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 This study examines different methodologies for representing an 
asynchronous motor at higher harmonics by utilizing its equivalent circuit. 

Several approaches were compared based on simulation modeling.  

An experimental investigation was conducted in a laboratory setting using 

asynchronous electric motors with power ratings of 1.5 kW and 5.5 kW.  
The purpose of this investigation was to examine the characteristics of 

impedance in the presence of high-harmonic conditions. The generation of 

higher harmonics was achieved through the utilization of a precisely regulated 

thyristor rectifier in conjunction with a thyristor power controller. The 
findings indicate that the load on the shaft solely impacts the resistance at the 

fundamental harmonic, while the resistance at higher harmonics remains 

unaffected by the operating mode of the asynchronous motor (AM). 
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1. INTRODUCTION 

The prevalence of semiconductor-based components, such as power rectifiers and inverters in 

electrical drives [1]–[3], as well as in renewable energy sources like photovoltaics (PVs) [4]–[6] and wind 

generators [7]–[9], has led to the occurrence of higher harmonic currents in power grids. Consequently, the 

passage of these electrical currents through the various components of the network, such as transmission lines 

and transformers, results in a degradation of voltage quality experienced by the end consumer. In order to 

enhance the quality of electricity, a range of filter-compensating devices are employed. Passive filters  

[10]–[12] refer to a type of electronic circuit that is designed to selectively attenuate or suppress certain 

frequencies in a signal without requiring. Active filters, as discussed in references [13]–[15], and hybrid filters, 

as mentioned in references [16]–[18], are two types of filters commonly used in various applications.  

To effectively choose and configure devices for the purpose of mitigating harmonics, it is imperative to possess 

knowledge regarding the harmonic currents present in the various branches, as well as the voltage distortion 

observed at the nodes. There exist numerous methodologies for the analysis of higher harmonics within power 

grid systems. The literature contains various methods for network analysis, which include the construction of 

amplitude-frequency characteristics [19]–[21]. C.I.G.R.E [20] provides recommendations regarding the 

utilization of methods in the domains of frequency, time, and their combination. The direct harmonic analysis 

method involves computing a grid for the desired frequencies. However, a significant challenge arises in 

https://creativecommons.org/licenses/by-sa/4.0/
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accurately representing each element of the grid at a specific frequency [22]–[24]. Numerous scholarly articles 

and monographs have been dedicated to the exploration of this subject [25], [26]. Furthermore, the investigation 

of the impedance characteristics of grid components is of significance in light of the escalating demand for 

power [27]–[29] and the consequent adoption of renewable energy sources [30]–[32] driven by environmental 

considerations and the global endeavor to mitigate greenhouse gas emissions [33]–[35]. An asynchronous 

alternating current (AC) motor is considered to be one of the primary electrical loads in industrial enterprises. 

This paper aims to analyze the current equivalent circuits of an asynchronous motor, investigate the amplitude-

frequency characteristic of the motor impedance through experimental methods, and subsequently propose a 

novel equivalent circuit based on the obtained results. 

Nowadays, various methods can be used to replace a real induction motor with alternative circuits. 

Those methods can be found in references [36]–[38]. Those methods gathered on the Figure 1. 

 

 

 
 

Figure 1. Equivalent circuits of an asynchronous motor at higher harmonics 

 

 

Let’s consider each scheme separately. Scheme 1 is proposed for compiling a load equivalent circuit and 

calculating modes with higher harmonics in the council on large electric systems (CIGRE) publication [20]. 

The formulas that are offered for each element of the scheme are as:  

 

𝑋𝑝 = 𝑗
𝑛𝑅

6.7(
𝑄𝑛𝑜𝑚
𝑃𝑛𝑜𝑚

)−0.74
, (1) 

 

𝑋 = 𝑗0.073𝑛𝑅, (2) 

 

𝑅 =
𝑈2

𝑃𝑛𝑜𝑚
 (3) 

 

probably, such an equivalent circuit is presented for a generalized electrical load and raises questions about the 

use of empirical coefficients in the formula. In addition, the frequency response of active resistance is assumed 

to be unchanged in this equivalent circuit. 

In scheme 2, the conventional equivalent circuit for an asynchronous electric motor is depicted, in 

which the reactance is proportional to the order of the harmonic components and the active resistance is 

independent of frequency. Additionally, in a parallel connection, as the order of the harmonic increases, the 

current will flow more freely through the branch with active resistance, while the branch with inductive 

resistance will have less impact at higher harmonics. It also also takes note of the conventional equivalent 

circuit, which consists of a series connection of active and inductive resistances, and in which the parameters 

depend on how consistently the circuit’s current flows [20]. 

