and LL on a 

walk-in cooler and investigated EA with VL, CA, LL, and UC on a walk-in freezer. Palmiter et 

al. (2011) and Shen et al. (2011) each examined improper refrigerant charge (CH) and improper 

indoor airflow (IA) faults. Wang et al. (2016) combined CA and VL in their test of an FDD tool, 

showing the impacts on capacity and COP, and Kim and Braun (2020) considered simultaneous 

faults in their test of the performance of a virtual refrigerant charge sensor. However, only 

Wichman and Braun (2009) and Shen et al. (2011) examined the fault impacts on the features. 

Wichman and Braun (2009) studied the discharge line temperature residual for VL and CA, 

difference of superheat and subcooling for VL and CH, virtual condenser airflow for CA and 

virtual evaporator airflow for EA, liquid-line temperature difference for LL faults. Shen et al. 

(2011) published the fault impacts on superheat and subcooling for a 3-ton split system heat 



pump in heating mode. Li and Zheng (2018) draw a conclusion that most existing FDD tools can 

only effectively detect single faults, rather than multiple simultaneous faults. 

It is likely that the conditions that cause a single fault to exist – flawed installation practices, 

poor maintenance, harsh operating conditions, or manufacturing defects – cause multiple faults 

to exist simultaneously. Therefore, multiple simultaneous fault measurement data are needed 

(Bellanco et al., 2021). With these data, fault models can be developed and tested, FDD 

technologies can be developed and tested, installation and service methods can be reconsidered, 

air-conditioning system design can be improved, and energy estimating methods can be refined. 

To address this need, Hu et al. (2021a, b) conducted an exhaustive laboratory investigation of a 

split system in cooling mode, that considered single faults, and combinations of two, three and 

four simultaneous faults from among CH, LL, EA, and NC. They reported the impacts on 

capacity and COP from these fault conditions, and analyzed the combinations that led to 

cancelation, superposition, or synergy of the performance impacts. 

The current paper provides a different perspective on this laboratory investigation, providing the 

first published data on characteristic features, such as temperatures, pressures, power, and mass 

flow rate, for the fault combinations described by Hu et al. (2021b). A correlation analysis 

between them is performed, to remove the high collinearity variables (for feature selection in 

FDD developments), as well as to decrease the dimensions of the results, for better visualization 

and presentation in this paper. The laboratory investigation was conducted as part of a larger 

project in which field studies of faults are being conducted. The experimental results facilitate a 

systematic evaluation of fault detection methods selected for this field study. One of these, the 

virtual refrigerant charge sensors (VRC) proposed by Li and Braun (2009b), is evaluated using 

the collected data, to illustrate usage of the data. 

 

2 Methods 

2.1 Experimental setup 

The tested system was an R410A nominal 14 kW (4 ton) split heat pump with actual rated 

capacity of 12.9 kW (3.67 tons), rated as 18 seasonal energy efficiency ratio (SEER). It has 

separate TXVs for heating and cooling, plate-fin heat exchangers, a rotary compressor, two 

accumulators, a compensator, and a muffler. These components are often used in high-efficiency 

heat pump systems. Heat pumps typically require less charge in heating mode, so the 

compensator addresses this problem by collecting liquid charge in heating mode, but holding 

only vapor in cooling mode. Accumulators are intended to prevent liquid from entering the 



compressor, but normally have little impact in cooling mode when the evaporator superheat 

should be controlled by the TXV. The system is shown in Figure 1, along with components for 

the experimentation: a refrigerant mass flow sensor, and a system of valves to impose LL faults 

and to switch the mode for heating. Detailed specifications of the test apparatus, including indoor 

ductwork, data acquisition, calculations of cooling capacity and coefficient of performance 

(COP), uncertainty analysis, and fault impacts of individual faults and simultaneous faults are 

described in Hu et al. (2021a, b). 

 

Figure 1. Diagram for the tested heat pump in cooling mode 

 

Table 2 shows the fault notation and intensity values for each fault type in the study. It includes 

the fault-free condition for each fault (100% for EA and CH; 0% for LL and NC). The double, 

triple, and quadruple fault combinations will be notated as sum of faults. For example, LL22 + 

NC49 represents the double fault combination of the first level of LL and NC faults. The impacts 

of combinations of two, three and four of these faults on capacity and COP can be found in Hu et 

al. (2021b). 

Table 2 Fault notation and intensity values 

Fault categories 

Fault Intensities (%) Notation 

EA 60, 80, 100, 120 EA60, EA80, EA100, EA120 

CH 70, 80,100,120 CH70, CH80, CH100, CH120 

LL 0, 22, 32 LL0, LL22, LL32 

NC 0, 49, 105 NC0, NC49, NC105 

 



2.2 Feature selection 

There are many detection features that could be measured or calculated from measurements. For 

instance, Rossi and Braun (1997) and Breuker and Braun (1998a, 1998b) provided a set of 

diagnostic classifier rules for five single-fault types applied to a fixed orifice (FXO) equipped 

RTU system: UC, VL, LL, CA, and EA. They used five temperature features in the refrigerant 

side – evaporating, condensing, discharge, superheat, and subcooling temperatures – , and two 

temperature features in the air-side – temperature splits for the condenser and the evaporator. 

Features used by previous researchers for FDD in RTUs and split systems are summarized in 

Table 1. 

In the current paper, we selected 10 features for trend analysis. In each case a residual is 

calculated by taking the difference between the faulted and fault-free values. These are presented 

in Table 3. Refrigerant mass flow cannot be measured accurately for some LL fault conditions 

because there may be a liquid-vapor mix in the liquid line, so in those cases the values are 

inferred by a heat balance between air-side and refrigerant side of the evaporator. 

