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Abstract 

A novel technique that relies solely on cost-effective and non-intrusive instrumentation for 

monitoring the performance of air conditioning installations in buildings was developed and 

experimentally tested. The proposed method addresses the challenges of field measurements 

in air-to-air units by using thermocouples and strain gauges placed strategically on the 

refrigerant pipeline of the outdoor unit to estimate the cycle COP. The tests demonstrated 

the feasibility of estimating refrigerant temperature and pressure without cutting the 

refrigerant pipeline. Real-time cycle COP deviations could be limited to 3% with proper 

calibration of the strain signal and the use of refrigerant properties. Additionally, compressor 

speed is identified through the frequency spectrum of the strain signal. Therefore, the 

refrigerant flow rate can be estimated using a compressor curve method that relies 

exclusively on simple instrumentation. Widespread adoption of this method could help close 

the knowledge gap between catalogue and field-operating performance of the numerous air 

conditioning installations. 

 

Keywords: performance monitoring, air conditioning, building installation, non-intrusive 

instrumentation, strain gauge 

 

1. Performance monitoring of air conditioners  

The deployment of real-time performance monitoring techniques is pivotal to the digital 

transformation of air conditioning technologies. In particular, the ability to continuously 

assess system performance during field operation enables the development of optimized and 

adaptable dynamic control strategies, smart energy management systems (EMS), and 

predictive maintenance. These developments not only help reduce the cost and 



environmental impact of heating and cooling technologies—as integrated components of 

buildings—but also enhance their reliability and lifespan.  

It is well recognized [1] that for field performance monitoring of air conditioners and heat 

pumps, the informative data available in literature (a) confirm largely dynamic operation, 

(b)quantify the occurrence of partial-load operation [2], and (c) highlight the discrepancy 

between efficiency values based on current testing standards and actual energy efficiency [3]. 

However, the actual real-time performance of air conditioners remains largely unclarified. 

Additionally, the practical application of digitalization technologies is limited due to the 

inadequate accessibility of real efficiency data, caused by improper testing methodologies 

and ineffective performance monitoring methods. Current rating standards rely on testing 

procedures which deactivate the native control of the tested unit and may be suitable to 

confidently define the hardware performance of the tested unit. On the contrary, operation 

performance within buildings may require broader characterizations to consider control 

features and performance interactions with building characteristics. Accordingly, while the 

software for EMS systems and digital twin technologies is being rapidly developed [4–8], the 

limited ability to verify the field performance of heat pumps and air conditioners may hinder 

the full realization of their potential to decarbonize heat utilization and supply. 

Although electrical power consumption can be readily measured, heat is a form of energy 

transfer that carries diversified quality characteristics and is difficult to store, visualize, 

measure, and model due to its inherent multidimensionality and its tendency to interact with 

surrounding materials. 

These challenges are often exacerbated in the case of air-to-air systems, for which the most 

common performance testing equipment relies on the measurement of the air-side thermal 

condition [2]. In this regard, emulator-type load-based tests [9–12] have been recently 

developed to address some of these challenges. Such testing methodology enables 

reproducible performance assessment of variable-speed air conditioners and heat pumps 

when operated under the same control as in field operation. The essence of this method is 

the integration of conventional testing equipment with numerical software that enables the 

mirroring of the thermal response of the conditioned space within a building with arbitrary 

features. This approach is pivotal for enhancing the representativeness of testing results, as 

detailed in references [13–15], and for the development of real-time performance monitoring 

systems. As the accuracy of thermal air-side measurements is affected by spatial variability 

in temperature and humidity conditions, bulky, intrusive, and costly equipment is required 

[16], making installation impractical for field operation monitoring [17]. 

