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Abstract. This paper is to propose a procedure for the determination of complete 

components of the induction machine equivalent circuit at various operating conditions, 

considering the effect of skin and temperature on the stator winding, rotor winding, and 

iron core losses calculations. Also, the variation of temperature on speed (slip), the 

variation of speed on mechanical (friction and windage) losses, magnetizing saturation 

effect, slip effect on the iron core losses and skew effect on the machine parameters are 

considered. 

Besides these parameters effect, the method of equivalent circuit parameters 

determination requires measurements of supply voltage per phase, stator current per phase 

from no-load to full-load points, stator D.C. resistance per phase at ambient temperature, 

no-load test at different supply voltages from 125% down to 25% and a locked-rotor test 

at a variable frequency from 100% down to 10% of rated. In this method, the air-gap 

magnetizing voltage, the machine power factor, the stator iron core resistance, the rotor 

iron core resistance, the stator stray loss resistance, and rotor stray loss resistance are 

accurately determined to achieve excellent accuracy using this proposed methodology. 
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1-Introduction 

 In fact, stator parameters are changed with skin-effect and winding temperature, rotor 

parameters are changed with slip and bars temperature, iron core resistances for stator and rotor 

are changed with slip (especially rotor core resistance) and core temperature, the stray loss 

resistance is changed with slip and core temperature and the mechanical loss resistance is 

changed with motor speed and magnetic saturation [1-7]. 

Hence, an accurate estimation of machine equivalent circuit parameters is required to 

implement these parameters in a high-performance determination. The stator and rotor winding 

temperatures can be determined according to the IEEE standard 112-B by measuring the stator 

no-load and load currents, and the rotor current can be determined at different load conditions. 

The skin effect on the stator parameters can be determined from the stator geometry. The skin-

effect in the rotor parameters can be calculated by using a formula given in [3]. The iron core 

resistances can be determined from the no-load test considering the effect of slip and core 

temperature. The magnetizing reactance can be calculated from the no-load test at different 

supply voltage and at the rated frequency to consider the saturation effect. 

In the following sections, the per-phase equivalent circuit of the induction machine, the 

power flow diagram and parameters calculation procedure are presented for accurate 

determination of machine parameters from a modified equivalent circuit. 
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2- Equivalent Circuit of Induction Machine 

 The conventional equivalent circuit of induction machine has usually been modeled by 

means of per-phase quantities, with the magnetizing branch consists of constant iron core 

resistance (𝑅𝑖𝑐) in parallel with the constant magnetizing reactance (𝑋𝑚), both in ohms, as 

shown in figure (1). The stator and rotor resistances and leakage reactance are  𝑅𝑠 , �́�𝑟 , 𝑋ℓ𝑠 and 

�́�ℓ𝑟  respectively. These parameters are assumed to be constant, and this equivalent circuit can 

be used only for machine performance calculations with constant machine parameters. The 

modified equivalent circuit is shown in figure (2). In this circuit, the effect of motor slip on the 

iron core losses, the effect of stray loss in the stator and rotor circuit, the effect of mechanical 

loss, and the effect of magnetic saturation on the motor performance can be considered. 

The stator and rotor resistances 𝑅𝑠 and �́�𝑟 are depending on the temperature variation and 

skin-effect. The stator and rotor leakage reactance's 𝑋ℓ𝑠 and �́�ℓ𝑟 are depended on skin-effect 

and saturation. The magnetizing inductance 𝑋𝑚 depends on the magnetic saturation. The iron 

core resistance, which is added for stator and rotor iron cores, (𝑅𝑖𝑐) depends on motor slip and 

iron core temperature. The modified equivalent circuit contains additional resistances 𝑅𝑠𝑠𝑠ℓ and 

𝑅𝑟𝑠𝑠ℓ that model the stray losses in the stator and rotor circuits. These stray losses depended on 

the voltage drops due to the leakage reactance, the iron core resistances, and stator, and rotor 

resistance. Also, the modified equivalent circuit contains a particular resistance 𝑅𝑓𝜔 to deal with 

the mechanical losses due to these losses are a function of machine speed, magnetic saturation, 

and air-gap magnetizing voltage. 

The equivalent circuit of a figure (2) can be modified as the proposed equivalent to including 

the effect of rotor skewing on the parameters of the rotor circuit, as shown in figure (3). 

