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Abstract 

Predicting failures of electrical equipment is an increasingly important topic in wide range of settings 

including industry as well as household appliances. The protection from failures can be achieved 

through early preventive actions while faults are in early stages. Identification of such incipient faults 

needs a thorough study and understanding of their patterns. Several methods exist for collecting 

necessary incipient fault data for further analysis and extraction of those patterns. One approach is to 

use the Electromagnetic Fields (EMF) emission from electrical equipment as a signature of incipient 

fault. However, this parameter requires conducting measurements to capture the EMF emission from 

equipment experiencing one or more incipient faults, which might require interrupting or damaging the 

equipment or parts of it, potentially leading to hazardous consequences. Another method is to design 

an antenna that generates faulty signals like those of equipment experiencing real incipient faults. 

However, this method requires detailed knowledge about the faults and the EMF emission propagation 

mechanism and is not in favor due to cost and design complexity. Hence, in this paper, we propose to 

simulate incipient faults based on a derived model of the EMF emission of a normal operating 

equipment. To generate the simulated signals, the coefficients of the model transfer function are 

systematically varied to yield different incipient fault patterns. The results are validated with two 

measured incipient faults, namely, inverter and winding faults and it was found that the correlation 

between the simulated and actual faults was significant which indicates that this method is viable as 

another source of data for incipient fault analysis. 
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1. Introduction 

Identifying faults of electrical equipment has been of huge interest in engineering and science [1-

6]. Electromagnetic field (EMF) emission is one of the key monitoring parameters for condition 

monitoring and incipient fault identification studies [7–10]. Experiments show that, with proper 

analysis, the EMF emission can be used to identify the signatures of electrical equipment and monitor 

their condition [8, 11]. Fault detection can be performed through investigating and analyzing the 

radiated fields from the corresponding Equipment under Test (EUT) and comparing them to measured 

signals from normal operating equipment. However, this requires having real data collected from 

equipment experiencing incipient faults that caused the radiation of EMF signals. Generally, there are 

three possible methods for data collection of incipient fault data. Firstly, data can be collected through 

conducting measurements on equipment experiencing incipient faults, which results in EMF emission 

being produced. However, it is not always possible to find the type of equipment with the exact 

incipient faults associated with the EMF emission.  

Another method to obtain incipient faults data is through interrupting or damaging the equipment 

or a part of it and measuring the emitted EMF fields. However, this method is impractical and may lead 

to hazardous consequences. The EMF emission data of incipient faults can also be collected through 

designing an antenna that generates faulty signals similar to those of equipment experiencing real 

incipient faults. However, this method requires detailed knowledge about the faults and the EMF 

emission propagation mechanism and is not in favor due to cost and design complexity. Therefore, 

simulating the EMF emission becomes important to ease the investigation on the condition of the 

equipment without the need to perform sensitive experimental work and costly equipment designs. The 

simulation allows system designers and EMC experts to visualize the behavior of the electrical 

equipment with regard to the EMF emission without bringing it to the testing lab, which may be time 

consuming and in many cases, is costly. 

The aim of this article is to introduce a new incipient fault simulation method for simulating the 

EMF emission related faults. The incipient fault data are generated from a derived model of the EMF 

emission of a normal operating air-conditioner. The simulated faults are then validated with two 

measured incipient faults of two other air-conditioners experiencing inverter and winding problems. 

This method can ease the fault detection and identification studies of electrical equipment using the 

EMF emission as a monitoring parameter. 
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This paper is arranged as follows: Section 2 presents the most relevant work on simulating the 

EMF signals and an overview on how electrical equipment faults are classified. In Section 3, the 

methodology of modeling, and simulating the incipient faults is presented.  The results and discussion 

are presented in Section 4 and Section 5 concludes the paper.  