 

𝑅 =
𝑈2

𝑃𝑛𝑜𝑚
, (4) 

 

𝑋 = 𝑗
𝑈2𝑛

𝑄𝑛𝑜𝑚
. (5) 

 

A more detailed equivalent circuit (circuit 3) of an induction motor is given in [34], [35]. This circuit 

is called a single-phase equivalent circuit of an asynchronous motor. The magnetizing circuit is not taken into 

account in this calculation. The impedance is calculated using the (6) and (7):  
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𝑋𝑚𝑛 = 𝑗𝑛 ∙ (𝑋1 + 𝑋′2). (6) 

 

𝑅𝑚𝑛 = (𝑅1 + 𝑅′2)[𝑎√𝑛 +
±𝑛∙𝑏√±𝑛−1

±𝑛−1
], (7) 

 

where 𝑋1, 𝑋′2 и R𝐵 short circuit resistances of the motor (the rotor is stationary). Coefficients a and b are 

recommended to be taken as 0.45 and 0.55, respectively. Active resistance has a change in proportion to the 

root of the harmonic number due to the effect of the skin effect. In the idling test for “AIR” motors, the motor 

parameters are listed in reference books but are not provided by manufacturers. Additionally, this formula work 

when the motor is operating in short circuit mode rather than the normal mode. This leads to significant 

mistakes in the substitution strategy. 

Scheme 4 is considered in [37]. This equivalent circuit does not take into account the active resistance 

at the fundamental and higher harmonic frequencies. The authors note that such resistance can be neglected 

and this leads to an insignificant error in the calculations of regimes with higher harmonics. However, in some 

cases, not taking into account active resistance can lead to more significant errors, for example, when 

calculating modes with capacitor units. Also, the reactance at higher harmonics changes in proportion to the 

resistance at the fundamental frequency, taking into account the multiplicity of the starting current. 

 

𝑍𝑛 = 𝑋𝑛 = 𝑛
𝑈ф

𝑘п𝐼ф
. (8) 

 

Various empirical coefficients are also present in the works [39], [40]. However, due to the fact that 

the methods of using these schemes are not analyzed in detail by the authors for the understanding of other 

readers, they were not considered. Thus, there is a significant variety of equivalent circuits for asynchronous 

electric motors when calculating modes with higher harmonics. In this work, the task was set to evaluate and 

compare the existing equivalent circuits of an asynchronous motor at higher harmonics using simulation 

modeling and experimental studies in the laboratory. 

 

 

2. METHOD 

To solve the problem, 2 methods were used: simulation and the laboratory experiment. Simulation 

was executed via MATLAB Simulink, SimPowerSystems library was used. Simulation is described in sub-

section 2.1. Description of a laboratory experiment given in sub-section 2.2. 

 

2.1.  Simulation via MATLAB Simulink 

In this work, a simulation model (SM) for research was developed, which is shown in Figure 2.  

The parameters for the induction motor block were calculated using the parameter estimator function from the 

nominal parameters. The load for the motor was modeled by a stepwise torque surge. In total, 4 experiments 

were carried out with a load of 25, 50, 75, and 100% of the nominal torque. 

Oscillograms were recorded from a digital oscilloscope and then the voltages and currents were 

expanded into a fourier series using fast fourier transformation (FFT) analysis. The resistance amplitude at the 

nth harmonic was determined by dividing the phase voltage amplitude by the phase current amplitude:  

 

𝑍𝑛 =
𝑈�̇�

𝐼�̇�
 (9) 

 

the resistances for the series circuit were calculated by multiplying by the sine and cosine of the phase 

difference of the voltage and current harmonics. 

 

𝑅𝑛 = 𝑍𝑛 ∙ 𝑐𝑜𝑠𝜑𝑛 (10) 

 

𝑋𝑛 = 𝑍𝑛 ∙ 𝑠𝑖𝑛𝜑𝑛 (11) 

 

Thus, the graphs for the series harmonic equivalent circuit were obtained: n=1, 5, 7, 11, 13 in the 

simulation with a 6-pulse rectifier. The border value 13 was chosen to make a comparison of the simulation 

with experiment, since the contribution of higher harmonics to the total current decreased with harmonic 

number, which reduces measurement accuracy. The plots were gathered and put on the figures that are analysed 

and discussed in sub-section 3.1. 
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Figure 2. Simulation model with six-pulse rectifier 

 

 

2.2.  Experimental studies 

The general scheme of the laboratory bench on which the experiment was carried out is shown in 

Figure 3. Where M is an asynchronous motor of the 4A90L6UZ or 4A100L2UZ series. Thyristor rectifier (TR) 

is a 6-pulse bridge thyristor rectifier, thyristor power controller (TPC) is a TRM-3M-30 thyristor power 

controller, XL is an inductor with L=3.7 mH, RL-0.7 Ohm, U is a three-phase voltage source with 220 V root 

mean square (RMS) value. 

