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IntRoDUctIon

All technological processes in the industry are controlled. Con-
trol systems are formed of the basic devices. Most products are 
made up of independent electronic and mechanical components. 
Mechatronics is defined as the synergistic combination of preci-
sion mechanical, electronic, control, and systems engineering, in the 
design of products and manufacturing processes. Mechatronics re-
sponds to industry’s increasing demand for engineers who are able 
to work across the boundaries of narrow engineering disciplines, to 
identify and use the proper combination of technologies for optimum 
solutions to today’s increasingly challenging engineering problems. 
Mechatronics covers a wide range of application areas including 
consumer product design, instrumentation, manufacturing methods, 
motion control systems, computer integration, process and device 
control, integration of functionality with embedded microprocessor 
control, and the design of machines, devices and systems possess-
ing a degree of computer-based intelligence. Robotic manipulators, 
aircraft simulators, electronic traction control systems, adaptive sus-
pensions, landing gears, air-conditioners under fuzzy logic control, 
automated diagnostic systems, micro electromechanical systems 
(MEMS), consumer products such as VCRs, driverless vehicles are 
all examples of mechatronic systems. These systems depend on the 
integration of mechanical, control, and computer systems in order to 
meet demanding specifications, introduce ‘intelligence’ in mechani-
cal hardware, add versatility and maintainability, and reduce cost.

Competitiveness requires devices or processes that are increas-
ingly reliable, versatile, accurate, feature-rich, and at the same time 
inexpensive.

Subject of “Mechatronic equipment” provides the basic knowl-
edge about elements of mechatronic system, such as transformers, 
electric motors, sensors, strategy of design of control systems, mod-
eling of mechatronic elements and systems.

Subject module “Mechatronics equipment” is delivered in the 
3rd semester consisting of 15 weeks studies whereof one week is 
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dedicated for individual studies. This subject requires knowledge 
and skills acquired in the subject of the 1st semester “Electrical En-
gineering”. 
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test of sIngle phase tRansfoRMeR

laboratory work no 1

objectives:
1. Get acquainted with operation and properties of single phase 

transformer.
2. Acquire skills to measure transformer parameters and operat-

ing characteristics.

tasks:
1. Analyze connection of measuring devices and parameters to be 

measured.
2. Obtain experimentally operating characteristics and character-

istic parameters of single phase transformer.
3. Analyze the primary winding current shape variation at load 

change from zero to the rated one.

fundamental transformer equations

A transformer is an electromagnetic device having two or more 
mutually coupled windings. A two-winding ideal transformer is 
shown in Fig. 1.1.

The transformer is ideal in the sense that its core is lossless, it 
is infinitely permeable and has no leakage flux and that its windings 
have no losses.

The basic elements of the transformer are: core, primary wind-
ing N1, and the secondary winding N�.

If Φ is mutual flux linking N1 and N� then according to Fara-
day’s law of electromagnetic induction, EMF’s e1 and e� are induced 
in N1 and N� owing to a finite rate of change of Φ such as:

                                     
1 1 ,de N

dt
Φ

= −     (1.1)
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� � .de N

dt
Φ

= −   (1.2)

7

1N 2N
1i

1V 2V
1e 2e



  

Fig. 1.1. Two-winding transformer 

The direction of e1 is such that produces a current which opposes 
the flux change according to Lenz’s law. The transformer being ide-
al, e1 = v2.

From Eqs.(1.1) and (1.2)

1 1

2 2
,e N

e N
   (1.3) 

which may also be written in terms of RMS values as: 

1 1

2 2
,E N a

E N
    (1.4) 

where a is known as the turn ratio. 
Since e1 = v1 (and e2 = v2) the flux and voltages are related by 

1 2
1 2

1 1 .v dt v dt  
    (1.5) 

If the flux varies sinusoidally  

sin ,m t    (1.6) 

then the induced voltage linking N-turn winding is given by 

fig. 1.1. Two-winding transformer

The direction of e1 is such that produces a current which op-
poses the flux change according to Lenz’s law. The transformer be-
ing ideal, e1 = v�.

From Eqs. (1.1) and (1.2) 

                                       

1 1

� �
,e N

e N
=    (1.3)

which may also be written in terms of RMS values as:

                                      

1 1

� �
,E N a

E N
= =    (1.4)

where a is known as the turn ratio.
Since e1 = v1 (and e� = v�) the flux and voltages are related by

 1 �
1 �

1 1 .v dt v dtΦ = =
Ν Ν∫ ∫

 
                         (1.5)

If the flux varies sinusoidally 
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 sin ,m tΦ = Φ ω                                    (1.6)

then the induced voltage linking N-turn winding is given by

 sin( ).
�me N t π

= ω Φ ω −
                                

(1.7)

From Eq. (1.7) RMS value of the induced voltage is:

 4.44 ,
�

m
m

NE fNω Φ
= = Φ                             (1.8)

which is known as emf equation where 
�

f ω
=

π
 is the operating 

frequency in Hz.
If N� > N1, V� will be larger than V1 and we say that voltage V1 

has been “stepped up” by “turns ratio” N1 / N�.
If the voltage is applied to the terminal of coil 2, the induced 

voltage at the terminal of coil 1 will be stepped down by ratio N1 / N� 
if N1 < N�.

Instantaneous power delivered to the first coil is:
 1 1 �.p v i=

And the power delivered to the second coil is:
 � � �.p v i=

If we assume that the transformer is lossless, then the total pow-
er delivered to the transformer must be zero:

1 � 0p p+ =
 
or                  1 1 � � 0.v i v i+ =                        (1.9)
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Substituting Eq. (1.3) for Eq. (1.9) yields:

�
1 1 1 �

1
0Nv i v i

N
+ =

or 1
� 1

�
.Ni i

N
= −

                                   
(1.10)

Thus for current i1 entering the dotted terminal of coil 1, cur-

rent i� must leave the dotted terminal of coil 2 and is equal 1
1

�

N i
N

 
 
 

. 

The current ratio in Eq. (1.10) is the reciprocal of the voltage ratio. 

Thus, if a transformer steps up voltage applied to coil 1, it steps 
down the current entering coil 1 by the same ratio, so that trans-
former remains lossless. Such transformer is said to be ideal.

9

2
1 1 1 2

1
0Nv i v i

N
 

or 1
2 1

2
.Ni i

N
   (1.10) 

Thus for current i1 entering the dotted terminal of coil 1, current 
i2 must leave the dotted terminal of coil 2 and is equal 1

1
2

N i
N

 
 
 

. The 

current ratio in Eq. (1.10) is the reciprocal of the voltage ratio. Thus, 
if a transformer steps up voltage applied to coil 1, it steps down the 
current entering coil 1 by the same ratio, so that transformer remains 
losseless. Such transformer is said to be ideal. 

1i 1N 2N

1V 2V

2i

Fig. 1.2. Loaded transformer 

Quite often centre-tapped ideal transformers shown in Fig. 1.3 
are used. The second coil has a tap placed in the centre so that the 

voltage induced across the second coil 2
1

1

N V
N

 
 
 

 is divided equally 

between two halves of that coil. 

1i 1N 2N

1V
20.5V

2i

20.5V

Fig. 1.3. Transformer with a central tap 

fig. 1.2. Loaded transformer

Quite often centre-tapped ideal transformers shown in Fig. 1.3 
are used. The second coil has a tap placed in the centre so that the 

voltage induced across the second coil �
1

1

N V
N

 
 
 

 is divided equally 
between two halves of that coil.
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Fig. 1.3. Transformer with a central tap fig. 1.3. Transformer with a central tap

This transformer can be used to provide two voltages which are 
opposite to each other in phase or polarity. The voltage at terminal 
a with respect to the centre tap is opposite in polarity to the voltage 
of terminal b with respect to the centre tap.

Magnetic circuits of transformers

A magnetic core provides a path for magnetic flux and is an 
integral part of transformers and electric machines. 

The core material of the magnetic circuit (constituting a trans-
former or an electric machine) is generally of such a material that 
the variation of B with H is depicted by the saturation curve shown 
in Fig. 1.4:

10

This transformer can be used to provide two voltages which are 
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A magnetic core provides a path for magnetic flux and is an in-
tegral part of transformers and electric machines.  

The core material of the magnetic circuit (constituting a trans-
former or an electric machine) is generally of such a material that the 
variation of B with H is depicted by the saturation curve shown in 
Fig. 1.4: 

a

b

c

H ,A/m

B ,T

Fig. 1.4. Saturation curve of magnetic materials 

The slope of the curve depends upon the operating flux density 
as classified in regions a, b, c. For the region b that has a constant 
slope we may write: 

,B H   (1.11) 

where  is defined as the permeability of the material and is meas-
ured in henrys per metre (H/m). For free space (or air) we have 

fig. 1.4. Saturation curve of magnetic materials
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The slope of the curve depends upon the operating flux density 
as classified in regions a, b, c. For region b that has a constant slope 
we may write:

 
 ,B H= µ                                       (1.11)
 

where µ is defined as the permeability of the material and is measu-
red in henrys per metre (H/m). For free space (or air) we have 

7
0 4 10 H/m−µ = µ = π ⋅ . In terms of µ0 Eq. (1.11) is sometimes written as:

 0 ,rB H= µ µ                                   (1.12)

where 
0

r
µ

µ =
µ

 and is called the relative permeability. For ferromag-

netic materials µr >> �.

core losses

Consider the magnetic circuit of the transformer shown in Fig. 1.1.
Alternating current develops alternating magnetic moving 

force (MMF) in magnetic circuit. Then B–H curve takes the form 
shown in Fig. 1.5.

H, A/m 

B, T 

fig. 1.5. Hysteresis loop

B, T



1�

This loop is known as the hysteresis loop and the area within 
the loop is proportional to the energy loss (as heat) per cycle. This 
energy loss is known as hysteresis loss.

Eddycurrent loss, the loss due to eddy currents induced in the 
core materials of a magnetic circuit excited by AC MMF, is another 
feature of an AC-operated magnetic circuit. The power losses due 
to hysteresis and eddy currents collectively known as core losses or 
iron losses are approximated by:

Eddy current loss:

 2 2 3,  W/m .e e mP k f B  =                             (1.13)

Hysteresis loss:

 1.5 to 2.5 3,  W/m ,h h mP k fB  =                          (1.14)

where ke is a constant, depending on the material conductivity and 
thickness, kh is another constant depending on the hysteresis loop 
of the material, Bm is the maximum core flux density and f is the 
frequency of excitation.

The hysteresis loss component of the core loss is reduced using 
“good quality” electrical steel (having a narrow hysteresis loop) for 
the core material.