    2.1 EMF Source Modeling and Simulation 

Several simulation methods have been proposed for dosimetric and biomedical studies in the recent 

two decades. These methods attempt to have the magnetic field of electrical sources reproduced using 

equivalent source model methods. For instance, Shinichiro N. et. al [12, 13] proposed a dosimetric 

calculation in which the magnetic field around an electrical appliance is reproduced. The model, 

however, lacks the use of a real electrical appliance. Instead, three circular loops are used and arranged 

orthogonally to allow the simulation of the magnetic field which is like that of the real appliance. 

Another method for characterizing the magnetic field generated by electrical appliances is 

proposed by Kenichi et. al [14]. In this method, the position of the dipole that is equivalent to the 

magnetic field of an electrical appliance is identified through defining three orthogonal axes, (x, y, z), 

for the corresponding appliance. Two meters in distance is set to find and capture the resultant 

magnetic field of the appliance. The electrical appliance is moved along the x-axis for scanning the 

position. Yet, the position of the dipole as well as the amplitude are determined where the magnetic 

field is maximum. This method gives a good representation and calculation of the magnetic field 

around an electrical appliance. However, the frequency range covered by this method is very low 

(800Hz), even though it was improved by the same author to 100 KHz as discussed in [15]. 

Furthermore, these methods are proposed for estimating the magnetic field only and it will be 

beneficial if the electric field is estimated as well.  

The following section introduces the incipient faults associated with the EMF emission being 

generated. A general classification of all types of faults will be discussed accordingly.  

2.2 Classification of Electrical Equipment Faults 

Electrical equipment faults are generally classified into two types; Incipient and permanent faults. 

An incipient fault usually results from an aging process within the monitored EUT and can be repaired 

before it leads to a permanent fault. On the other hand, a permanent fault is the type of fault associated 
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with the system outage which may result in other consequences such as fires and damages to other 

equipment. Incipient fault identification in electrical equipment allows for an early proactive 

maintenance action. This eventually helps to avoid any such failures in the early stages. Predicting 

these faults makes it easy to perform the required maintenance at the right time. 

Figure 1 shows Bathtub curve, which indicates how faults are developed through the operational 

time of the EUT. The Bathtub curve indication is used in various engineering applications such as 

electronic device failure test [16] and electrical appliances monitoring systems [17]. In the Bathtub 

curve, faults are classified into three main categories that are early faults, random faults and aging 

process faults. Early faults are those faults that happen due to the manufacturing process in the early 

stages. These faults can be avoided by testing the device right after the manufacturing time. Random 

faults are those faults that occur instantaneously while the device is in progress and the possibility of 

faults occurring in this region is low. The third region of the Bathtub curve is the aging process in 

which faults are still in the incipient state and the EUT is still operating though the condition has been 

degraded. This region is widely studied and have always presented a huge challenge to fault detection 

systems providers. Detecting the faults in this region is very important and helps to avoid the damage 

of the monitored system. This is the main motivation underpinning the work in this paper. 

                 

Figure 1: Bathtub Curve for Faults Classification [18] 

It has been observed that the result of any fault should have a different EMF emission pattern from 

that of a normal operating equipment. Based on the observed EMF emission pattern, incipient faults 

can further be classified into two types, namely, known and unknown incipient faults. This 
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classification is considered based on the existence and the possibility of each fault within the EUT.  A 

known incipient fault refers to an identified fault resulting from an aging process within the EUT 

which produces known patterns of EMF emission. By investigating the patterns of the EMF emission, 

one can identify the corresponding incipient faults associated with the radiated patterns. Two examples 

of known incipient faults are those related to the inverter and winding that cause EMF emission, whose 

patterns are known and will be discussed further later. 

Another example of known faults is the transient fault which occurs in various electrical systems. 