 

 

Fig. 1. Conventional equivalent circuit of induction machine per phase 

 

Fig. 2. Modified induction machine equivalent circuit per phase, including iron core losses, stray load 

losses, and mechanical losses. 



 

 

 

a-) Proposed   equivalent   circuit for motor      

 

b-) Proposed equivalent circuit for generator 

Fig. 3. The proposed equivalent circuit of the induction machine considering the skew effect, stray load 

loss, iron core loss, and mechanical losses. 

 

3- Induction Machine Power -Flow Diagram According to Modified 

Equivalent Circuit 

The power -flow diagram in figure (4) shows the relation between the electric input power 

(𝑃𝑖𝑛), the air-gap power (𝑃𝑎𝑔), the mechanical output power (𝑃𝑚) and the shaft or net output 

power (𝑃𝑠ℎ  𝑜𝑟 𝑃𝑜𝑢𝑡). The difference between 𝑃𝑖𝑛  and 𝑃𝑜𝑢𝑡  is known as the total power losses. 

All the power loss components are described as follow: 

 



 

 

a-) Power flow of induction motor. 

                

 

                                                  b-) Power flow of induction generator. 

Fig. 4. Power flow diagram according to the modified equivalent circuit of the induction machine. 

𝑃𝑠𝑐𝑢 is the stator winding copper loss, which depends on the stator current (𝐼𝑠) and stator winding 

resistance (𝑅𝑠) and can be calculated as : 

                                                                                      𝑃𝑠𝑐𝑢 = 3 ∗ 𝐼𝑠
2 ∗ 𝑅𝑠                                          (1) 

𝑃𝑠𝑠𝑠ℓ is the stator series stray loss, which is represented by a resistance (𝑅𝑠𝑠𝑠ℓ) connected in 

series with the stator circuit, and this loss can be calculated as : 

                                                                                  𝑃𝑠𝑠𝑠ℓ = 3 ∗ 𝐼𝑠
2 ∗ 𝑅𝑠𝑠𝑠ℓ                                        (2) 

𝑃𝑖𝑐  is the total iron core losses and can be calculated as : 

𝑃𝑖𝑐   = 3 ∗ 𝐼𝑖𝑐
2 ∗ 𝑅𝑖𝑐 = 3 ∗ 𝑉𝑔

2 𝑅𝑖𝑐⁄                                                  (3) 

where   𝑉𝑔      =  the magnetizing voltage of the air-gap per-phase. 

𝑃𝑟𝑐𝑢   is the rotor winding (bars) copper loss and depends on the rotor current (𝐼𝑟) and rotor 

resistance (�́�𝑟) and can be calculated as : 

                                                                                           𝑃𝑟𝑐𝑢 = 3 ∗ 𝐼𝑟
2 ∗  �́�𝑟                                    (4) 

𝑃𝑟𝑠𝑠ℓ is the rotor series stray loss, which is represented by a resistance (𝑅𝑟𝑠𝑠ℓ) connected in series 

with rotor circuit, and this power loss can be calculated as: 

                                                                                          𝑃𝑟𝑠𝑠ℓ = 3 ∗ 𝐼𝑟
2 ∗ 𝑅𝑟𝑠𝑠ℓ                                 (5) 

𝑃𝑓𝜔 are the friction and windage (mechanical) losses and depends on the air-gap magnetizing 

voltage and the friction and windage losses resistance (𝑅𝑓𝜔). This power loss can be calculated 

as: 

                                                                 𝑃𝑓𝜔 = 3 ∗ [𝑉𝑔 − 𝐼𝑟 ∗ (𝑅𝑠 + 𝑅𝑟𝑠𝑠ℓ + 𝑗�́́�𝑟)]
2

𝑅𝑓𝜔⁄             (6) 



 

 

≈ 3 ∗ 𝑉𝑔
2/𝑅𝑓𝜔  

Where �́́�𝑟 is the rotor leakage reactance referred to stator plus the leakage reactance due to the 

rotor skew-effect as: 

𝑋𝑟
˶ = �́�ℓ𝑟 + 𝑋ℓ𝑟𝑞   

                                                                                   𝑋ℓ𝑟𝑞 = 𝑋𝑚 . (
1

𝐾𝑠𝑞
2 − 1)                                      (7) 

4- Parameters Calculation of Modified and Proposed Equivalent Circuits 

This paper aims to develop a novel and accurate methodology for calculation of the 

equivalent circuit parameters of the induction machine from DC resistance test, no-load test, 

temperature test, locked rotor test, and its name-plate and the manufacture data-sheet. The 

name-plate of the machine contains information about the rated quantities such as shaft power, 

voltage, current, power factor, speed, and efficiency. The manufacturing datasheet contains the 

slip at maximum torque, rated slip, the design class, and insulation class for determination of 

leakage reactances and machine rated temperature. The following procedure shows how the 

machine parameters can be determined as variable parameters. 