Machine learning methods have demonstrated promising, accurate, and cost-effective 

characteristics for real-time performance monitoring. Sholahudin et al. [18–21] proposed 



and verified the use of thermocouples combined with a power meter for cooling capacity 

estimation and real-time performance monitoring of air-to-air systems. The scalability of 

these estimations across different systems was verified, achieving accuracy within 

approximately 10% of the recorded capacity [22]. However, machine learning methods rely 

on extensive training data collected during the testing phase, show limited generalizability, 

and may obscure the physical interpretation of results.  

A recent report from the IEA’s Annex 88 project on “Evaluation and Demonstration of Actual 

Energy Efficiency of Heat Pump Systems in Buildings” [23] categorizes monitoring methods 

for air conditioners as (A) indoor-side air enthalpy difference methods, (B) outdoor-side air 

enthalpy methods, and (C) refrigerant-specific enthalpy difference methods. In addition, 

T/CAS 305-208 [24] and ASHRAE Standard 221-2020 [25] are available. Within category 

(A), the indoor-side air enthalpy difference method mainly includes the “indoor unit external 

air hood method” [26] and the “indoor unit outlet air sampling method” [27]. The outdoor-

side air enthalpy method (B) addresses the potential interference from users with data 

collected using indoor-side methods, and includes the “static multi-port air sampling method” 

[27–28], the air hood method [29], which has shown relative errors of up to 15%, and both 

static [30–31] and dynamic [32] “outlet air sampling methods.” 

Finally, refrigerant-specific enthalpy difference methods (C) include the “refrigerant mass 

flow meter method” [33–34], the “throttling model method” [35], the “compressor energy 

conservation (CEC) method” [36–39], the “compressor performance curve method” [40], 

and the “compressor volumetric efficiency (CVE) method” [41], which has shown total errors 

over 20%, increased error during transient operating conditions, and relatively smaller error 

during steady operation. However, the accuracy of this method depends on the precision of 

the volumetric efficiency of the compressor, which in turn relies on fundamental data 

supplied by the manufacturer. Additionally, results may be affected by compressor wear and 

deterioration during long-term operation [23]. Accordingly, the unresolved challenges in 

existing performance monitoring methods include (i) interference of sensors with occupants’ 

indoor activity, (ii) bulkiness, (iii) high sensor costs, (iv) disruption of system operation 

during sensor installation, and (v) limited accuracy due to airside spatial uncertainties or 

problematic refrigerant-side flow rate measurement under two-phase and dynamic 

conditions. 

In principle, the efficiency of a thermodynamic cycle can be calculated from the knowledge 

of few thermodynamic states of the refrigerant. This often translates in the need for reliable 

estimations of refrigerant temperature and pressure. Temperature is often approximated to 

the value measured on the outer surface of the refrigerant pipeline and saturation pressure 

may be derived from temperature measurements in phase transition areas, but such an 



approach often requires neglecting pressure drop. Reliable pressure measurements are 

critical for various applications, spanning across environmental monitoring [42-43], 

industrial processes [44], and engineering systems [45-46] to ensure safe and efficient 

operation. Common methods to measure pressure include manometers (e.g. [47-48]) and 

mechanical pressure gauges. In the latter case, elastic elements that deform with the 

application of pressure are used. The deformation can alter the capacitance of a diaphragm 

[49], activate a piezoelectric sensor [50], or produce a measurable strain [51-52]. 

Unfortunately, pressure measurements require invasive techniques to install additional 

sensors, and generally, their applicability to in-situ performance monitoring of heating and 

cooling technologies is limited [53]. In fact, unless the system already has pressure 

instrumentation, the placement of pressure plugs would require interrupting operation and 

cutting the refrigerant pipeline. Tran et al. (2013) [54] proposed an alternative method but 

still required a pressure sensor installed at the refrigerant charging plug.  