This fault is caused by an unexpected event within the electrical system such as a sudden connection or 

disconnection of power or lighting surge which causes the EMF emission being produced [19]. The 

fault is no longer present once the power is stabilized or when the power is disconnected for a short 

time and then restored [19]. The amplitude of the EMF emission produced in such cases is high 

compared to normal operating state. Figure 2, shows two examples of EMF emission patterns of 

transient faults in an electrical equipment. Figure 2 (a) presents a pattern for a transient fault related to 

the magnetic field changes while Figure 2 (b) presents the pattern for a transient fault related to electric 

field. The electric and magnetic field effects are recorded during a transient fault which occurs for a 

very short time. It is worth noting that the patterns of both fields have high amplitude fluctuations 

caused by the transient phenomenon. The fluctuations will disappear as soon as the power is restored to 

a normal state or the transient disappears. Thus, it is easy to identify transient fault using the EMF 

emission monitoring method. 

On the other hand, unknown incipient faults are of unidentified causes, though still having EMF 

emission patterns that are different from those of normal operating equipment. For the ease of 

classification, the unknown faults are regarded as potential faults. Using the proposed method for 

incipient fault simulation, different patterns of unknown faults can be simulated to build the incipient 

fault identification system. 
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Figure 2: Examples of Transient Faults of Electrical Systems 

source: http://www.meteo.psu.edu/~hns/LCMSysset.htm and [20] 
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3. Methodology 

This section explains the main method of generating the simulated incipient fault signals. Because 

the simulation is derived from the emissions of normally operating equipment, we first describe a 

reference model for the normal operation of air conditioner. The simulation mechanism will be based 

on this reference model. 

3.1 Mathematical Model of the Emission of Normal EUT  

A good simulation of EMF emission relies on the development of robust mathematical models that 

accurately characterize the behavior of this emission. The basic modeling process consists of three 

stages. The first stage is the data collection where measurements are taken and transferred to a PC. At 

this stage, the EMF signal is captured using an antenna with the desired frequency range. The antenna 

is connected to a display device such as spectrum analyzer or oscilloscope to visualize the recorded 

signal. After signal acquisition, data are preprocessed and the model structure is selected where the 

transfer function is determined. The last but crucial phase is to validate and test whether it can be 

generalized for different sets of data. 

The EMF emissions of an air-conditioner being the equipment under test have been collected using an 

antenna capable of measuring the EMF emissions in the range of 1 Hz to 30 MHz which encompasses 

the range in which the air-conditioner emission [11]. Figure 3 shows a sample measured signal of a 

normal operating air-conditioner used for constructing the EMF emissions model on which the 

simulation is based.  

A black-box model of the EMF emission signal was constructed [21]. To create the model of the 

EMF emission source, one needs to identify a pair of input-output signals of the system. Here, U(z) 

represents the input signal to the EUT which is a perfect sine wave of 240V amplitude and a 50 Hz 

frequency. This signal is commonly used as the reference signal for simulations in power electronics 

and control system fields [22]. On the other hand, the output signal, Y(z), represents the measured EMF 

emission from the respective air-conditioner. 
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Figure 3: The EMF Emission Recorded from a Normal Operating Air-conditioner  

In this paper, the model structure used is the auto-regressive with exogenous input (ARX) which is 

a polynomial model that implements the use of least squares for estimating the model’s parameters. 

The ARX model structure is chosen for the following reasons [23,24]: i) It is simple to obtain. (ii) It 

has less complexity. (iii) ARX models are results of solving linear regression equations and analytic 

forms. (iv) ARX models always have unique solutions.  

The accuracy of the model is determined by the best fit percentage and Mean Squared Error (MSE) 

for each order being used. The order of the model is determined using the proposed method of our 

previous work described in [21]. Table 1 presents excerpts from the tested values used for the model 

order selection. The table also presents the corresponding best fit values of each selected model order. 

The best fit of 91.31% is obtained when the number of free coefficients is 8 (na=4, nb=4, and nk=0). 

The proposed model is expressed in Eq. 1. 

