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Electromechanical Relations
Motoring Case
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Magnetic System with Single Excitation
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Magnetic Relay with Single Excitation
Assumption 1: The movable part cannot move or is not allowed 
to move
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Magnetic Relay with Single Excitation
Assumption 1: The movable part cannot move
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Magnetic Relay with Single Excitation
Assumption 1: The movable part cannot move

where 
is the core volume
is the air‐gap volume
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Magnetic Relay with Single Excitation
Assumption 1: The movable part cannot move

In the case of linear systems:
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Magnetic Relay with Single Excitation
Example 1: In the following system if the air‐gap flux density is 1 
T and air‐gap length is constant and fringing effect is neglected, 
calculate:
a) The DC source voltage;
b) Stored magnetic energy.
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Magnetic Relay with Single Excitation
Solution 1: 
From the curve   
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Magnetic Relay with Single Excitation
Solution 1: 
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Energy and Coenergy
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-i curve in system with changing air-gap

The ‐i curve  varies with the air‐gap length
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Magnetic Relay with Single Excitation
Assumption 2: The movable part can move but slowly

In this case the current remains constant during the movement.
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Magnetic Relay with Single Excitation
Assumption 2: The movable part can move but slowly

From o to a: No movement yet, therefore 
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Magnetic Relay with Single Excitation
Assumption 2: The movable part can move but slowly

From a to b:
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Magnetic Relay with Single Excitation
Assumption 3: The movable part can move but very fast

In this case the flux linkage remains constant during the 
movement.
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Magnetic Relay with Single Excitation
Assumption 3: The movable part can move but very fast

From o to a: No movement yet, therefore 
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Magnetic Relay with Single Excitation
Assumption 3: The movable part can move but very fast

From a to c:
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Magnetic Relay with Single Excitation
Assumption 3: The movable part can move but very fast

From c to b: No movement, therefore 
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1‐Why does the current remain constant during the slow 
movement?

2‐Why does the flux linkage remain constant during the fast 
movement?

3‐Why should the currents at the open and closed stages be the 
same?

 

i  

N  

  

+ 
v  
_ 

+ 
e  
_ 

r

g

Fixed part 

M
ov

ab
le

 p
ar

t 

Spring 

22

Some Questions (H.W)
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Magnetic Relay with Single Excitation
Assumption 4: The movable part moves with normal speed
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Magnetic Relay with Single Excitation
Assumption 4: The movable part moves with normal speed

From o to a: No movement yet, therefore 
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Magnetic Relay with Single Excitation
Assumption 4: The movable part moves with normal speed

From a to c:
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Magnetic Relay with Single Excitation
Assumption 4: The movable part moves with normal speed

From c to b: No Movement, therefore
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Electromechanical Energy Conversion
Example 2: The energy conversion cycles of two machines are 
OABO and OABCO curves shown below. If the energy conversion 
efficiency is defined as follows, calculate R1 and R2
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Electromechanical Energy Conversion
Solution 2: Part (1)

4.0
10
4

1

1
1 

elec

mech

W
W

R

 
B 

O )A(i

(Wb.t)

A 

4 

3 

1 

(1) 

1044
3

1

1

01   







ddididW B

A

A

O
elec

41  OABOmech AW

2017                                                     Shiraz University of Technology Dr. A. Rahideh



29

Electromechanical Energy Conversion
Solution 2: Part (2)
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Mechanical Force
The average force is calculated as the mechanical work divided 
by the displacement

ntDisplaceme
WorkMechanical

aveF

 

g

dx  

i  

N



+ 
v  
_ 

r

Fixed part 

M
ov

ab
le

 p
ar

t 

Spring 

x  

 

)A(i

(Wb.t)  

a 

0x  

gx 

x  
dxx   

Fully open 
(no movement yet) 

Fully closed 

o 

c 
h b 

k 

d 

f 

2017                                                     Shiraz University of Technology Dr. A. Rahideh



31

Mechanical Force

• If the flux linkage is constant (fast movement),
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Mechanical Force

• If the current is constant 
(slow movement),
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Translational movement
Force

Rotational movement 
Torque

33

Force and Torque Calculation

where  is the angular position.
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Electromechanical Energy Conversion
Example 3: In an electromechanical system                             for

and                       . Calculate the force exerted on the 
movable part if the current is 3 A and air‐gap length is 5 cm.

