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Abstract: In this paper, the influence of saturation on the performance of asynchronous 

motors is studied. To this end, starting from the equivalent scheme, we take into account 

that the film–iLm characteristic is treated as a current-controlled nonlinear inductor, and 

the rotor resistor on a phase is modeled as a time-variable resistor; the asynchronous 

motor operating in steady-state behavior was analyzed. The simulations were done by the 

dedicated performance programs (elaborated by the authors): ACAP – Analog Circuit 

Analysis Program, CSAP – Circuit Symbolic Analysis Program, and, to compare the 

results, by the SPICE program. All these programs are based on the modified nodal 

equations and permit Fourier analysis of all current and voltage waveforms. Thus, we can 

compute any higher-order harmonics that appear in the time variations of these quantities. 

Analyzing the results, we conclude that, due to high-order harmonics in the current 

variations, losses increase and, consequently, the asynchronous motor's performance 

decreases (e.g., efficiency and power factor). The analysis of the saturation effect on an 

asynchronous motor in steady-state behavior can also be performed using the state 

equations, which can be integrated with one of the MATLAB integration routines. 

 

1. INTRODUCTION 

 

The study of the non-sinusoidal periodic regime is important both from the point of view of 

the disturbing effects produced in the transmission and distribution networks of electric energy, 

and from that of its use in the construction of some electrical devices. In electrical networks 

that operate in a non-sinusoidal periodic behavior  - also called a deforming regime, the power 

factor decreases, compensation of reactive power with capacitors is generally not possible, 

additional energy losses occur, resonances occur (which produce over voltages or over currents) 

etc. The nonlinearity of some circuit elements - saturated iron-core coils, nonlinear capacitors 

- is used in the construction of electrical devices such as: magnetic amplifiers, ferromagnetic 

voltage stabilizers, frequency multipliers etc. 

In recent years, numerous analysis methods have been developed for autonomous and non-

autonomous circuits, in order to determine the response in the steady-state behavior. These 

methods can be organized into two classes: 

 Methods based on time-domain analysis; 

 Methods based on frequency-domain analysis. 

The first class represents different variants of the "well-known Shooting Method (SH)" 

and the second one the methods represent the different variants of the harmonic balance method 

(HBM) [1 – 3, 10 – 18]. 
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Analyzing the equivalent circuit of the induction motor, using the state equations and/or 

the modified nodal equations, till when it obtained the steady-state behavior – the shooting 

method, [4 – 18]. 

The simulations can be done by the dedicated performance programs (elaborated by the 

authors): ACAP – Analog Circuit Analysis Program [6], CSAP – Circuit Symbolic Analysis 

Program and TFSYG – Transfer Function Symbolic Generation [5] and, for to compare the 

results, by the SPICE [3] (in this case the rotor resistance is considered constant equal to R'r/an 

– an is the nominal slip.When the SPICE program is used to simulate electrical circuits with 

current-controlled nonlinear circuit elements, the models presented in [3] are used. 

To illustrate the effects produced by the presence of nonlinear and/or time variable circuit 

elements, the analysis of the asynchronous motor is considered when taking into account the  

magnetization characteristic and the R’r/a - time characteristic (in fact, R’r/a is a time variable 

circuit element function of the slip) and the ACAP and MATLAB programs. 

It was found out an excellent correspondence between the asynchronous motor ratings 

obtained through simulation with the catalog data. When take into account saturation 

phenomenon, the phase current displays high order harmonics. An immediate consequence of 

the presence of these current harmonics was an increase in the losses and a decrease of the 

efficiency and the motor power factor in comparison to the non-saturated magnetic core 

assumption. In Section II is described the simulation of the asynchronous  motor in steady-state 

behavior. Some conclusions are presented in Section III. 

 

2. SIMULATION OF THE ASYNCHRONOUS MOTOR IN THE STEADY-STATE 

BEHAVIOR 

 

We consider the equivalent circuit of the induction motor shown in figure 1, [4].  

 
Fig.1 – Asynchronous motor equivalent scheme. 

