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Abstract—Energy efficiency improvement is the main target of 
many recent studies in various domains, especially for electrical 
drives which constitute the core of industrial applications. The 
simulation of induction motors is based on static and dynamic 
models that allow the study of their mechanical performances, as 
well as their power consumption and losses. However, the 
commonly used dynamic model doesn’t take into consideration the 
core losses in the motor, which have a significant impact on its 
energy efficiency. The purpose of this paper is to present two 
methods for including core losses in the dynamic model of squirrel-
cage induction motors (IM) in addition to the copper and 
mechanical losses that are already taken into consideration in the 
commonly used model. Core losses are introduced as an equivalent 
torque reduction in the mechanical equation, or as an equivalent 
resistor in the model’s equations. The proposed model is essential 
for future studies aiming to improve the energy efficiency of the 
motor. Both methods are analyzed and simulated using 
Matlab/Simulink and the obtained results are experimentally 
validated. The performances of these proposed methods are 
compared in order to find the best suitable method for future 
applications and induction motor studies. 

Index Terms—Squirrel-cage induction motor, core losses, 
dynamic model, energy efficiency. 

 

I. INTRODUCTION 
Nowadays, several studies are being conducted in order to 

improve the energy efficiency. Indeed, this constitutes an 
essential part of the Energy Efficiency Directive of the 
European Union, aiming to improve 20% of this efficiency by 
2020, at all stages of the energy chain from its production to its 
final consumption. 

Electrical drives constitute a main element of the energy 
chain in all industrial applications, hence the importance of 
assessing their efficiency. These studies require the modeling 
of the motor drive and its losses, in the highest possible 
accuracy, in order to simulate their performance and therefore 
analyze the efficiency behavior. In squirrel-cage induction 
motors, dynamic models don’t usually include the core losses, 
whereas copper and mechanical losses are taken into 

consideration [1-2]. This approximation impacts on the 
simulation of the motor’s performance and the results in terms 
of input power, losses and energy efficiency.  

Several studies use the basic dynamic model to simulate the 
motor’s performance and apply new controls. For example, in 
[1], motor manufacturer’s data is used to calculate the 
parameters and performance factors, using the traditional 
model. However, the obtained results might lack accuracy 
because the effect of the core losses is not shown in the model. 
The same issue is found in [2] where a simulation file is built, 
using the same model without core losses, for an induction 
motor fed by an inverter, to analyze the input voltage effect on 
the performance. In that case, the deficiency appears in the 
simulated input power which doesn’t include the core losses, 
thus giving inaccurate efficiency values. A minimum settling 
time controller applied to an induction motor with load 
perturbation is studied in [3], also based on the same IM model. 
Simulations show the effect of the introduced controller on the 
motor’s settling time and steady state error. However, slight 
differences can be observed with experimental results because 
core losses are not taken into consideration in the model. 

Further studies introduce new methods for estimating the 
motor’s parameters according to factors affecting its operation. 
For instance, the motor parameters are computed in [4] by a 
neural network system that is updated online according to the 
motor speed. The adjusted parameters are those of the basic 
motor model and omit the core losses. Therefore, it doesn’t give 
an accurate representation of power and losses. Another model 
is proposed in [5], and includes variable parameters that take 
into consideration temperature and skin effect. Similarly, in [6], 
a new model is proposed, including the skin effect. However, 
core losses are not taken into consideration in these studies, 
which might lead to inaccurate results of temperature in the 
simulations.  

Therefore, it is essential to include the core, copper and 
mechanical losses in the dynamic model of the IM. The 
introduction of these main losses leads to accurate values of the 
power input and power losses in order to make a good 
estimation of the energy efficiency.  
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In this paper, the commonly used static and dynamic models 
of the IM are detailed, in section II, along with the parameters 
which are measured through a series of experiments. The 
introduction of the core losses in the dynamic model of the IM 
is proposed in section III. In a first approach, through an 
equivalent torque that is introduced in the mechanical equation 
of the motor, and in a second approach, through an equivalent 
resistor introduced in the dynamic model’s electrical equations. 
Both structures are compared in terms of accuracy and 
complexity. A simulation of the proposed IM dynamic model is 
conducted, and the main losses in the system are estimated and 
shown in section IV. Experimental results are also compared to 
simulated ones and validate the losses accurate estimation. 
Finally, conclusions are drawn.  

