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A B S T R A C T   

Prediction models for energy consumption in heat pumps are critical for design, selection, control and fault 
detection. However, nowadays, the methodology for characterizing variable-speed compressors has not been 
standardized, and typically the pair compressor-inverter is studied as a whole. In this study, disaggregated energy 
consumption results of compressor and inverter are provided by using a double-wattmeter scheme. These results 
are used to compare the performance of existing models and to establish guidelines to define testsmatrixes as 
compact as possible to characterize this type of compressors. The widely used 20-coefficient correlation can 
overfit the compressor behaviour when fitted with an small dataset, introducing significant deviations when 
extrapolating. Optimal Design methodologies to create rating test matrixes gave excellent results compared with 
classical clustering techniques. Regarding inverter results, a compact empirical model was proposed to model 
inverter power losses depending on total consumption and compressor speed. The proposed model used only five 
fitting coefficients, and most predictions are inside a 5% error band for all tested inverters. Finally, the tested 
compressors and inverters suffered a significant efficiency loss at very low speeds, which could make cycling 
more profitable under certain circumstances.   

1. Introduction 

Heat pump systems have spread into the heating and air conditioning 
industry as they offer an efficient, affordable, and reliable solution. The 
EU considers them the path to follow in heating and cooling to reach the 
objectives of reducing CO2 emissions. 

As thermal loads tend to be highly variable, heat pumps have to work 
at part load for most of their lifetime. Consequently, capacity control 
techniques have to be applied, among which the use of variable speed 
compressors (VSC) stands out [25,12]. This technology enhances energy 
savings compared with On/Off systems using single-speed compressors 
[5,26], which have been gradually replaced by variable speed solutions 
since Toshiba introduced the technology into the HVAC sector in 1981 
[34]. 

The compressor is the heart of a heat pump and its most complex 
element. Consequently, a compressor simulation model that provides 
information about consumption is essential in designing or studying an 
HVAC system. In the literature, three different approaches are typically 
found when modelling a single-speed compressor [31]:  

- Detailed. [11,7] They consider internal geometries, leakages, oil 
properties and heat dynamics inside the compressor. They require 
many parameters based on information that only manufacturers 
have and are computationally intensive. They provide accurate re-
sults but are used mainly for compressor design.  

- Efficiency-based (Also called semi-empirical). [9,17,33,22,18]. 
These models are derived from the physical work equation of vapour 
compression and use experimental data to deduce parameters that 
are hard to determine as polytropic coefficients, losses to the ambient 
and heat transfer coefficients, among others. These are models with a 
low number of fitting parameters. However, they may be difficult to 
adjust as they involve non-linear equations, typically with expo-
nents, and their accuracy is limited.  

- Map-based (or Empirical) [2,28,6] They don’t require any physical 
information about the internal processes of the compressor. They 
typically consist of polynomial equations whose coefficients are 
fitted with experimental data. 

The problem with map-based models is overfitting. A model with 
many coefficients will constantly adjust the training dataset better; 
however, it may result in fitting non-useful information as experimental 
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error. When this happens, the model will fail to perform accurately 
against unseen data [15]. To avoid underfitting or overfitting, the model 
needs to have a suitable complexity in agreement with the level of in-
formation embedded in the train data. Choosing between model accu-
racy and model complexity is critical for map-based model 
development. 

When modelling a fixed-speed compressor, the most extended 
methodology is the AHRI correlation which uses ten coefficients [29,2] 
(represented in Eq.(1)). It is a map-based model that uses evaporating 
and condensing temperatures as modelling variables and can be used to 
predict compressor consumption and refrigerant mass flow, among 
others.   

According to Aute et al. [4], manufacturers typically take more than 
14 experimental points to fit the correlation and test 2–3 different units 
for accounting for unit-to-unit variations. 

However, there is no general characterization procedure when 
talking about variable-speed compressors. Typically, VSC are studied as 
a family of fixed-speed compressors, and the performance of the VSC is 
provided with an AHRI 10 coefficient correlation for each different 
speed. In its selector software, Bitzer uses this methodology [35], and it 
appears in some publications [24]. This methodology would imply in-
terpolations between speeds and testing 14 different compression con-
ditions at each speed which is cumbersome and time-consuming. 