Table 3 Definitions of ten feature residuals selected for study 

Symbol  Definition Unit 

R(TE) Evaporator saturation temperature residual °C 

R(TSH) Superheat temperature residual °C 

R(TC) Condenser saturation temperature residual °C 

R(TSH) Superheat temperature residual °C 

R(TDis) Discharge line temperature residual °C 

R(PSuc) Compressor suction pressure residual kPa 

R(PDis) Compressor discharge pressure residual kPa 

R(PLL) Liquid line pressure residual kPa 

R(WOD) Outdoor unit power residual  W 

R(�� ���) Refrigerant mass flow rate residual kg/min 

 

High-performance systems have components that can mask the fault detection features. For 

example, a TXV can compensate for the effects of LL faults (Kim et al., 2006, 2009; Cho et al., 

2014; Domanski et al., 2014; Hu et al., 2021a) and the effects of undercharge (Inatsu et.al 1992) 

Therefore, more severe fault intensity should be imposed to obtain clear trends for each fault 

type or fault combination.  The test results in Table 4 follow the graphical method of Rossi and 

Braun (1997), to show the trends of features for severe fault intensities of single and combined 

faults, compared to the fault-free condition. The criteria for classifying a feature as increasing or 

decreasing are given at the bottom of the table, and are based on sensor uncertainty. 

In order to make the current paper more concise, a further analysis was conducted to select a 

reduced number of features to be presented. In this analysis, pair-to-pair correlations were 

conducted, and only those features that are not closely correlated with another feature will be 



presented. For example, since TDis and TSH were found to be closely correlated, only the residuals 

of TSH are presented. Additional secondary features were also considered. For example, the 

compressor lift, calculated by subtracting the PSuc from PDis, was selected for presentation instead 

of including PSuc and PDis.  

Table 4 Feature trends for severe faults and their combinations 

Single ��  ��� �� ���  ���
 �� ��� ���� ���
 ���  � � 

EA60 ↓ ↑ ↓ - ↑ ↓ ↓ ↓ ↓ ↓ 
EA120 ↑ - - - ↓ ↑ ↑ - - - 

CH70 ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↓ 
CH120 ↑ ↓ ↑ ↑ ↑ - - ↑ ↑ ↑ 
LL32 ↓ ↑ ↓ - ↑ ↓* ↓ ↓ ↓ ↓ 

NC105 - ↓ - ↑ ↑ ↓ ↑ ↑ ↑ ↑ 
Double 

EA60 + CH70 ↓ ↑ ↓ ↓ ↓ ↓ ↓ ↓ ↓ ↓ 
EA60 + CH120 ↓ ↑ - ↑ ↑ ↓ ↓ - ↑ - 

EA60 + LL32 ↓ ↑ ↓ - ↑ ↓* ↓ ↓ ↓ ↓ 
EA60 + NC105 ↓ - ↓ ↑ ↑ ↓ ↓ ↑ ↑ ↑ 
EA120 + CH70 - ↑ ↓ ↓ ↑ ↓ ↓ ↓ ↓ ↓ 
EA120 + CH120 ↑ ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ 
EA120 + LL32 ↓ ↑ ↓ - ↑ ↓* ↓ ↓ ↓ ↓ 

EA120 + NC105 - ↓ - ↑ ↑ ↓ ↑ ↑ ↑ ↑ 
CH70 + LL32 ↓ ↑ ↓ ↓ ↑ ↓* ↓ ↓ ↓ ↓ 

CH70 + NC105 ↓ ↑ ↓ - ↑ ↓ ↓ ↓ ↓ - 

CH120 + LL32 ↓ ↑ - ↑ ↑ ↓* ↓ ↑ ↑ - 

CH120 + NC105 - ↓ - ↑ ↑ ↓ ↑ ↑ ↑ ↑ 
LL32 + NC105 ↓ ↑ ↓ ↑ ↑ ↓* ↓ - ↑ - 

Triple 

EA60 + CH70 + LL32 ↓ ↑ ↓ ↓ ↑ ↓* ↓ ↓ ↓ ↓ 
EA60 + CH70 + NC105 ↓ ↑ ↓ - ↑ ↓ ↓ ↓ ↓ - 

EA60 + CH120 + LL32 ↓ ↑ - ↑ ↑ ↓* ↓ - ↑ - 

EA60 + CH120 + NC105 ↓ ↑ ↓ ↑ ↑ ↓ ↓ ↑ ↑ ↑ 
EA60 + LL32 + NC105 ↓ ↑ ↓ ↑ ↑ ↓* ↓ - ↑ - 

EA120 + CH70 + LL32 ↓ ↑ ↓ ↓ ↑ ↓* ↓ ↓ ↓ ↓ 
EA120 + CH70 + NC105 ↓ ↑ ↓ - ↑ ↓ ↓ ↓ ↓ - 

EA120 + CH120 + LL32 ↓ ↑ - ↑ ↑ ↓* ↓ ↑ ↑ ↑ 
EA120 + CH120 + NC105 ↑ ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ 
EA120 + LL32 + NC105 ↓ ↑ ↓ ↑ ↑ ↓* ↓ - ↑ - 

CH120 + LL32 + NC105 ↓ ↑ ↓ ↑ ↑ ↓* ↓ ↑ ↑ ↑ 
Quadruple 

EA60 + CH120 + LL32 + 

NC105 
↓ ↑ ↓ ↑ ↑ ↓* ↓ ↑ ↑ ↑ 

EA120 + CH120 + LL32 + 

NC105 
↓ ↑ ↓ ↑ ↑ ↓* ↓ ↑ ↑ ↑ 

* Mass flow is calculated from an evaporator energy balance. 

