
Electrical Engineering

IV - Motors

- Synchronous machine: 

3-phase motors

=> limited to the study of the synchronous alternator

- Construction: 

=> 3-phase stator generating a rotating magnetic field (see before)

=> DC rotor : different configurations

Stator 
winding

Permanent magnet rotor Wound rotor (DC current)

Cylindrical poles Salient poles

Permanent 
magnets (4 

poles)

Synchronous machine: The rotor rotates at the same speed as that of the rotation magnetic field



Electrical Engineering

IV - Motors

- Synchronous machine: 

3-phase motors

- Equivalent circuit in the linear domain: 

=> The armature circuit (stator for the alternator) can be represented, for each phase, by the 

series connection of a no-load emf, a resistor (winding), a self-inductance and a mutual inductance 

with the two other phases.

=> With the no-load 

electromotive force:
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EVS1

EVS2

EVS3

M
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𝑉3

𝑉2

𝑉3
𝐸𝑣 = 𝐾Ω𝑆𝐼𝑒

- Ω𝑆: rotation speed (rad/s)

- Ie: rotor excitation current



Electrical Engineering

IV - Motors

- Synchronous machine: 

3-phase motors

- Equivalent circuit in the linear domain: 

Lp

Lp
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EVS1

EVS2

EVS3

M
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𝐸𝑣1 = 𝑗.𝑀. 𝜔. 𝐼2 + 𝑗.𝑀. 𝜔. 𝐼3 + 𝑗. 𝐿𝑝. 𝜔. 𝐼1 + 𝑅. 𝐼1 + 𝑉1

𝐸𝑣2 = 𝑗.𝑀.𝜔. 𝐼1 + 𝑗.𝑀.𝜔. 𝐼3 + 𝑗. 𝐿𝑝. 𝜔. 𝐼2 + 𝑅. 𝐼2 + 𝑉2

𝐸𝑣3 = 𝑗.𝑀.𝜔. 𝐼1 + 𝑗.𝑀.𝜔. 𝐼2 + 𝑗. 𝐿𝑝. 𝜔. 𝐼3 + 𝑅. 𝐼3 + 𝑉3

- With:

𝐼1 + 𝐼2 + 𝐼3 = 0

𝐸𝑣1 = 𝑗. 𝐿𝑝 − 𝑀 .𝜔. 𝐼1 + 𝑅. 𝐼1 + 𝑉1

𝐸𝑣2 = 𝑗. 𝐿𝑝 − 𝑀 .𝜔. 𝐼2 + 𝑅. 𝐼2 + 𝑉2

𝐸𝑣3 = 𝑗. 𝐿𝑝 − 𝑀 .𝜔. 𝐼3 + 𝑅. 𝐼3 + 𝑉3

With Ls = Lp-M the cyclic inductance, each phase can be decoupled



Electrical Engineering

IV - Motors

- Synchronous machine: 

3-phase motors

- Each phase can be modelled with an equivalent single-phase circuit

=> Behn-Eschenburg’s model

N

LS=Lp-M R
EV

                                 E
          jxI

                                 V
                                            Origine des phases

         RI
        I

           Fig 3

𝑉 = 𝐸𝑣 − 𝑗𝐿𝑠. 𝜔. 𝐼 − 𝑅. 𝐼

- 𝐿𝑆: synchronous inductance

- XS: synchronous reactance

- 𝑅: winding resistance

- Ev: no-load electromotive force



Electrical Engineering

IV - Motors

- Synchronous machine: 

3-phase motors

- Determining the elements of the equivalent circuit diagram

=> Ev is measured as a function of the excitation current Ie - Ev(Ie): No-load characteristic of the SM 

=> No-load test = the SM is driven at nominal speed by an auxiliary motor (e. g. a DC motor)

=> R is directly calculated from imposed current and voltage (voltamperemetric method)

=> Xs is obtained from a short-circuit test performed at nominal speed with reduced excitation (Ie)