Nowadays, the state of art of VSC modelling is to use an expanded 
version of the widely known 10-coefficient AHRI correlation [2]. The 
new function introduces ten additional speed-dependent coefficients 
resulting in a 20-coefficient correlation which will be called from now 
on AHRI-20 (displayed in Eq.2). 

Ẇcompr = k1 + k2Te + k3Tc + k4f + k5T2
e + k6T2

c + k7f 2 + k8TeTc + k9Tef
+ k10Tcf + k11T3

e + k12T3
c + k13f 3 + k14T2

e Tc + k15T2
e f + k16T2

c Te

+ k17T2
c f + k18f 2Te + k19f 2Tc + k20TeTcf

(2) 

This polynomial expression is used by manufacturers such as Emer-
son or Danfoss in their catalogue data [36,37] and has been used in the 
literature for modelling variable-speed heat pumps [13,30]. It tends to 
adjust well train data due to the high number of fitting coefficients. 
However, many tests are required to fit the model correctly, and the 
extrapolation capabilities are limited. 

Apart from AHRI-20, other variable-speed models have been pub-

lished [28,19,27,21], which are reviewed in a following section. To 
compare the performance of the different correlations, real experimental 
data is needed and, for this matter, data in the compressor datasheets 
can’t be used as it typically consists of predictions from a pre-adjusted 
model, not the actual test results. Consequently, that data can not be 
used to perform a fair comparison among models as it will perfectly fit 
the model from which it was generated. 

In the literature, there are few experimental datasets of variable- 
speed compressor performance. Shao et al. [28] presented perfor-
mance data of a rotary compressor. However, the study did not provide 
individual results but the fitted correlations instead and did not declare 
the number of training points and where they were positioned. In Darr 
and Crawford’s study [10], individual experimental results are given for 
different temperatures and speeds for an automotive reciprocating 
compressor. However, the data was not evenly distributed, and only a 
local portion of the envelope was tested. Consequently, significant ex-
trapolations are needed to model the complete envelope. Cuevas and 
Lebrun [8] also provided experimental data (50 different compression 
conditions distributed at five different speeds) for a variable-speed scroll 
compressor working with R134a. 

In addition to introducing a new variable in the compressor 

Nomenclature 

Abbreviations 
CV coefficient of variance of RMSE 
MRE maximum relative error 
POE polyolester oil 
PDOE Polygon Design of Experiments 
PR Pressure Ratio 
PVE polyvinyl ether oil 
OD optimal design 
RMSE root mean square error 
SC subcooling 
SH superheat 

Symbols 
f compressor speed [Hz] 
k#,s#,c# fitting coefficients 
ṁ mass flow [g/s] 
MW molecular weight [g/mol] 
P pressure [bar] 
R 8.314 [J/(K⋅mol)] 
T temperature [K] 

V compressor displacement [m3] 
Ẇ electrical power [W] 

Subindex 
amb ambient 
c condensing 
compr compressor 
d discharge 
e evaporating 
in input 
inv inverter 
is isentropic 
nom nominal 
out output 
ref at nominal speed 
s,suc suction 
v volumetric 

Greek letters 
η efficiency 
κ isentropic exponent [-] 
ρ density [kg/m3]  

Ẇcompr = k1 + k2Te + k3Tc + k4*T2
e + k5TeTc + k6T2

c + k7T3
e + k8T2

e Tc + k9TeT2
c + k10T3

c (1)   
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modelling (the speed), using variable-speed compressors introduces 
another component, the inverter or Variable Frequency Drive (VFD). 
This element also generates losses which are challenging to characterize 
due to the difficulty of measuring electrical power at the inverter outlet. 
As a consequence, the pair compressor-inverter is typically considered a 
black box, and only the global consumption is measured. 

The inverter performance has been studied thoroughly in the elec-
trical field, where good prediction models can be obtained using as input 
variables: output currents, DC bus voltages, technology of the switching 
devices, control algorithms… However, this information is rarely 
available in the HVAC field, and correlations based on easy-to-obtain 
variables such as consumption or speed would be of particular interest. 