 
 

II. INDUCTION MOTOR MODELS AND PARAMETERS 
The squirrel-cage induction motor is commonly represented 

by two models, according to the purpose of the study and to the 
working conditions: the equivalent circuit, which is used to 
represent the steady state of the IM, and the dynamic model, 
used to simulate its operation in transient state. Both models are 
based on motor parameters that are measured through series of 
experiments. However, the equivalent circuit takes into 
consideration the core losses in the motor through an equivalent 
resistor, whereas the dynamic model neglects these losses in 
spite of their effect on the energy efficiency.  
 

A. Equivalent Circuit of the Induction Motor  
The induction motor equivalent circuit that is commonly used 

[7] to represent its performance in steady-state is shown in Fig.1 
with: 

 
ܴଵ resistance of a stator phase winding  
ܺ′௅ global leakage impedance referred to the stator 
ܴ௖ core losses equivalent resistor 
ܺ௠  magnetizing impedance 
ܴ′ଶ resistance of a rotor phase winding referred to the 

stator 
  slip of the IM ݏ

 
The parameters of this circuit are measured on the studied IM 

through classic experiments: 
- The stator phase winding resistance is obtained by 

applying a DC test. 

- A no-load rotating test is then conducted, at rated voltage. 
Current and absorbed power are measured, to compute 
the core losses equivalent resistor and the magnetizing 
impedance. 

- A short-circuit blocked-rotor test is done by blocking the 
rotor’s rotation and feeding the motor while insuring that 
the rated current is not exceeded; this leads to the 
calculation of the global leakage impedance and the rotor 
phase winding resistance. 

 
Having all the necessary parameters, the motor’s 

performances can be predicted through the equivalent circuit at 
steady state. 
 

B. Commonly used IM dynamic model 
The induction motor is commonly modelled for simulation by 

a dynamic model based on electrical, flux and mechanical 
equations [6], to predict the motor’s performances in variable 
and steady state. This model requires the knowledge of the 
following parameters: 
 
ܴ௦ resistance of a stator phase winding  
ܴ௥ rotor resistance referred to the stator 
 ௦ self inductance of a stator phase windingܮ
 ௥ rotor self inductance referred to the statorܮ
 ௦௥ stator-rotor mutual inductance referred to the statorܯ
ߪ motor dispersion coefficient ߪ = 1 − ெೞೝ

మ

௅ೞ௅ೝ
 

 number of pole pairs of the motor ݌
  total motor load inertia ܬ
௩݂ viscous friction coefficient 
଴ܶ  dry friction torque 

 
The values of the above parameters are obtained from those 

of the equivalent circuit [8-9] by the relations in (1) where ߱௡ 
represents the rated stator voltage angular frequency. 

 

⎩
⎪
⎨

⎪
⎧

ܴ௦ = ܴଵ
ܴ௥ = ܴᇱଶ

ݏܮ = ݎܮ = ܮ′ܺ
2߱݊

+ ܺ݉
߱݊

ݎݏܯ = ܺ݉
߱݊

   (1) 

 
The number of pole pairs and motor inertia are taken from 

the manufacturer’s datasheet, as for the values of the viscous 
friction coefficient and the dry friction torque, an additional 
experiment is conducted. The motor is driven at rated speed, 
then is decelerated with zero load; the speed results lead to the 
requested mechanical parameters. 

Having all the necessary parameters, the commonly used 
dynamic model for squirrel-cage induction motors in the 
stationary reference frame is given in (2) to (10). It simulates 
the performance of the motor in variable and steady state 
operation. However, this model is based on an approximation 

 

 
Fig. 1.  IM equivalent circuit in steady state 

݆ܺ௠

݆ܺ′௅

ܴ௖ ܴ′ଶ/ݏ

R1 ଵഥܫଶ′ܫ

ଵܸഥ
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that omits the core losses and doesn’t include its equivalent 
resistor, as in the equivalent circuit in Fig.1. 
 