Whenever the performance representation provided by the thermodynamic cycle is 

insufficiently accurate and the energy expenses deriving from auxiliaries are not negligible, 

the system performance assessment requires estimations of the capacity supplied by the 

system. Cooling or heating capacity can be calculated from the enthalpy difference of the 

refrigerant through the indoor heat exchanger, that is the specific enthalpy difference 

multiplied by the refrigerant mass flow rate. Mass flow rate measurements can be reduced to 

compressor frequency measurements once the compressor inlet state, vane volume, and 

volumetric efficiency are known. Generally, frequency measurements rely on Hall effect 

sensors [55] and other non-contact optical methods [56]. Recently, innovative acoustic 

methods have been proposed in literature [57]. 

This study addressed the main unresolved challenges in performance monitoring, by 

developing and validating a non-intrusive method for monitoring the performance of air 

conditioners, providing accurate performance estimations with negligible instrumentation 

costs. Specifically, a physical representation of the refrigerant cycle was obtained by using 

thermocouples and strain gauges strategically placed on the external surface of the 

refrigerant pipeline in the outdoor unit to estimate refrigerant temperature and pressure [58], 

without interfering with system operation. Finally, an alternative method for estimating the 

refrigerant flow rate from the Fast Fourier Transform (FFT) of the strain signal and 

compressor volumetric efficiency is proposed for determining the system COP. In this 

manner, in-situ performance monitoring can be realized while minimizing the required 

instrumentation cost and excluding invasive instrumentation. 

 

2. Cycle monitoring from thermocouples and strain gauges 



Vapor compression systems share common fundamental working principles based on the 

cyclic circulation of a working fluid for continuous operation (Fig. 1). Because airside thermal 

measurements may be inaccurate unless bulky, intrusive, and expensive instrumentation is 

used, the method proposed in this study is based on identifying the refrigerant cycle and 

refrigerant mass flow rate using thermocouples and strain gauges strategically placed on the 

refrigerant pipeline of the outdoor unit, thereby avoiding interference with system operation 

and user activity. The surface temperature of the refrigerant pipeline from the thermocouples 

may represent the modulation of the refrigerant temperature along the cycle. Furthermore, 

correspondingly placed strain gauges may capture pressure modulations from the strain 

signal in the time domain after compensation for thermal expansion due to temperature 

variations (Fig. 1). In addition, if thermocouples are placed in areas where a two-phase 

refrigerant is expected to flow, they may estimate the refrigerant saturation pressure.  

 

 

Fig.1 Conceptual illustration of the proposed performance measurement methodology. 

 

In the following, the possibility of performing real-time cycle COP monitoring is 

demonstrated by calibrating the strain signal and temperature measurements to estimate 

refrigerant pressure and enthalpy. Finally, the frequency spectrum of the tube strain signal 

can be used to capture modulations in compressor speed, and combined with the compressor 

curve method to estimate system COP. 

 

3. Experimental setup 

The emulator-type testing methodology [9] was used to obtain reproducible reference data 

that included dynamic modulations of temperature, pressure, and cooling capacity, based on 

the native control of the tested unit operating within a virtual building defined by thermal 

inertia and subjected to a thermal load, as summarized in Table 1. As schematically shown in 

Fig. 2, the testing facility included two psychrometric rooms, where the indoor and outdoor 

units of the air conditioner were installed as they would be in an actual building. Figure 3 

includes photographs of the actual setup of the tested outdoor and indoor units. The real-

time cooling capacity supplied by the indoor unit was measured using the air-enthalpy 

method, while the outdoor unit was equipped with sufficient sensors (including temperature 
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and pressure) to reconstruct the refrigerant-side performance of the system and verify the 

estimations derived from the thermocouples and strain gauges placed at predefined locations 

on the refrigerant pipelines of the outdoor unit. The refrigerant cycle provides essential 

information on the system’s efficiency.  

 

 

Fig. 2 Schematic diagram of the air-enthalpy setup in the outdoor (left) and indoor (right) psychrometric 

rooms. 

     

Fig. 3 Photographs of the tested system in the outdoor (left) and indoor (right) psychrometric rooms with 

the corresponding measuring chambers. 