According to Afjey and Jenni [1], two separate losses are introduced 
when using an inverter. The firsts are primary losses which are produced 
in the inverter itself. They include conduction, commutation and base 
power losses. Secondary losses are generated in the compressor and are 
related to the PWM signal’s harmonics created by the inverter. The latter 
are often neglected when the switching frequency exceeds 1 kHz [1]. 

Cuevas and Lebrun [8] studied the inverter power losses through a 
calorimetric method. They concluded that the inverter efficiency 
depended mainly on the output power, not the speed. The reported 
losses were in the range of 2–5% and a correlation to model power losses 
was not proposed. 

In this study, a complete experimental characterization of variable- 
speed systems is made. This study is split into two parts; the first fo-
cuses on heat pump compressors and the second on inverter 
performance. 

The first part starts analyzing the compressor’s experimental results. 
Then, the experimental data is used to review the performance of 
already published compressor models. And finally, the problem of how 
to select the rating points is assessed. 

The second part focuses on inverter power losses. A novel mathe-
matical model is proposed to predict the power losses of the tested in-
verters, and the carrier frequency influence is evaluated. 

2. Methodology 

2.1. Test bench description 

The compressor test bench described in Fig. 1 has been used to 
characterize variable-speed compressors. It has been designed to satisfy 
the Standard EN13771 [38] for compressor rating and can evaluate the 
typical compression cycle conditions varying condensing and 

evaporating pressure, subcooling (SC), superheat (SH) and compressor 
speed. The test bench comprises a set of PID controllers that can keep 
any operating condition stable within a range of 1 kPa and 0.1 ◦C from 
its reference without manual adjustments. 

The installed sensors are described in Table 1 and their uncertainty is 
displayed at a confidence interval of 95%. The temperature readings 
were taken by immersion RTDs placed in an elbow facing upstream. 
Methods A and E of the Standard EN13771 [38] were implemented to 
measure mass flow: a Coriolis sensor placed in the refrigerant liquid line 
and a calorimetric balance in the evaporator. Regarding energy con-
sumption, a double-wattmeter scheme was used to determine power 
losses in the inverter and the global consumption. A YOKOGAWA 
WT1030 [14] power meter was implemented in the line connecting the 
inverter and the compressor, as it is capable of measuring electrical 
power in this line. This line cannot be measured with typical power 
meters as it presents a high-frequency square wave voltage in the range 
of the kHz result of the pulse width modulation (PWM) needed to control 
the compressor speed [1]. 

Sensor readings were logged with a Keysight 34970A and the final 
result was the average of all the measurements taken in a stable window 
of at least 15 min (typically 30 min). The thermodynamic database used 
was REFPROP v10.0 [16], which was used to calculate evaporating and 
condensing temperatures as a function of the corresponding pressures. 

2.2. Experimental data 

In this test bench, two variable-speed scroll compressors from diverse 
manufacturers and working with different refrigerants were tested: 
Compressor A and Compressor B. Both presented the same typology; the 
compression chamber at the top position (above the electric motor) and 
the lubrication mechanism consisting of a borehole in the shaft that acts 
as a pump to lubricate the main bearings and the scroll. 

Compressor A has a displacement of 46 cm3 and works with R290 
and POE68 oil. It has been tested at distributed conditions of evapo-
rating and condensing temperatures, trying to map the entire envelope 
homogeneously. To correctly map the entire speed range (15–120 Hz), 
that pattern was repeated at speeds of 30, 50, 70, 90 and 110 Hz 
resulting in a total of 134 experimental tests. The tested conditions for 
each speed are represented in Fig. 2. 

Compressor B is a variable-speed scroll compressor with a displace-
ment of 44.5 cm3 and works with R410A and PVE32 as a lubricant. In 
total, 35 different compression conditions were tested, 14 at the nominal 
speed of 60 Hz, and the rest distributed along the envelope at different 

Fig. 1. Variable-Speed Compressor Test Bench.  
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frequencies. 
Additionally, the experimental data obtained by Cuevas and Lebrun 

[8] was also included so the models are evaluated against three different 
compressor models with three different refrigerants. 