The stator and rotor resistances and leakage reactances are varying with temperature and 

skin effect. The iron resistances are varying with temperature and slip. The lost resistances of 

stray are varying with the temperature. Also, the mechanical loss resistance is varying with 

speed and magnetizing saturation, and the skew effect can be considered as a factor affecting 

the rotor circuit parameters. 

A- DC resistance test: From this test, the stator resistance per phase can be calculated for 

star connection stator windings as: 

                                                                                          𝑅𝑠(𝑜) = 𝑉𝑑.𝑐. (2 ∗ 𝐼𝑑𝑐)⁄                                (8) 

Where    𝑅𝑠(𝑜)       = the stator resistance at ambient temperature. 

B- Locked-Rotor test: From this test the rotor circuit parameters �́�𝑟 𝑎𝑛𝑑 �́�ℓ𝑟  as well as stator 

leakage reactance can be determined at rated current and low voltage as: 

                                                                                                 𝑍𝑠𝑐 = 𝑉𝑠𝑐 𝐼𝑠𝑐⁄                                         (9) 

                                                                            𝑅𝑠(𝑜) + �́�𝑟(𝑜) = 𝑍𝑠𝑐 ∗ cos(𝜙𝑠𝑐)  

Or                           �́�𝑟(𝑜) = 𝑍𝑠𝑐 ∗ cos(𝜙𝑠𝑐) − 𝑅𝑠(𝑜)                                                                (10) 

                                                                       𝑋ℓ𝑠(𝑜) + �́�ℓ𝑟(𝑜) = √𝑍𝑠𝑐
2 − (𝑅𝑠(𝑜) + �́�𝑟(𝑜))

2
             (11) 

And according to the design class the stator and rotor leakage reactance (𝑋ℓ𝑠(𝑜) 𝑎𝑛𝑑 �́�ℓ𝑟(𝑜)) can 

be separated. 

C- No-load test: In this measurement, the tested machine is rotated at synchronous speed 

by another coupled motor such as DC motor without load at rated voltage and frequency to 

separate the friction and windage losses from the other no-load losses (iron core and stator 



 

 

copper losses), and to obtain Zero slip at no-load for determination stator and rotor core 

resistances 𝑅𝑠𝑖𝑐 & 𝑅𝑟𝑖𝑐 . Then, the machines are operated at no load with variable supply voltage, 

in steps, ranging from 125% to 25% of rated voltage to determine the magnetizing 

characteristics (magnetizing inductance as a function of no-load current) and to find the relation 

between motor speed and magnetizing voltage for calculation of mechanical loss resistance 

(𝑅𝑓𝜔) . Also, from this test the stator and rotor stray loss resistances 𝑅𝑠𝑠𝑠ℓ and 𝑅𝑟𝑠𝑠ℓ can be 

determined. These parameters can be determined per phase as follow: 

The no-load power per phase (𝑃𝑛ℓ) is given as: 

                                                                          𝑃𝑛ℓ = 𝑉𝑝ℎ ∗ 𝐼𝑜 ∗ cos(𝜙𝑛)                                       (12) 

                                                                         sin(𝜙𝑜) = sin(𝑐𝑜𝑠−1(𝜙𝑜))                                    (13) 

The reactive power per phase at no-load can be determined as: 

                                                                         𝑄𝑛ℓ = 𝑉𝑝ℎ ∗ 𝐼𝑜 ∗ sin(𝜙𝑜)                                        (14) 

The magnetizing (air-gap) voltage per phase can be calculated as [8]: 

                                                  𝑉𝑔 = √[𝑉𝑝ℎ −
(𝑅𝑠 .  𝑃𝑛ℓ+𝑋ℓ𝑠 .  𝑄𝑛ℓ)