Solution: 1st method (Coenergy)               2nd method (Energy)
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Electromechanical Energy Conversion

Solution 3: 1st method (Coenergy)

For                  and 
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Electromechanical Energy Conversion

Solution 3: 2nd method (Energy)

For                and 
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Electromechanical Energy Conversion
Example 4: In the following system assume flux is constant 
during the movement, calculate the average force.
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Electromechanical Energy Conversion
Solution 4: Since the permeability of the core goes to infinity, 
the system is linear.
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Electromechanical Energy Conversion
Example 5: In an electromechanical system the            characteristics 
is defined as                                        for                   , calculate the 
average force when                .
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Developed Torque in Doubly Excited 
Systems

Consider the following electric motor with double excitation.

where
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rotor current
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Developed Torque in Doubly Excited 
Systems

The inductances are defined as follows

where
stator number of turns
rotor number of turns
reluctance seen by stator flux
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Developed Torque in Doubly Excited 
Systems

Assumption 1: The rotor cannot rotate
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Developed Torque in Doubly Excited 
Systems

Assumption 2: The rotor can rotate

Taking differentiation from the 
relation
yields
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Developed Torque in Doubly Excited 
Systems

Assumption 2: The rotor can rotate
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Developed Torque in Doubly Excited 
Systems

Assumption 2: The rotor can rotate

Since the torque is defined as

it yields
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Developed Torque in Doubly Excited 
Systems

Case 1: Both rotor and stator have salient structures:
,        and        are function of     .

Reluctance torque is independent of current direction.
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Developed Torque in Doubly Excited 
Systems

Case 2: Rotor has salient structures but stator is cylindrical:
and        are function of     .
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Developed Torque in Doubly Excited 
Systems

Case 3: Stator has salient structures but rotor is cylindrical:
and        are function of    .
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Developed Torque in Doubly Excited 
Systems

Case 4: Both rotor and stator are cylindrical (non‐salient):
only          is a function of    .
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Developed Torque in Doubly Excited 
Systems

Example 6: In the following figure the rotor has no winding and 
the self‐inductance is assumed to be                                 where     
is the rotor position. If stator current is                        .
a) Calculate the torque exerted on the rotor.
b) Find the conditions in which the average torque is not zero if  

where        is the angular velocity of the rotor and     
is the initial position of the rotor. 
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Developed Torque in Doubly Excited 
Systems

Solution 6:
Part a)

Since rotor has no winding:
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Developed Torque in Doubly Excited 
Systems

Solution 6:
Part b)

To have non‐zero average torque the coefficient of t in one of 
the above sin terms should be zero:

or                      or
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Developed Torque in Doubly Excited 
Systems

Solution 6:
Part b)

1) If

2) If 
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Electromechanical Energy Conversion
Example 7: In the following system assume the movable part is fixed 
and the air‐gap length is               .
1) Calculate the current and voltage if flux density in air‐gap is 0.5 T.
2) Calculate the stored energy.

mm1d

3) Obtain the force exerted 
on the movable part.

4) Compute the inductance 
of the winding.
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Electromechanical Energy Conversion
Solution 7:
Part 1)

From the curve 

mm1 gld
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Electromechanical Energy Conversion
Solution 7:
Part 2)

mm1 gld
T5.0 cg BBB At/m350cH
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Electromechanical Energy Conversion
Solution 7:
Part 3)
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Electromechanical Energy Conversion
Solution 7:
Part 3)
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Electromechanical Energy Conversion
Example 8: In the following system assume the current is 1.215 A 
and the air‐gap is fully closed.
1) Calculate the flux density.
2) Calculate the force exerted on spring.
3) Calculate the stored energy
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Electromechanical Energy Conversion
Solution 8:
Part 1)

From the curve 
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Electromechanical Energy Conversion
Solution 8:
Part 2)

0 gld
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Electromechanical Energy Conversion
Solution 8:
Part 3)

0 gld

T21.1 cg BBB

m6.0cl 7
0 104  

 
B

ggcccfield
BAldBHAlW

0
0

2

2

xlg 

0

2

2

BA
x

W
F g

cte

field 







23 m105.205.005.0 gA

N4.1456F

?F

 

 4r

 V

Movable 

cm5

i  

500N  

cm5  
Spring 

cm5  

cm10

Not in scale 
cm5  

d

cm10  

cm5  

2017                                                     Shiraz University of Technology Dr. A. Rahideh



63

Developed Torque
Example 9: In the following figure the rotor has no winding and 
the self‐inductance is assumed to be                                         
where      is the rotor position. If stator current is 10 Aac with 
frequency of 60 Hz:                       .
a) In which rotational velocity the average torque is not zero if  

where        is the angular velocity of the rotor and     
is the initial position of the rotor. 

b) In the velocity obtained above calculate the 
maximum torque and mechanical power.

c) Obtain maximum torque at zero velocity. 
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Developed Torque
Solution 9:
Part a)
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Developed Torque
Solution 9:
Part a)

or                                           or
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Developed Torque
Solution 9:
Part b)
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Developed Torque
Solution 9:
Part c)
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