 Stator and rotor flux equations: 

∅௦ఈ(ݐ) = (ݐ)௦݅௦ఈܮ  (2)      (ݐ)௦௥݅௥ఈܯ+
 

∅௦ఉ(ݐ) = (ݐ)௦݅௦ఉܮ  (3)            (ݐ)௦௥݅௥ఉܯ+
 

∅௥ఈ(ݐ) = (ݐ)௥݅௥ఈܮ +  (4)    (ݐ)௦௥݅௦ఈܯ
 

∅௥ఉ(ݐ) = (ݐ)௥݅௥ఉܮ +  (5)     (ݐ)௦௥݅௦ఉܯ
 

Where ∅ and ݅ represent respectively the flux and current 
variables. s and r subscripts correspond to the stator and rotor 
of the IM, and ߙ and ߚ refer to the stationary reference frame’s 
axes. 

 
 Stator and rotor electrical equations: 

௦ఈݒ = ܴ௦݅௦ఈ + ௗ∅ೞഀ
ௗ௧

   (6) 

௦ఉݒ = ܴ௦݅௦ఉ +
ௗ∅ೞഁ
ௗ௧

   (7) 

0 = ௗ∅ೝഀ
ௗ௧

+߱∅௥ఉ + ܴ௥݅௥ఈ     (8) 

0 =
ௗ∅ೝഁ
ௗ௧

−߱∅௥ఈ + ܴ௥݅௥ఉ    (9) 

Where variable ݒ represents the voltage and ߱ the electrical 
speed of the rotor of the IM. 
 

 Mechanical equation: 

ܬ ௗఆ
ௗ௧

= ௘ܶ௠ − ௩݂ߗ − ଴ܶ (ߗ)݊݃݅ݏ − ௅ܶ     (10) 

Where ߗ = ௘ܶ௠ and ௅ܶ ,݌/߱  represent respectively the 
mechanical speed, electromagnetic torque and load torque of 
the IM. 

The electrical equations of this dynamic model are 
represented by the circuit shown in Fig. 2. 

 

III. CORE LOSSES INTRODUCTION 
The commonly used dynamic model represents the squirrel-

cage induction motor, and allows the study of its performance 
while taking into consideration both copper losses through the 
resistors ܴ௦ and ܴ௥, and mechanical losses through ௩݂ and ଴ܶ . 
However, the core losses are not taken into consideration. 

Therefore, once the core losses equivalent resistor ܴ௖ is 
measured, the idea is to introduce it in the IM dynamic model 
in order to consider the effect of these losses in the simulation 
in order to evaluate the performance of the motor.  

In a primary approach, the resistive torque, which is caused 
by the core losses, is computed and introduced in the 
mechanical equation (10), and in another approach, the current 
variation due to these losses is included in the electrical 
equations of the model, using the core losses equivalent resistor. 
These approaches consider only the power reduction aspects 
induced by the core losses, without any additional distortion or 
harmonics associated with these losses. 

  

A. Core losses equivalent torque  
The core losses equivalent resistive torque is obtained by 

computing the ratio of the core losses and the motor speed. In 
the simulation, core losses are calculated according to (11), 
where ݒ௦ and ݅௦ represent respectively the instantaneous stator 
phase voltage and line current in each phase, according the 
phases subscripts, a, b and c. 
 

௖ܲ(ݐ) = ൫௩ೞೌ(௧)ିோೞ௜ೞೌ(௧)൯మ

ோ೎
+ ൫௩ೞ್(௧)ିோೞ௜ೞ್(௧)൯మ

ோ೎
  

+ (௩ೞ೎(௧)ିோೞ௜ೞ೎(௧))మ

ோ೎
  (11) 

 
The resistive torque ௖ܶ = ௖ܲ/ߗ  equivalent to these losses is 

deducted from the electromagnetic torque in the mechanical 
equation (10), which becomes as in (12). 

 
ܬ ௗఆ
ௗ௧

= ௘ܶ௠ − ௩݂ߗ − ଴ܶ (ߗ)݊݃݅ݏ − ௅ܶ − ௖ܶ     (12) 
 
The obtained model simulates the performance of the IM and 

its power losses while taking into consideration the core losses 
and their effect, in addition to the copper and mechanical losses 
that were already included in the commonly used model. 
 