𝑉𝑝ℎ
]

2

+ [
(𝑋ℓ𝑠 .  𝑃𝑛ℓ−𝑅𝑠 .  𝑄𝑛ℓ)

𝑉𝑝ℎ
]

2

           (15)           

The stator iron core resistance 𝑅𝑠𝑖𝑐 per phase can be determined as : 

                                                                      𝑅𝑠𝑖𝑐 = 𝑉𝑔
2 [𝐾𝑇 ∗ (𝑃𝑛ℓ − 𝐼2 .  𝑅𝑠)]⁄                              (16) 

Figure (5) shows the variation of iron core resistance with air-gap magnetizing voltage from the 

no-load test when the machine rotates at synchronous speed. 

 

Fig. 5. Variation of iron core resistance with air-gap magnetizing voltage. 

The magnetizing reactance per phase 𝑋𝑚 can be calculated as: 

                                                                               𝑋𝑚 = 𝑉𝑔
2 (𝑄𝑛ℓ − 𝐼𝑜

2 .  𝑋ℓ𝑠)⁄                                (17) 

Figure (6) Shows the variation of magnetizing inductance (𝐿𝑚) with magnetizing current (𝐼𝑚) 

from the no-load test by rotating the machine at synchronous speed. 



 

 

 

Fig. 6. Variation of magnetizing inductance with the magnetizing current. 

The rotor iron core resistance per-phase 𝑅𝑟𝑖𝑐 can be derived as a function of machine slip: 

                                                                                           𝑅𝑟𝑖𝑐 = 𝑅𝑠𝑖𝑐 𝑠2⁄                                         (18) 

The total iron core resistance (𝑅𝑖𝑐) can be obtained by adding 𝑅𝑠𝑖𝑐 and 𝑅𝑟𝑖𝑐 in parallel as: 

                                                                                          𝑅𝑖𝑐 = 𝑅𝑠𝑖𝑐 (1 + 𝑆2)⁄                                 (19) 

The iron core resistance is a function of iron core temperature and the machine slip (s). 

The stator stray loss resistance connected in series with stator circuit (𝑅𝑠𝑠𝑠ℓ), as equivalent to 

the parallel 𝑅𝑠 and 𝑅𝑠𝑖𝑐 with 𝑋ℓ𝑠, can be derived as: 

                                                                                        𝑅𝑠𝑠𝑠ℓ = (𝑋ℓ𝑠)2 . 𝑅𝑠/[𝑅𝑠
2 + 𝑋ℓ𝑠

2 ]                 (20) 

From equation (20), it can be shown that the stator stray load loss resistance depends mainly on 

the stator leakage flux and stator winding resistance, and the effect of stator iron core resistance 

can be neglected. 

The rotor stray loss resistance connected in series with rotor circuit (𝑅𝑟𝑠𝑠ℓ), as equivalent to 

the parallel �́�𝑟 and 𝑅𝑟𝑖𝑐 with   �́�ℓ𝑟,   can be derived as: 

                                                                                          𝑅𝑟𝑠𝑠ℓ = 𝑠2 . (�́�ℓ𝑟)
2

𝑅𝑟
́⁄                             (21) 

From equation (21), it can be shown that the rotor stray load loss resistance depends mainly on 

the rotor leakage flux, rotor bar resistance, and rotor speed (machine slip). 

The friction and windage loss resistance (𝑅𝑓𝜔) can be determined from the no-load test as: 

                                                                         𝑅𝑓𝜔 = 3 ∗ [𝑉𝑔 − 𝐼𝑟{(�́�𝑟 + 𝑅𝑟𝑠𝑠ℓ) + 𝑗�́�ℓ𝑟}]
2

𝑃𝑓𝜔⁄    (22) 

Figure (7) shows the variation of 𝑅𝑓𝜔 with air-gap voltage. 

Where 𝑃𝑓𝜔 is the friction and windage loss, which can be determined as: 

                                                                                     𝑃𝑓𝜔 = 𝑃𝑛ℓ𝑟 − 𝑃𝑛ℓ𝑠                                        (23) 

Where  𝑃𝑛ℓ𝑟    = the no-load power at rated speed;  𝑃𝑛ℓ𝑠   = the no-load power at synchronous 

speed. 



 

 

 

Fig. 7. Variation of friction and windage loss resistance with air-gap magnetizing voltage. 