“-”: Temperature: ±0.5 °C, Temperature difference: ±0.7 °C, Pressure: ±17.3 kPa, mass flow: ±0.02 kg/min, power: 

±50 W  



3 Results 

3.1 Double faults 

 

Figure 2. Temperature residuals for double faults 

 

Figure 2 shows the residuals of superheat, subcooling, and the temperature difference between 

the condenser and evaporator under various double-fault conditions. To orient the reader, 

consider the leftmost upper string of data (red triangle Δ markers), which shows the residual 

difference between condensing and evaporating temperatures, ΔTCE, for the system with EA60 

and varying charge level (from CH70 to CH120). It shows that the feature, which references the 

secondary ordinate axis, was slightly negative for EA60 + CH70, but increases to greater than 

2 °C for EA60 + CH120. Note that if the CH100 condition were included, a smoother pattern 

would appear. 

Superheat is quite stable for most cases, which is not surprising since it is controlled by the TXV. 

However, some fault conditions force the TXV fully open, so that it behaves as an FXO. UC and 

LL faults both tend to open the TXV, so that the CH70 + LL32 condition, for example, causes a 

superheat residual of 17 °C. Subcooling generally has lower magnitude residuals than superheat. 

Subcooling residuals are closely tied to charge level, but NC also increases subcooling, even to 

the point where it cancels the effect of CH80. This means that if a system has an NC fault, the 

subcooling method of charging or detecting charge faults will not be effective. The residuals 

typically have monotonic and fairly linear trends, except in the case of ΔTCE for combinations of 

EA and CH faults, which has a check-mark shape at EA120 that becomes less pronounced for 

EA80 and EA60. This is a surprising but consistent pattern. Competing effects appear to be at 
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work, and the singularity may come from the TXV becoming saturated open for the CH70 cases 

at EA80 and EA120 (as evidenced by the superheat residual for those cases). 

 

Figure 3. Pressure and power residuals for double faults 

 

The residuals of suction line pressure (PSuc), compressor lift (ΔPcom), and power of the outdoor 

unit (WOD) are presented in Figure 3. PSuc decreases with decreasing evaporator airflow, and is 

also reduced by LL faults. Combining LL and NC or UC faults causes significant reduction in 

PSuc, but NC or UC otherwise causes little impact on it. Increasing charge level, LL and NC 

faults all tend to increase ΔPcom; the highest increase CH120 + NC105, increasing by 211 kPa 

compared to the fault-free condition. ΔPcom decreases with increased EA. 

WOD showed similar trends to compressor lift except for the combinations with LL faults where 

it showed a reversed trend. The reason is that, although the specific work increased due to the 

high pressure drop caused by the LL, the mass flow rate of refrigerant decreased more, thus 

leading to decreased power consumption. 

 

3.2 Triple faults 

A similar analysis was applied for the triple fault combinations. However, because of the large 

number of triple fault combinations, each of the figures is split into two plots. Figure 4 shows the 

residuals of superheat (TSH), subcooling (TSC), and the difference between the condensing and 

evaporating temperatures (ΔTCE). All triple fault combinations increase TSH compared to the 

fault-free condition, except those with OC. The maximum TSH came from the combination of 

LL32 + CH80 + NC49, which increased TSH by 17.7 °C. LL32 and CH70 combinations might 

have produced higher TSH, but couldn’t be tested because they caused the system to operate 
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outside its operating limits. TSC is still mainly controlled by the CH level, but other faults can 

increase or decrease the impact. For example, at CH70, the combination with EA60 + LL22 had 

a -5.5 °C residual, whereas combining with EA60 + NC105 had a 0.1 °C residual. All the fault 

combinations with NC faults tended to increase the subcooling, which further reinforces that NC 

faults will cause overestimated CH level when using subcooling-based CH determination 

methods. ΔTCE increased as fault severity increased in all cases except EA120 + NC49 + CH80, 

where it has a -1.1 °C residual, and a slightly different trend, identified as a “check mark” shape 

above. The highest residual of ΔTCE occurred for LL32 + CH80 + N49, where it increased by 

7.2 °C, compared to the fault-free condition. 

 

 

Figure 4. Temperature residuals for triple faults 
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Figure 5 shows the residuals of pressure and condensing unit power consumption for triple-fault 

combinations. Similar to TSH, faults decreased PSuc, except for combinations with CH120. Many 

combinations also increase ΔPcom, but combinations involving UC mostly reduce it – the 

exception when NC105 is present. For instance, LL32 + NC105 + CH120 had the highest ΔPcom, 

increasing it by 272 kPa compared to the fault-free condition. Residuals of WOD are mostly 

impacted by the CH level and NC level, which increase compressor power.  

 

 

Figure 5. Pressure and power residuals for triple faults 

 

3.3 Quadruple faults 

Quadruple fault combinations, as shown in Figure 6 and Figure 7, have some similar trends and 

increasing severity of residuals, compared to triple faults. CH120 combinations continue to 

decrease TSH in many cases, but other faults can overwhelm this trend so that some CH120 cases 
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have increased TSH, compared to the fault-free condition. For example, CH120 combined with 

EA120 + LL32 + NC105 increases TSH by 8 °C. The highest TSH increase is caused by EA120 + 

LL32 + NC49 + CH80, increasing by 18 °C. Similar to the triple-fault combinations, the higher 

the CH or NC level, the larger the TSC. EA120 + LL22 + NC105 + CH120 gave the highest TSC, 

with an increase of 5.7 °C. EA and LL had relatively small impacts on TSC. As with triple faults, 

ΔTCE typically increases with fault severity, with EA60 + LL32 + NC49 + CH80 having the 

highest increase: 8 °C. 

 

Figure 6. Temperature residuals for quadruple faults 

 

Except for EA120 + LL22 + CH120 + NC, all other quadruple fault combinations decreased PSuc. 