 

The circuit in Fig. 1 contains a current-controlled nonlinear inductor L6 with the 

nonlinear characteristic (Fig. 2) and a time-variable resistor , a being the slip (Fig. 3). 
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Fig. 2 – Magnetization nonlinear characteristic 

𝝓𝑳𝟔 = 𝝓̂𝑳𝟔(𝒊𝟔) 
Fig. 3 – The characteristic of the time-variable 

resistor R5. 
 

The state equations in the symbolic–normal form for the induction motor (fig. 1) have 

the following form: 
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where the Ldi6 differential inductance has the espression 𝑳𝒅𝒊𝟔(𝒊𝟔) =
𝝏𝝓𝑳𝟔

𝝏𝒊𝟔
. 

In order to integrate the state equations (1) we can use any integration routines from the 

MATLAB Toolboxes.   

The modified nodal equations, when we use the implicit integration Euler algorithm, for 

the circuit in figure have the following expressions, [3]: 
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(2) 

 

where the independent variable vector at the time moment tj+1 = tj +h (h is the time step) and 

at the (k+1)th iteration has the following form: 
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(3) 

 

In the Eq. (2) the magnetization characteristic 𝝓𝑳𝟔 = 𝝓̂𝑳𝟔(𝒊𝟔), at the time moment 

𝒕 𝒋+𝟏 = 𝒕𝒋  + 𝒉 (h is the time step) and at the (𝒌 + 𝟏)𝒕𝒉 iteration, is piecewise linear 

approximated by the relation: 

𝝓𝑳𝟔,𝒋+𝟏
(𝒌+𝟏)

= 𝑳𝒅𝒊𝟔(𝒔𝒋+𝟏
(𝒌)

) ⋅ 𝒊𝟔,𝒋+𝟏
(𝒌+𝟏)

+ 𝜱𝑳𝟔(𝒔𝒋+𝟏
(𝒌)

). (4) 

 

In the relation (4)   is the segment from the time moment 𝒕 𝒋+𝟏 = 𝒕𝒋  + 𝒉 and from the 

(𝒌)𝒕𝒉 iteration, [3]. 
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The Joule losses PCu1 and PCu2, the iron losses PRFe, the mechanical power Pmec and the 

electromagnetic torque Mem are calculated, for iteration (𝒌)𝒕𝒉, for both the linear and nonlinear 

cases, with the following relations, [10 – 18]: 

𝑷𝑪𝒖𝟏_𝒍𝒊𝒏 = 𝟑. 𝟎 ⋅ 𝟎. 𝟎𝟓𝟑 ⋅ (𝒊𝑨𝒔_𝒍𝒊𝒏(𝒌))
𝟐

 and 𝑷𝑪𝒖𝟏_𝒏𝒆𝒍 = 𝟑. 𝟎 ⋅ 𝟎. 𝟎𝟓𝟑 ⋅ (𝒊𝑨𝒔_𝒏𝒆𝒍(𝒌))
𝟐

; (5, a) 

 

𝑷𝑪𝒖𝟐_𝒍𝒊𝒏 = 𝟑. 𝟎 ⋅ 𝟎. 𝟎𝟓𝟑 ⋅ (𝒊𝒂𝒓_𝒍𝒊𝒏(𝒌))
𝟐

 and 𝑷𝑪𝒖𝟐_𝒏𝒆𝒍 = 𝟑. 𝟎 ⋅ 𝟎. 𝟎𝟓𝟑 ⋅ (𝒊𝒂𝒓_𝒏𝒆𝒍(𝒌))
𝟐

; (5, b) 

 

𝑷𝑹𝑭𝒆_𝒍𝒊𝒏 = 𝟑. 𝟎 ⋅ 𝟐𝟎𝟎. 𝟎 ⋅ (𝒊𝑹𝑭𝒆_𝒍𝒊𝒏(𝒌))
𝟐

 and 𝑷𝑹𝑭𝒆_𝒏𝒆𝒍 = 𝟑. 𝟎 ⋅ 𝟐𝟎𝟎. 𝟎 ⋅ (𝒊𝑹𝑭𝒆_𝒏𝒆𝒍(𝒌))
𝟐

; (5, c) 

 