 

In this study, the physical relationship between the total strain, thermal strain, and 

temperature of the pipeline, along with the refrigerant pressure, was used to develop a 

pressure sensor and subsequently estimate the refrigerant enthalpy based on its 

thermophysical properties. The specific enthalpy and pressure values extracted at strategic 

locations along the refrigerant cycle can be directly used to estimate the cycle COP (Eq. 1), 

where hEO, hEI, hCO, and hCI are the outlet and inlet enthalpies of the evaporator and condenser, 

respectively. 



𝐶𝑂𝑃𝑐𝑦𝑐𝑙𝑒 =
𝑄𝐶𝑜𝑜𝑙𝑖𝑛𝑔

𝑊
=

ℎ𝐸𝑂−ℎ𝐸𝐼

ℎ𝐶𝐼−ℎ𝐸𝑂
      (1) 

The instrumentation setup (including the thermocouples, strain gauges, and pressure 

sensors) is schematically shown in Fig. 4. The sensor specifications are summarized in Table 

1. The strain gauges and thermocouples were installed on the surface of the refrigerant 

pipelines at the inlet and outlet of the compressor and the expansion valve, which correspond 

to the four corners of the refrigerant cycle. Although it may be argued that, in principle, 

refrigerant pressure can be estimated from the saturation temperature, the reversed 

operation of the system in heating mode would require an additional thermocouple to be 

placed in the two-phase area of the indoor heat exchanger. The installation of this additional 

sensor may momentarily interfere with the indoor activity of the occupants. Additionally, the 

proposed approach allows for the estimation of pressure drop across both high- and low 

pressure sides of the cycle, whereas the pointwise estimation of the saturation pressure 

through temperature measurement would disregard pressure drops.  

 

 

Fig. 4 Schematic diagram of the complete set of instrumentation, indicating the position of sensors on the 

refrigerant pipelines. 

 

Table 1 Sensor specifications, range, and accuracy 

Sensor type Model Range  Accuracy 

Pressure sensor YOKOGAWA/FP201 0 － 5 MPaG ±0.25% of full range  

Thermocouple Ninomiya/0.32 x1P T-2-

G-J2 (T-G) 

-40 － 90 oC ±0.5 K  

Strain gauge RS PRO Wire Lead 

Strain Gauge 5mm 120Ω 

-30 － 80 oC G 2.1±1% (-),  ±1%, A 

±0.1% 
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Sets of thermocouples and strain gauges were installed in close proximity to locally estimate 

the thermal strain of the pipeline while minimizing inaccuracies due to heat losses and 

longitudinal conductive heat transfer. The bends of the pipeline were avoided to ensure 

accurate circumferential strain measurements (Fig. 5, left). As shown in Fig. 5, to minimize 

signal interference, the strain gauge wires were twisted to reduce crosstalk and maintain 

signal symmetry. Additionally, aluminum foil was wrapped around the wires and the strain 

signal collector to shield them from electromagnetic interference caused by external 

electromagnetic sources. Furthermore, to address the sensitivity of the strain gauges to 

environmental humidity, the installation points were insulated to protect against humidity 

changes and the formation of condensation. 

 

    

Fig. 5 Schematic of strain gauge installation on the outer surface of the refrigerant pipeline with twisted 

wires and aluminum shielding for external signals and humidity.  

 

The setpoint indoor temperature was 25 °C, and the thermal load introduced by occupants 

and heat infiltration from the external environment accounted for 30% of the system’s 

nominal cooling capacity. The tested unit was a ceiling-type system with a design cooling 

capacity of 10 kW, using R32 refrigerant (Table 2), virtually installed in a 147 m3 indoor space, 

simulated in its thermal response by the room emulator. In fact, the thermal response of the 

indoor temperature and humidity in a conditioned environment is also related to the heat 

and moisture capacities of the air, fixtures, and walls of the room. Namely, during dynamic 

operation, unlike steady-state operation, the ‘‘building load” and the ‘‘air conditioning 

capacity” are not necessarily equivalent. For a given unbalance between load and supplied 

capacity, the room air temperature experiences variations at a rate that is defined by the heat 

capacity of the room. Therefore, the assessment of the dynamic performance of the air 

conditioner signifies clarifying its control characteristics and their interaction with the 

building thermal features. Hence, the dynamic performance of air conditioners cannot be 

reproducibly tested unless the ‘‘room-side air condition” is reproducible across different 

Twisted wires
Aluminum 
shielding



laboratory settings.  