The eddycurrent loss is reduced making the core of lamina-
tions or thin sheets with very thin layers of insulation between the 
laminations. The laminations are oriented parallel to the direction 
of flux. Lamination of a core increases its cross-sectional area and 
hence its volume. The ratio of the volume actually occupied by the 
magnetic material to the total volume of the core is called the stack-
ing factor. 

phasor Diagram of linear transformer

A linear transformer has no core or a non-ferromagnetic core or 
ferromagnetic non-saturated core (Fig. 1.6).
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If the circuit of the secondary winding is open, the transformer 
is at no-load. Then the current I� does not flow across the secondary 
winding: � 0� 0I I= =  and the current across the primary winding 
is limited by impedance 1 11 01Z Z R j L= = + ω :

 

2 p. recenzentas  Assoc Prof Dr Saulius Lisauskas 
6 p. tur t  b ti numeruotos visos 3 užduotys (Tasks) 
8 p. reik t  suvienodinti tarpus tarp (1.6) bei (1.7) formuli  ir teksto. 
8 p. iškraipytos formul s, tur t  b ti visos centruotos, „or“ – prieš numeruot  (1.9) 

11 p. formul  susilieja su tekstu, tur t  b ti didesnis tarpas tarp eilu i  (prieš skyrelio pavadinim ):

11 p. 1.5 pav. matavimo vienetai tur t  b ti nepasvir :

11 p. sutrumpinimas „mmf“ tur t  b ti didžiosiomis raid mis – „MMF“ 
13 ir 15 p. t.y. formul se (1.15), nenumeruotoje po 1.6 pav., (1.19) bei žym jimuose prieš j  ir po jos 
mažasis graikiškas simbolis „phi“ tur t  b ti pakeistas maž ja graikiška raide „phi“, kad atitikt
žym jimus paveiksluose ir labiau skirt si nuo didži ja „Phi“ žymimo magnetinio lauko stiprio: 

01
01

1 1 1
1 01

1 1 0101
.j

j
V V V

I I e
R j L ZZ e

 
   

 

1 1
01

1
tan .L

R
 

 

2

1 2
2

2
tan .L L

L

X X
R R





 



2 0 
29 p. po (2.10) formule tur t  b ti „constant“. 
36 p. po uždavini  (Task) einantis „Direct current generators“ yra poskyrio pavadinimas, tur t  b ti
išskirtas.
50 p. pabaigoje n-phase ir m-phase „n“ ir „m“ turi b ti pasvir , nes kintamieji. 
51 p. po m prieš tašk  nereikia kablelio: 

        (1.15)
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Fig. 1.6. Linear transformer 

The no-load current of the transformer lags the voltage 1V  by 

angle 1 1
01
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Current 01I  produces magnetic flux 01  which is in phase with 
this current. The part of flux 01 , linking the secondary winding, is 
the mutual inductance flux of the secondary winding. In the secon-
dary winding it produces the induced EMF 2 01ME j M I   , lag-

ging the current 01I  by angle 2
 .

The phasor diagram is shown in Fig. 1.7. 
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29 p. po (2.10) formule tur t  b ti „constant“. 
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Current 01I  produces magnetic flux 01Φ  which is in phase with 

this current. The part of flux 01Φ , linking the secondary winding, 
is the mutual inductance flux of the secondary winding. In the sec-

ondary winding it produces the induced EMF � 01ME j M I= − ω , 

lagging the current 01I  by angle �
π .

The phasor diagram is shown in Fig. 1.7.
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linear transformer with load

When the load L LLZ R jX= +  is attached to the terminals of 

the secondary winding, the load current �I  flows across the second-
ary winding.

Equations of the loaded transformer now become:

 1 1 1 � 1( ) ,L MR jX I jX I V+ + =                     (1.16)

 � � � � �( ) ,L L MR jX I Z I E+ + =                    (1.17)

where � 1MME jX I= −  is voltage of mutual inductance.
The phasor diagram is plotted in accordance with Eqs. (1.16) 

and (1.17).

At first let‘s choose the direction of current 1I . Then plot volt-

age � 1ME j M I= − ω , that lags current 1I  by angle �
π  ( due to 

multiplier –j).

Voltage �ME  produces the current
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�

� �

M

L L

EI
R jX Z

=
+ +

                               (1.18)
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8 p. iškraipytos formul s, tur t  b ti visos centruotos, „or“ – prieš numeruot  (1.9) 

11 p. formul  susilieja su tekstu, tur t  b ti didesnis tarpas tarp eilu i  (prieš skyrelio pavadinim ):

11 p. 1.5 pav. matavimo vienetai tur t  b ti nepasvir :

11 p. sutrumpinimas „mmf“ tur t  b ti didžiosiomis raid mis – „MMF“ 
13 ir 15 p. t.y. formul se (1.15), nenumeruotoje po 1.6 pav., (1.19) bei žym jimuose prieš j  ir po jos 
mažasis graikiškas simbolis „phi“ tur t  b ti pakeistas maž ja graikiška raide „phi“, kad atitikt
žym jimus paveiksluose ir labiau skirt si nuo didži ja „Phi“ žymimo magnetinio lauko stiprio: 
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29 p. po (2.10) formule tur t  b ti „constant“. 
36 p. po uždavini  (Task) einantis „Direct current generators“ yra poskyrio pavadinimas, tur t  b ti
išskirtas.
50 p. pabaigoje n-phase ir m-phase „n“ ir „m“ turi b ti pasvir , nes kintamieji. 
51 p. po m prieš tašk  nereikia kablelio: 

.
From Eq. (1.17) we see that the sum of voltage drops across im-

pedances � �� LZ R jX= +  and L LLZ R jX= +  is equal to voltage 

�ME . Voltage V1 is defined in accordance with Eq. (1.16) by adding 

voltage drops 1 1R I , 1 1LjX I  and �MjX I .
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� �R I 1 1R I
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�ME
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fig. 1.8. Phasor diagram of a loaded transformer
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equivalent circuit of linear transformer

The equivalent circuit of the transformer does not contain the mu-
tual inductance. It is rearranged using Eq. (1.16) and (1.17). Let’s add 

and subtract on the left side of Eq. (1.16) 1MjX I , and on the left-hand 

side of Eq. (1.17) �MjX I  and substitute 1� MME jX I= − . That gives :

 1 11 1 1 � 1( ) ( ) ,R I j L M I j M I I V+ ω + − ω − =          (1.20)

 � �1 � 1 � �( ) ( ) 0,R I j L M I j M I I V+ ω + + ω − + =       (1.21)

where �� LV Z I= ; 1 1LL Xω = ; � �LL Xω = ; MM Xω =

According to the system of equations (1.20), (1.21) the equiva-
lent circuit of the linear transformer looks like shown in Fig.1.9.

This circuit is used for the analysis of characteristics of trans-
formers. The ideal transformer is close to an actual transformer 
with a large number of turns and with a magnetic core of high per-
meability.

16

1V 2V

1I 2I1R 2R1L M 2L M

M

1 2( )I I

Fig. 1.9. Equivalent circuit of a linear transformer 

The Equivalent Circuit of Non-Ideal Transformer 

A non-ideal (or actual) transformer has hysteresis and eddy-
current losses (core losses) and has resistive I2R losses in its primary 
and secondary windings. The core of a non-ideal transformer is not 
perfectly permeable and thus requires a finite mmf for its magnetisa-
tion. Also because of leakage not all fluxes link with the primary and 
secondary windings simultaneously. 

The equivalent circuit in Fig. 1.9 includes the series resistance of 
coil R1 and X1, the leakage reactance, which arises from leakage 
fluxes as well as magnetizing reactance M MX L   across which 
terminal voltage V1 is shown. 

The hysteresis and eddy-current losses are reflected by the resis-
tance Rc in parallel with reactance M MX L   so that voltage 1V
appears across Rc also, the core losses being directly dependent on 

1V . cI  is used for accounting of core losses. MI is magnetizing cur-
rent. Also the circuit includes the resistance of the secondary wind-
ing R2, and the leakage reactance X2. The secondary winding is re-
ferred to the primary using turn ratio at coupling primary and 
secondary windings. 

Voltage regulation is a measure of the change in the terminal 
voltage of the transformer with a load. 

100no load load

load

V VPercent regulation
V

 
   (1.22) 

fig. 1.9. Equivalent circuit of a linear transformer

the equivalent circuit of non-Ideal transformer

A non-ideal (or actual) transformer has hysteresis and eddycur-
rent losses (core losses) and has resistive I�R losses in its primary 
and secondary windings. The core of a non-ideal transformer is not 
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perfectly permeable and thus requires a finite mmf for its magneti-
sation. Also because of leakage not all fluxes link with the primary 
and secondary windings simultaneously.

The equivalent circuit in Fig. 1.9 includes the series resistance 
of coil R1 and X1, the leakage reactance, which arises from leakage 

fluxes as well as magnetizing reactance M MX L= ω  across which 
terminal voltage V1 is shown.

The hysteresis and eddycurrent losses are reflected by the re-

sistance Rc in parallel with reactance M MX L= ω  so that voltage 

1V  appears across Rc also, the core losses being directly dependent 

on 1V . cI  is used for accounting of core losses. MI is magnetizing 
current. Also the circuit includes the resistance of the secondary 
winding R�, and the leakage reactance X�. The secondary winding 
is referred to the primary using turn ratio at coupling primary and 
secondary windings.

Voltage regulation is a measure of the change in the terminal 
voltage of the transformer with a load.

 100no load load

load

V VPercent regulation
V

− −
= ⋅              (1.22)

with reference to Fig. 1.10

 1 �

�

V aVPercent regulation
aV
−

=                     (1.23)
for the given load.
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with reference to Fig. 1.10 
1 2

2

V aVPercent regulation
aV


  (1.23) 

for a given load. 