The factor 𝐾𝑇 in equation (16) represents the temperature coefficient of the iron core losses, and 

it represents the ratio of iron core losses at any temperature (T) to that  at reference temperature 

(𝑇𝑜), and can be determined by measuring the iron core loss and temperature at two points when 

the motor is loaded. This coefficient can be expressed as [9]: 

                                                                                             𝐾𝑇 = (1 − 𝐷)                                        (24) 

Where D is the iron core power loss varying rate per 𝐶 
𝑜  , and can be determined as: 

                                                                                         𝐷 =
𝑃𝑖𝑐(𝑇𝑜)−𝑃𝑖𝑐(𝑇)

𝑃𝑖𝑐(𝑇𝑜)
                                       (25) 

D- Correction factor for equivalent circuit parameters: 

i-) The skew-effect can be introduced to correct the rotor leakage reactance as: 

The skew-rotor leakage reactance 𝑋ℓ𝑟𝑞 can be determined as [10]: 

                                                                                   𝑋ℓ𝑟𝑞 = 𝑋𝑚 ∗ (
1

𝐾𝑠𝑞
2 − 1)                                  (26) 

Where 𝐾𝑠𝑞      = the rotor-skew factor, given as [11]: 

                                                                             𝐾𝑠𝑞 = sin(𝜋 .  𝑃𝑝 𝑄𝑟⁄ )/(𝜋 .  𝑃𝑝 𝑄𝑟⁄ )                   (27) 

Where 𝑃𝑝 is the machine magnetic pole-pairs and 𝑄𝑟  = the number of rotor bars. The total rotor 

leakage reactance can be calculated as: 

                                                                            �́́� ℓ𝑟(𝑜) =
𝑋𝑚

𝐾𝑠𝑞
2 (1 − 𝐾𝑠𝑞

2 ) +
�́�ℓ𝑟

𝐾𝑠𝑞
2                                (28) 

The corrected rotor resistance due to the skew effect is obtained as: 

                                                                                       �́́�𝑟(𝑜) =
�́�𝑟

𝐾𝑠𝑞
2⁄                                            (29) 

ii-) skin-effect can be introduced to correct the stator resistance and leakage reactance as: 

                                                                                        𝑅𝑠(𝑠) = 𝐾𝑠𝑟 ∗ 𝑅𝑠(𝑜)                                     (30) 



 

 

                                                                                       𝑋ℓ𝑠(𝑠) = 𝐾𝑠𝑥 ∗ 𝑋ℓ𝑠(𝑜)                                   (31) 

Where 𝐾𝑠𝑟  and 𝐾𝑠𝑥 are the skin-effect correction factors of stator parameters and can be given 

as [12]: 

                       𝐾𝑠𝑟 = Δ ∗ [sin ℎ(2Δ) + sin(2Δ)] [cos ℎ(2Δ) − cos(2Δ)]⁄                                (32)                

                                                          𝐾𝑠𝑥 = (3 2Δ⁄ ) ∗
[sin ℎ(2Δ) − sin(2Δ)] [cos ℎ(2Δ) − cos(2Δ)]⁄                                                    (33)                                 

                       Where           Δ = 𝐷𝑐𝑢 ∗ √𝜋 .  𝑓𝑠 .  𝜇𝑜 .  𝔖𝑠                                                       (34) 

Where 𝐷𝑐𝑢  is the diameter of round copper conductor, 𝑓𝑠 is the supply frequency, 𝜇𝑜 is the 

magnetic permeability of copper material (4𝜋*10−7  𝐻 𝑚⁄ ) and 𝔖𝑠 is the electric conductivity 

of copper material (1 (Ω. 𝑚⁄ ) or Siemens). 

iii-) skin-effect can be introduced to correct the rotor resistance and leakage reactance as [3]: 

                                                                       �́́� 𝑟(𝑠) = �́́�𝑟(𝑜) ∗ [0.5 + 0.5 ∗ √𝑆𝑟 𝑆𝑚⁄ ]                    (35) 

                                                                       �́́�ℓ𝑟(𝑠)  = �́́�ℓ𝑟(𝑜) ∗ [0.4 + 0.6 ∗ √𝑆𝑚 𝑆𝑟⁄ ]                  (36) 

Where (𝑆𝑟) is the rated machine slip and 𝑆𝑚 is the machine slip at maximum torque and can be 

calculated as [2]: 