Many of the faults cause the TXV to open, so that for some combinations of four faults, the TXV 

can be assumed to be fully open, which tends to cause discharge and suction pressures to move 

in parallel. Therefore, although all combinations increased the compressor lift, for some cases 

that increase was significantly smaller than the decrease in suction pressure. EA60 + LL32 + 

NC105 + CH120 had the highest rise, increasing by 277 kPa. Power consumption has similar 

trends to compressor lift. However, only the fault combinations with CH120 increase power 

consumption. The residuals vary from -200 W to +300 W. Negative results do not mean that 

faults would decrease the energy usage in an installation. On the contrary, these faults will 

increase the power consumption because the even lower capacity will result in longer run time to 

meet the load of the building. 
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Figure 7. Pressure residuals for quadruple faults 

 

3.4 VRC evaluations 

The motivation of the laboratory study of combined faults was to vet diagnostic methods that 

have been selected for a large field study of faults; to clearly understand how combined faults 

might impact the accuracy of the methods. This section presents an example evaluation of the 

method for refrigerant charge determination, which provided the best combined fault 

performance from among those considered. The virtual refrigerant charge sensor (VRC) 

proposed by Li and Braun (2009a) uses the following equations: 

 

�#$#%& '�#$#%&,(%#)*�#$#%&,(%#)* + 1
-./ 01�2. '�2.,(%#)*3'

-2.-2/ 1�2/ ' �2/,(%#)*34 (1) 

 

-./ + �#$#%&,(%#)*-2. + �2.,(%#)*51 ' 6089/2,(%#)*					 (2) 

 

where �#$#%& and �#$#%&,(%#)* are actual and rated total refrigerant charge, �2. and �2.,(%#)* are 

actual and rated subcooling, �2/ and �2/,(%#)* are actual and rated superheat, and -./, -2., -2/ are 

constants that can be determined by data from experiments. 60- is the ratio of refrigerant charge 

necessary to have saturated liquid exit the condenser at the rating condition to the rated 

refrigerant charge. 9/2,(%#)* is the ratio of high-side charge to the total refrigerant charge at the 

rated charge level and rated operating condition. 
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Table 5 Empirical parameter values for the VRC 

Empirical parameter TXV partially open (without LL32) TXV fully open (with LL32) �
;,�	��
 (°C) 8.88 19.43 

�
�,�	��
 (°C) 6.68 6.77 

����	<,�	��
 (kg) 8.3 8.3 

9;
,�	��
 0.73 (default) 

6= 0.75 (default) -
; -
�⁄  0.4 (1/2.5) 0.09 (0.0268/0.3105) -�; 36.4 37.1 

 

Based on data available in literature and measurements from the experiments, values for the 

empirical parameters can be approximated as shown in Table 5. Since the ratio of -
� to -
; for 

TXV-equipped systems is different from the FXO-equipped systems, the data set was divided 

into two parts. With LL32, the TXV was considered to be fully open, so that it behaves like an 

FXO; the remainder of cases were classed as TXV-equipped. 

 

1. TXV partially open (TXV) 

 

 

Figure 8. VRC performance under different fault combinations (TXV):  

(a) Single (b) Double, (c) Triple, and (d) Quadruple. 

 

Figure 8 shows a parity plot for the VRC performance. In subplot (a), it can be seen that single 

NC faults cause the VRC to overestimate the CH level by 2-11%. When charge faults were 

present, the VRC overestimated the CH level when the system was undercharged, and 



underestimated the CH level when the system was overcharged. Although the VRC slightly 

underestimated magnitude, it correctly predicts whether the system is undercharged or 

overcharged. For double faults, combinations with NC faults were dominated by the effect of 

overestimating charge for NC faults. The VRC continues to underestimate the magnitude of 

charge faults when combined with one or more other fault types, but still correctly shows 

whether the system is under- or overcharged. LL and EA both tended cause the VRC to estimate 

lower charge for undercharge, so that in some cases they counteract the underestimation with 

charge faults alone. The VRC performed quite well when all four faults are combined. 

 

2. TXV fully open (FXO) 

Figure 9 shows the VRC performance for LL32 faults, in which the TXV is assumed to be fully 

open. Since all cases include LL32, the effects of other faults are of primary interest. The VRC 

performance in this figure is similar to the TXV based system, depending on the combined 

effects of EA, NC, and CH faults. 

  

 

Figure 9. VRC performance under different fault combinations (FXO) 

(a) Single, (b) Double, and (c) Triple. 

 

4 Summary and conclusions 



This paper presents the impacts of double, triple, and quadruple fault combinations on fault 

features for a split system, using calculated residuals for the features of interest. It provides the 

first published results for triple and quadruple combinations, and double fault combinations for 

some fault types. A summary of the combinations that had the highest and lowest residuals for 

different fault combinations is shown in Table 6. 

Table 6 Summary of maximum and minimum variations 

Double faults 

Features Max. Comb Max. Min. Comb Min. 