 

 

 
 

Figure 3. Electrical diagram of the laboratory bench 

 

 

In laboratory conditions, two motors of different power were used. The nominal parameters of the 

motors are given in Table 1. A direct current (DC) motor with independent excitation was used as a load on 

the shaft of the asynchronous motor. The shaft power for the two motors was changed in steps. For a 1.5 kW 

motor, the powers were as follows: P1-188.76 W; P2-373.92 W; P3-512.08 W; P4-613.44 W load steps. For a 

5.5 kW motor shaft power: P1-0 W, P2-910 W, P3-1650 W. The maximum values of the load steps of 

asynchronous motors were selected based on current limitations in laboratory conditions. 

To generate higher harmonic currents in the motor power supply network, a six-pulse thyristor rectifier 

assembled according to the Larionov scheme was used with a 1.5 kW tubular electric heater connected to it 

and a TRM-3M-30 thyristor power controller connected in anti-parallel circuit, with tubular heaters connected 

in three phases. Thus, a 6-pulse thyristor rectifier generates harmonics with numbers 6n±1, and a thyristor 

power controller generates 3n±1, where n=1, 2, 3… is a natural series. The voltage for consumers was distorted 

due to the presence of an active-inductive character in the resistance line. Network frequency-50 Hz. 

To capture the instantaneous values of phase voltages and phase a current, a digital oscilloscope with 

a sampling frequency of 1,000 points per period was used. The resulting data in the csv-file format was then 
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uploaded and processed in MATLAB. The method for calculating the resistances coincides with the method 

for simulation modeling described above. 

In the first experiment, an asynchronous motor and a 6-pulse thyristor rectifier were switched on in 

parallel at different loads on the motor. Thus, graphs were obtained for a series equivalent circuit on harmonics: 

n = 1, 5, 7, 11, 13. To increase the number of points on the plot, a second experiment was carried out. 

In the second experiment, a thyristor power controller was switched on in parallel with the motor, but 

the resistances were obtained for harmonics with serial numbers n=1, 2, 4. The same experiments were carried 

out with a 5.5 kW motor. The plots were gathered and put on the figures that are analysed and discussed in 

sub-section 3.2. 

 

 

Table 1. Parameters of induction motors 4A90L6UZ and 4A100L2UZ 
Motor 4A90L6UZ 4A100L2UZ 

Pnom (kW) 1.5 5.5 

ω (rpm) 920 2,900 

Inom (A) 7.00/4.05 19.13/11.07 

Unom (V) 220/380 220/380 

η (%) 76 85.7 

cosϕ 0.75 0.88 

Ist/Inom 5.5 7.5 

Tst/Tnom 2 2.2 

Tmax/Tnom 2.1 2.3 

Tnom (N·m) 15.57 18.11 

J (kg·m2) 0.0066 0.008 

 

 

3. RESULTS AND DISCUSSION 

3.1.  Simulation results 

At given loads, which were: 25%, 50%, 75%, and 100% of nominal load, as a result of simulation 

modeling, dependences were obtained in the form of graphs of active and reactive resistances of motors on the 

number of harmonics. The resulting graphs were connected together on Figure 4 for 1.5 kW AM and on  

Figure 5 for 5.5 kW AM to evaluate how the load on the motor affects the impedance at higher harmonics.  

You may see it on Figure 4(a) for resistance, Figure 4(b) for reactance for 1.5 kW AM and on Figure 5(a) for 

resistance, Figure 5(b) for reactance for 5.5 kW AM. 

According to the graphs obtained during simulation below, it can be seen that:  

- Active resistance has a constant value at higher harmonics. Most likely, this is due to the fact that the 

standard MATLAB Simulink induction motor block does not take into account the skin effect, which 

manifests itself in the fact that the resistance on the higher harmonic’s changes in proportion to the square 

root of the harmonic number. 

- The reactance changes in direct proportion to the harmonic number. The resistance of the first harmonic 

and the resistance of higher harmonics lies on different lines. 

- Active and reactive resistances at higher harmonics do not depend on the motor load. 