1V 2aV

1I
2I

a1R 2
2a R1X

MX

2
2a X

cR

cI MI

0I

Fig. 1.10. Equivalent circuit of a transformer 

There are two kinds of efficiency: power efficiency and energy 
efficiency: 

,output powerPower efficiency
input power

  (1.24) 

.output energy for a given periodEnergy efficiency
input energy for the same period

  (1.25) 

The output power is less than the input power because of loss-
es: the I2R loss in the windings and the hysteresis and eddy-current 
losses in the core. Thus: 

2 .

input power losses output powerEfficiency
input power output power losses

output power
output power I Rloss coreloss


  




 

 (1.26) 

I2R loss is load-dependent, whereas core loss is constant and in-
dependent on the load of the transformer. 

fig. 1.10. Equivalent circuit of a transformer
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There are two kinds of efficiency: power efficiency and energy 
efficiency:

 ,output powerPower efficiency
input power

=                   (1.24)

 .output energy for a given periodEnergy efficiency
input energy for the same period

=     (1.25)

The output power is less than the input power because of loss-
es: the I�R loss in the windings and the hysteresis and eddycurrent 
losses in the core. Thus:

� .

input power losses output powerEfficiency
input power output power losses

output power
output power I Rloss coreloss

−
= = =

+

=
+ +

 (1.26)

   
I�R loss is load-dependent, whereas core loss is constant and 

independent on the load of the transformer.

tests of transformers

Any transformer is characterized by the main rated parameters: 
total voltamperes Sv (V·A or kV·A); rated currents of primary and 
secondary windings I1r and I�r; rated voltage of primary windings 

1rV  and voltage of secondary winding at no-load �0 �rV V= ; average 

power of shirt circuit and open circuit 1ShP  and 10P ; relative short 

circuit voltage *
shv , frequency of supply network; mode of winding 

connection and other data, obtained during experiments. According 
to that it is possible to analize dependence of secondary winding 
voltage from load, power losses, resistance of windings and other 
data important for transformer exploitation.
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The main experiments are: test transformer at no-load, shirt 
circuit mode and test of transformer at loading (for small power 
transformers).

experiment on no-load is fulfilled by attaching the primary 
winding to the rated voltage supply source and the secondary wind-
ing is left open (see Fig. 1.11). 
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Tests of transformers 

Any transformer is characterized by the main rated parameters: 
total voltamperes Sv (V·A or kV·A); rated currents of primary and 
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The main experiments are: test transformer at no-load, shirt cir-
cuit mode and test of transformer at loading (for small power trans-
formers).

Experiment on no-load is fulfilled by attaching the primary 
winding to the rated voltage supply source and the secondary wind-
ing is left open (see Fig. 1.11).  

10I

220 V

T
A

V

W

V

Fig. 1.11. Experimental circuit of transformer at no load 

During no-load experiment the primary winding voltage 1rV ,
current 10I and pover 10P  as well as the secondary voltage 20V  is 
measured. 

From experimental results we can calculate turns ratio and core 
losses of the transformer in this way: 

fig. 1.11. Experimental circuit of transformer at no load

During no-load experiment the primary winding voltage 1rV , 

current 10I and power 10P  as well as the secondary voltage �0V  is 
measured.

From experimental results we can calculate turns ratio and core 
losses of the transformer in this way:

1. Turns ratio is calculated as: 1 1

� �0
;E Vk

E V
= ≈ .

2. Core (iron) losses: 10.core ironP P P= =

short circuit experiment is fufilled by placing shirt circuit 
across the secondary winding terminals. Before that the primary 
winding is attached to terminals of the lowered supply voltage of 
such value which gives the rated values of currents (see Fig. 1.12).
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1. Turns ratio is calculated as: 1 1

2 20
;E Vk

E V
 

2. Core (iron) losses: 10.core ironP P P 

Short circuit experiment is fufilled by placing shirt circuit 
across the secondary winding terminals. Before that the primary 
winding is attached to terminals of the lowered supply voltage of 
such value which gives rated values of currents (see Fig. 1.12). 

1ShI

1ShV

2ShIT
A AW

V

Fig. 1.12. Experimental circuit of short circuited transformer 

During short circuit experiment the primary voltage 1rV , short 
circuit current 1ShI  and average power 1ShP  as well as short circuit 
current of secondary winding 2 2Sh rI I  are measured.

Measurement data gives: 

1. Relative shirt circuit voltage: * 1

1
100Sh

Sh
r

V
v  %.

V
 

2. Heat (copper) losses 1h Cu ShP P P 

Performance characteristics 

Voltage regulation characteristic is dependence of the secondary 
voltage against the load, i. e. secondary current. It is one of the most 
important exloitational characteristics of transformers. Secondary 
voltage of power transformers weakly depends on the load. Never-
theless there are some receivers, sensitive for voltage drop. For ex-

fig. 1.12. Experimental circuit of short circuited transformer

During short circuit experiment the primary voltage 1rV , short 

circuit current 1ShI  and average power 1ShP  as well as short circuit 

current of secondary winding � �Sh rI I=  are measured. 

Measurement data gives:

1. Relative shirt circuit voltage: * 1

1
100Sh

Sh
r

Vv  %.
V

= ⋅

2. Heat (copper) losses 1h Cu ShP P P= = .

performance characteristics

Voltage regulation characteristic is dependence of the second-
ary voltage against the load, i. e. secondary current. It is one of the 
most important exploitational characteristics of transformers. Sec-
ondary voltage of power transformers weakly depends on the load. 
Nevertheless there are some receivers, sensitive for voltage drop. 
For example, incadescent lamp at the reduced voltage by 1 % of the 
rated value reduces its light flux by 3.5 % comparing to the rated 
value. It is allowed for the majority of industrial consumers to have 
the reduced voltage by 5 %, for some of them up to 10 %. 
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ample, incadescent lamp at reduced voltage by 1 % of rated value 
reduces its light flux by 3.5 % comparing to the rated value. It is al-
lowed for the majority of industrial consumers to have reduced volt-
age by 5 %, for some of them up to 10 %.  

20V
2rV

2rI 2I

V

2V

1
2

3

Fig. 1.13. Voltage regulation characteristic at different types of load: 1 – 
active, 2 – active-inductive, 3 – capacitive 
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Fig. 1.14. Test circuit of transformer: T – experimental transformer, M – 
measuring device 

Method of testing

1. Get acquainted with experimental circuit in Fig. 1.14 and meas-
uring devices as well as purpose of those. 

fig. 1.13. Voltage regulation characteristic at different types of load: 
1 – active, 2 – active-inductive, 3 – capacitive
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Fig. 1.14. Test circuit of transformer: T – experimental transformer, M – 
measuring device 

Method of testing

1. Get acquainted with experimental circuit in Fig. 1.14 and meas-
uring devices as well as purpose of those. 

fig. 1.14. Test circuit of transformer: T – experimental transformer, 
M – measuring device

Method of testing 

1. Get acquainted with experimental circuit in Fig. 1.14 and meas-
uring devices as well as the purpose of those.
1.1. Check the switch of supply voltage to be in turned off po-

sition.
1.2. Set the slider of rheostat to get the greatest value of resis-

tance.
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1.3. Check the scale limits of measuring devices: do they fit 
values of the measured parameters: voltage 40 V and cur-
rent 5 A.

1.4. After fulfilling requirements of 1.1–1.3 items, connect the 
experimental circuit to supply voltage.

1.5. Turn on supply voltage by automatic switch QF1.
2. Test of transformer at no-load.

2.1. Disconnect one wire of load rheostat to set up secondary 
current, equal to zero.

2.2. Write readings of 1 10 10,  ,  rV I P and �0V  into Table.
2.3. Redraw from measuring device METREL or computer 

screen the curves of voltage and current and calculate per-
centage of the third harmonic in the primary current.

2.4. According to the experimental data calculate turns ratio 
and core losses.

3. Short-circuit experiment.
3.1. Set up slider of autotransformer in position to get the sup-

ply voltage equal to zero. Check if the measuring device 
METREL shows voltage equal to zero.

3.2. Connect the wire, being disconnected at no-load test and 
slider of the load rheostat setup in position, giving load 
resistane, equal to zero.

3.3. By autotransformer AT slowly increase primary voltage 
while the secondary current will reach its rated value 
5 A.

3.4. Write in the table readings 1 1 1,  ,  Sh Sh shV I P  and � ShI .
3.5. Redraw from measuring device METREL or computer 

screen the curves of voltage and current and calculate per-
centage of the third harmonic in the primary current.

3.6. After short circuit experiment rebuild experimental cir-
cuit: slider of load rheostat set up in position of the great-
est resistance and by autotransformer set up the rated volt-
age ��0 V.

4. Performance characteristics.
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4.1. Voltage regulation characteristics are measured changing load 
current by load rheostat every 1 A from zero to 5 A. During 
the test write in the table values of primary circuit parame-

ters 1 1 1,  ,  V I P  and values of the secondary circuit parameters 

� � �,  ,  V I P .
4.2. Calculate power and efficiency for each load value and write 

data to the Table.
4.3. Observe the variation of primary current shape and harmonic 

composition during loading transformer.
4.4. Turn off the voltage by automatic switch QF after completing 

the experiment.

content of report

1. Task of the work and experimental circuit.
2. Experimental data of transformer parameters at no load, short 

circuit and voltage regulation.
3. Voltage regulation characteristics, plotted in the same figure 

� 1 1 �,  ,  ,  ,  cos ( )V I P f Iη ϕ = .
4. Core losses and heat losses, turns ratio, relative short circuit 

voltage and relative voltage increment.
5. Shapes of primary current for three load current values.
6. Conclusions about: shape of primary current and its harmoni-

cal composition, change of voltage with load and its relative 
increment, variation of efficiency and power factor with load, 
core and heat losses – how many percents they constitute from 
the rated transformer power.

control questions

1. What changes in the loaded transformer comparing with 
transformer at no-load?

2. Why does the secondary voltage reduce with increasing 
load?
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3. Plot the equivalent circuit of transformer and explain the phys-
ical meaning of circuit elements.

4. Explain, what will happen with the transformer if there will be 
an air gap in its core.

5. Explain, what will happen with the transformer if its core is 
made of solid iron.

6. Why power factor cosϕ is not equal to zero at the load current 
equal to zero?

7. What are the main reasons of primary current distortion at 
operation on no-load?

8. What power does the transformer characterize?
9. What losses do appear in the transformer?
10. On what factors do the core losses depend?
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InvestIgatIon Into sepaRately excIteD 
DIRect cURRent MotoR chaRacteRIstIcs

laboratory work no 2

objective: analyze properties and obtain torque-speed charac-
teristics of separately excited direct current motor using Matlab-
Simulink.

task: use simulation to obtain characteristics of separately ex-
cited direct current (DC) motor:

• without additional resistance in the armature;
• with additional resistance in the armature;
• at reduced supply voltage.

Direct current motors

An electric machine is a reversible energy converter. The same 
electric machine can work as an electric motor or a generator of elec-
trical energy. Electric motors are used in drives of technological ma-
chines (fans, pumps, compressors, etc.) or in drives of different tech-
nological equipment. Modern technological machines need electric 
motors with flexible speed and torque control and high efficiency.