In the present study the volume of the proposed testing methodology, the heat capacity of the 

entire virtual room was set to be approximately 10 times that of the indoor air. This choice is 

guided by the empirical estimations and technical practices reported in [27,28]. 

Data were collected under the operating conditions listed in Table 3. Specifically, the air 

conditioner was operated in cooling mode with a constant outdoor temperature and relative 

humidity of 35 °C and 40%, respectively. 

 

Table 2 Tested unit 

Indoor unit type Refrigerant Design cooling capacity Design heating capacity 

4-port ceiling type R32 10.0 kW 11.2 kW 

 

Table 3 Test conditions for preliminary investigation of gauge pressure estimation 

Room heat 

capacity 
Load Outdoor temperature Outdoor relative humidity Indoor set temperature 

2410 kJ/K 30 % 35 oC 40 % 25 oC 

 

While operating under such low-load conditions, the native control was unable to stabilize 

the system’s operation and to stably converge the room temperature to the set point. As a 

result, the compressor operated with on-off cycles, represented by the cooling capacity 

modulations shown as grey empty markers in Fig. 6, which caused cyclical variations of the 

indoor temperature within an interval around the setpoint. 

 

  
Fig. 6 Example of recorded on-off cycling modulations of the Compressor frequency (black markers) and 

cooling capacity (grey markers) from the collected data at 30% partial load ratio in the test conditions of 

Table 3. 
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4. Data reduction and gauge pressure estimation 

 Although the thermocouples placed on the refrigerant pipeline of the outdoor unit provided 

a direct estimation of the local refrigerant temperatures, the strain signal (Eq. 2) from the 

corresponding strain gauges does not immediately reflect refrigerant pressure modulations.  

𝑒 =
𝑑𝑟

𝑟
         (2) 

Equation (2) represents the total radial strain, which is the relative variation in radius r due 

to the tension arising from changes in the local refrigerant state. Part of this radius variation 

is associated with the thermal expansion of the pipeline (Eq. 3), while the remaining strain is 

related to the force generated by refrigerant pressure modulations and is calculated using Eq. 

(4). In the following calculations, the thermal expansion coefficient (β) of copper is taken as 

0.000017 K-1. 

𝑒𝑇 =
𝑑𝑟𝑇

𝑟
= 𝛽∆𝑇        (3) 

𝑒𝑝 = 𝑒 − 𝑒𝑇 = 𝑒 − 𝛽∆𝑇       (4) 

Figure 7 shows that, by correcting the total strain signal (black empty markers) with the 

thermal strain eT (red markers), as indicated by Eq. (4), the corrected strain ep (grey markers) 

closely aligns with the pressure signal obtained from the pressure sensor placed at the 

compressor inlet (gray empty markers). Accordingly, the corrected strain signal ep may be 

converted to estimate the gauge Pg and absolute pressure P modulations, as shown in Eq. (5), 

where t is the pipeline thickness and E is the Young’s modulus of copper.  

 

 

Fig. 7 Total-, thermal-, and pressure- strain signals (left axis) at the compressor inlet position, and directly 

measured pressure modulations (right axis) at the test conditions specified in Table 3. 
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The proposed formulation relies on the thin-wall approximation [59], which assumes one-

dimensional radial expansion, although for a pressurized pipe the deformation is inherently 

biaxial. The approximation is reasonably accurate for diameter-to-thickness values higher 

than 10 [60] and the placement of the strain gauges should be planned accordingly. For the 

selected pipeline locations of the strain gauges in the present case, the diameter-to-thickness 

ratio was between 10-20. 