 

 

  
(a) (b) 

 

Figure 4. Impedance of 1.5 kW motor at various loads, studied through the use of simulation (a) resistance 

and (b) reactance 
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(a) (b) 

 

Figure 5. Impedance of 5.5 kW motor at various loads, studied through the use of simulation (a) resistance 

and (b) reactance 

 

 

3.2.  Experiment results 

At given loads, as a result of a laboratory experiment, dependencies were obtained in the form of 

graphs of active and reactive resistances of motors on the number of harmonics: Figure 6 and Figure 7 

respectively for 1.5 kW AM and 5.5 kW AM. The SCR-silicon controlled rectifier index indicates that the 

harmonics were generated by the thyristor regulator. The source of the remaining harmonics was a thyristor 

rectifier. Subfigures represent the results of a laboratory experiment. Figure 6(a) for resistance, Figure 6(b) for 

reactance for 1.5 kW AM and on Figure 7(a) for resistance, Figure 7(b) for reactance for 5.5 kW AM. 

According to the graphs obtained in laboratory modeling below, the following conclusions can be drawn:  

- Active resistance at higher harmonics increases with increasing frequency of the supply voltage, which is 

due to the skin effect. 

- The reactance at higher harmonics changes in direct proportion to the harmonic number. 

- The value of resistance at higher harmonics do not depend on the load of the electric motor and the type of 

source of higher harmonics that creates distortions in the mains voltage. 

 

 

  
(a) (b) 

 

Figure 6. Impedance of 1.5 kW motor at various loads with various harmonic sources, studied through the 

use of experiment (a) resistance and (b) reactance 
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(a) (b) 

 

Figure 7. Impedance of 5.5 kW motor at various loads with various harmonic sources, studied through the 

use of simulation (a) resistance and (b) reactance 

 

 

3.3.  Comparative analysis 

As a result of the transformation of the formula for calculating the impedance of AM at higher 

harmonics to a series connection, the data were obtained, which are presented in Table 2 for a 1.5 kW motor 

and Table 3 for a 5.5 kW motor. It is assumed that the impedance is calculated at the nominal load mode, but 

it was previously found that the load mode does not affect the resistance and reactance on higher harmonics. 

The reference values for “AIR” motors used in the third method were taken from [41]. 
 

 

Table 2. The 1.5 kW induction motor resistances and reactances obtained by various methods 

n 
R (Ohm) X (Ohm) 

1 2 3 4 Im.m Exp 1 2 3 4 Im.m Exp 

1 1.13 18.15 - - - 4.89 5.94 16.01 0.23 5.71 - 9.40 

2 3.76 27.01 0.74 - - 6.92 10.48 11.91 0.46 11.43 - 18.80 

4 9.05 30.77 0.74 - - 9.79 15.33 6.78 0.92 22.86 - 37.60 

5 10.88 31.29 0.79 - 12.2 10.94 16.72 5.52 1.15 28.57 30.97 47.00 

7 13.21 31.76 0.88 - 13.4 12.95 19.05 4.00 1.61 40.00 43.46 65.80 

11 15.24 32.06 1.05 - 12.1 16.23 24.01 2.57 2.53 62.86 68.17 103.40 

13 15.70 32.12 1.13 - 12.5 17.64 26.76 2.18 2.99 74.29 80.12 122.20 

 

 

Table 3. The 5.5 kW induction motor resistances and reactances obtained by various methods 

n 
R (Ohm) X (Ohm) 

1 2 3 4 Im.m Exp 1 2 3 4 Im.m Exp 

1 0.90 8.73 - - - 0.74 2.68 0.76 0.10 5.71 - 2.77 

2 2.49 8.78 0.32 - - 1.04 4.02 0.38 0.20 11.43 - 5.54 

4 4.44 8.80 0.32 - - 1.48 4.76 0.19 0.40 22.86 - 11.08 

5 4.90 8.80 0.34 - 2.96 1.65 4.99 0.15 0.50 28.57 9.32 13.85 

7 5.39 8.80 0.38 - 3.23 1.95 5.55 0.11 0.70 40.00 13.14 19.39 

11 5.74 8.80 0.45 - 2.89 2.45 7.08 0.07 1.10 62.86 20.57 30.46 

13 5.82 8.80 0.48 - 3.02 2.66 7.97 0.06 1.30 74.29 24.28 36.00 

 

 

For clarity, the data from the tables is presented in the graphs on the Figures 8 and 9: impedances of 

1.5 kW and 5.5 kW Figure 8 and Figure 9 respectively. Subfigures contain the comparative graphs of motor 

representation when the parts of the impedance: resistance and reactance are connected in series. Figure 8(a) 

for resistance, Figure 8(b) for reactance for 1.5 kW AM and on the Figure 9(a) for resistance, Figure 9(b) for 

reactance for 5.5 kW AM. Here Im.m are the values obtained during simulation; Exp-values obtained from 

laboratory simulation, U/I-point of resistance or reactance calculated according to nominal parameters to see 

the pattern of this point the impedance at the first harmonic in the nominal mode at higher harmonics.  