Electrical and magnetic circuits are two basic components of 
all electric machines. In order to achieve a higher efficiency of a ma-
chine, the magnetic circuit must have a higher magnetic conductiv-
ity (lower reluctance) and the electrical circuit – a higher electrical 
conductivity (lower resistance). Therefore magnetic circuits are made 
of ferromagnetic materials and windings of machines are made of cop-
per. To suppress the eddy currents, magnetic circuits of AC machines 
are made from thin insulated sheets of steel. The magnetic circuit 
of DC machines consists of massive steel and permanent magnets. 
Important component of magnetic circuit is the air gap between the 
stator and the rotor of the machine. For higher efficiency, the air gap 
must be minimized.
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The basic elements of a DC machine are the rotating coil, means 
for the production of flux, and the commutator-brush arrangement.

In a practical DC machine the coil is replaced by the armature 
winding mounted on cylindrical magnetic structure. The flux is pro-
vided by the field winding wound on field poles or permanent mag-
nets windings. Some machines carry more than one separate field 
winding on the same core. The excitation winding or permanent 
magnets on the poles of the machine generate magnetic field in DC 
machine shown in Fig. 2.1. The poles (N, S) are fixed to the yoke of 
the machine. The yoke is a part of the magnetic core and housing 
of the machine. The part of the machine, where magnetic field is 
generated, is called an inductor.

fig. 2.1. Principle of DC motor operation

The field poles, mounted on the stator, carry the field windings. 
Some machines carry more than one separate field winding on the 
same core. The armature winding is placed on the rotating member, 
the rotor, and the field winding is on the stationary member, the 
stator, of DC machine. The schematic of Fig. 2.1 shows most of the 
important parts of DC machine. The current-carrying conductors of 
the armature are moving in this magnetic field. Continuous rotat-
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ing of the armature is possible when the direction of the current is 
commutated according to the position of the conductors in relation 
to the pole. This process is realized by a commutator that consists 
of copper contacts and sliding carbon brushes. The commutator is 
made of hard-drawn copper segments insulated from one another 
by mica. The armature windings are connected to the commutator 
segments or bars, over which the carbon brushes slide and serve as 
leads for electrical connection.

F1 F�

A1

A�

Field Armature
F�

A1

A�

F1

a) b)

F�

A1

A�

F1 S1 S�F�

A1

A�

c) d)
fig. 2.2. Classification of DC machines: a) separately excited, b) shunt, 

c) series, d) cumulative compound 

Conventional DC machines having a set of field windings can 
be classified on the basis of mutual electrical connections between 
the field and armature windings, as shown in Fig. 2.2. These inter-
connections of field and armature windings essentially determine 
the machine’s operating characteristics.
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performance equations

The three quantities of the greatest interest in evaluating the 
performance of a DC machine are: the induced EMF, electromag-
netic torque developed by the machine, and speed.

The voltage (EMF) induced in the armature winding depends 
on Z – the number of active conductors on armature; a – the number 
of parallel paths in armature winding; p – the number of field poles; 
Φ – flux per pole, Wb, and n – speed of rotation of the armature, 
revolutions per minute (rpm); Back EMF E is calculated as:

                         .
60
n Z pE

a
Φ ⋅ ⋅

= ⋅   (2.1)

For the torque production we must have a current through the 
armature, as this current interacts with the field produced by the 
field winding. If Ia is the current and E is the voltage induced in the 
armature, assuming that this entire electric power is transformed to 
mechanical form, we can write:

                                ,a eEI T= ω   (2.2)

where Te is electromagnetic torque developed by the armature and 
ω is its angular velocity in radians per second. The speed n in rpm 
(revolutions per minute) and ω in rad/s are related as:

                              � .
60 30

n nπ π
ω = =    (2.3)

From Eqs. (2.1) and (2.3) we obtain

                           ,
� a

pZ I T
a

ω
Φ = ω

π
   (2.4)
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which can be written as:

                                 
� a
ZpT I

a
= Φ

π
  (2.5)

or
                                    

                                        ,aT c I= Φ    (2.6)
where

.
�
Zpc

a
=

π

Equation (2.6) indicates that torque delivered by the motor at 
constant field flux depend just on armature current. At steady state 
operation torque, delivered by motor is equal to load torque.

DC machine operating as a motor will have an EMF induced 
while rotating in a magnetic field and will develop a torque if the 
armature carries a current.

Referring to Fig. 2.2 a which shows the equivalent circuit of 
a separately excited DC motor running at speed n while taking an 
armature current Ia, at voltage V we have from this circuit

                               .a aV E I R= +    (2.7)

Speed of motor depends on load current Ia and is calculated as:

        0 ,a a a a a aV I R I R I RV
c c c c

−
ω = = − = ω −

Φ Φ Φ Φ
   (2.8)

where ω0 is no load speed of motor, calculated as:

                                   0 .V
c

ω =
Φ

   (2.9)
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Substituting Eq. (2.8) to Eq. (2.6) gives speed-torque charac-
teristic:

                             0 � � .aR T
c

ω = ω −
Φ

  (2.10)

If the excitation flux Φ of separately excited motor is constsnt, 
c is also “constant”, then c∙Φ can be calculated from the rated mo-
tor parameters: rated voltage Vr, rated armature current Iar and rated 
speed ωr of the motor as

                              .r a ar

r

V R Ic − ⋅
Φ =

ω
   (2.11)

technique of fulfilling the laboratory work

MATLAB software allows to model and simulate almost any 
linear or nonlinear system. The model of the system is composed of 
Simulink library blocks using Drag-and-Dropp technology, allowing 
selecting neccessary block in the library and dragging it by mouse 
into the model window and leaving it here. Afterwards all blocks 
are connected in the required manner. Similar system is called S-
model. Elaborated model is saved and has extension *.mdl.

The model used to simulate separate excited DC motor is 
opened in this way:

• double click on icon “Matlab” to open Matlab;
• double click on Simulink icon in the horizontal toolbar which 

looks like this:
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Substituting Eq. (2.8) to Eq. (2.6) gives speed-torque character-
istic:

0 2 2 .aR T
c

  


 (2.10) 

If the excitation flux  of separately excited motor is constsnt, c
is also constant, then c· can be calculated from the rated motor pa-
rameters: rated voltage Vr, rated armature current Iar and rated speed 

r of the motor as 

.r a ar

r

V R Ic  
 


 (2.11) 

Technique of fulfilling the laboratory work 

MATLAB software allows to model and simulate almost any 
linear or nonlinear system. The model of the system is composed of 
Simulink library blocks using Drag-and-Dropp technology, allowing 
selecting neccessary block in the library and dragging it by mouse 
into the model window and leaving it here. Afterwards all blocks are 
connected in the required manner. Similar system is called S-model. 
Elaborated model is saved and has extension *.mdl. 

The model used to simulate separate excited DC motor is 
opened in this way: 

 double click on icon “Matlab” to open Matlab; 
 double click on Simulink icon in the horizontal toolbar 

which looks like this: 

 open file separately_excited_motor.mdl;
 in the opened window separately_excited_motor.mdl

the model of separately excited motor should appear, 

• open file separately_excited_motor.mdl;
• in the opened window separately_excited_motor.mdl the 

model of separately excited motor should appear, which will 
be used to investigate characteristics of the sepatarately ex-
cited motor.
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• The model allows analyzing dynamic and steady-state modes 
of direct current motor. The model of separately excited DC 
motor is presented in Fig. 2.3. Elements enterring the model 
and their purpose are not analyzed. Here only elements of the 
model parameters of which will be changed are discussed.

Given or calculated parameters are entered in the blocks of the 
model. The appointed armature resistance value is substituded to 
block “Gain”. Block “Gain”should be selected and opened by dou-
ble click with the left mouse buton on the block.The dialog window 
presented in Fig. 2.4 appears.

In the square Parameters the required value is entered. For ex-
ample, if we need to change the resistance of armature, we need to 
make double click on the corresponding element, then the dialog 
window Block Parameters: Ra opens. In the Parameters window 
square Gain the required value of armature resistance is entered and 
the button OK is pressed.

fig. 2.3. Simulink model of separately excited DC motor

Motor supply voltage, coeffi cient cΦ, load torque are entred 
into blocks Constant. This block is opened and values are entered in 
the same way as to block Gain.
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0.287

Gain

aR

fig. 2.4. Graphical view of block Gain and window to enter armature 
resistance

Simulation results (field and armature current, motor speed) are 
observed in the block Display.

Display

0

fig. 2.5. Block Display

The model of separately excited DC motor is elaborated on the 
base of differential equations that are replaced by equations in fre-
quency domain. The elaboration of the model is not considered.

When all parameters are entered, simulation is started. It can be 
started by some different commands: choosing in Simulation meniu 
option Start; using button combination Ctrl+T or pressing special 
icon in Toolbar.
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Initial data for modeling are given in Table 2.1.

table 2.1. Initial data

Variant Type of 
motor 

Rated 
voltage 
of the 
motor 
Vr, V

Rated 
speed 
of the 
motor 
nr, rpm

Rated 
arma-
ture 

current 
Ir, A

Arma-
ture 

resis-
tance

RinΣ, Ω

In-
creased 
arma-

ture re-
sistance 
RinΣ,x, Ω

Re-
duced 

voltage,    
Vx, V

7 P-1� 110 1000 2.75 6.14 5∙RinΣ 0,7·VR

testing of direct current motors

1. Speed –torque characteristic ω = f(T), at V = Vr and Ra = RaΣ.

1 Enter the indicated or calculated values of motor parame-
ters to the model blocks. The torque-speed characteristic is 
obtained by changing load torque by the indicated step and 
measuring rotation speed of armature. 

2. Put the obtained results in Table 2.2.

table 2.2. Data to build speed-torque characteristic

x·Tr 0 0.�∙Tr
0.4892

0.4∙Tr
0.9784

0.6∙Tr
1.4676

0.8·Tr
1.9568

1∙Tr
�.446

1.�∙Tr
2.9352

T, N·m 0.6454 1.113 1.58 2.048 �.515 2.982 3.45
ω, rad/s 107.4 103.8 100.� 96.52 92.9 89.27 85.64

2. Speed-torque characteristic ω = f(T) at the reduced armature 
voltage V = Vx and Ra = RaΣ.
1. Enter to model blocks calculated or indicated values of pa-

rameters.
2. Change the motor load by the indicated step and measure 

torque and armature speed.
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3. Put the obtained results in Table 2.3.

table 2.3. Speed torque characteristics at reduced voltage

0 0.�∙Tr 0.4∙Tr 0.6∙Tr 0.8·Tr 1∙Tr 1.�∙ Tr

T, N·m
ω, rad/s

      
3. Speed-torque characteristic ω = f(T) at the rated armature volt-

age V = Vx and the increased armature resistance Ra = RaΣx.

1. Enter to the model blocks calculated or indicated values.
2. This characteristic is simulated by changing motor load 

torque by appropriate step and measuring speed of arma-
ture.