R(TSH) (°C) CH70 + LL32 17.0 CH120 + NC49 -1.7 

R(TSC) (°C) CH120 + NC105 5.2 CH70 + EA80 -5.5 

R(TCE) (°C) CH70 + LL32 5.5 CH80 + EA120 -2.7 

R(PSuc) (kPa) EA120 + NC49 46.5 CH70 + LL32 -280.1 

R(TDis) (kPa) CH120 + NC105 222.8 CH70 + LL32 -258.4 

R(ΔPcom) (kPa) LL32 + NC105 211.5 CH70 + EA120 -125.2 

R(WOD) (W) CH120 + NC105 269.2 CH70 + LL32 -266.7 

Triple faults 

R(TSH) (°C) CH80 + LL32 + NC49 17.7 CH120 + EA120 + NC49 -2.1 

R(TSC) (°C) CH120 + LL22 + NC105 5.5 CH70 + EA60 + LL22 -5.5 

R(TCE) (°C) CH80 + LL32 + NC49 7.2 CH80 + EA120 + NC49 -1.1 

R(PSuc) (kPa) CH120 + EA120 + NC105 55.3 CH80 + LL32 + NC49 -299.9 

R(TDis) (kPa) CH120+ EA120 + NC105 241.9 CH70 + EA60 + LL32 -265.3 

R(ΔPcom) (kPa) CH120 + LL32 + NC105 272.1 CH80 + EA120 + NC49 -49.2 

R(WOD) (W) CH120 + EA120 + NC105 287.6 CH70 + EA60 + LL32 -275.8 

Quadruple faults 

R(TSH) (°C) CH80 + EA120 + LL32 + NC49 18.0 
CH120 + EA120 + LL22 + 

NC49 
-1.2 

R(TSC) (°C) 
CH120 + EA120 + LL22 + 

NC105 
5.7 CH70 + EA60 + LL22 + NC49 -1.7 

R(TCE) (°C) CH80 + EA60 + LL32 + NC49 8.0 
CH120 + EA120 + LL22 + 

NC105 
-0.2 

R(PSuc) (kPa) 
CH120 + EA120 + LL22 + 

NC105 
52.8 CH80 + EA60 + LL32 + NC49 -315.9 

R(TDis) (kPa) 
CH120 + EA120 + LL22 + 

NC105 
257.3 CH70 + EA60 + LL22 + NC49 -192.5 

R(ΔPcom) (kPa) CH120 + EA60 + LL32 + NC105 277.4 
CH80 + EA120 + LL22 + 

NC49 
55.7 

R(WOD) (W) 
CH120 + EA120 + LL22 + 

NC105 
301.1 CH80 + EA60 + LL32 + NC49 -201.5 

 

The performance of the VRC was also evaluated under various fault combinations. The results 

suggest that:  

• NC faults cause overestimation of the CH level 

• EA or LL faults tend to cause the VRC to slightly underestimate the CH level 

• The VRC correctly diagnoses under- or over-charge, but underestimates the magnitude of 

the charge variation 



• The performance of the VRC depends on the combined effects of each fault, but overall it 

is an effective diagnostic tool, even when multiple faults are present. 

Some additional research questions involving multiple faults that should be studied are: 

• For variable speed equipment, how do simultaneous faults impact performance and 

characteristic features at lower speed? 

• How general are these results; i.e. would a different system with different geometry and 

characteristics have similar impacts from the fault combinations? 

• How do simultaneous faults impact heat pumps in heating mode? 

Two forthcoming papers will focus on the latter two questions. 
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Appendix  

The manufacturer of the heat pump is Nortek Air Solutions. The outdoor unit model is FSH1BG4CVRX48K, and the indoor coil model is 

C6BH-X48C-C. The residuals for simultaneous fault combinations are provided in the following table. 

Fault combinations 
R(TE) R(TSH) R(TC) R(TSC) R(TDis) R(PSuc) R(PDis) R(PLL) R(WOD) R(�� ���) R(ΔTCE) R(ΔPcom) 