𝑷𝒎𝒆𝒄_𝒍𝒊𝒏 = 𝟑. 𝟎 ⋅ 𝟎. 𝟎𝟔𝟓𝟕 ⋅ (𝟏. 𝟎 − 𝟎. 𝟎𝟐𝟔) (𝒊𝒂𝒓_𝒍𝒊𝒏(𝒌))
𝟐

/0.026 and  

𝑷𝒎𝒆𝒄_𝒏𝒆𝒍 = 𝟑. 𝟎 ⋅ 𝟎. 𝟎𝟔𝟓𝟕 ⋅ (𝟏. 𝟎 − 𝟎. 𝟎𝟐𝟔) (𝒊𝒂𝒓_𝒏𝒆𝒍(𝒌))
𝟐

/0.026; 

(5, d) 

 

𝑴𝒆𝒎_𝒍𝒊𝒏 = 𝑷𝒎𝒆𝒄_𝒍𝒊𝒏(𝒌)/((𝟏. 𝟎 − 𝟎. 𝟎𝟐𝟔) ⋅ 𝟔. 𝟐𝟖 ⋅ 𝟐𝟎. 𝟎) and  

𝑴𝒆𝒎_𝒏𝒆𝒍 = 𝑷𝒎𝒆𝒄_𝒏𝒆𝒍(𝒌)/((𝟏. 𝟎 − 𝟎. 𝟎𝟐𝟔) ⋅ 𝟔. 𝟐𝟖 ⋅ 𝟐𝟎. 𝟎). 

(5, e) 

 

Using the shooting method, the paper presents the analysis of the asynchronous motor 

in steady state behavior. The equivalent circuit on one phase of the motor is considered, when 

taking into account the saturation phenomenon (the magnetizing coil Lm is considered nonlinear 

controlled in current (c.c.), Fig. 2 and the fact that the rotor resistance R5 = Rp5 = R’r/a varies 

with the slip a, so it is a time variable circuit element Fig. 3.  

The analysis of the equivalent circuit on one phase of the motor will be analyzed, in the 

time domain, using the dedicated performance programs described above, [3 – 10].  

All programs also allow the Fourier analysis of the waveforms of the currents and 

voltages of the sides, which allows highlighting all the higher-order harmonics that appear in 

the time variations of these quantities. 

 

3. Results obtained by simulations  

 

We have considered an asynchronous motor designed for traction purposes (MABT-2). 

This induction motor has the following nominal parameters: Pn=100 kW; Un=560 V; 

Ufn=323.32 V; Ifn=In = 130 A; n1 = 1000 rpm, n= 974 rpm - n1 (n) is the synchronous revolving 

speed; fn = f1 = 50 Hz ; p = 3; Rs = 0.053 Ω ; =0.0657 Ω ; Lsσ = 1.034 mH; ' Lrσ = 0.955 mH 

; Lm =28.1 mH; η  = 89.7%;  ; mp = Mp/Mn=1.1; mm= Mm/Mn=1.8 and  V. Stator windings 

have a Y connection. The magnetizing nonlinear characteristic was derived experimentally (Fig. 

2). The characteristic of the time-variable resistor Rr is also given by points as function of time 

(Fig.3). When running the simulation using the ACAP program, we obtained the results shown 

in Figs. 4 – 21.  
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Fig. 4 – 𝒊𝒔𝑨 stator current vs time, magenta–

linear, blue– nonlinear. 

Fig.5 – 𝑰𝒔𝑨 stator current magnitude  vs. 

frequency, blue–linear, magenta- nonlinear. 

  
Fig.6 – 𝒊𝒓𝒂 rotor current  vs time, magenta–linear, 

blue– nonlinear. 

Fig.7 – 𝑰𝒓𝒂  rotor current magnitude vs. 

frequency, blue–linear, magenta - nonlinear. 

  
Fig.8 – 𝒊𝑳𝒎 magnetization current  vs time, 

magenta-linear, blue - nonlinear. 

Fig. 9 – 𝑰𝑳𝒎 magnetization current magnitude 

vs. frequency, blue–linear, magenta - 

nonlinear. 
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Fig.10 – 𝒗𝑳𝒔 stator inductance voltage vs time, 

magenta-linear, blue - nonlinear. 

Fig.11 – 𝑽𝑳𝒔 stator inductance voltage  

magnitude 𝑽𝑳𝒔 vs. frequency, blue–linear, 

magenta - nonlinear. 