3. Put the obtained results to Table 2.4.

table 2.4. Data of speed-torque characteristic at the increased 
armature resistance

x∙Tr 0 0.�∙Tr 0.4∙Tr 0.6∙Tr 0.8 Tr 1∙Tr 1.�∙Tr

T, N·m
ω, rad/s

Plot speed-torque characteristics ω = f(T) in one reference 
frame according to the data of Table 2.2, Table 2.3 and Table 2.4.

content of Report

1. Objective, task and model of the laboratory work.
2. Work results (tables of simulation results and characteristics).
3. Conclusions.

control questions

1. Graphical and alphabetical notation of motor windings.
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2. What speed is called no-load speed of rotation?
3. What dependence is called speed-torque characteristic?
4. What dependence is called speed regulation characteristic
5. On what parameters does the motor starting current depend? 
6. What technique can be used to change the motor rotation 

speed?
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test of sepaRately excIteD DIRect 
cURRent geneRatoR

laboratory work no 3

 
objective:

1. Elaborate MatLab-Simulink model of a direct current separate-
ly excited generator.

2. Get acquainted with properties and characteristics of direct cur-
rent separately excited generator.

task:
Obtain by simulation the main characteristics of the generator:

• open circuit characteristic;
• short-circuit characteristic;
• voltage regulation characteristic.

Direct current generators

An electric generator is a device that converts mechanical ener-
gy to electrical energy. A generator forces electrons in the wind-
ings to flow through the external electrical circuit. The source of 
mechanical energy may be a reciprocating or turbine steam engine, 
water falling through a turbine or waterwheel, an internal combus-
tion engine, a wind turbine, a hand crank, compressed air or any 
type motor.

The principle of DC generator is based on Michael Faraday’s 
law of induction.

In mathematical form, Faraday’s law states that:

                                   ,de
dt
Φ

= −   (3.1)

where e is the electromotive force and Φ is the magnetic flux.
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For the special case of the coil of wire, composed of N loops 
with the same area, the equation becomes

                                    .de N
dt
Φ

= −    (3.2)

Considering Faraday’s law, together with Ampère’s law and 
Ohm’s law, Lenz’s law states: the EMF induced in an electric circuit 
always acts in such a direction that the current it drives around the cir-
cuit opposes the change in magnetic flux which produces the EMF.
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Fig. 3.1. An elementary generator (a) and output DC voltage at the brushes 
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fig. 3.1. An elementary generator (a) and output DC voltage at the 
brushes (b)
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An elementary generator consists of magnets (or coils, produc-
ing magnetic field) and a rotating coil (armature) which is connected 
to the external circuit through commutating unit and brushes.

performance of a Dc generator 

A single conductor, shaped in the form of a loop, is positioned 
between the magnetic poles. As the loop does not move, the mag-
netic field has no effect. If we rotate the loop, the loop cuts through 
the magnetic field, and an EMF (voltage) is induced into the loop. 
When we have relative motion between a magnetic field and a con-
ductor in that magnetic field, and the direction of rotation is such 
that the conductor cuts the lines of flux, an EMF is induced into the 
conductor. The magnitude of the induced EMF depends on the field 
strength and the rate at which the flux lines are cut. The stronger the 
field or the more flux lines cut for a given period of time, the larger 
the induced EMF in the armature:

                                  ,E k n= ⋅ Φ ⋅   (3.3)

where E is generated voltage; k is fixed constant, depending on a 
number of active conductors on armature, a number of parallel paths 
in armature winding and a number of field poles; Φ is flux per pole, 
Wb; n is rotational speed in rpm.

The direction of the induced current flow can be determined 
using the “left-hand rule” for generators. This rule states that if you 
point the index finger of your left hand in the direction of the mag-
netic field (from North to South) and point the thumb in the direc-
tion of motion of the conductor, the middle finger will point in the 
direction of the current flow.

In a generator, the induced EMF is the internal voltage avail-
able from the generator; when the generator supplies a load the ar-
mature carries a current and develops a torque. This torque opposes 
a prime-mover (such as a diesel engine, other type motor) torque.
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generator characteristics

The no-load and load characteristics of DC generators are usu-
ally of in the determining their potential applications. As the names 
imply, no-load and load characteristics respectively correspond to 
the behavior of the machine when it does not deliver power (open 
circuited, in case of a generator) and when it delivers power to an ex-
ternal circuit. The only no-load (or open-circuit) characteristics are 
meaningful of the shunt and separately excited generators. For the 
separately excited generator, the no-load characteristic corresponds 
to the magnetization, or saturation, characteristic which is the vari-
ation of E (or V) under open-circuit conditions as a function of the 
field current If. The shunt generator has a characteristic similar to 
that of a separately excited generator, except for the cumulative ef-
fect. If the shunt generator is loaded beyond a certain point, it breaks 
down, in that the terminal voltage collapses. In a series generator, 
the load current flows through the field winding; this implies that 
the field flux, and hence the induced EMF increases with the load 
until the core begins to saturate magnetically. Thus, a load beyond 
a certain point would result in a collapse of the terminal voltage of 
the series generator, too. Compound generators have the combined 
characteristics of shunt and series generators. In a differential com-
pound generator, the shunt and series fields are in opposition; hence, 
the terminal voltage drops very rapidly with the load. On the other 
hand, cumulative compound generators have shunt and series fields 
aiding each other. The two field MMFs may be adjusted so that the 
terminal voltage on the full load is less than the no-load voltage, 
as in an under-compound generator; or the full-load voltage may 
be equal to the no-load voltage, as in a flat-compound generator. 
Finally, the terminal voltage on the full load may be greater than the 
no-load voltage, as in an over-compound generator.

tests of generator

MatLab-Simulink software is used for modelling any linear or 
nonlinear systems. Model of the tested circuit is developed graphi-
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cally by choosing and connecting its separate parts. That system is 
also called S-model. Elaborated model is saved as file with exten-
sion *.mdl. Development of S-models is based on Drag-and-Drop 
technology, i.e. each one part of the model is taken from special 
library and dragged by mouse from that to work window.
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fig. 3.2. Model of separately excited generator

Model for simulation of separate excited generator is opened in 
this way:

• launch software “MatLab”;
• open file separ_exc_generator.mdl;
• the model nepr_zad_gen appears in the opened window.
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The model will be used to simulate characteristics of separate 
excited direct current characteristics.

Elements, entering a circuit as well as their purpose are not con-
sidered here. The elements, parameters of which will be changed, 
are considered separately.

Model of the separately excited generator is given in Fig. 3.2.
Resistance of field winding, armature and load are substituted 

blocks Gain. Block Gain can be opened by double click of the left 
mouse button on it. Dialog window shown below opens and the re-
quired value is entered in the frame Parameters. For example, if 
we need to change load resistance, we do double click on the ele-
ment, modelling load resistance, then the window Block parameters 
opens. In the window Parameters frame Gain we enter the required 
resistance value and press button OK.
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In the same way values of other elements are entered.
Simulation results (armature and field current, generator vol-

tage) are observed in block Display.
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Display

0

fig. 3.4. Block Display

Note, that model, elaborated for investigation of separately ex-
cited generator characteristics, is based on differential equations, 
rewritten in frequency domain. Elaboration of model is not consid-
ered.

When all parameters are entered, simulation is started. It can 
be started in some ways: in the Menu window choose command 
Start, or by pressing combination of buttons Ctrl+T or pressing in 
the Toolbar corresponding icon, which looks like a black triangle.

Initial data

table 3.1. Initial data

Variant Angular 
speed of 
genera-
tor, ωg, 

s-1

Rated 
voltage 
of field 

winding, 
Vfr, V

Resis-
tance 

of field 
winding, 

Rf, Ω

Resis-
tance of 
armature 
winding, 

Ra, Ω

If1, A If�, A

9 157 110 630 4.3 0.15 0.1

Method of testing 

Generator characteristic at no-load V0 = f(If).

1. Enter values of the given generator parameters into model 
blocks.
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2. In order to get open circuit characteristics, the load resistance 
has to be set equal to infinity. For this the load block RL should 
be opened and constant 1e6 entered.

3. Open circuit characterstic is obtained by changing field current. 
Field current is changed by changing field voltage supplying the 
field current winding and measuring the voltage.

4. Change field current by varying Voltage regulator block coef-
ficient from zero (0) (field voltage is equal to zero) to unity (field 
is equal to rated).

5. At first the maximum excitation current is set (it corresponds 
to maximum value of voltage). Enter value „1“ into the Voltage 
regulator block.

6. Fulfil the simulation and put the values of excitation current and 
generator voltage in Table 3.2. Renew simulation by reducing 
voltage every 10–20 % (by changing Voltage regulator coef-
ficients 0.8, 0.6, 0.4 etc.). In this way new values of generator 
field currents and voltages are found. Put the new results also in 
Table 3.2.

7. Change polarity of the voltage. (Enter into the voltage reference 
block negative value of voltage.) Using approaching method, 
find point, where generator output voltage is equal to zero by 
adjusting the Voltage regulator.

8. Increase excitation voltage every 10–20 % of the rated (by sub-
stituting to Voltage regulator block coefficients 0.1, 0.2, 0.4, 0.6, 
0.8 and 1) to get open circuit charactristic in the 3 quarter. Plot 
open circuit characteristic V0 = f(If).

table 3.2. Data of open circuit experiment
Vf, V Vfr 0.8 Vfr 0.6 Vfr 0.4 Vfr 0.� Vfr 0.1 Vfr 0

If, A 0.1744 0.1395 10.46 0.06976 0.3488 0.01744 2.59e–0.35

V0, V 99.88 90.8 76.85 56.85 33.2 19.6 6

–Vf, V 0.038·Vfr 0.1 Vfr 0.� Vfr 0.4 Vfr 0.6 Vfr 0.8 Vfr Vfr

If, A –0.006627 –0.001744 –0.03488 –0.06976 –0.1046 –0.1395 –0.1744

V0, V 0 –9.672 –25.38 –51.25 –71.95 –86.59 –97.83



44

2. Short circuit characteristic Ia = f(If).

1. Enter generator parametrs to model blocks.
2.  Enter coefficient “0” to Voltage regulation block. That cor-

responds to field current equal to zero.
3. Enter coefficient “0” to load block RL. That corresponds to 

short circuit of the generator.
4. After that simulate the model and put values of the obtained 

field and armature current.
5. Increase field voltage every 5 % and renew simulation. Put the 

new field and armature current values to Table 3.3.
6. Plot short circuit characteristic Ia = f(If).

table 3.3. Short circuit experiment data

Vf 0 0.05 Vfr 0.1 Vfr 0.15 Vfr 0.� Vfr 0.�5 Vfr

If, A
–3.057e–

023 0.008719 0.01744 0.0�616 0.03488 0.0436

Ia, A 0.4115 0.947 1.479 1.992 �.505 3.018

3. External characteristic V = f(Ia).

1. Enter the given generator parameters to model blocks.
2. Enter coefficient 1e6 to Load block RL.That corresponds to 

open circuit operation of the generator.
3. Calculate gain of Voltage regulator, providing the given 

current. Voltage regulator gain is calculated in this way:

f f
v

f

I R
k

U
⋅

=

4. Enter the calculated gain to Voltage regulation block. This 
gain should be not changed during the experiment. Note: 
Voltage regulation block gain cannot be greater than unity.