41278.031739.023253.013229.01

393.52877.8961.2
)(






zzzz
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zH     (1) 
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             Table 1: Model order best fit percentage and MSE Tests 

 

The order number, n Model order 

[na nbnk] 

Best fit 

% 

Mean squared error 

4 [2 2 0] 82.3 0.01363 

6 [3 3 0] 84.65 0.01014 

8 [4 4 0] 91.31 0.00900 

10 [5 5 0] 90.6 0.00980 

12 [6 6 0] 85.9 0.03589 

14 [7 7 0] 86.21 0.02144 

16 [8 8 0] 82 0.02236 

18 [9 9 0] 84 0.06586 

20 [10 10 0] 80 0.012252 

 

Two main approaches for validating a model are used in this work, namely, MSE and correlation test. 

MSE is a common validation technique and is calculated as the mean squared difference between the 

measured output of the system and the simulated output. In our test, we found that MSE was a very 

small value of 0.009. On the other hand, the auto-correlation and cross-correlation analysis of the 

model residuals with the inputs give important indicators of the model accuracy. These tests provide an 

indication of how the input and output affect one another as illustrated in Figure 4.  

From the validation tests, it can be concluded that the presented model is sufficient to correctly 

represent the system dynamics. This eliminates the need for choosing a higher order model or 

obtaining complicated non-linear models. 
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Figure 4: Correlation Test of the Model 

3.2 Incipient Fault Simulation Mechanism  

In this paper, the incipient fault refers to a fault associated with the radiation of EMF signals from 

an air-conditioner while in operating state. The signal of an incipient fault is different from that of the 
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normal operating air-conditioner. The simulated faults can be classified into known and unknown 

incipient faults. The known incipient faults refer to the identified faults resulted from an aged process 

within the air-conditioner under test. Examples of known incipient faults are those related to inverter 

and winding. On the other hand, unknown faults are generated using the simulation based mechanism 

and are regarded as potential faults.  The unknown faults are determined through their patterns which 

divert from the pattern of the normal operating air-conditioner, however, their causes are still 

unidentified. 

As mentioned before, the simulated incipient faults are obtained from the derived EMF emission 

model of a normal operating air-conditioner. This is achieved by modifying the coefficients of the 

model transfer function in a systematic manner. Different values of the transfer function coefficients 

can generate different EMF emission patterns which may represent possible incipient faults. It is 

important to note that the distortion in the output signal of the linear model is resulted from the Gibbs 

phenomenon where the input signal of the model is not infinite [25]. Thus, signals recovered from the 

output of the model are still sinusoidal in shape despite being distorted. The Gibbs phenomenon results 

from the discontinuities at the end and the start of the time domain sequences [26]. Windowing 

techniques can be used to overcome Gibbs phenomenon; however, in this research the distortion in the 

output signal is desirable for building up the incipient fault database. 

Figure 5 describes the working mechanism of the proposed simulation of the incipient faults. The 

initial values of the model for both denominator and numerator are set to their base values as presented 

in Table 1 which are the coefficients of the transfer function in Eq. 1.  

Table 1. Initial Values of the Original Model Transfer Function 

Coefficient: an and bn Value 

b0 -2.961 

b1 0 

b2 8.877 

b3 -5.930 

a0 1 

a1 -0.3229 

a2 -0.3253 

a3 -0.1739 

a4 -0.1278 
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Figure 5. Incipient Fault Generating Mechanism 

 The variable Yn
 
is then set to represent the selected coefficient to be modified where first it is set to 

represent the coefficient values of the numerator (Yn=bn },,,{n 3210  ). After all values of the 

numerator are tested, Yn is set to represent the coefficients of the denominator (Yn=an },,,,{n 43210   ).  
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In order to maintain the modified coefficient values within the range of the transfer function, the 

interval within which the coefficients are varied is set to K = ±1 from the base value of each coefficient 

in an and bn according to Eq..2. 

                        









maximumisXwhen,

minimumisXwhen,
K

n

n

1

1
                                                         (2) 

The interval is chosen to keep the values of the transfer function normalized between 1 and -1. This 

will prevent the resulted transfer functions of diverting highly from the base values of the original 

model transfer function. To ensure that variation starts from minimum, K is set to the value of -1. Xn 

represents the coefficient value that is incremented according to Eq..3. 