  
Fig. 12 – 𝒗𝑳𝒓 rotor inductance voltage vLr vs 

time, magenta-linear, blue - nonlinear. 

Fig. 13 – 𝑽𝑳𝒔 rotor inductance voltage 

magnitude 𝑽𝑳𝒔 vs. frequency, blue–linear, 

magenta - nonlinear. 

  
Fig. 14 – 𝒗𝑳𝒎 magnetization inductance voltage 

vs time, magenta-linear, blue - nonlinear 

Fig. 15 – 𝑽𝑳𝒎 magnetization inductance 

voltage vs. frequency, blue–linear, magenta - 

nonlinear. 
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Fig. 16 – 𝑷𝑪𝒖𝟏 Joule’s losses vs time, magenta-

linear, blue - nonlinear. 

Fig. 17 – 𝑷𝑪𝒖𝟐 Joule’s losses vs time, magenta 

– linear, blue – nonlinear. 

  
Fig. 18 – PRFe iron losses   vs time, magenta – linear, 

blue – nonlinear. 

Fig. 19 – Pmec Mechanic power vs time, magenta – 

linear, blue – nonlinear. 

  
Fig. 20 – 𝑴𝒆𝒎 electromagnetic torque vs time, 

magenta – linear, blue – nonlinear. 

Fig. 21 – 𝑴𝒆𝒎 electromagnetic torque 

magnitude vs. frequency, magenta–nonlinear, 

blue–linear. 

The average losses, output power and torque are exposed  in table 1 (full starting 

process) and table 2 (steady state behavior). 
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Table 1 

Starting process 
Quantity Value Unit 

Average Stator Copper Loss (linear) PCu1_ae_lin 41.075 kW 

Average Stator Copper Loss (nonlinear) PCu1_ave_nel 46.86 kW 

Average Rotor Copper Loss (linear) PCu2_ave_lin 47.188 kW 

Average Rotor Copper Loss (nonlinear) PCu2_ave_nel 38.556 kW 

Average Core loss (linear) PFe_ave_lin 0.4205 kW 

Average Core loss (nonlinear) PFe_ave_nel 0.413 kW 

Output (Shaft) Power (linear) Pout_ave_lin 1767.7 kW 

Output (Shaft) Power (nonlinear) Pout_ave_nel 15.54 kW 

Electromagnetic Torque (linear) Mem_ave_lin 1.446x104 Nm 

Electromagnetic Torque (nonlinear) Mem_ave_nel 1.554x103 Nm 

The results in Table 1 represent the calculated values of Joule and iron losses, output 

power and electromagnetic torque following a motor starting process, supplied at nominal 

voltage and maximum load. In Table 2, the same characteristics are evaluated once the starting 

process has been overcome and the asynchronous motor is operating under steady-state 

conditions. From Tables 1 and 2 it is found that both in transient and steady-state conditions the 

values obtained for the linear motor and the nonlinear motor model, the values of Joule losses 

in copper are higher in the case of the nonlinear asynchronous motor. However, the nonlinear 

motor produces a higher torque. The iron losses in the magnetic core are quite similar. 

 
Table 2 

Induction motor steady state behaviour 
Quantity Value Unit 

Average Stator Copper Loss (linear) PCu1_ave_lin 2.593 kW 

Average Stator Copper Loss (nonlinear) PCu1_ave_nel 6.594 kW 

Average Rotor Copper Loss (linear) PCu2_ave_lin 2.5615 kW 

Average Rotor Copper Loss (nonlinear) PCu2_ave_nel 2.722 kW 

Average Core loss (linear) PFe_ave_lin 1.343 kW 

Average Core loss (nonlinear) PFe_ave_nel 1.202 kW 

Output (Shaft) Power (linear) Pout_ave_lin 101.964 kW 

Output (Shaft) Power (nonlinear) Pout_ave_nel 95.961 kW 

Electromagnetic Torque (linear) Mem_ave_lin 833.485 Nm 

Electromagnetic Torque (nonlinear) Mem_ave_nel 1032.461 Nm 

 

The most important harmonics (k=3,5,7) are given below in percent of the fundamental 

harmonic for the currents and voltages of which waveforms are displayed in the Figs. 5, 7, 9, 

11, 13, 15 and 21 (see Table 3). 