LS=Lp-M R
EVcc

ICC

𝐸𝑣𝑐𝑐 = 𝑗𝐿𝑠. 𝜔. 𝐼𝑐𝑐 − 𝑅. 𝐼𝑐𝑐

𝑋𝑆 = 𝐿𝑆𝜔 =
𝐸𝑣𝑐𝑐
𝐼𝑐𝑐

2

− 𝑅2

=> Plot of Icc as a function of Ie



Electrical Engineering

IV - Motors

- Synchronous machine: 

3-phase motors

- Power balance

Pmec 𝑃𝑈 = 3𝑉𝐼𝑐𝑜𝑠(𝜑)

Pm

Mechanical losses

Pf

Iron losses

PJ

Joule losses

Considered constant since they only depend 

on the rotation speed and the supply voltage

𝑃𝐽 = 3𝑅𝐼
2

- Therefore, the efficiency: 𝜂 =
𝑃𝑈

𝑃𝑈 + 𝑃𝑚 + 𝑃𝑓 + 𝑃𝐽



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Construction: 

=> 3-phase stator generating a rotating magnetic field (see before)

=> 3-phase rotor : different configurations

Squirrel cage rotor 3-phase wound rotor



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Squirrel cage rotor: 

=> Aluminum conductors or bars are placed in the 

cylinder slots and short-circuited at each end

- 3-phase wound rotor or Slip-ring rotor: 

 Windings identical to those of the stator are housed in 

the slots on the periphery of the rotor

 The rotor is three-phase and wye-coupled (short-

circuit)

 The ends of the windings are connected to three 

copper rings, insulated and fixed to the rotor

Short-cut necessary at the rotor to generate induced currents



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Working principle: 

 

  
  

  
  

 

  
  

  
  

 

  
  

  
  

  
  

  
  

  
  

  
 

 

     

=> The 3-phase stator generates a rotating magnetic field

=> The rotating field induces eddy currents in the 

rotor windings

=> According to Lenz's law, these currents oppose the 

cause that gave rise to them and generate a magneto-

motive force that makes the rotor rotate

=> Therefore, the rotor moves with the stator field at 

speed ΩR tending towards ΩS, but never reaches it

Ω𝑅 < Ω𝑆



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- The slip g: 

=> The rotor slip with respect to the stator field is defined as the relative deviation of the rotor 

rotation speed from synchronous speed

𝑔 =
Ω𝑆 − Ω𝑅
Ω𝑆

=> At synchronous speed: Ω𝑅 = Ω𝑆, 𝑔 = 0

=> O induced current => deceleration of rotor

=> When stopped, and at starting-up: Ω𝑅 = 0, 𝑔 = 1

=> Generator operation: Ω𝑅 > Ω𝑆, 𝑔 < 0



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Equivalent circuit diagram of the induction motor

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

=> Ideal model: the perfect Asynchronous motor

=> Very similar to the transformer with short-circuited secondary side

VS: RMS voltage across the stator winding

IS: RMS current flowing in the stator winding

VR: RMS voltage across the rotor winding

IR: RMS current flowing in the rotor winding

fS : frequency of stator or grid

fR : frequency of rotor currents

m: number-of-turns ratio between rotor and 

stator: 𝑚=𝑁𝑅/𝑁𝑆



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Equivalent circuit diagram of the induction motor for each phase

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

=> Ideal model: the perfect Asynchronous motor

- Frequency of currents induced at the rotor: fR

𝑔Ω𝑆 = Ω𝑆 − Ω𝑅

𝑔 =
Ω𝑆 − Ω𝑅
Ω𝑆

- At the stator, frequency of the grid fS:

𝑓𝑆 =
Ω𝑆
2𝜋
 𝑓𝑜𝑟 𝑝 = 1

𝑓𝑅 =
Ω𝑆 − Ω𝑅
2𝜋

=
𝑔Ω𝑆
2𝜋

𝒇𝑹 = 𝒈𝒇𝑺

=> Frequency transformation ratio



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Equivalent circuit diagram of the induction motor

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

=> Ideal model: the perfect Asynchronous motor

- Voltage transformation ratio (from Boucherot’s

formula)