                           KYX nn                                                                                (3) 

While K is less than 1, Xn is incremented by a value of x 0.0001 as in Eq. 4.  

xKK              (4) 

This value is chosen to be small due to the high sensitivity of the transfer function of the model and to 

allow a wider range of variations to be investigated. 

        If the incipient fault pattern is generated, then the process will exit. If K reaches its maximum 

value of +1 while no fault pattern is generated, the mechanism will exit examining bn and Yn will be set 

to examine an (Yn = an) and the process will be repeated for all n. 

4. Results and Discussion 

This section discusses the simulated incipient faults related to the EMF emission of the air conditioner. 

The transfer function, H(z) in Eq. 5 represents the dynamics of EMF emission of a normal operating air 

conditioner. The EMF emission of two other air conditioners experiencing incipient fault conditions is 

used to validate the proposed mechanism. For the simulation method to be efficient, it should be able 

to generate different fault patterns, including patterns that replicate the measured incipient faults. The 

two measured incipient faults and their corresponding simulation based patterns are described. In 
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addition to the simulated faults, other patterns regarded as potential incipient faults will be presented 

along with the validated faults in the following subsection. 

4.1 Incipient Inverter Fault 

The incipient inverter fault is resulted from an air conditioner having an aged inverter that operates 

inefficiently. The simulated incipient fault of the inverter was produced by modifying the coefficients 

of the original transfer function until the pattern was generated. Through incrementing and 

decrementing the coefficients of the transfer function, a signal with a high similarity of pattern to the 

inverter fault is simulated. 

Figure 6 (a) shows the measured EMF emission of this fault, while Figure 6 (b) shows the 

simulated fault. The transfer function of the simulated incipient fault of the inverter is presented in Eq. 

5. We observed that obtaining the transfer function of the incipient fault of the inverter required 

modifying the coefficients, a1, a2, a3, a4 and b3 of the normal operating air conditioner transfer function 

(Eq. 5). 

            4321

32

6601739032530322001

931087789612
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To compare the simulated signal to the measured one, we calculated the Root Mean Squared Error 

(RMSE) according to Eq. 6. 
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N

RMSE    (6) 

Where N is the number of data points of the EMF signal, iX  is the actual value of the ith 

observation of the measured EMF signal and iX


  is the simulated one. 
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Figure 6: EMF Emission of the Air-conditioner Incipient Inverter Fault: (a) Measured. (b) Simulated 

The RMSE allows analyzing the average difference between the two signals [20]. Using the 

RMSE measure, it was found that the average difference between the two signals is 0.1307 which 

indicate a significant correlation between the measured and the simulated emission. 

In addition, by inspecting the correlation matrix of the two signals as can be seen in Figure 7, the 

simulated fault is correlated with the measured fault. The figure includes the histogram of each signal 

as appeared along the diagonal of the matrix whereas the scatter plots of the pair of signals appears off 

the diagonal.  
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Figure 7: Correlation Matrix Plot of the Pair of Simulated and Measured Inverter Fault Signals 

The correlation coefficient values are calculated as the slope of the line in the scatter plot which is 

calculated according to Pearson correlation coefficient. For two variables x and y, the covariance of 

both variables can be used to measure their linear correlation, which can be obtained as in Eq. 7.: 

        
1





n

)yy)(xx(
)y,xcov(

n

i
 (7) 

Where, x represents the independent variable, y denotes the dependent variable, n  

y = the dependent variable 

n = number of data points in the sample 

x = the mean of the independent variable x 

y  = the mean of the dependent variable y 

Pearson’s correlation coefficient, which is mathematically represented as  ; is calculated by 

dividing the covariance of the two variables by the product of their standard deviations according to 

Eq. 8: 
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It is important to note that   takes values of the range [-1, 1]. If the value of   is close to 1, this 

indicates high positive correlation between variable x and y. This means that high values of x are 

associated with high values of y and low values of x are associated with low values of y. On the other 

hand, if   is close to -1, this indicates a negative linear correlation between x and y. Negative linear 

correlation means that high values of x are associated with low values of y and low values of x are 

associated with high values of y. If the value of   is close to zero, this means that there is no linear 

correlation between the two variables. 