5. External characteristic is obtained by gradually loading 
the generator. For this resistance of load rheostat modelled 
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by Load resistance RL block is changed. Enter values from 
Table 4, simulate and put values of the given armature cur-
rent and voltage.

6. Calculate Voltage regulator gain to obtain other field cur-
rent value. Fulfil actions, described in items 4 and 5. Put 
the results in Table 3.5.

7. According to the obtained results plot external characte-
ristics V = f(Ia) at different field current values in the same 
cordinate system.

table 3.4. External characteristics at If1 = …..A

Ra, Ω 1⋅106 1000 500 �50 150 100 75 50 40 30
Ia, A
V, V

table 3.5. External characteristics at If� = …..A

Ra, Ω 1⋅106 1000 500 �50 150 100 75 50 40 30

Ia, A
7.464e-

005 0.07382 0.146 0.2858 0.4631 0.6713 0.866 1.�� 1.458 1.812

V, V 74.64 73.82 73.01 71.44 69.46 67.13 64.95 60.99 58.33 54.37

content of report:

1. Objective, task and model.
2. Work results (tables of simulation results and curves):

• Open circuit characteristic.
• Short circuit characteristic.
• External characteristics.

3. Conclusions.

control questions:

1. Explain, how direct current voltage in separately excited gen-
erator is produced.
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2. Write the main equations, characterizing performance of the 
generator.

3. Why the characteristic of short circuit is straight line and the 
characteristic of open circuit is non-linear?

4. Explain influence of armature reaction upon operation of direct 
current generator.

5. Why does the voltage of generator output change with load?
6. Explain the purpose and operation of additional poles.
7. What windings does the generator include and what is their 

graphical and alphabetical notation? 
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InvestIgatIon of transIents In the 
InDUctIon MotoR DRIve

laboratory work no 4

 
objective:
Get acquainted with starting transients of the current and ve-

locity of the squirrel-cage induction motor.
tasks:

1. Experimentally obtain starting transients of motor phase cur-
rent at no load.

2. Experimentally obtain starting transients of motor speed at no 
load.

Induction motors

The induction motor is the most commonly used electric motor. 
It is the workhorse of industry. Like the dc machine and the syn-
chronous machine, an induction machine consists of a stator and a 
rotor. The rotor is mounted on bearings and separated from the sta-
tor by an air gap. Electromagnetically, the stator consists of a core 
made up of punchings (or laminations) carrying slot-embedded con-
ductors. These conductors are interconnected in a predetermined 
fashion and constitute armature windings, which are similar to the 
windings of synchronous machines.

Alternating current is supplied to the stator windings, and the 
currents in rotor windings are induced by the stator currents. The ro-
tor of the induction machine is cylindrical and carries either (1) con-
ducting bars short-circuited at both ends in a cage-type machine, or 
(2) a polyphase winding with terminals brought out to slip rings for 
external connections, as in a wound-rotor machine. A wound wind-
ing is similar to that of the stator. Sometimes the cage-type machine 
is called a brushless machine and the wound-rotor machine – a slip-
ring machine.
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An induction machine operates on the basis of the interaction of 
the induced rotor currents and air-gap fields. If the rotor is allowed 
to run under the torque developed by this interaction, the machine 
will operate as a motor. On the other hand, when the rotor is driven 
by an external source beyond a certain speed the machine begins to 
deliver electric power and operates as an induction generator (in-
stead of as an induction motor, which absorbs electric power). Thus, 
the induction machine is capable of functioning either as a motor 
or as a generator. In practice, its application as a generator is less 
common than its application as a motor. We will first study the mo-
tor operation, then develop the equivalent circuit of an induction 
motor, and subsequently show that the complete characteristics of 
an induction machine, operating either as a motor or as a generator, 
are obtainable from the equivalent circuit.

Rotating magnetic field

The stator of a simple three phase machine is presented in 
Fig. 4.1. Each stator coil consists of two conductors in series; con-
ductors A and A’ make up coil A–A’, conductors B and B’ constitute 
coil B–B’, and conductors C and C’ constitute coil C–C”. Notice 
that coil B–B’ is 120° counterclockwise from coil A–A’, and C–C’ 
is 120° counterclockwise from B–B’.

Assume that the three stator coils are excited by three-phase 
currents:

                            sin( );A mi I t= ω     (4.1)

                       sin( 120 );B mi I t= ω − °     (4.2)

                       sin( 240 ).C mi I t= ω − °    (4.3)

The positive directions of the currents are indicated in Fig. 4.1.
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AΦ

BΦ

CΦ
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CB

C’ B’

1�0°

1�0°

1�0°

fig. 4.1. Three-phase stator excited by three-phase currents

Assume that the iron is everywhere unsaturated and that the 
flux produced by each current is proportional to that current. The 
component of flux produced by each of the three coil currents at a 
position on the coil axis is:

                               0 cos ;j
A me t°Φ = Φ ω    (4.4)

                        1�0 cos( 120 );j
B me t°Φ = Φ ω − °   (4.5)

                        �40 cos( 240 ).j
C me t°Φ = Φ ω − °   (4.6)

The net flux at any instant is the sum of the three flux compo-
nents ΦA, ΦB, ΦC.

Using the identity

               cos( ) cos cos sin sinx y x y x y− = ⋅ + ⋅     (4.7)

Eqs. (4.5) and (4.6) can be written:
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 1�0 1 3( cos sin );
� �

j
B me t t°Φ = Φ ⋅ − ω + ω     (4.8)

 �40 1 3( cos sin ).
� �

j
C me t t°Φ = Φ ⋅ − ω − ω    

But

 1�0 1 3cos1�0 sin1�0 ;
� �

je j j° = ° + ° = − +     (4.10)

 �40 1 3cos�40 sin �40 .
� �

je j j° = ° + ° = − −     (4.11)

Substituting Eqs (4.10) and (4.11) for Eqs (4.8) and (4.9) gives
 

3 3 1 3cos sin ( cos sin );
4 � � � � �
m m

B mt t j t tΦ Φ
Φ = ω − ⋅ ω + Φ − ω + ω  

3 3 1 3cos sin ( cos sin ).
4 � � � � �
m m

B mt t j t tΦ Φ
Φ = ω + ⋅ ω + Φ − ω − ω

The resultant flux is the sum of ΦA, ΦB and ΦC:

 
3 3 3( cos sin ) .
� � �

j t
A B C m mt j t e ωΦ + Φ + Φ = Φ ω + ω = Φ   (4.12)

Thus, according to Eq. (4.12), the synchronous flux is constant 
in magnitude, and rotates in a counterclockwise direction at an an-
gular velocity of ω rad/sec.

In a general case of an n-phase two-pole system, it is not diffi-
cult to show that the resultant flux created by application of m-phase 
currents, equal in magnitude, to the stator is
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1

,
�

n j t
k m

k

m e ω

=
Φ = Φ∑    (4.13)

where Φk is the flux created by the kth winding having a peak value 

of Φm. The multiplier j te ω denotes rotating magnetic field.

Developing a rotating magnetic field

A rotating magnetic field must be developed in the stator of an 
AC motor in order to produce mechanical rotation of the rotor. Wire 
is coiled into loops and placed in slots in the motor housing. These 
loops of wire are referred to as the stator windings. The following 
drawing illustrates a three-phase stator. Phase windings (A, B, and 
C) are placed 120° apart. In this example, a second set of three-
phase windings is installed. The number of poles is determined by 
how many times a phase winding appears. In this example each 
phase winding appears two times. This is a two-pole stator. If each 
phase winding appeared four times it would be a four-pole stator.

A1

A�

B�
C�

C1 B1
1�0°

1�
0° 1�0°

fig. 4.2. Two-pole stator winding
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When AC voltage is applied to the stator, the current flows through 
the windings. The magnetic field developed in a phase winding de-
pends on the direction of current flow through that winding. The fol-
lowing chart is used here for explanation only. It assumes that a posi-
tive current flow in A1, B1 and C1 windings result in a north pole.

table 4.1

Winding
Current Flow Direction

Positive Negative
A1 North South
A2 South North
B1 North South
B2  South North
C1 North South
C2 South North

It is easier to visualize a magnetic field if time is picked when 
no current is flowing through one phase. In the following illustra-
tion, for example, time has been selected during phase A which has 
no current flow, phase B has current flow in a negative direction and 
phase C has current flow in a positive direction. Based on the above 
chart, B1 and C2 are south poles and B2 and C1 are north poles. 
Magnetic lines of flux leave B2 North Pole and enter the nearest 
South Pole, C2. Magnetic lines of flux also leave C1 North Pole and 
enter the nearest South Pole B1. Magnetic field results are indicated 
by the arrow.

The amount of flux lines (Φ) the magnetic field produces is pro-
portional to the voltage (E) divided by the frequency ( f ).