                                                                    𝑆𝑚 = �́�𝑟(𝑜) √𝑅𝑠(𝑜)
     2 + (𝑋ℓ𝑠(𝑜) + �́�ℓ𝑟(𝑜))

2
⁄                    (37) 

iv-) stator and rotor resistances 𝑅𝑠(𝑠) and �́́�𝑟(𝑠) can be corrected to the temperature calculated at 

any load (measured load current) as [8]: 

                                                                               𝑅𝑠(𝑇) = 𝑅𝑠(𝑠) ∗
(𝑇𝑠+𝐾𝑐)

(𝑇𝑜+𝐾𝑐)
                                        (38) 

                                                                            �́� 𝑟(𝑇) = �́́�𝑟(𝑠) ∗
(𝑇𝑟+𝐾𝑎)

(𝑇𝑜+𝐾𝑎)
                                        (39) 

where 𝑇𝑠 is the stator winding temperature at any load and can be calculated as: 

                                                                              𝑇𝑠 =
𝐼𝑠 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

2

𝐼𝑠 (𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑)
2 ∗ (𝑇𝐼 − 𝑇𝑜) + 𝑇𝑜                       (40) 

𝑇𝑟 is the rotor winding temperature at any load and can be calculated as : 

                                                                             𝑇𝑟 =
(𝐼𝑠 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)−𝐼𝑛ℓ)

2

(𝐼𝑠 (𝑓𝑢𝑙𝑙 𝑙𝑜𝑎𝑑)−𝐼𝑛ℓ)
2 ∗ (𝑇𝐼 − 𝑇𝑜) + 𝑇𝑜             (41) 

Where 𝑇𝐼  is the temperature of insulation class design and equal to 75 𝐶 
𝑜  for class-A type. 𝑇𝑜 is 

the ambient temperature (25 𝐶 
𝑜 ). 𝐾𝑎 is a correction factor for aluminum material (𝐾𝑎 = 225), 

and 𝐾𝑐 is a correction factor for copper material (𝐾𝑐 = 234.5). 



 

 

Also, the corrected stator and rotor resistances 𝑅𝑠(𝑇) and �́́�𝑟(𝑇) can be calculated by another 

method as: 

                                                                        𝑅𝑠(𝑇) = 𝑅𝑠(𝑠) ∗ [1 +∝𝑐∗ (𝑇𝑠 − 𝑇𝑜)]                         (42) 

                                                                        �́́�𝑟(𝑇) = �́́�𝑟(𝑠) ∗ [1 +∝𝑎∗ (𝑇𝑟 − 𝑇𝑜)]                        (43) 

Where 𝑇𝑠   and  𝑇𝑟    = the calculated stator and rotor temperature at any load    (equations (40) 

and (41)). 

∝𝑐 is the thermal temperature coefficient of copper material (∝𝑐= 1/259.5), and ∝𝑎 is the 

thermal temperature coefficient of aluminum material (∝𝑎= 1/250). 

v-) motor rated slip (𝑆𝑟) can be corrected due to the temperature effect as [8]: 

                                                                                            𝑆𝑟(𝑇) = 𝑆𝑟 ∗
(𝑇𝑟+𝐾𝑎)

(𝑇𝐼+𝐾𝑎)
                                (44) 

The load resistance �́́�𝑟(1 − 𝑠) 𝑠⁄  in the proposed equivalent circuit of the figure (3) can be 

derived as: 

                                                                  �́́�𝑟(1 − 𝑠) 𝑠⁄   = 1 [1 {
�́�𝑟(1−𝑠)

𝑠
− 𝑅𝑟𝑠𝑠ℓ} − 1 𝑅𝑓𝜔⁄⁄ ]⁄     (45) 

E- Including of magnetizing saturation in the equivalent circuit parameters: 

 Most of the induction machines operate in a saturation region, and their magnetizing 

characteristics are non-linear in nature. The variation of magnetizing reactance (𝑋𝑚) is the main 

factor in generating the magnetizing voltage (𝑉𝑔), which is given as [13]: 

                                                                                 𝑉𝑔 = 𝑋𝑚 . 𝐼𝑚 = 𝜔𝑠 𝐿𝑚   𝐼𝑚                                (46) 