The number 1, 2, 3, 4 display the values that were calculated with different methods presented on Figure 1. 

Comparing the equivalent circuits presented in the first section with experimental data and simulation 

modeling see Figure 8 and Figure 9, we can draw the following conclusions:  

- When calculating the active resistance at higher harmonics, the closest values to the experimental data are 

obtained based on the use of the equivalent circuit in method 1 and simulation. With an increase in the 

power of the AM, the calculation error based on method 1 increases. 



                ISSN: 2502-4752 

Indonesian J Elec Eng & Comp Sci, Vol. 33, No. 1, January 2024: 31-41 

38 

- When calculating the reactance, the absolute error increases in proportion to the harmonic number, since 

the experimental values have a directly proportional dependence, and for equivalent circuits with a linear 

dependence, the relative error remains constant. The closest values to the experimental data are obtained 

on the basis of simulation modeling. It should be noted that the error in calculating the resistance at higher 

harmonics depends on the calculated value of the resistance at the fundamental frequency. 
 

 

  
(a) (b) 

 

Figure 8. Comparative graphs of various methods of 1.5 kW induction motor representation on higher 

harmonics and experimentally obtained data on its nominal power (a) resistances and (b) reactances 
 
 

  
(a) (b) 

 

Figure 9. Comparative graphs of various methods of 5.5 kW induction motor representation on higher 

harmonics and experimentally obtained data on its nominal power (a) resistances and (b) reactances 
 

 

Thus, when calculating modes with higher harmonics based on simplified SM equivalent circuits, an 

additional error arises. Simulation modeling shows the closest results with respect to experimental data. 

However, it is often necessary to carry out an estimated calculation based on simplified equivalent circuits. 

Based on this study, the closest results to the experimental ones were shown by equivalent circuits based on 

method 1 for active resistance and method 4 for inductive resistance. 

As part of further research, it is proposed to calculate the resistance of higher harmonics according to 

the formula from the motor passport data, since they are always given in the reference book, or on the 

nameplate:  
 

𝑅𝑛 = 𝑘𝑅
𝑈ном

𝐼ном
𝑐𝑜𝑠𝜑 ∙ √𝑛, (12) 

 

𝑋𝑛 =  𝑘𝑋
𝑈ном

𝐼ном
𝑠𝑖𝑛𝜑 ∙ 𝑛, (13) 

 

where k is the reduction factor for the resistance of the first harmonic to calculate higher harmonics. The value 

of these coefficients may vary depending on the motor. For a 1.5 kW motor, the coefficients kR and kX were 



Indonesian J Elec Eng & Comp Sci  ISSN: 2502-4752 3 

 

Impedance analysis of squirrel-cage induction motor at high harmonics condition (Aleksandr Skamyin) 

39 

0.207 and 0.452, respectively. For a 5.5 kW motor, the coefficients kR and kX were 0.073 and 0.185, 

respectively. Since only 2 motors were used in this work, it was impossible to find the dependence of k on the 

parameters of various motors, for example, power. With the help of simulation modeling, this dependence 

cannot be found, since the values of the experiment and simulation differ greatly. The study of this dependence 

is the goal of future work. 

 

 

4. CONCLUSION 

The paper presents an analysis of the equivalent circuits of an asynchronous motor namely a squirrel-

cage rotor, which is necessary when performing calculations in the presence of distortions in the supply voltage. 

The resistance values at higher harmonics of an induction motor are obtained on the basis of experimental 

studies in laboratory conditions. The results of the experimental data were compared with the results of 

simulation modeling and existing methods for calculating resistances at higher harmonics. Methods have been 

identified that show the closest results in comparison with experimental data. It is also determined that the 

resistance at higher harmonics does not depend on the operating mode of the asynchronous motor, and the load 

on the shaft determines only the resistance at the fundamental harmonic. This makes it possible to calculate the 

resistance at higher harmonics based only on the value of the resistance at the fundamental frequency.  

It is proposed to represent the equivalent circuit of asynchronous motor on the basis of a sequential circuit. 
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