B. Core losses equivalent resistor  
In a second approach, core losses are directly introduced in 

the model through the equivalent resistor ܴ ௖, as in [10] and [11], 
that is represented schematically in a parallel branch as shown 
in Fig.3, similar to its representation in the IM equivalent circuit 
in Fig.1.  

The effect of this resistor on the dynamic model appears in 
the current flowing through the stator inductance, which 
becomes ݅ଶ௦ఈ instead of ݅௦ఈ (respectively ݅ଶ௦ఉ instead of ݅௦ఉ). 
The relation between these currents is given in (13): 

 

 
Fig. 2. ߙ-axis simplified IM representation, with ߝ = 1. The ߚ-axis 

representation is obtained by replacing ߙ components by ߚ 
components of the same variable and v.v. with ߝ = −1. 

215

gaugerenques
Rectangle



ቐ
݅ଶ௦ఈ(ݐ) = ݅௦ఈ(ݐ) − ଵ

ோ೎

ௗ∅ೞഀ(௧)
ௗ௧

݅ଶ௦ఉ(ݐ) = ݅௦ఉ(ݐ) − ଵ
ோ೎

ௗ∅ೞഁ(௧)

ௗ௧

  (13) 

 
By replacing ݅௦ఈ and ݅௦ఉ respectively by ݅ଶ௦ఈ and ݅ଶ௦ఉ  in the 

flux equations of the common model, (2) to (5), and by 
combining these equations to (13), the new stator and rotor flux 
equations become: 

 

∅௦ఈ(ݐ) = (ݐ)௦݅ଶ௦ఈܮ +    (ݐ)௦௥݅௥ఈܯ

= (ݐ)௦݅௦ఈܮ  − ௅ೞ
ோ೎

ௗ∅ೞഀ(௧)
ௗ௧

+  (14)      (ݐ)௦௥݅௥ఈܯ

∅௦ఉ(ݐ) = (ݐ)௦݅ଶ௦ఉܮ    (ݐ)௦௥݅௥ఉܯ+

= (ݐ)௦݅௦ఉܮ − ௅ೞ
ோ೎

ௗ∅ೞഁ(௧)

ௗ௧
+  (15)           (ݐ)௦௥݅௥ఉܯ

∅௥ఈ(ݐ) = (ݐ)௥݅௥ఈܮ +   (ݐ)௦௥݅ଶ௦ఈܯ

= (ݐ)௥݅௥ఈܮ + (ݐ)௦௥݅௦ఈܯ − ெೞೝ
ோ೎

ௗ∅ೞഀ(௧)
ௗ௧

     (16) 

∅௥ఉ(ݐ) = (ݐ)௥݅௥ఉܮ +    (ݐ)௦௥݅ଶ௦ఉܯ

= (ݐ)௥݅௥ఉܮ + (ݐ)௦௥݅௦ఉܯ − ெೞೝ
ோ೎

ௗ∅ೞഁ(௧)

ௗ௧
   (17) 

 
The electrical and mechanical equations in the commonly 

used IM dynamic model, (6) to (10), are not modified because 
the current through the stator resistance is equal to the input 
current of the motor, in both models.  

In a similar way to the previous model using the core losses 
equivalent torque, this proposed model, simulates the 
performance of the motor, in the stationary reference frame, by 
taking into consideration the three main losses, copper, core and 
mechanical losses, which gives accurate results in terms of 
losses for the simulated efficiency for analysis purposes. 

In addition to the above results, the IM dynamic model is 
required in some studies in the rotating reference frame. It is 
obtained by applying the Park transform to the stationary 
reference frame model. This transform consists in a rotation of 

the reference frame to meet a particular condition, usually 
chosen to best suit the purpose of the needed control. The 
equations of the proposed model of the IM including the core 
losses, in the rotating reference frame, are given in (18) to (25). 