In Table 2, a summary of the used datasets is displayed. 
Appart from the tested compressors, the mentioned test bench was 

also used to characterize three different inverters from different manu-
facturers. All of them used the same control strategy (Advanced Open 
Loop Control for Permanent Magnet Motors) to adjust the compressor 
speed with carrier frequencies ranging from 6.6 kHz to 5 kHz. As the 
electrical motors are synchronous, the slip ratio has not been considered, 
and the mechanical speed of the compressor has been supposed to be the 
same as the one configured in the inverter. A summary of the specifi-
cations of each tested inverter is displayed in Table 3. 

3. Compressor performance 

3.1. Analysis of the experimental results 

The detailed experimental results of compressors A and B are 
included as complementary materials and in this section, the experi-
mental data of Compressor A will be studied in detail as it is the one with 
more tested conditions. 

The experimental mass flow results are displayed in Fig. 3. It should 
be noted that the main variables affecting the mass flow are evaporating 
temperature and speed. 

In Fig. 4, the experimental results of the compressor consumption 
(including inverter losses) are displayed at different compression con-
ditions. The peak consumption was close to 7 kW and was produced at 
maximum speed and PR. 

Compressor efficiency is defined in Eq.(3), and its evolution with the 
compression conditions can be seen in Fig. 5. 

ηcompr =
ṁ
(
hd,is − hs

)

Wcompr
(3) 

It should be pointed out that compressor efficiencies behave homo-
geneously, showing a maximum at PR close to 2.5 and sharply 
decreasing as PR decreases or increases. At central speeds (50, 70 and 
90 Hz), compressor efficiency doesn’t show a significant dependence on 
speed. However, a decrease in compressor efficiency is manifested at 
low frequencies and high condensing temperatures. The main explana-
tion for this phenomenon is a lack of lubrication in the scrolls at low 
speeds, which increases frictional losses and internal leakages. The in-
ternal leakages are related to the pressure difference, which explains 
why these become more relevant at high condensing temperatures. The 
hypothesis of low lubrication at low speeds was analyzed in a previous 
study [23] and was also pointed out by Cuevas and Lebrun [8]. 

Compressor efficiency also decreases at high speeds and low 
condensing temperatures due to an increase in mechanical losses. These 
mechanical losses do not depend heavily on working temperatures; 
consequently, at lower condensing temperatures where the compressor 
has a lower consumption, they have a higher impact on efficiency. 

3.2. Characterization models 

This section compares the performance of the main proposed models 
in the literature for variable-speed compressors. A summary list of the 
tested correlations is presented in Table 4. 

AHRI-20 and Shao are linear empirical correlations that can be easily 
fitted with ordinary regression tools. However, Santos, W. Li and Men-
doza consider fitting exponents whose convergence is more problematic 
and need more complex regression tools. Santos model is coupled with 
the mass flow model, and thus, if the mass flow measurements have a 
significant experimental uncertainty, it will also propagate to the con-
sumption estimation. In this study, to minimize this effect, the values of 
mass flow introduced in the consumption model will be the ones pre-
dicted by the pre-adjusted mass flow model. That way, the experimental 
uncertainty of mass flow is partially filtered and will lower the con-
sumption estimation error. 

All these correlations were fitted using the complete dataset, and the 
fitting results are displayed in Fig. 6. For the comparison, the Coefficient 
of Variation (CV) of the Root Mean Square Error (RMSE) was used (Eq. 

Fig. 2. Test Matrix of Compressor A.  

Table 2 
Summary of the experimental data set used for the evaluation of the consump-
tion models.   

Compressor A Compressor B Compressor C 

Source Experimental Experimental Cuevas [8] 
Technology Scroll Scroll Scroll 
Displacement 46 cm3 44.5 cm3 54.25 cm3 

Refrigerant R290 R410A R134a 
Lubricant POE 68 PVE 32 – 
Speed Range 15–110 Hz 15–100 Hz 35–75 Hz 
Nominal Speed 70 60 50 
SH 10 K 10 K 4–9 K 
Tests 134 35 48  

Table 3 
Summary of the experimental data set used for the evaluation of Inverter energy 
consumption.   