The magnetizing voltage is the main factor in generating the iron core losses, rotor current, 

mechanical losses, and output power. The magnetic saturation reduces the magnetizing 

reactance (or inductance) and this, in turn, reduces the magnetizing voltage and tends to increase 

the magnetizing current (𝐼𝑚), and hence, the losses will be increased,  and the output power will 

be reduced. The saturation effect of the magnetizing inductance can be taken into account by 

using the relation of magnetizing reactance (𝑋𝑚) as a function of magnetizing current (𝐼𝑚), as: 

                                                                                        𝑋𝑚 = 𝑓(𝐼𝑚)                                               (47) 

This function can be obtained experimentally from the no-load test at a variable supply voltage 

from 125% down to 25% of the rated value. The measurements of 𝑋𝑚 and 𝐼𝑚 can be interpolated 

by a curve fitting technique. Figure (6) shows the variation of saturated magnetizing inductance 

with the magnetizing current. 

F- Determination of moment of inertia for induction machines from retardation test: 

Where the motor rotates at no-load, the kinetic energy at the rotor shaft can be expressed as 

[14]:  



 

 

                                                                           𝐸𝑠ℎ =
1

2
 𝐽 . 𝜔𝑚

2     (𝑊. 𝑆𝑒𝑐. )                                   (48) 

Where J is the moment of inertia (𝑘𝑔. 𝑚2) and 𝜔𝑚    = the motor speed in mechanical radian per 

second.  Also, at no-load, the rotor shaft power can be measured as: 

                                                                       𝑃𝑠ℎ = 𝑃𝑠𝑐𝑢 + 𝑃𝑖𝑐 + 𝑃𝑓𝜔                                             (49) 

Where 𝑃𝑠𝑐𝑢 is the stator copper loss (W), 𝑃𝑖𝑐  is the iron core loss (W) and   𝑃𝑓𝜔  is the mechanical 

losses (W). Then: 

                                                                    𝑃𝑠ℎ = 𝑑𝐸𝑠ℎ 𝑑𝑡⁄ =
𝐽 .  4𝜋2 .  𝑁𝑟

3600
∗

𝑑𝑁𝑟

𝑑𝑡
                               (50) 

                                                               Or   𝐽 = 𝑃𝑠ℎ [
4𝜋2

3600
∗ 𝑁𝑟 ∗

𝑑𝑁𝑟

𝑑𝑡
]⁄   

Where  𝑁𝑟     = the motor speed in (r.p.m). 

𝑑𝑁𝑟 𝑑𝑡⁄     = the derivative of rotor speed with respect to time and can be calculated from the 

retardation test of the motor (the slope of speed-time relation when the rate is retarded from no-

load to rest). 

G- Efficiency Determination from Parameters of Equivalent Circuit: 

The efficiency and performance characteristics of the induction motor can be determined 

from its equivalent circuit parameters of the figure (3). For a given the slip (s), the input 

impedance can be calculated as: 

                                                                                𝑍𝑖𝑛 = [𝑅𝑠 + 𝑅𝑠𝑠𝑠ℓ+𝑗𝑋ℓ𝑠
] +

𝑍𝑚 .  �́�𝑟

𝑍𝑚+  �́�𝑟
                     (51) 

                                                                       Where 𝑍𝑚 =
𝑅𝑖𝑐 .  𝑋𝑚

𝑅𝑖𝑐+  𝑋𝑚
                                        (52) 

                                                                                     �́�𝑟
́   = (

 �́�𝑟
𝑠⁄ ) +  𝑗�́�ℓ𝑟                                 (53) 

                                                                     Or  𝑍𝑖𝑛 =
𝑉𝑝ℎ

𝐼𝑝ℎ
                                                      (54) 

The power factor angle (𝜙) is the same as the angle of 𝑍𝑖𝑛 , or the power factor can be calculated 

as: 

                                                                           cos(𝜙) =
𝑅𝑒𝑞

𝑍𝑖𝑛
                                                         (55) 

                                                                                 𝑅𝑒𝑞 = 𝑅𝑠 + 𝑅𝑠𝑠𝑠ℓ +
(𝑃𝑎𝑔+𝑃𝑖𝑐)

3∗𝐼𝑠
2                            (56) 

Then, motor efficiency can be calculated as: 

                                                                                  ɳ% =
𝑃𝑖𝑛−𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑠𝑠𝑒𝑠

𝑃𝑖𝑛
∗ 100                             (57) 



 

 

                                                                                   𝑃𝑖𝑛 = 3 . 𝑉𝑝ℎ . 𝐼𝑠  . 𝑐𝑜𝑠𝜙                                   (58) 

Total losses =(𝑃𝑠𝑐𝑢 + 𝑃𝑠𝑠𝑠ℓ + 𝑃𝑖𝑐 + 𝑃𝑟𝑐𝑢 + 𝑃𝑟𝑠𝑠ℓ + 𝑃𝑓𝜔) , where the total losses can be 

calculated from equations (1) to (6). 