𝑉𝑅 = 4,44. 𝑆. 𝑁𝑅. ෠𝐵. 𝑓𝑅

𝑉𝑆 = 4,44. 𝑆. 𝑁𝑆. ෠𝐵. 𝑓𝑆

𝑉𝑅
𝑉𝑆
=
𝑁𝑅
𝑁𝑆
.
𝑓𝑅
𝑓𝑆
= 𝑚. 𝑔

𝑽𝑹 = 𝒎.𝒈. 𝑽𝑺

- Current transformation ratio

𝑁𝑅. 𝐼𝑅 − 𝑁𝑆. 𝐼𝑆 = 0

𝑰𝑹
𝑰𝑺
=
1

𝒎
=
𝑵𝑺
𝑵𝑹



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Equivalent circuit diagram of the induction motor

=> Intermediate model (from the transformer)

 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

    
 

  
 

R1: resistance of stator conductors

L1: stator winding leakage inductance

R2: resistance of rotor conductors

L2: rotor winding leakage inductance

RF: resistance modelling iron losses

LM: magnetizing inductance of the magnetic 

circuit



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Equivalent circuit diagram of the induction motor

=> Intermediate model (from the transformer)

 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

  
 

    
 

  
 

- Voltages at the stator - Voltages at the rotor

𝑽 = 𝑹𝟏. 𝑰𝑺 + 𝒋. 𝑳𝟏. 𝝎𝑺. 𝑰𝑺 + 𝑽𝑺 𝑉𝑅 − 𝑅2. 𝐼𝑅 − 𝑗. 𝐿2. 𝑔. 𝜔𝑆. 𝐼𝑅 = 0

𝒎.𝑽𝑺 −
𝑹𝟐
𝒈
. 𝑰𝑹 − 𝒋. 𝑳𝟐. 𝝎𝑺. 𝑰𝑹 = 𝟎



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Equivalent circuit diagram of the induction motor

=> The real model (equivalent primary model)

  
 

 

  
 

  
 
 

  
 

  
 

   
 
     

 

  
 

   

  
 
 

  

- Impedance transfer from rotor to stator:

𝐋 =
𝑳𝟐
𝒎𝟐

𝑹

𝒈
=

𝑹𝟐
𝒈.𝒎𝟐

𝒎.𝑽𝑺 −
𝑹𝟐
𝒈
. 𝑰𝑹 − 𝒋. 𝑳𝟐. 𝝎𝑺. 𝑰𝑹 = 𝟎

𝑰𝑹
𝑰𝑺
=
1

𝒎



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Equivalent circuit diagram of the induction motor

=> The real model (equivalent primary model)
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 2

𝑅2
𝑚2
.
(1 −  𝑔)

𝑔
 

  
 

 

  
 

  
 
 

  
 

  
 

   
 
     

 

  
 

     
  

  
  

  
 
 

  

𝑅

𝑔
=

𝑅2
𝑔.𝑚2

=
𝑅2
𝑚2
+
𝑅2
𝑚2
. (1 − 𝑔)

𝑔

𝑅2

𝑚2
= related to Joule losses at the rotor

𝑅2

𝑚2
.(1−𝑔)

𝑔
= related to the power transferred to the rotor



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Equivalent circuit diagram of the induction motor

=> The real model (equivalent primary model)

  
 

 

  
 

  
 
 

  
 

  
 

   
 
     

 

  
 

   

  
 
 

  

 2
 2

𝑅2
𝑚2
.
(1 −  𝑔)

𝑔
 

R1: resistance of stator conductors/ 

Joule losses

L1: stator winding leakage inductance

R/g: resistance of rotor 

conductors/motional resistance

R2/m2: resistance of rotor conductors/ 

Joule losses

R2/m2 ((1-g)/g) resistance modelling 

the electromagnetic power transferred 

to the rotor

L: rotor winding leakage inductance

RF: resistance modeling iron losses

LM: magnetizing inductance of the 

magnetic circuit

Remark : inductances are cyclic 

inductances



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Power balance:

  
 

  
  

  
  

  
 

  
  

  
  

  
  

  
 

  
  