Inverter A Inverter B Inverter C 

Tests 133 17 35 
Carrier Frequency 6 kHz 6.6 kHz 5 kHz 
Tested Power 0.7–7 kW 0.7–5 kW 0.6–7 kW 
Max Power 15 kW 5.5 kW 10 kW 
Tested Speed 15–110 Hz 15–110 rpm 15–100 rpm 
Efficiency 0.87–0.96 0.91–0.94 0.90–0.98 
Control mechanism Open Loop Control for Permanent Magnet Motors  

Table 1 
Sensors used and their uncertainty.  

Uncertainty of the used sensors 

Variable Equipment Uncertainty 

T RTD-PT 
±0,05 ◦C 

P Fisher-Rosemount 3051 
±0,02% 

ṁ Coriolis CMF025M 
±0,025gs-1 

Win Fluke 1735 
±51 W 

Wout Yokogawa WT1030 
±13 W  
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(4)), an adimensional parameter that measures the relative dispersion of 
the error in the modelled variable. As the RMSE is divided by the tested 
consumption mean, the results from the different compressors can be 
compared even if their sizes are not the same. RMSE (in W) is also shown 
in the plot to compare it with the sensor accuracy (in the range of 50 W). 

CV(RMSE) =
RMSE

X
=

1
X

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

n=1(ŷt − yt)
2

N

√

(4) 

The correlation with better performance is AHRI-20 with RMSE 
values lower than 50 W in all the studied compressors. It is followed by 
Shao correlation, and then, the other correlations change order 
depending on the tested compressor. In general, the one having higher 
errors is Santos. However, it should be noted that it is also the correla-
tion with fewer coefficients (only 3). 

Remark that the results were obtained using all available data and 
models containing more variables will always perform better when the 
dataset is extensive. However, when the train data decreases, they can 

overfit it and fail to predict new data correctly. Train-test fitting can be 
performed to check for overfitting, which consists of adjusting the cor-
relations with a limited dataset (train) and then calculating the goodness 
of predictions for the complete dataset (test). If the correlation is over-
fitted, it will try to model the experimental noise in the train set, giving 
poor predictions with the entire data. 

3.3. Design of experiments 

According to Aute et al. [4], manufacturers typically take 14–20 
conditions when characterizing a fix-speed compressor. However, to fit 
the AHRI-20 correlation, at least 20 tests are needed, 21 if statistics to 
measure the goodness of fit are required (RMSE, MRE, CV…). Fig. 7 
shows the result of the train-test procedure repeated 100 times. In the 
first plot, the 21 train tests were selected randomly. In the second one, 
the selection was made by distributing the training samples homoge-
neously along the envelope with a clustering technique. It should be 
noted that the same 100 train sets were applied to the different 

Fig. 3. Experimental Mass Flow evolution with compression condition and speed [Compressor A].  

Fig. 4. Consumption evolution with the compression condition and speed [Compressor A].  
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Fig. 5. Compressor A efficiency and its evolution with the working variables.  

Table 4 
List of models fitted with the experimental data.  

ID Expression Coef Var 

AHRI-20  
[13] 

Ẇcompr = k1 + k2Te + k3Tc + k4f + k5T2
e + k6T2

c + k7f2 + k8TeTc + k9Tef + k10Tcf + k11T3
e + k12T3

c + k13f3 + k14T2
e Tc + k15T2

e f + k16T2
c Te +

k17T2
c f + k18f2Te + k19f2Tc + k20TeTcf 

20 3 

Mendoza  
[21] ηcompr =

(Pd

Ps

)k1(fnom

f

)k2
(

f3V

Δh

3
2
iso

⎞

⎠

k3
(Δhisoρs

Ps

)k4
(

Ts
(Ts + Td,is

2

)

− Tamb

⎞

⎠

k5

Wcompr =
ṁ(hd,is − hs)