𝑃 = 𝑃0 + 𝑃𝑔 = 𝑃0 +
(𝑒−∆𝑇∗β)𝐸𝑡

𝑟
      (5) 

The converted gauge pressure Pg is plotted in Fig. 8 and compared with the refrigerant 

pressure measured at the compressor inlet position (gray empty markers).  

 

  

Fig. 8 Estimation of the gauge pressure Pg in an on-off cycling period from the derived pressure strain 

signal as compared with the value measured at the compressor inlet position, for the test conditions 

specified in Table 3. 

 

To estimate the uncertainty of pressure estimations uP, first the root sum of squares method 

was used to combine independent uncertainties of the measured strain ue. Specifically, the 

uncertainty of the gauge factor (G 2.1±1%, from the catalogue specifications of the strain 

gauge [61]) was coupled with an additional 1% related to the possible misalignment  

occurring during installation, and a contribution arising from the amplifier (A 0.1% [62]). As 

a result, the strain uncertainty ue was approximately 1.42%. Consequently, the uncertainty of 

the pressure estimates uP (Eq. 5) was calculated according to error propagation from the 

measured strain e, the assumed variability of the Young’s modulus E and thermal expansion 

coefficient  of copper [62], and the temperature variation T, as expressed in Eq. (6). 
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𝑢𝑃 = √(
𝐸𝑡

𝑟
)
2
𝑢𝑒
2 + (

−𝛽𝐸𝑡

𝑟
)
2
𝑢∆𝑇
2 + (

−∆𝑇𝐸𝑡

𝑟
)
2
𝑢𝛽
2 + [

(𝑒−∆𝑇∗β)𝑡

𝑟
]
2

𝑢𝐸
2 + 𝑢𝑃0

2   (6) 

Consistency between the calculated and experimental values was observed, with an average 

relative error of approximately 3.5% over the explored range with an average uncertainty of 

±7.4 kPa. Larger errors may occur locally when the rapid dynamics of compressor operation 

are accompanied by slower thermal and mechanical stress responses. Consequently, a simple 

signal calibration can yield more accurate pressure estimations. The reference pressure P0, 

connected to the rest installation state of the strain gauge, is required to estimate the absolute 

pressure P (Eq. 5). Alternatively, as the value of Pg is unaffected and may be offset by any 

known value of the local absolute pressure, a fair reference value may be extracted by 

considering the saturation pressure obtained from the thermocouples placed in the areas of 

the heat exchanger where a two-phase flow of the refrigerant is expected during cooling 

operation. Nonetheless, the challenges arising from obtaining effective and simple 

estimations of this parameter may require further investigation. 

 

5. Performance estimation 

Assuming an isenthalpic expansion in the expansion valve, and that two-phase refrigerant 

temperature measurements from opportunely placed thermocouples indicate the 

corresponding saturation pressure, the thermocouples and strain gauges placed on the 

pipeline of the outdoor unit may provide sufficient information to reconstruct the refrigerant 

cycle (Fig. 9). Such representation is sufficient for extracting the cycle coefficient of 

performance COPcycle of the air conditioner, as defined in Eq. (1). 

 

 

Fig. 9 Conceptual representation of the sensors required for refrigerant cycle identification from 

thermocouples and strain gauges placed on the refrigerant pipeline of the outdoor unit. 
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This method may be simplified by neglecting the pressure drop in the heat exchanger or by 

placing additional thermocouples in areas of the heat exchanger where two-phase flow is 

expected, relying on saturation pressure estimations from refrigerant properties. However, 

the placement of thermocouples on indoor heat exchangers should be limited in operational 

field installations to avoid disturbing the occupants’ indoor activity during installation in 

operating units. In such cases, an optimal compromise may involve using strain gauges at 

required locations to obtain sufficient pressure estimations for capturing the cycle COP 

during reverse heating operation. 