Pa: Active power absorbed at the stator

PJS: Joule losses at the stator

PFS: Iron losses at the stator

PTR: Power transmitted to the rotor

STATOR ROTOR

𝑃𝑎 = 3𝑉𝑆𝐼𝑆𝑐𝑜𝑠𝜑𝑆

𝑃𝐽𝑆 = 3𝑅1𝐼𝑆
2

PU: Useful power 

(mechanical)

𝑃𝐹𝑆 = 3.
𝑉𝑆
2

𝑅F
𝑃𝑇𝑅 = 𝐶𝐸𝑀. Ω𝑆



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Power balance:

  
 

  
  

  
  

  
 

  
  

  
  

  
  

  
 

  
  

PJR: Joule losses at the rotor

PFR: Iron losses at the stator (almost 0 usually, low fR)

PEM: Electromagnetic power

pM: Mechanical losses (bearing losses, aerodynamic friction of the fan…)

STATOR ROTOR

𝜂 =
𝑃𝑈

𝑃𝑈 + 𝑃𝐽𝑆 + 𝑃𝐹𝑆 + 𝑃𝐽𝑅 + 𝑃𝐹𝑅 + 𝑝𝑀

𝑃𝐽𝑅 = 3. 𝑅2. 𝐼𝑅
2

𝑃𝐸𝑀 = 𝐶𝐸𝑀. Ω𝑅

𝑃𝑈 = 𝐶𝑈. Ω𝑅



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Determining the elements of the equivalent circuit diagram: Test at g = 0

=> Test at nominal voltage

=> The synchronous machine is driven at synchronous speed (ΩS) by an auxiliary motor (g=0)

=> Under such conditions, PEM = 0

  
 

   
 

 

   
 

  
 

   

  
 
 

  

iS0

VS0

i’S0=0

- Measured quantities: VS0, IS0, PS0, QS0

𝑃𝑆0 = 𝑃𝐽𝑆0 + 𝑃𝐹𝑆0 ≅ 𝑃𝐹𝑆

𝑅𝐹 =
3𝑉𝑆0
2

𝑃𝑆0
𝐿𝑚𝜔 =

3𝑉𝑆0
2

𝑄𝑆0



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Determining the elements of the equivalent circuit diagram: Test at g = 1

=> Test at reduced voltage, close to the nominal current 

=> A brake blocks the rotor (g=1, (ΩR=0)

=> Iron losses are assumed to be negligible – Powers are all consumed at the rotor

  
 

   
 

 

   
 

  
 

   

  
 
 

  

VSR

i’SR

- Measured quantities: VSR, ISR, PSR, QSR

R

𝑅 =
𝑃𝑆𝑅

3𝐼𝑆𝑅
2 − 𝑅1 𝐿𝜔 =

𝑄𝑆𝑅

3𝐼𝑆𝑅
2

- R1 is measured by volt-amperemetric at the stator

=> Hot, continuous and nominal voltage and current



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Expression of the electromagnetic torque

  
 

   
 

 

   
 

  
 

   

  
 
 

  

- R1 and L1 are neglected at V = VS

𝐼𝑆
′ =

𝑉

𝑅
𝑔

2

+ 𝐿.𝜔 2

𝑃𝑇𝑅 = 𝐶𝐸𝑀. Ω𝑆

𝑃𝑇𝑅 = 3.
𝑅

𝑔
. 𝐼𝑆
′2

𝐶𝐸𝑀 = 3.
𝒑

𝝎
.

𝑽2. 𝑹

𝑹2

𝒈
+ 𝒈. 𝑳.𝝎 2



Electrical Engineering

IV - Motors

- Induction motor/ Asynchronous motor: 

3-phase motors

- Electromagnetic torque

 

  
   

  
 

  
   

  
   

  
   

  
    

  
 

𝐶𝐸𝑀 = 3.
𝒑

𝝎
.

𝑽2. 𝑹

𝑹2

𝒈
+ 𝒈. 𝑳.𝝎 2

𝑪𝑴𝑨𝑿 = 𝒌.
𝑽2

𝒇2

𝑪𝑫𝑬𝑴 = 3.
𝒑

𝝎
.

𝑽2. 𝑹

𝑹2 + 𝑳.𝝎 2

𝑔𝑚𝑎𝑥 =
𝑅

𝐿.𝜔


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24