ηcompr 

6 8 

Santos[27] 
Ẇcompr = ṁ

[

k1Ts

[(Pd

Ps

)k2

− 1
]

+k3

]

ṁ =
Psf
Ts

{

b0 +b1

[(Pd

Ps

)b2

− 1
]} 3 4 

Shao [28] Ẇcompr =
(
k1 +k2Te +k3Tc +k4T2

e +k5T2
c +k6TeTc

)[
s0 +s1Δf +s2Δf2

]
(rotary) 9 3 

W. Li [19] 

Ẇcompr =

{

PsVfck1

[(Pd

Ps

)k2+
κ − 1

κ
+

k3

Pd

]

+k4

}[
s0 +s1

(
f/fnom

)
+s2

(
f/fnom

)2
]

6 4  

Fig. 6. Performance of the different models fitted to various compressor datasets.  
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correlations, so a poorly chosen trainset would affect all models. The red 
dots in the plot represent the fitting accuracy of each of the 100 runs and 
the shapes describe a violin plot representing a vertical density function 
of the results in which the horizontal line describes the median. 

Results show significant variability for AHRI-20, even if the samples 
are evenly distributed along the envelope. This indicates that this cor-
relation tends to overfit the train data and, a lot of experimental data is 
required to adjust it correctly, increasing the compressor characteriza-
tion cost. Regarding the rest of the data, Shao tends to perform best most 
of the time with limited variability. W. Li follows Shao but presents a 
higher variability with a couple of points in which the solution did not 
converge. And finally, the one with a worse average performance is 
Santos which was expected with only 3 fitting coefficients. 

Another conclusion from Fig. 7 is that the results’ variability also 
depends on the strategy followed to select the train data, as selecting 
distributed points improves the performance. Hence, another way of 
decreasing the variability would be to choose the position of the train 
tests wisely. 

According to Aute [4] there isn’t a well-established methodology 
among manufacturers to address the positioning of the train data. Aute 
[4] used a conventional approach called Latin Hypercube Sampling for 
fixed-speed compressors and presented a new methodology for non- 
rectangular domains. This new method was called Polygon Design of 
Experiments (PDOE) which combined the clustering technique with 
manually picking extreme conditions at the vertices of the envelope. 
Lately, Marchante [20] suggested the use of Optimal Design (OD) 
methodologies [3]; these methodologies take as input the model equa-
tion, the required number of train test and a list of candidates points and 
return the train set that minimizes the generalized variance for the 
fitting coefficients. The calculations involve some intensive statistical 
calculations, but open-source tools implement the algorithms, resulting 
in an easy-to-use methodology to obtain optimized train sets. In this 
study, the function optFederov of the package AlgDesign [32] was used 
with the D-Optimal criteria [3] for linear models. It should be noted that, 
when either the candidate and the train set size are big, it does not exist a 
clear optimum and multiple train sets can be obtained from the algo-
rithm if it is run multiple times. 

In this study, the OD methodology was extrapolated to the rating 
point selection of variable-speed compressors. Fig. 8 shows a train set 
resulting from applying OD to the model AHRI-20 with a train set size of 
21. The optimization algorithm considered extreme points close to the 

vertexes of the envelope and some at medium speeds, which would 
reassemble the train points obtained if PDOE method [4] had been used. 

If this approach is followed to fit the AHRI-20 model with 21 train 
conditions, a RMSE of 80 W is obtained when the model is used to 
predict the entire dataset. This value lies in the lower portion of the 
results obtained in Fig. 7 using clustering. 

In order to apply this methodology to Shao’s model, it was divided 
into two decoupled models as originally presented by his author: one for 
a nominal speed with 6 coefficients and the other with 3 coefficients to 
consider the speed effect. The OD methodology was applied for the 
nominal speed with a desired train size of 7, and then 2 points were 
added at extreme speeds to adjust the speed effect. Those 2 points at 
extreme speeds were added in the center of the envelope as those points 
tend to be easier to test and Shao states that the speed effect does not 
depend on the compression conditions. The complete test matrix is 
displayed in Fig. 9, it can be noted how the OD algorithm also selected 
rating points close to the envelope vertexes and one in the centre. 