Increasing the supply of voltage increases the flux of the mag-
netic field. Decreasing the frequency increases the flux:

                                  .E
f

Φ ≈   (4.14)
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Fig. 4.3. Current flow and magnetic flux in the AC motor 

If the field is evaluated at 60° intervals from the starting point, at 
point 1, it can be seen that the field will rotate 60°. At point 1 phase 
C has no current flow, phase A has current flow in a positive direc-
tion and phase B has current flow in a negative direction. Following 
the same logic as used for the starting point, windings A1 and B2 are 
north poles and windings A2 and B1 are south poles. At the end of 
six such intervals the magnetic field will have rotated one full revo-
lution or 360°. 

fig. 4.3. Current flow and magnetic flux in the AC motor

If the field is evaluated at 60° intervals from the starting point, 
at point 1, it can be seen that the field will rotate 60°. At point 1 
phase C has no current flow, phase A has current flow in a positive 
direction and phase B has current flow in a negative direction. Fol-
lowing the same logic as used for the starting point, windings A1 
and B2 are north poles and windings A2 and B1 are south poles. At 
the end of six such intervals the magnetic field will have rotated one 
full revolution or 360°.
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Fig. 4.4. Illustration of rotating magnetic field 

Operation of a three-phase induction motor 

The key to the operation of an induction motor is the production 
of the rotating magnetic field. We established in the last chapter that 
a three-phase stator excitation produces a rotating magnetic field in 
the air gap of the machine and in the field rotates at a synchronous 
speed given by Eq. (4.12) As the magnetic field rotates, it cuts the 
rotor conductors. By this process voltages are induced in the conduc-
tors. The induced voltages give rise to rotor currents, which interact 
air-gap field to produce a torque. The torque is maintained as long as 
the magnetic field and the induced rotor current exist. Consequently, 
the rotor starts rotating in the direction of the rotating field. The rotor 
will achieve a steady-state speed n such that n < ns. When n = ns,

fig. 4.4. Illustration of rotating magnetic field

operation of a three-phase induction motor

The key to the operation of an induction motor is the production 
of the rotating magnetic field. We established in the last chapter that 
a three-phase stator excitation produces a rotating magnetic field 
in the air gap of the machine and in the field rotates at a synchro-
nous speed given by Eq. (4.12). As the magnetic field rotates, it cuts 
the rotor conductors. By this process voltages are induced in the 
conductors. The induced voltages give rise to rotor currents, which 
interact air-gap field to produce a torque. The torque is maintained 
as long as the magnetic field and the induced rotor current exist. 
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Consequently, the rotor starts rotating in the direction of the rotating 
field. The rotor will achieve a steady-state speed n such that n < ns. 
When n = ns, there will be no induced currents and hens: no torque. 
The condition n > ns corresponds to the generator mode.

An alternative approach to explaining the operation of the poly-
phase induction motor is to consider the interaction of the (excited) 
stator magnetic field with the induced rotor magnetic field. The sta-
tor excitation produces a rotating field, which rotates in the air gap 
at a synchronous speed. The field induces polyphase currents in the 
rotor, thereby giving rise to another rotating magnetic field; it also 
rotates at the same synchronous speed as the stator and with respect 
to the stator. Thus, we have two rotating magnetic fields, both rotat-
ing at a synchronous speed with respect to the stator but stationary 
with respect to each other. Consequently, according to the principle 
of alignment of magnetic fields, the rotor experiences a torque. The 
rotor rotates in the direction of the rotating field of the stator.

fig. 4.5. View of Siemens company induction motor
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Rotor construction

The most common type of rotor is “squirrel cage” rotor. The 
construction of squirrel cage rotor is reminiscent of rotating exer-
cise wheels found in cages of pet rodents. The rotor consists of a 
stack of steel laminations with evenly spaced conductor bars around 
the circumference. The conductor bars are mechanically and electri-
cally connected with end rings. A slight skewing of the bars helps to 
reduce audible hum. The rotor and shaft are an integral part.

slip

There must be a relative difference in speed between the rotor 
and the rotating magnetic field. The difference in speed of the rotat-
ing magnetic field, expressed in RPM, and the rotor, expressed in 
RPM, is known as slip.

Slip is expressed as a percentage or as a fraction of the synchro-
nous speed ns:

                                1�0 ,s
fn

P
=    (4.15)

as related by slip s, defined as:

                                  ,s

s

n ns
n
−

=   (4.16)
where P is number of poles.

Angular synchronous speed is calculated as:

                                   � ,s
f

P
π

ω =   (4.17)
or

                                    � .
60s

nπ
ω =     (4.18)
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Development of equivalent circuits

The three-phase induction motor is represented by a stationary 
equivalent circuit.

Considering the rotor first and recognizing that the frequency 
of rotor currents is the slip frequency, we may express the per-phase 
rotor leakage reactance x2 at a slip s  in terms of the standstill per 
phase reactance X�:

                                � � .x sX=    (4.19)

Next we observe that the magnitude of the voltage induced in 
the rotor circuit is also proportional to the slip.

A justification of this statement follows from transformer 
theory because we may view the induction motor at standstill as a 
transformer with an air gap. For the transformer, we know that the 
induced voltage, say E�, is given by

                            �  4,44 .mE fN= Φ     (4.20)

But at a slip s, the frequency becomes sf. Substituting this value 
of frequency for Eq. (4.20) yields the voltage e� at a slip s as

                        � �4,44 .me sfN sE= Φ =   (4.21)

If E� is the per-phase voltage induced in the rotor at standstill, 
then the voltage e� at a slip s is given by

                                  � �.e sE=     (4.22)
Using Eqs. (4.21) and (4.22), we obtain the rotor equivalent cir-

cuit shown in Fig. 4.6 a. The rotor current I� is given by

                           �
� � �

� �

,
( )

sEI
R sX

=
+

    (4.23)
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which may be rewritten as

                         
( )

�
� � �

� �

,
/

EI
R s X

=
+

  (4.24)

resulting in the alternative form of the equivalent circuit shown in 
Fig. 4.6 b. Notice that these circuits are drawn on a per-phase basis. 
To this circuit we may now add the per-phase stator equivalent cir-
cuit to obtain the complete equivalent circuit of the induction mo-
tor.

In an induction motor, only the stator is connected to the ac 
source. The rotor is not generally connected to an external source, 
and rotor voltage and current are produced by induction. In this re-
gard, as mentioned earlier, the induction motor may be viewed as 
a transformer with an air gap, having a variable resistance in the 
secondary. Thus, we may consider that the primary of the trans-
former corresponds to the stator of the induction motor, whereas the 
secondary corresponds to the rotor on a per-phase basis. Because 
of the air gap, however, the value of the magnetizing reactance Xm 
tends to be relatively low, compared to that of a transformer. As in 
a transformer, we have a mutual flux linking both the stator and the 
rotor, represented by the magnetizing reactance and various leakage 
fluxes. For instance, the total rotor leakage flux is denoted by X� in 
Fig. 4.6.

Now considering that the rotor is coupled to the stator as the 
secondary of a transformer is coupled to its primary, we draw the 
circuit shown in Fig. 4.7. To develop this circuit further, we need to 
express the rotor quantities as referred to the stator. However, hav-
ing referred the rotor quantities to stator, we obtain from the circuit 
given in Fig. 4.7 the exact equivalent circuit (per phase) shown in 
Fig. 4.8. We split R’�/s as

                       � �
�

' '' (1 )R RR s
s s

= + −     (4.25)
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to obtain the circuit shown in Fig. 4.8 a. Here R’� is simply the per-
phase standstill rotor resistance referred to the stator, and R’�(l – s)/s 
is a dynamic resistance that depends on the rotor speed and cor-
responds to the load on the motor. Notice that all the parameters 
shown in Fig. 4.8 b are standstill values and that the circuit per-
phase exact equivalent circuit referred to the stator.

+

-

V1

I1 R1 X1

E1

E�

X� I�

�R
s

a) b)
fig. 4.6. Stator and rotor as coupled circuits

+

-

sE�

sX� I�

R�

 

+

-

E�

X� I�

�R
s

a) b)
fig. 4.7. Two forms of rotor equivalent circuit
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fig. 4.8. Two forms of equivalent per phase circuit of induction motor

According to the equivalent circuit, the torgue developed by the 
motor is calculated as:

                            ��
1

'3 ,e
s

RT I
s

=
ω

   (4.26)
where:

             

( )

�
� 1

1 �
��

1 1 �

.
' '

V
I

RR X X
s

=
 + + + 
 

  (4.27)
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Substituting for I1 in Eq. (4.26) yields:

 
( )

�
1�

�
��

1 1 �

'3 .
' '

e
s

VRT
s RR X X

s

=
ω  + + + 

 

  (4.28)

Let’s denote motor short circuit impedance as

 ( )
�

��
1 1 �

' 'sh
RZ R X X
s

 = + + + 
 

  (4.29)

and obtain expression of delivered electromagnetic torque as

 
�

1�
�

'3 .e
s sh

VRT
s Z

=
ω

  (4.30)

performance criteria of induction motors

The performance of an induction motor may be characterized 
by the following major factors: locked rotor torque and current, pull 
up torque, breakdown torque and percent slip. In addition, full-load 
torque and current must be considered when evaluating an applica-
tion.

Locked Rotor Torque. Locked rotor torque, also referred to as 
starting torque, is developed when the rotor is held at rest with the 
rated voltage and frequency applied. This condition occurs each 
time the motor is started. When the rated voltage and frequency are 
applied to the stator there is a brief amount of time before the rotor 
turns.

Locked Rotor Current. Locked rotor current is also referred to 
as starting current. This is the current taken from the supply line at 
the rated voltage and frequency with the rotor at rest.

Pull Up Torque. Pull up torque is the torque developed during 
acceleration from start to the point breakdown torque occurs.
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Breakdown Torque. Breakdown torque is the maximum torque 
a motor develops at the rated voltage and speed without an abrupt 
loss of speed.

Full-Load Torque. Full-load torque is the torque developed 
when the motor is operating with the rated voltage. A typical torque-
slip curve is presented in Fig. 4.9. Locked rotor torque (at standstill) 
is greater than full load torque and the motor can be started at full 
load. Its speed increases and rotor reaches speed determined by 
load, frequency and load.

Full-Load Current. Full-load current is the current taken from 
the supply line at rated voltage, frequency and load.

Three-phase AC motors, for example, typically requires 600 % 
starting current and 150 % starting torque. 

0 �0 40 60 80 100
0

50

100

150

�00

Stable 
operating 

region

sb

Full load torque

Rotor speed

Locked rotor torque

Pull up torque

Breakdown torque

Full load 
torque, %

Slip, %

fig. 4.9. A typical torque-slip curve



63

At steady state condition developed torque is equal to load 
torque and motor operates with speed determined by load. When 
load reaches breakdown torque at breakdown slip sb motor speed is 
collapsed. Torque-slip characteristic is described by formula

 

� ,breakdown

b

b

T qT s s q
s s

+
=

+ + (4.31)

where Tbreakdown is the greatest torque delivered by motor, sb is slip 
corresponding to this torque calculated as:

 ( )
�

��
1 1 �

' ,
'

b
Rs

R X X
=

+ +
  (4.32)

where

 
1

�
�

' b
Rq s
R

= ⋅  (4.33)

and Tbreakdown is value of torque calculated at sb.
A high starting torque is produced by a high R’�; that is, the 

higher the rotor resistance, the higher would be the starting torque.
The equivalent circuits show that power factor can be improved 

by decreasing the leakage reactances and increasing the magnet-
izing reactance. However, it is not wise to reduce the leakage re-
actances to a minimum, since the starting current of the motor is 
essentially limited by these reactances. The breakdown (pullout) 
torque would be higher for lower leakage reactances.