 
 Stator and rotor flux equations: 

∅௦ௗ = ௦݅௦ௗܮ −
௅ೞ
ோ೎
ቂௗ∅ೞ೏
ௗ௧

−߱ௗ∅௦௤ቃ +  ௦௥݅௥ௗ   (18)ܯ

∅௦௤ = ௦݅௦௤ܮ −
௅ೞ
ோ೎
ቂௗ∅ೞ೜
ௗ௧

+ ߱ௗ∅௦ௗቃ +  ௦௥݅௥௤  (19)ܯ

∅௥ௗ = ௥݅௥ௗܮ + ௦௥݅௦ௗܯ −
ெೞೝ
ோ೎
ቂௗ∅ೞ೏
ௗ௧

− ߱ௗ∅௦௤ቃ  (20) 

∅௥௤ = ௥݅௥௤ܮ + ௦௥݅௦௤ܯ −
ெೞೝ
ோ೎
ቂௗ∅ೞ೜
ௗ௧

+ ߱ௗ∅௦ௗቃ  (21) 

 
 Stator and rotor electrical equations: 

௦ௗݒ = ܴ௦݅௦ௗ + ௗ∅ೞ೏
ௗ௧

− ߱ௗ∅௦௤     (22) 

௦௤ݒ = ܴ௦݅௦௤ +
ௗ∅ೞ೜
ௗ௧

+ ߱ௗ∅௦ௗ   (23) 

0 = ܴ௥݅௥ௗ + ௗ∅ೝ೏
ௗ௧

− (߱ௗ −߱)∅௥௤    (24) 

0 = ܴ௥݅௥௤ +
ௗ∅ೝ೜
ௗ௧

+ (߱ௗ −߱)∅௥ௗ   (25) 

 
Where ߱ௗ represents the angular speed of the rotating frame. 

This form of the IM model shall be used in further studies, for 
example in efficiency calculations and IM control strategies.  
 

C. Comparison of the two proposed methods  
The proposed methods for introducing core losses in the IM 

dynamic model are based on the same equivalent resistor ܴ௖ 
which is measured through tests on the motor. Therefore, both 
methods simulate the core losses in the machine without any 
difference in terms of input power and power loss. However, 
the difference appears through the technique of taking these 
core losses into consideration in the motor, whereas the 
equivalent torque is introduced through the mechanical 
equation, and ܴ௖ is directly used in the electrical equations of 
the model. 

It is obvious that the representation of core losses through a 
resistor is closer to reality than the use of the equivalent torque, 
because these losses appear in the motor as current loss in the 
magnetic circuit of the stator and the rotor. This should cause 
differences in the simulation of the currents, in the case of 
equivalent torque use, because the currents’ losses would be 
indirectly simulated through this equivalent torque, and through 
its effect on motor speed, in the mechanical equation. 

On the other hand, the introduction of ܴ௖ in the electrical 
equations of the models complicates the calculations because of 
implicit equations created in the simulation, whereas the use of 
the equivalent torque is a simpler way that doesn’t involve 
simulation problems. 

 
Fig. 3. ߙ-axis IM representation with core losses resistor. The ߚ-axis 

representation is obtained by replacing ߙ components by ߚ 
components of the same variable and v.v. with ߝ = −1. 
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IV. SIMULATION RESULTS AND EXPERIMENTAL VALIDATION  
A Matlab/Simulink file has been built in order to simulate the 

motor introducing the core losses according to the methods 
explained above. The induction motor is simulated in a direct 
start-up operation at zero load rotation in sinusoidal supply.  

Zero load experiments were also carried on a 5.5kW Leroy 
Somer motor, operating in sinusoidal mode, where power input 
and losses were measured at steady state for several input 
voltage values. 

Fig. 4 shows the core losses simulated results obtained by the 
two methods explained in section III, using in the first 
approach, an equivalent torque included in the mechanical 
equation of the IM dynamic model, and in the second approach, 
an equivalent fixed resistor included in the electrical equations 
of the IM dynamic model. 

The graph shows an identical behavior of the core losses in 
both cases, which confirms that the use of either methods gives 
similar results in terms of simulated core losses in the motor. 
Moreover, experiments performed in the same conditions of the 
simulation indicate results of 147.2W for core losses at steady 
state, compared to 148.3W obtained in the simulation, which 
corresponds to an acceptable error of 0.75%. 