If Shao’s model is fitted with this train set and then it is used to 
predict the entire dataset, a RMSE of 101 W is obtained, which is 
remarkable with only 9 train tests. Better fit even compared to using the 
whole dataset. 

The results of this chapter highlight the importance of a good rating 
matrix design (number of rating points and their location) for 
compressor characterization. Using the Optimum Design methodology 
allowed to obtain high precission fits for all the envelope using only 9 
rating points. These same 9 rating points could also be used to fit mass 
flow correlations as its behaviour is smoother and easier to model 
compared with power consumption [20]. 

4. Inverter performance 

4.1. Inverter model 

This section aims to study how inverter losses depend on the 
compression condition and speed and then an empirical correlation 
based on accessible variables such as global consumption and speed is 
provided. The obtained data for all three tested inverters can be accessed 
in the complementary materials, but only the inverter A dataset will be 
shown in this section due to space limitations. 

Fig. 10 shows the evolution of efficiency and power losses of the 
tested Inverter A as a function of speed and total consumption. Inverter 

Fig. 7. Robustness of the different models when adjusted with 21 tests selected randomly (Left) or with a clustering methodology (right).  
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efficiency mainly depends on power consumption; as consumption de-
creases, efficiency drops to values lower than 90%. In this inverter, the 
efficiency homogeneously increases as consumption increases, however, 
in other inverters (p.e. Inverter B), the efficiency finds a maximum, and 
then the efficiency starts decreasing as consumption keeps rising. 

Furthermore, it has been found that speed also impacts efficiency, 
contrary to what Cuevas and Lebrun [8] found using the calorimetric 
method. This discrepancy can be explained as Cuevas and Lebrun [8] 
tested over a limited speed range, and the efficiency variation due to 
speed fell in the method’s uncertainty band. 

To model the behaviour of the inverter, it was preferred to model the 
evolution of power loss instead of efficiency, as it resulted in a more 
linear tendency with consumption and speed. The resulting model (Eqn 
5) has five fitting coefficients and can be adjusted easily with conven-
tional regression tools. 

Ẇloss = c0 +
[
s0 + s1Δf + s2Δf2]Ẇin + c2Ẇ2

in (5) 

The proposed model fits reasonably well all VSDs tested. The model 
performance is displayed in Fig. 11, showing an RMSE of 5 W and 
around 95% of the experimental results fall in the range of 5% error. The 
model performance can also be checked in Fig. 10, where the lines 
represent the predicted values of the proposed model applied to Inverter 
A. 

The fitted parameters of all three tested inverters are listed in Table 5 
and its worth noting that the order of magnitude of the different co-
efficients is similar for the various inverters. The intersect provides in-
formation about the device’s no-load consumption, which can be 
accessed directly from the datasheets. Additionally, it has been included 
the significance level of the different coefficients using the following 
standard notation (+p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001). The 
significance of C2 can give us information about the general behaviour 
at high inverter consumption. For low significance (Inverter A), effi-
ciency keeps increasing as consumption increases, but for high signifi-
cance (Inverter B), inverter efficiency finds a maximum and decreases as 
consumption further increases. This behaviour also is present in inverter 
C but only at very high speeds and consumptions. 

For Inverter C, the fitting errors are greater because the model, due to 
its simplicity, didn’t fit a particular behaviour correctly at low speeds. 
Nevertheless, apart from those samples, most predictions entered in the 
range of 5% error and RMSE was lower than 6 W. 

4.2. Effect of the carrier frequency 

Carrier frequency is the rate at which the transistors are switched, 
which tends to be in the range of kHz. The higher the frequency the 
smaller number of harmonics produced at the output signal. However, it 

Fig. 9. Train set selection using Optimal Design for Shao.  

Fig. 8. Train set selection using Optimal Design for AHRI-20 model.  
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comes at the cost of increasing commutation losses. 
To check the effect of the inverter switching frequency on its per-

formance, a parametric study has been carried out with Inverter C. A 
total of 4 tests at different switching frequencies in the range of 2–10 
kHz were carried out at the same compression condition. The results are 
displayed in Fig. 12. 