°C °C °C °C °C kPa kPa kPa W kg/min °C kPa 

EA120 + LL22 0.8 1.2 0.1 0.3 0.8 22.4 9.1 10.3 1.0 -0.14 -0.7 -13.3 

EA80 + LL22 -1.1 1.6 -0.6 0.0 2.2 -51.6 -35.7 -20.2 -36.7 -0.34 0.6 15.9 

EA60 + LL22 -3.0 2.4 -1.2 -0.3 3.7 -116.5 -80.6 -53.1 -77.5 -0.61 1.8 35.9 

EA120 + LL32 -3.9 11.1 -1.4 0.2 12.7 -133.2 -98.4 -63.2 -87.9 -0.94 2.4 34.8 

EA80 + LL32 -4.2 9.4 -1.4 0.0 11.3 -144.0 -93.3 -56.8 -84.9 -0.98 2.8 50.6 

EA60 + LL32 -4.6 7.3 -1.5 -0.2 9.4 -161.2 -100.3 -63.8 -93.3 -1.01 3.1 60.8 

EA120 + CH70 -0.3 5.2 -2.1 -5.5 2.8 -25.1 -150.3 -157.0 -162.0 -0.33 -1.8 -125.2 

EA80 + CH70 -1.2 3.2 -2.2 -5.5 1.4 -57.2 -160.8 -166.1 -168.1 -0.67 -1.0 -103.6 

EA60 + CH70 -2.1 0.8 -2.5 -5.5 -0.6 -89.1 -178.9 -182.3 -180.6 -0.72 -0.4 -89.7 

EA120 + CH70 + LL22 -4.7 12.4 -2.8 -5.3 12.8 -165.4 -204.6 -173.2 -194.3 -0.99 1.9 -39.3 

CH70 + LL22 -5.1 12.0 -2.9 -5.4 12.5 -171.6 -206.8 -175.1 -199.2 -1.08 2.3 -35.2 

EA80 + CH70 + LL22 -5.3 11.5 -2.9 -5.4 12.4 -180.4 -207.1 -175.2 -200.7 -1.21 2.5 -26.6 

EA60 + CH70 + LL22 -6.0 10.3 -3.0 -5.5 11.6 -195.1 -212.4 -180.0 -204.9 -1.31 3.1 -17.3 

EA120 + CH70 + LL32 -8.9 17.1 -3.6 -5.0 20.1 -276.6 -259.2 -212.8 -267.0 -1.48 5.3 17.4 

CH70 + LL32 -9.1 17.0 -3.6 -5.1 20.1 -280.1 -258.4 -212.0 -266.7 -1.58 5.5 21.7 

EA80 + CH70 + LL32 -9.3 16.7 -3.6 -5.2 20.0 -283.2 -255.5 -209.1 -265.0 -1.67 5.7 27.7 

EA60 + CH70 + LL32 -9.7 16.2 -3.7 -5.3 19.8 -293.2 -265.3 -218.5 -275.8 -1.76 6.0 28.0 

EA120 + CH80 1.5 -0.4 -1.2 -4.9 -3.1 40.2 -78.9 -89.7 -105.5 0.10 -2.7 -119.1 

EA80 + CH80 -0.4 0.7 -1.5 -4.5 -0.4 -35.5 -105.8 -98.6 -115.7 -0.28 -1.2 -70.4 

EA60 + CH80 -2.3 1.6 -2.1 -4.4 1.6 -104.8 -144.1 -123.6 -144.2 -0.62 0.2 -39.4 

EA120 + CH80 + LL22 -2.2 8.5 -1.8 -3.2 8.4 -87.4 -131.1 -107.2 -127.7 -0.79 0.4 -43.7 

CH80 + LL22 -2.5 7.9 -1.8 -3.3 7.9 -94.6 -133.3 -108.2 -130.6 -0.81 0.6 -38.6 

EA80 + CH80 + LL22 -2.9 7.0 -2.0 -3.4 7.1 -107.0 -143.1 -117.3 -143.2 -0.85 0.9 -36.1 

EA60 + CH80 + LL22 -3.4 4.8 -2.1 -3.6 5.3 -127.5 -148.5 -122.0 -149.4 -0.88 1.3 -21.0 

EA120 + CH80 + LL32 -6.9 14.6 -2.7 -3.0 16.8 -214.3 -195.7 -153.1 -195.9 -1.18 4.1 18.6 



CH80 + LL32 -6.6 14.1 -2.7 -3.1 16.7 -217.6 -192.2 -149.9 -195.2 -1.23 4.0 25.4 

EA80 + CH80 + LL32 -7.0 13.7 -2.8 -3.2 16.3 -223.4 -198.6 -155.6 -202.6 -1.39 4.2 24.8 

EA60 + CH80 + LL32 -7.2 12.5 -2.8 -3.3 15.3 -233.3 -204.0 -160.4 -209.3 -1.48 4.4 29.3 

EA120 + CH120 1.4 -1.5 1.4 2.8 0.7 36.7 115.6 111.2 123.3 0.15 0.0 78.9 

EA80 + CH120 -0.7 0.4 0.5 2.4 2.3 -41.1 55.4 65.3 70.1 -0.25 1.3 96.5 

EA60 + CH120 -2.4 1.5 -0.2 2.0 4.1 -103.5 6.8 27.3 18.6 -0.57 2.2 110.2 

EA120 + CH120 + LL22 1.1 -0.7 1.3 2.9 1.4 32.2 106.4 103.5 116.1 0.08 0.2 74.2 

CH120 + LL22 0.4 -0.6 1.0 2.7 1.7 3.9 87.1 89.2 101.5 -0.06 0.6 83.2 

EA80 + CH120 + LL22 -0.9 -0.2 0.5 2.4 2.6 -39.9 54.6 65.0 72.3 -0.28 1.4 94.5 

EA60 + CH120 + LL22 -2.7 0.8 -0.1 2.0 4.5 -107.1 12.2 34.3 28.3 -0.62 2.6 119.3 

EA120 + CH120 + LL32 -1.9 7.6 0.1 2.6 11.2 -73.3 41.1 61.4 57.8 -0.55 2.0 114.4 

CH120 + LL32 -2.2 6.9 0.0 2.5 10.6 -80.7 35.0 57.9 48.9 -0.57 2.2 115.7 

EA80 + CH120 + LL32 -2.5 5.6 0.0 2.4 9.4 -93.2 34.2 55.3 45.4 -0.59 2.5 127.3 

EA60 + CH120 + LL32 -3.1 2.9 -0.4 2.2 6.8 -114.7 5.9 28.5 15.3 -0.62 2.8 120.6 

EA120 + CH70 + NC49 -3.3 9.2 -2.3 -1.9 9.8 -92.9 -114.8 -121.3 -101.3 -0.81 0.9 -21.9 