5- Results and Discussion 

The proposed equivalent circuit is simulated in a Matlab/Simulink Block-set for both motor 

and generator operation. Then the simulation results are compared with experimental results to 

show the validity of the proposed equivalent circuit model. 

The test setup bench consists of an induction machine coupled with DC machine to 

determine the output load power of the induction machine when operates as a motor, and the 

DC machine is used as a prime-mover when the machine operates as a self-excited induction 

generator. The specifications and parameters of the DC machine and induction machine are 

given as: 

DC machine: separately excited, 2.2 Kw, 1500 r.p.m , 𝑉𝑓𝑖𝑒𝑙𝑑 = 220 𝑉 , 𝐼𝑓𝑖𝑒𝑙𝑑 = 0.8 𝐴, 𝐼𝑎 =

12 𝐴 ,  J= 0.02 𝑘𝑔. 𝑚2 . 

Induction machine: 3-phase, squirrel cage, Δ- Connected, 220 V, 50 Hz with the following 

parameters: 

𝑃𝑜𝑢𝑡 = 1500 𝑊, 𝐼ℓ = 6.6 𝐴, cos 𝜙 = 0.8 , 𝑁𝑠 = 1500 𝑟. 𝑝. 𝑚 , Pair-Poles=2 , 𝑅𝑠 = 5.1 Ω , 

�́�𝑟 = 3.5 Ω , 𝐿ℓ𝑠 = 0.016 𝐻 , �́�ℓ𝑟 = 0.024 𝐻 , 𝐿𝑚 = 0.28 𝐻 , J = 0.03 𝑘𝑔. 𝑚2, 𝐾𝑇 = 0.75 . 

Figure (8) shows the theoretical and experimental results of machine terminal voltage variation 

with load current. Figure (9) shows the machine power factor variation with load current for 

simulation and experimental results. Figure (10) shows the theoretical and experimental results 

of machine output power variation with load current. Figure (11) shows the theoretical and 

experimental results of machine efficiency variation with load current. From these results, it can 

be concluded that the proposed equivalent circuit gives high accuracy for machine performance 

calculation, except at high load current, there is a small difference between the experimental 

and theoretical results due to the saturation in cross-coupling magnetizing inductance and the 

saturation in leakage inductances are not considered in this model. 

 

Fig. 8. Variation of machine terminal voltage with load current. 



 

 

 

Fig. 9. Variation of  power factor with load current 

 

Fig. 10. Variation of machine output power with load current . 

 

Fig. 11. Variation of machine efficiency with load current. 

6- Conclusion 

Complete equivalent circuit parameters are proposed in this paper for accurate determination 

of machine performance at different operating conditions, considering the effect of iron core 

loss, stray load loss, skin effect, temperature effect, skew effect and friction and windage losses. 

Besides of these considering parameters effect, the method of equivalent circuit components 

determination requires only the conventional measurements on the induction machine, such as 

no-load, load, and blocked rotor test. Both stator and rotor iron core resistance depend on the 

air-gap magnetizing voltage and due to the air-gap voltage depend mainly on the circuit 

frequency, the rotor frequency is minimal when compared with stator frequency and this leads 

to a very high rotor iron core resistance and this resistance can be neglected without losing the 

accuracy of calculation of machine performance. Both stator and rotor stray load loss depend 

on the square of circuit frequency. The rotor stray load loss resistance can be eliminated from 



 

 

the proposed equivalent circuit without losing the accuracy of the performance calculation of 

the machine. The stator stray loss depends highly on the stator winding resistance as well as 

stator frequency, and this resistance depends on the cross-sectional area of the windings, and 

for this reason, the percentage of stray load loss in large machines is small when compared with 

that of small size machine. 
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