Driver efficiency clearly decreases as the switching frequency in-
creases. In the studied range, the reduction has been of 1.6 percentual 
points and it showed quite a linear behaviour. This decrease in efficiency 
is attributed to higher commutations losses due to the increase in the 
switching frequency. 

Other effect that can be observed in Fig. 12 is a reduction of the 
power consumed by the compressor (Ẇinv,out). The compressor works at 
the same load and speed in all tests; consequently, its consumption 
should remain constant. Consequently, the decrease in consumption 

could be explained with a reduction of secondary losses generated in the 
compressor windings due to harmonics in the electrical power signal, 
which are reduced as switching frequency increases. 

Consequently, as the carrier frequency increases, two opposite ef-
fects appear: an increase in power losses in the inverter due to the rise of 
commutation losses and a reduction in the compressor’s secondary 
losses due to fewer harmonics. The total power at the input of the 
inverter (Ẇinv,in in Fig. 12) takes into account both contributions and 
seems to have an optimum between 2 and 5 kHz for this inverter. For 
higher switching frequencies, the increase of commutation losses pre-
dominates and the total consumption increases. 

The effect of the switching frequency has not been considered in the 
inverter model as it is not a variable which tends to be modified under 
regular operation and its impact in total consumption is secondary. 

5. Conclusion 

A complete energy consumption analysis has been made for variable- 
speed compressors studying the inverter and the compressor indepen-
dently (not as an aggregated black box). Experimental results of three 
variable-speed scroll compressors working with three different re-
frigerants were used to test the performance of multiple published cor-
relations, which raised the following conclusions:  

- With a high train set, AHRI-20 correlation gave the best accuracy 
with errors in the power meter’s uncertainty range. However, it 
tended to overfit the train data when it was trained with a limited 
number of rating points.  

- A correlation with the shape of the one proposed by Shao for rotary 
compressors, with less than half the coefficients compared with 
AHRI-20, showed a decent performance with fewer overfitting 
problems.  

- W. Li and Mendoza closely followed Shao’s performance with even 
fewer fitting coefficients, but, on the contrary, they involved non- 
linear correlations that are harder to adjust.  

- Correlation selection is a trade between complexity and accuracy; 
thus, the optimum model could differ for each application. 

Another critical issue studied was which is the minimum number of 
rating points and where to place them inside the compressor’s envelope; 
the found conclusions are: 

Fig. 11. Performance of the inverter model applied to Inverter A.  

Fig. 10. Experimental results and predicted performance of inverter A.  
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- The Optimal Design methodology permitted the selection of rating 
points to adjust the correlations with the minimum amount of 
experimental information. 

- With only 9 rating points, predicting the global compressor behav-
iour with decent accuracy was possible using Optimal Design and 
Shao’s shape correlation. 

To study the power losses in the inverter three different devices were 
tested and the conclusions from the data analysis are:  

- The double-wattmeter methodology allowed to detect that power 
losses depend on either consumption and speed independently.  

- A linear five-coefficient correlation is proposed to predict power 
losses based on variables easy to measure as total consumption or 
compressor frequency and with typical errors in the band of 5%.  

- The switching frequency effect in the complete system is low and was 
not included in the inverter model as it typically is a predefined 
parameter that is not changed during regular operation.  

- In all tested inverters, the efficiency plummeted at low speeds and 
total consumption reached losses in the range of 10% (far from the 
typical 3% constant power loss that is typically considered in the 
literature). If the compressor efficiency drop at low speeds is also 
considered, the total penalty of running the compressor at very low 
frequencies could be so high that other control technics as cycling 
could be more profitable under certain circumstances. 

These findings were obtained from a finite amount of 3 different 
models. Nevertheless, a previous study [20] stated that scroll compres-
sors behave relatively homogeneously, so the given conclusions are 
expected to be confirmed with future data. Additionally, as a future 
work, the strengths and weaknesses of the reviewed models will be 

analyzed to propose new improved models for consumption, mass flow 
and discharge temperature. 
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