CH70 + NC49 -3.4 9.0 -2.4 -1.9 9.6 -101.0 -121.6 -128.4 -106.3 -1.17 0.9 -20.6 

EA80 + CH70 + NC49 -3.9 8.2 -2.4 -2.0 9.2 -111.2 -120.1 -125.4 -106.3 -1.21 1.5 -8.8 

EA60 + CH70 + NC49 -4.5 6.8 -2.8 -2.0 7.9 -131.6 -141.5 -145.3 -129.7 -1.30 1.7 -9.9 

EA120 + CH70 + LL22 + NC49 -9.1 16.3 -3.3 -1.6 20.8 -257.3 -180.9 -152.8 -181.7 -1.56 5.8 76.4 

CH70 + LL22 + NC49 -9.1 16.0 -3.4 -1.6 20.6 -260.9 -183.2 -155.2 -184.7 -1.65 5.8 77.7 

EA80 + CH70 + LL22 + NC49 -9.4 15.9 -3.5 -1.7 20.6 -266.4 -187.8 -159.8 -192.9 -1.76 5.9 78.7 

EA60 + CH70 + LL22 + NC49 -9.6 15.5 -3.5 -1.7 20.5 -275.0 -192.5 -164.5 -198.8 -1.87 6.1 82.5 

EA120 + CH80 + NC49 0.2 1.7 -1.0 -1.0 1.2 28.9 -20.3 -35.2 -28.9 -0.04 -1.1 -49.2 

CH80 + NC49 -0.2 0.8 -1.0 -1.0 0.5 13.5 -23.1 -38.2 -27.9 -0.45 -0.8 -36.6 

EA80 + CH80 + NC49 -1.1 0.3 -1.3 -1.1 0.7 -23.9 -41.5 -49.2 -40.6 -0.56 -0.2 -17.5 

EA60 + CH80 + NC49 -2.9 1.6 -1.7 -1.1 3.2 -91.8 -69.5 -62.4 -61.3 -0.73 1.2 22.3 

EA120 + CH80 + LL22 + NC49 -5.4 11.9 -2.1 -0.7 14.8 -155.8 -100.1 -76.0 -84.2 -0.95 3.3 55.7 

CH80 + LL22 + NC49 -5.5 11.5 -2.3 -0.7 14.5 -162.7 -110.9 -87.4 -95.3 -1.14 3.2 51.7 

EA80 + CH80 + LL22 + NC49 -5.9 10.8 -2.2 -0.8 14.1 -168.9 -105.4 -81.1 -91.3 -1.21 3.7 63.5 

EA60 + CH80 + LL22 + NC49 -6.1 9.6 -2.3 -0.8 13.2 -181.3 -112.6 -88.3 -98.7 -1.33 3.8 68.8 

EA120 + CH80 + LL32 + NC49 -10.4 18.0 -3.2 -0.9 24.6 -296.1 -164.5 -118.8 -175.4 -1.59 7.2 131.5 

CH80 + LL32 + NC49 -10.5 17.7 -3.3 -0.9 24.4 -299.9 -170.4 -125.7 -183.1 -1.71 7.2 129.4 



EA80 + CH80 + LL32 + NC49 -10.9 17.7 -3.5 -0.9 24.3 -305.5 -183.9 -138.2 -196.2 -1.84 7.4 121.5 

EA60 + CH80 + LL32 + NC49 -11.4 17.5 -3.5 -1.0 24.5 -315.9 -183.9 -138.1 -201.5 -1.99 8.0 132.0 

EA120 + NC49 1.1 -1.3 0.2 1.0 -0.5 46.5 59.0 49.7 55.9 0.03 -0.9 12.5 

EA80 + NC49 -0.5 -1.0 -0.3 0.8 0.6 -20.1 22.2 24.1 31.5 -0.30 0.2 42.3 

EA60 + NC49 -2.4 -0.2 -1.0 0.5 2.3 -89.1 -22.7 -8.4 -12.5 -0.65 1.4 66.3 

EA120 + LL22 + NC49 -0.9 4.7 -0.2 1.5 6.7 -17.4 35.4 45.3 53.7 -0.19 0.7 52.7 

LL22 + NC49 -1.1 3.8 -0.3 1.3 6.1 -29.1 30.0 39.6 51.2 -0.48 0.9 59.1 

EA80 + LL22 + NC49 -1.6 2.1 -0.4 1.2 4.5 -46.1 19.3 31.9 33.7 -0.50 1.2 65.5 

EA60 + LL22 + NC49 -2.8 0.7 -0.9 0.9 3.8 -92.9 -10.6 8.6 1.6 -0.60 1.9 82.3 

EA120 + LL32 + NC49 -5.5 12.1 -1.6 1.2 16.6 -162.1 -42.0 -2.9 -26.6 -0.95 3.9 120.0 

LL32 + NC49 -5.7 11.6 -1.6 1.1 16.3 -167.0 -45.3 -6.8 -30.0 -1.09 4.1 121.7 

EA80 + LL32 + NC49 -5.8 10.9 -1.5 1.0 15.8 -172.6 -43.1 -2.7 -28.5 -1.16 4.3 129.6 

EA60 + LL32 + NC49 -6.2 9.5 -1.9 0.8 14.5 -186.0 -64.9 -23.5 -51.5 -1.26 4.3 121.1 

EA120 + CH120 + NC49 1.1 -2.1 1.1 4.0 1.0 50.9 164.0 159.3 174.0 0.19 0.0 113.1 

CH120 + NC49 0.4 -1.7 0.7 3.8 1.6 20.5 140.0 140.5 154.6 0.03 0.3 119.6 

EA80 + CH120 + NC49 -0.7 -1.4 0.3 3.6 3.7 -19.4 117.5 124.7 134.7 -0.18 1.0 136.9 

EA60 + CH120 + NC49 -2.5 -0.4 -0.5 3.1 4.3 -86.9 73.5 91.0 88.6 -0.53 2.0 160.4 

EA120 + CH120 + LL22 + NC49 0.6 -1.2 0.9 4.1 1.9 42.7 159.4 157.2 170.6 0.01 0.3 116.7 

CH120 + LL22 + NC49 0.2 -1.0 0.6 3.9 2.4 16.6 143.0 145.1 156.5 -0.12 0.5 126.4 

EA80 + CH120 + LL22 + NC49 -1.1 -0.8 0.2 3.6 3.1 -26.3 113.0 121.9 131.8 -0.32 1.3 139.2 

EA60 + CH120 + LL22 + NC49 -2.8 -0.2 -0.5 3.2 4.6 -88.9 73.6 91.6 87.4 -0.61 2.3 162.5 

EA120 + CH120 + LL32 + NC49 -3.0 7.5 -0.8 3.9 12.8 -80.0 101.3 126.2 125.3 -0.51 2.2 181.2 