The magnitude of the strain was calibrated by introducing corrective coefficients for the 

temperature and strain offsets, and by modifying the relationship between the strain, 

refrigerant temperature, and refrigerant pressure, as expressed in Eq. (7). 

𝑃 = 𝑃0 + 𝑃𝑔 = 𝑃𝑖𝑛𝑖 +
((𝑒+𝑎)𝑐−(∆𝑇+𝑏)βd)𝐸𝑡

𝑟
     (7) 

Here, a and b are the calibration factors for the offset of the measured strain and refrigerant 

temperature, respectively, whereas c and d adjust the magnitudes of the measured and 

thermal strain values. Values of a and b (in K) close to 0, and c and d values close to 1, indicate 

negligible correction. Figure 10 illustrates the effect of this recalibration on strain 

measurements taken near the compressor inlet. Table 4 summarizes the corresponding 

corrective coefficients. Accordingly, the average relative error was limited to 1.4% in the 

explored range.  

 

 

Fig. 10 Recalibration of the estimated gauge pressure Pg in an on-off cycling period as compared with the 

refrigerant pressure measured at the compressor inlet position, at the test conditions specified in Table 3. 
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the compressor inlet. 

a b c d 

-2.52·10-7 0.367 (K) 0.961 0.905 

 

Correspondingly, the refrigerant enthalpy was estimated under single-phase conditions by 

referring to the temperature and pressure values derived from the thermocouples and strain 

gauges placed on the external surface of the refrigerant pipeline, using the thermophysical 

properties of the R32 refrigerant. Figure 11 illustrates the precision of this enthalpy 

estimation at the compressor outlet by comparing the estimated value with that obtained 

from direct temperature and pressure measurements. Enthalpy estimation at the corners of 

the refrigerant cycle using REFPROP10 [64] and the assumption of isenthalpic expansion 

through the expansion valve enables cycle COP assessment and verification with direct 

experimental measurements under the testing conditions defined in Table 5.  

 

(a) 

(b) 

Fig. 11 Enthalpy estimation at the compressor inlet (a) and outlet (b) from temperature and pressure from 

thermocouples and strain gauges (dashed line) as compared with the enthalpy extracted from direct 
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measurement of refrigerant pressure and temperature at 35% partial load ratio in the test conditions 

reported in Table 4. 

 

Table 5 Test conditions for performance estimation. 

Building inertia Load Outdoor Temperature Indoor set temperature Sensible Heat Factor 

2410 kJ/kg 37.5% 29 oC 27 oC 0.85 

 

   

Fig. 12 Estimation of the cycle COP at 35% partial load ratio as compared with the direct measurements 

from the testing facility for the testing condition defined in Table 4. Error bars refer to the calculated COP 

(dashed line). 

 

Under these conditions, the system operates in on-off cycling mode, and Fig. 12 shows the 

real-time cycle COP estimated and measured during such cycling operation. The relative 

estimation error during the active part of the first cycle in Fig. 12 remained below 2.9%, with 

an average uncertainty within ±6.9%, demonstrating the high accuracy achieved using 

simple, non-intrusive, and inexpensive instrumentation.  

 

Compressor speed from the frequency spectrum of the pipeline strain signal  

The use of strain gauges also enables the capture of dynamic operational characteristics of 

the system. Specifically, the Fast Fourier Transform technique (FFT) can be applied to the 

time-domain strain signal of the pipeline to extract its frequency spectrum and monitor the 

compressor speed. Measuring this fundamental control parameter is critical for estimating 

the system’s output cooling and heating capacities, which can be derived using either 

machine learning methods or a compressor curve method—provided the compressor’s 

volumetric efficiency is known and combined with the refrigerant states identified by the 
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non-intrusive instrumentation described above.  