From Figure 7 it can be observed that the displayed value representing the Pearson correlation 

coefficient, which equals the slope value of the scatter plot is 0.94. This indicates a high level of 

correlation between the measured and the simulated signals. 

4.1.1 Incipient Winding Fault 

Figure 8 shows another type of incipient faults of an air conditioner experiencing winding problem 

(i.e. short circuit). The signal fluctuation of this type of incipient fault is very high and measurement 

results show that the range of this emission is between 6-15 MHz, which is considered high compared 

to the EMF emission of the inverter (0.05-6 MHz). 

Figure 8 (a) shows the measured signal of the winding fault while Figure 8 (b) shows the 

simulated signal of this fault. Both signals are compared using the mean squared error as well as the 

correlation matrix plot. The RMSE between the measured and simulated is calculated to be 0.035. This 

result confirms the ability of the proposed method to generate incipient faults associated with the EMF 

emission. The transfer function of the simulated signal is presented in Eq. 9. 

4321

32

0.687671739032530322001

5.931-87789612
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Figure 9 shows the correlation matrix plot of the measured and simulated signals. The correlation 

value which is calculated as the slope of the scattered plot is found to be 0.89. Plus, the histogram of 

each signal shows the concentration of the signal. Please note that to generate incipient winding fault, 
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the coefficients a1, a3 and a4 have been modified. It can be concluded that the measured and the 

simulated signals are highly correlated. 

 

 

Figure 8. EMF Emission of the Air-conditioner Incipient Winding Fault: (a) Measured. (b) Simulated 
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Figure 9: Correlation Matrix Plot of the Pair of Simulated and Measured Winding Fault Signals 

4.2 Other Possible and Unknown Faults 

In addition to the simulated faults that are compared to previously identifiable real incipient faults, 

a few other unknown faults are simulated using the presented method and are regarded as potential 

faults. An operating air conditioner experiencing a similar EMF emission to one of these faults may 

indicate a faulty operation. 

An example of these potential faults is shown in Figure 10. This fault represents an EMF emission 

response that decays exponentially with time. This may result from a transient fault within the 

electrical equipment and could be caused by lightning strike and conductor clashing.  

The transfer function of this simulated incipient fault is presented in Eq. 10. This transfer function 

was simulated by modifying the original transfer function and the modification include three of the 

denominator coefficients (i.e. a1, a2 and a4). 
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Figure 10. Generated Potential Fault 1 using the Proposed Method for Incipient Fault Simulation 

  Another type of incipient fault signal is shown in Figure 11. This simulated fault represents an EMF 

emission that increases exponentially. This could be resulted from a heating operation that increases 

with time. The actual cause of this type of faults requires further investigation and measurements 

which can be an open issue for future researchers. The generated transfer function is presented in Eq. 

11. 
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Figure 11. Generated Potential Fault 2 using the Proposed Incipient Fault Simulation 

The generated transfer function of this type of incipient faults is presented in Eq. 12. The transfer 

function is generated with the modification of the original transfer function. The modification included 

four coefficients (i.e. a1, a2, a3, a4 and b3). 
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5. Conclusion  

This paper has presented a methodology of measuring, modeling and simulating the EMF 

emission of incipient faults of air-conditioners. The proposed simulation method has been able to 

generate different patterns of the EMF emission that can be resulted from incipient faults within the 

air-conditioner equipment. The measured responses of real incipient faults were effectively reproduced 

using the proposed mechanism. The mechanism is validated with two measured incipient faults of 

other air-conditioners and is proved to reproduce their response efficiently. The proposed model as 
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well as the new mechanism for generating faulty data can be used for various condition monitoring 

tests and applications where EMC and specific design considerations apply. 
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