The motor input power was also simulated in the cases shown 
in Fig. 5, in order to analyze the effect of introducing the core 
losses as an equivalent torque or resistor. The behavior of the 
simulated input power is similar in both cases, with a difference 
for the case excluding core losses, which appears in Fig. 6 
showing the steady state zone. This difference is due to the core 
losses that were taken into account, which increased the 
simulated input power by 147W, corresponding to the core 
losses value at steady state in the same operating conditions. 
The graph shows that both methods of introducing core losses 
give the same value of input power. 

Experimental results confirm the simulations with 314W for 
the input power at steady state, which is similar to the simulated 
results of 312W, with an acceptable 0.64% error. 

However, the difference between the two methods appears in 
the stator currents as mentioned in section III. Fig. 7 shows 
these currents simulated in the rotating reference frame in both 
cases of core losses introduction. The use of an equivalent 

 
Fig. 4.  Results of simulated core losses.  

 

Fig. 5. Results of simulated input power. 

 
Fig. 6. Results of simulated input power at steady state. 

 

Fig. 7. Simulated stator currents in the rotating reference frame, for both 
cases of the study. 
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torque proves to be different than the other method in the 
transient state, and simulates currents perturbations that do not 
occur after the motor start-up. 

This difference is due to the presence of a negative torque at 
the beginning of the simulation, caused by the core losses 
equivalent resistive torque. This does not affect the simulated 
steady-state zone of the motor shown in Fig. 8, where both 
simulated currents are similar. This leaves the choice between 
the two methods, according to the complexity of calculations 
for the equivalent resistor method, and the lack of accuracy in 
the transient zone for the equivalent torque approach. 

 

V. CONCLUSION 
The main scope of this study was the introduction of the core 

losses effect in the squirrel-cage induction motor dynamic 
model, in order to evaluate its energy efficiency in the most 
accurate way. These losses were introduced in the model 
through an equivalent torque in a first approach, and through an 
equivalent resistor in a second approach. The results obtained 
confirm taking into consideration the core losses in the 
simulated input power in both cases, which leads to the 
simulation of energy efficiency variation according to the 
operating conditions. Simulated losses and power were 
experimentally confirmed at steady-state, so the dynamic model 
simulates the motor’s performance accurately in terms of power 
consumption. Core losses taken into consideration here are only 
related to the fundamental of the supply voltage. It is considered 
that the harmonic contribution is low. 

The methods showed however some differences in terms of 
simulated stator currents, while using the equivalent torque, due 
to the fact that the current losses were indirectly estimated 
through the torque loss included in the mechanical equation of 
the model. The equivalent torque method proved to be reliable 
at steady-state, leaving the choice to the user, according to the 
transient zone accuracy needed, and to the calculations 
complexity allowed. 

Future studies shall use the results obtained to analyze the 
energy efficiency variations according to the operating 
conditions. This will lead, in a further study, to establish control 

systems aiming to reduce the losses and increase the efficiency 
of the system composed of the inverter, the motor and the 
control system itself, while keeping the best mechanical 
performances, to cope for the load demand and the needed 
response characteristics.  

 

VI. APPENDIX: MOTOR PARAMETERS 
The parameters of the 5.5kW Leroy Somer squirrel-cage 

induction motor used for the experiments are: 
௡ܷ = 400ܸ 
௡ܫ =  ܣ11.9
௡ܰ =  ݉݌1500ܴ
௡ܶ = 36.1ܰ.݉ 
݌ = 2 
ܴ௦ = 0.86Ω 
ܴ௥ = 0.83Ω 

௦ܮ =  ܪ163݉
௥ܮ =  ܪ163݉
௦௥ܯ =  ܪ157݉
ܬ = 0.0657 ݇݃.݉ଶ 
௩݂ = 0.002928݇݃.݉ଶ.  ଵିݏ
଴ܶ = 0.2471ܰ.݉ 
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Fig. 8. Simulated stator currents in the rotating reference frame, at steady 
state. 
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