To identify the noise signals superimposed on the strain signal, measurements were first 

performed with the system in an inactive state. When the measurement was repeated with 

the compressor stably operating at 76.7 Hz, the FFT of the strain signal for both inactive and 

active system conditions was obtained, as shown in Fig. 13. The active system signal (black 

line) was first compared with the noise from the inactive system signal (gray line) to exclude 

lower-order amplitudes from the frequency spectrum. Subsequently, the additional peaks 

appearing in the spectrum of the active system signal were compared with the experimental 

measurements of the compressor speed. This confirmed that the compressor speed could be 

identified from the frequency spectrum of the strain signal. 

 

 

Fig. 13 Frequency spectrum of the measured strain signal when operating the compressor at 76.4 Hz. 
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Fig. 14 Estimation of the compressor speed from the frequency spectrum of the measured strain signal in 

various compressor operating conditions. 

 

Figure 13 shows the frequency spectrum of the background noise signal obtained from the 

discrete-time strain signal at the compressor outlet. The sampling interval (0.002 s) was 

selected according to the Nyquist–Shannon sampling theorem [65] to properly capture the 

frequency range of interest (f < 250 Hz) with a 1Hz frequency resolution, while limiting the 

amount of data requires. The direct experimental measurement indicated a compressor 

speed of 76.4 Hz, and the frequency spectrum of the strain signal at the compressor outlet 

showed a corresponding peak with an amplitude of 7.5 μm/m at 76.7 Hz (with smaller 

amplitude peaks at multiple frequencies). It was also demonstrated that similar accuracy can 

be achieved in a reasonably wide range of conditions for technical implementation (18.1 – 

76.4 Hz) and with sufficient repeatability at corresponding conditions (see Fig 14). However, 

the accuracy of such compressor speed measurement method during transient operation is 

still to be quantified and the influence of other sources of error (such as the strain gauge 

position, structural properties of the pipeline, or noise from other components) should be 

further investigated. 

 

6. Conclusions 

A novel technique that relies solely on cost-effective and non-intrusive instrumentation for 

monitoring the performance of air conditioners was developed and experimentally tested. 

The proposed method addresses the challenges of field measurements for air-to-air units by 

using thermocouples and strain gauges strategically placed on the refrigerant pipeline of the 

outdoor unit to estimate the temperature and pressure required for identifying the working 
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cycle COP. Interference of sensors with occupants’ indoor activity was avoided with low-cost 

and small sensors that can be installed without disruption of system operation. As a result, 

the proposed methodology enabled in-situ performance monitoring with minimal 

instrumentation cost and, by decoupling pressure estimation from saturation temperature 

measurements, could also be applied to reversible units during heating operation. 

Preliminary tests demonstrated the practicability of refrigerant temperature and pressure 

estimations without the need for cutting the refrigerant pipeline. 

Correspondingly, real-time cycle COP can be assessed from the enthalpy values derived using 

the thermophysical properties of the refrigerant. As a result, cycle COP deviations can be 

limited to within 3% of the experimental value through calibration of the strain signal and 

application of refrigerant properties. The method also offers a scalable physical 

representation applicable to various systems—not limited to air-to-air units. This suggests 

the potential for effective real-time performance monitoring of vapor compression system 

installations. However, this performance index assumes negligible electrical consumption of 

auxiliary components, which may only partially represent the system performance, especially 

under low-load operation. 

Accordingly, compressor speed was identified through the frequency spectrum of the strain 

signal. Such approach may be used to estimate the refrigerant flow rate via a compressor 

curve method based solely on this simple instrumentation and obtain the system COP from 

the measurement of the total power consumption of the system. Alternatively, it may be 

integrated with machine learning techniques to reconstruct complex physical relationships 

between system performance and measured parameters. 

Widespread adoption of this method could help close the knowledge gap regarding the real-

world operational performance of the numerous air conditioners installed globally in 

buildings. 
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