CH120 + LL32 + NC49 -3.1 6.7 -0.7 3.8 12.2 -85.9 104.6 129.2 128.6 -0.78 2.3 190.6 

EA80 + CH120 + LL32 + NC49 -3.5 5.2 -0.8 3.6 10.9 -97.9 93.5 119.1 111.5 -0.80 2.7 191.3 

EA60 + CH120 + LL32 + NC49 -4.0 2.9 -0.9 3.4 8.7 -120.1 75.0 102.2 87.9 -0.84 3.0 195.0 

EA120 + CH70 + NC105 -4.5 10.4 -2.4 0.2 13.4 -119.6 -62.4 -71.9 -39.9 -1.08 2.1 57.2 

CH70 + NC105 -4.6 10.2 -2.3 0.1 13.3 -124.1 -59.1 -69.4 -35.1 -1.23 2.2 65.0 

EA80 + CH70 + NC105 -5.4 9.6 -2.6 0.1 12.8 -135.3 -71.9 -80.3 -52.1 -1.54 2.8 63.4 

EA60 + CH70 + NC105 -5.8 8.5 -2.6 0.1 12.2 -148.7 -67.5 -75.4 -47.6 -1.58 3.2 81.2 

EA120 + CH80 + NC105 -1.7 5.3 -1.0 1.2 7.2 -14.9 30.9 17.3 37.1 -0.49 0.7 45.8 

CH80 + NC105 -2.1 4.7 -1.2 1.2 6.8 -26.8 20.4 6.6 38.2 -0.81 0.9 47.3 

EA80 + CH80 + NC105 -2.5 3.6 -1.3 1.1 6.0 -41.6 12.6 0.5 30.3 -0.85 1.1 54.2 



EA60 + CH80 + NC105 -3.0 1.2 -1.5 1.0 4.2 -71.2 1.8 -9.2 22.5 -0.93 1.5 73.0 

EA120 + CH80 + LL22 + NC105 -7.5 14.3 -2.7 1.3 20.9 -210.8 -56.6 -36.2 -42.1 -1.42 4.8 154.2 

CH80 + LL22 + NC105 -7.7 14.0 -2.6 1.3 20.8 -214.3 -51.4 -31.7 -36.3 -1.54 5.0 162.9 

EA80 + CH80 + LL22 + NC105 -8.1 13.7 -2.6 1.2 20.6 -222.6 -46.0 -26.1 -38.4 -1.64 5.5 176.5 

EA60 + CH80 + LL22 + NC105 -8.5 13.0 -2.8 1.2 20.0 -234.2 -55.7 -35.5 -53.0 -1.76 5.7 178.4 

EA120 + NC105 0.2 -0.8 0.3 2.8 2.0 41.8 128.7 121.8 142.0 -0.07 0.0 86.9 

EA80 + NC105 -1.3 -0.8 -0.3 2.6 2.9 -22.1 91.4 93.5 111.5 -0.36 1.0 113.4 

EA60 + NC105 -2.5 -0.3 -0.9 2.5 4.1 -75.4 59.4 69.7 78.5 -0.61 1.6 134.9 

EA120 + LL22 + NC105 -2.0 6.5 -0.5 2.8 10.9 -45.7 97.7 113.0 128.0 -0.45 1.6 143.4 

LL22 + NC105 -2.2 6.2 -0.8 2.7 10.4 -57.8 72.6 88.9 102.9 -0.86 1.4 130.4 

EA80 + LL22 + NC105 -2.6 5.0 -0.9 2.7 9.5 -70.9 66.7 84.7 92.2 -0.91 1.7 137.6 

EA60 + LL22 + NC105 -3.1 2.4 -1.0 2.6 7.5 -93.5 63.5 81.3 88.7 -0.99 2.1 157.0 

EA120 + LL32 + NC105 -7.2 13.8 -2.7 2.5 21.0 -200.7 3.2 45.3 15.9 -1.17 4.5 203.9 

LL32 + NC105 -7.2 13.5 -2.6 2.5 20.8 -204.5 6.9 48.1 19.1 -1.26 4.6 211.5 

EA80 + LL32 + NC105 -7.4 13.0 -2.7 2.5 20.5 -209.7 4.0 46.5 11.0 -1.39 4.7 213.8 

EA60 + LL32 + NC105 -7.6 12.2 -2.8 2.4 19.8 -220.2 -7.0 35.9 -2.2 -1.49 4.8 213.2 

EA120 + CH120 + NC105 1.0 -1.2 0.7 5.4 3.6 55.3 241.9 240.4 287.6 0.10 -0.3 186.6 

CH120 + NC105 0.3 -1.0 0.3 5.2 4.3 28.5 222.8 225.6 269.2 -0.04 0.0 194.3 

EA80 + CH120 + NC105 -0.7 0.0 -0.3 4.9 5.8 -20.9 193.5 204.1 238.4 -0.30 0.4 214.4 

EA60 + CH120 + NC105 -2.7 1.1 -1.4 4.5 7.9 -91.8 143.7 165.0 183.4 -0.65 1.3 235.6 

EA120 + CH120 + LL22 + NC105 0.8 -0.8 0.6 5.7 4.4 52.8 257.3 257.0 301.1 -0.11 -0.2 204.6 

CH120 + LL22 + NC105 0.4 -0.8 0.2 5.5 4.6 27.4 232.1 235.5 278.5 -0.19 -0.2 204.8 

EA80 + CH120 + LL22 + NC105 -0.7 0.0 -0.4 5.2 6.0 -17.9 204.9 215.6 250.0 -0.35 0.3 222.9 

EA60 + CH120 + LL22 + NC105 -2.5 0.8 -1.2 4.7 7.9 -84.4 162.4 183.7 205.0 -0.68 1.3 246.8 

EA120 + CH120 + LL32 + NC105 -2.8 7.9 -2.2 5.5 15.3 -76.8 196.3 220.9 245.8 -0.69 0.6 273.1 

CH120 + LL32 + NC105 -2.9 7.2 -2.2 5.4 14.9 -83.8 188.3 213.0 238.3 -0.98 0.7 272.1 

EA80 + CH120 + LL32 + NC105 -3.5 6.1 -2.4 5.2 13.6 -99.1 162.6 188.7 205.9 -1.04 1.1 261.7 

EA60 + CH120 + LL32 + NC105 -3.8 3.9 -2.3 4.9 11.9 -116.5 160.9 188.0 203.4 -1.11 1.5 277.4 
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