Table 3 

Voltage and current harmonics for saturated model 
Quantity k = 3 k = 5 k = 7 

Stator Current iAsk [%] 39.01 % 13.51 % 1.621 % 

Rotor Current iark [%] 23.30 % 12.09 % 1.758 % 

Magnetization Current iLmk [%] 67.73 % 27.28 % 3.631 % 

Stator Inductance Voltage vLsk [%] 116.8 % 67.39 % 11.12 % 

Rotor Inductance Voltage vLrk [%] 75.03 % 64.82 % 13.16 % 

Magnetization Inductance Voltage vLmk [%] 23.91 % 13.80 % 2.28 % 

 

The electromagnetic torque calculated for linear model of the asynchronous motor is 

equal to the nominal torque. From the Figs. 4 - 18, obtained through simulations, one can 

observe that the iLm magnetizing current , is the most distorted with the third harmonic of 

67.73% out of the magnitude of the fundamental harmonic, followed by the  iAs stator current 

with its third harmonic at 39,01% out of its fundamental. For the rotor current ira the third 

harmonic is “only” 23.30% out of the magnitude of its fundamental.  
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Voltages across the three coils of the circuit are even more distorted because of the 

proportionality to the time derivatives of their correspondent currents. The third harmonic of 

the vLs  voltage exceeds the magnitude of the fundamental (116.8%) and the harmonic of 5th 

order is 67.38 % out of the magnitude of its fundamental. On the other hand, the most significant 

harmonics of the vL voltage  waveform are of order 3, 5, 6, 7, 9, 11, 13 and 15. For vLm the third 

harmonic is equal to 23.91% out of the fundamental while the 7th harmonic exceeds with 2.28% 

out of the fundamental. 

PCu1 stator copper loss (Fig. 16) is the most affected by the saturation: 2.543 times larger 

in comparison to the linear magnetic core case, while the PRFe core loss  is slightly smaller 

(0.89556 times smaller in comparison to the linear magnetic core case, Fig. 18). When 

considering saturation, the electromagnetic torque (Fig. 20) increases 1.2387 times with respect 

to the non-saturated magnetic core. 

 

4. CONCLUSIONS 

 

In our paper is studied the saturation influence on the asynchronous motor 

performances. For this, starting from the equivalent scheme on a phase, when we take into 

account that the magnetization inductance is considered as the current-controlled nonlinear 

inductor and the rotor resistor as a time-variable resistor, it was analyzed the induction motor 

working in the steady-state behavior. The simulations were done by the dedicated performance 

programs (elaborated by the authors): ACAP – Analog Circuit Analysis Program, CSAP – 

Circuit Symbolic Analysis Program and, for to compare the results, by the SPICE program. All 

these programs are based on the modified nodal equations and they permit the Fourier analysis 

for all current and voltage waveforms. In this way we can compute any high order harmonics 

which appear in the time variations of these quantities. It was found out an excellent 

correspondence between the asynchronous motor ratings obtained through simulation with the 

catalog data.  

When take into account saturation phenomenon, the phase current displays high order 

harmonics. An immediate consequence of the presence of these current harmonics was an 

increase in the losses and a decrease of the efficiency and the motor power factor in comparison 

to the non-saturated magnetic core assumption. The analysis of the saturation influence on 

asynchronous motors in steady-state behavior can also be done using the state equations which 

can integrate by one of the integration routines from the Toolbox MATLAB. 

From the results obtained through simulations we could find the presence of a heavy 

content of harmonics in both voltage and current time varying waveforms. This fact explains 

the increase in terms of copper and core losses and decrease of the efficiency and the power 

factor. However, the developed (electromagnetic) torque increased significantly. 

The originality of this paper stands in the fact that ACAP, SYSEG and CSAP can 

analyze analogue circuits in a completely symbolic, numeric - symbolic or numerical way 

which allows that certain parameters from the equivalent circuit of the asynchronous motor to 

be considered as symbols. This way analysis can be made, in different work regimes for the 

motor, for the work performances related to these parameters. In order to integrate the linear 

and/or nonlinear differential equations, MATLAB routines were used which are very efficient 

in solving this type of equations. 

 

CONFIRMATION 

 

The work was presented at Electric machines, materials and drives Symposium 

SME’XXI, edition 2025. 
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