At any instant of time for motor motion equation is desribed 
as:

                             ,L
dT T J
dt
ω

− =    (4.34)

where TL is load torque, J is inertia of motor or overall drive.
Solution of Eq. (4.34) at starting of the motor at no load yields 

dependence of speed in time domain:
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 1 ,m

t
T

s e
− 

 ω = ω −
 
 

  (4.35)

where Tm is electromechanical time constant, calculated as:

 ,s r
m

r

J sT
T
ω

=   (4.36)

and Tr and sr are rated torque and rated slip of the motor.
According to Eq. (4.36) the dependence of speed against time 

is shown in Fig. 4.10.

fig. 4.10. Starting speed transient of motor
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Method of testing 

1. Measurement of current transient ( )i f t= .
1. Connect the circuit shown in Fig. 4.11.
2. Switch on and adjust the oscilloscope.
3. Switch on the induction motor and get the curve of current 

transient in the screen.
2. Measurement of speed transient ( )f tω = .

1. Connect the oscilloscope to the terminals of tachogenerator 
BR load resistor.

2. Switch on and adjust the oscilloscope.
3. Switch on the induction motor and get the curve, propor-

tional to rotational speed of motor.
4. Calculate electromechanical time constant from the obtained 

curve.

fig. 4.11. Electrical circuit for measurement of current and speed 
transients
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content of report

1. Task of the work and experimental circuit.
2. Experimental curve of current starting transients.
3. Experimental curve of speed starting transients.
4. Calculation of electro-mechanical time constant from speed 

starting transient curve.
5. Conclusions.

control questions

1. Explain what elements are denoted as QF, PA, PV, TA, BR in the 
electrical circuit.

2. What is called electromechanical time constant?
3. How can you find value of electromechanical speed constant 

from the speed transient curve?
4. What current is measurred by ammeter PA?
5. What will happen if resistance TA will be turned off?
6. For what purpose is tachogenerator BR used in the circuit?
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InvestIgatIon of steppeR MotoR

laboratory work no 5

objective: analyze characteristics of stepper motor using dif-
ferent connection and control modes.

task: use experimental investigation to obtain maximum rota-
tion speed and other characteristics of different stepper motor con-
nection modes – unipolar and bipolar. Test and examine successive 
control modes:

• full step
• wave
• half step
• break

constructions and operational principles of stepper motor

The terms stepper motor, stepping motor, and step motor are syn-
onymous and are often used interchangeably. A stepper motor is a device 
that converts a DC voltage pulse train into a proportional mechanical 
rotation of its shaft. In essence, stepper motors are discrete versions of 
the synchronous motor. The discrete motion of the stepper motor makes 
it ideally suited for use with a digitally based control system such as a 
microcontroller. Stepper motors have very good low speed and holding 
torque, can run “open-loop” without the need for any kind of encoder 
to determine the shaft position. The rotation speed of a stepper is inde-
pendent of load, provided it has sufficient torque to overcome slipping. 
The higher rpm a stepper motor is driven, the more torque it needs, so all 
steppers eventually poop out at some rpm and start slipping. Slipping is 
usually a disaster for steppers, because the position of the shaft becomes 
unknown. There are three basic types of stepper motors:
1. permanent-magnet (PM) stepper motors, which have magnet-

ized rotors. Operational principle is shown in Fig. 5.1 – chang-
ing the winding currents it is possible to change the magnetic 
field and magnetized rotor position.
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fig. 5.1. Operational principle of a permanent-magnet stepper motor 

�. variable-reluctance (VR) stepper motors, which have soft-iron 
rotors with a wound stator (Fig. 5.2). The number of teeth on the 
rotor and stator, together with the winding configuration and 
excitation determines the step angle. This type of stepper motor 
provides small to medium sized step angles and is capable of 
operation at high stepping rates. A disadvantage of VR step-
per motors is that since the rotor is not magnetized, the hold-
ing torque is zero when the stator windings are not energized 
(power off). Hence, there is no capability to hold a mechanical 
load at a given position under power-off conditions unless me-
chanical brakes are employed.

3. hybrid stepper motors, which have two stacks of rotor teeth 
forming the two poles of a permanent magnet located along the 
rotor axis. The hybrid stepper motor is a combination of the 
previous two types. Typically the stator has eight salient poles, 
which are energized by a two-phase winding (Fig. 5.3). The ro-
tor consists of a cylindrical magnet, which is axially magnet-
ized. The step angle depends on the method of construction and 
is generally in the range 0.9°–5°. The most popular step angle is 
1.8° – 200 steps per rotation. In this case rotor has 50 teeth, and 
there are 4 winding poles.
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rotation. In this case rotor has 50 teeth, and there are 4 winding 
poles.

Fig. 5.2. Operational principle of a variable-reluctance stepper motor  

Fig. 5.3. Operational principle of hybrid stepper motor  

fig. 5.2. Operational principle of a variable-reluctance stepper motor 
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fig. 5.3. Operational principle of hybrid stepper motor 
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The stepper motor characteristics (Fig. 5.4) can be described 
using the main terms:
• pull-out torque: The maximum torque that can be applied to a 

motor, running at a given stepping rate, without losing synchro-
nism.

• pull-in torque: The maximum torque against which a motor 
will start, at a given pulse rate, and reach synchronism without 
losing a step.

• Dynamic torque: The torque developed by the motor at very 
slow stepping speeds.

• holding torque: The maximum torque that can be applied to an 
energized stationary motor without causing spindle rotation.

• pull-out rate (maximum rotation speed): The maximum switch-
ing rate at which a motor will remain in synchronism while the 
switching rate is gradually increased.

• pull-in rate: The maximum switching rate at which a loaded 
motor can start without losing steps. 

• slew range: The range of switching rates between pull-in and 
pull-out in which a motor will run in synchronism but cannot 
start or reverse.

T

N

Pull-out torque

Pull-in torque

Pull-out ratePull-in rate
Max

Pull-in rate
Max

Pull-out rate

Resonant speed

fig. 5.4. General characteristics of a typical stepper motor
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connection types

The most popular hybrid stepper motors usually have two pairs 
of windings (sometimes for very precise systems 5 winding motors 
are used). If these windings have separate outputs (8 wires), the pole 
coils can be freely connected in series or parallel. A series connec-
tion provides a high inductance and therefore greater performance 
at low speeds. A parallel connection will lower the inductance but 
increase the torque at faster speeds.

Otherwise the windings can be connected in series inside the 
motor, and 4, 5 or 6 wires motors (Fig. 5.5) are available. Depending 
to the wiring, unipolar (Fig. 5.6) or bipolar (Fig. 5.7) stepper motor 
connection is possible.
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fig. 5.5. 4, 5 or 6 wire stepper motor winding connections
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B D

fig. 5.6. Unipolar stepper motor connection
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The direction of current flow in unipolar connection (Fig. 5.6) 
is opposite in sections A and C of the coil. But one coil from the 
same pole is on (open VT1 or VT2 for A-C, and VT3 or VT4 for 
B-D), and current flow in a particular section of the coil is always 
unidirectional. Only 5, 6 or 8 wires motors (Fig. 5.5) can be con-
nected unidirectionally.

Bipolar stepper motors do not need the centre tap. That makes 
the motor construction easier, but it needs a different type of driver 
circuit, which reverses the current flow through the entire coil by 
alternating the polarity of the terminals, giving us the name “bipo-
lar”, and windings can not have the common centre tap like 5 wire 
winding connection (Fig. 5.5).

A bipolar motor is capable of higher torque since the entire coil 
is energized, not just half. Let’s look at the mechanism for reversing 
the voltage across one of the coils, as shown in Fig. 5.7. This circuit 
is called an H-bridge, because it resembles a letter ‘H’. The current 
can be reversed through the coil by opening the appropriate transis-
tors. If transistors VT1 and VT4 are open, then the current flows in 
one direction, and if transistors VT2 and VT3 are open, then the 
current flows in the opposite direction.

VT� VT4VD�

VD1

VD4

VD3

Rsense

VCC

A C

VT1 VT3

VT6 VT8VD6

VD5

VD8

VD7

Rsense

VCC

B D

VT5 VT7

fig. 5.7. Bipolar stepper motor connection
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control modes

full step (normal, “two phase on”) mode (Fig. 5.8). In this 
method, both windings of the motor are always energized. Instead 
of making one winding off and another on, in sequence, only the po-
larity of one winding at a time is changed. With the current flowing 
in both windings simultaneously, the rotor aligns itself between the 
‘average north’ and ‘average south’ magnetic poles, as shown in Fig. 
5.1, b. Since both phases are always ‘ON’, this method gives 41.4 % 
more torque than “One Phase ON” stepping.

1 0

3�

0 1 � 3 0 1 �3 t

fig. 5.8. Full step control mode

Wave (“one phase on”) mode (Fig. 5.9, Fig. 5.1, a, c).

1

0

3

� 0 1 � 3 0 1 �3 t

fig. 5.9. Full step wave control mode
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half step mode (Fig. 5.10). Half step is a combination of full 
step and wave modes, the number of steps per rotation is doubled, 
step size is decreased in half. Resonant effects can be reduced, but 
for the same rotation speed the doubled pulse frequency is needed.

3 1

75

0 1 � 3 4 5 67 t

�

0

6

4 7 1 � 3 4 5 60

fig. 5.10. Half step control mode

Break mode (Back phasing). When operating the motor at fre-
quencies that are considerably below the time constant, extra pulses 
can be supplied in order to improve the rotor positioning. At low 
stepping rates, typically below 250 steps/s, the instability due to in-
herent resonance can be eliminated by a form of electrical damping 
called “back phasing”. The damping is accomplished by adding a 
half step backward to every step forward. After a full step forward, 
just before the new position has reached, a half step pulse is given 
in the opposite direction causing the rotor to reverse. Before moving 
backwards another half pulse is not given in the forward direction. 
This is the same as to go back to the former new stable position to 
lock the rotor there. The break pulse position and duration is adjust-
able. There are drawbacks of this mode: the net torque decreases, 
and it is difficult to control the pulse form at higher frequencies. 
Usually 250 steps/s is the upper limit for the back phasing usage.

Microstep mode is the further improvement of half step mode. 
The coil current can be not only switched on and off, but can be 
gradually regulated. Depending to the pole coil current ratio the 
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intermediate rotor positions can be obtained. The coil current is 
equal

                              max sin ;aI I= Θ     (5.1)

                              max cos ;bI I= Θ   \  (5.2)

where Θ – microstep angle. Resultant coil current remains equal 
Imax.(Fig. 5.11).

t

fig. 5.11. Microstepping with sinusoidal current regulation

To simplify the regulation and to increase torque is possible 
using square microstepping control (Fig. 5.12) – only one current is 
regulated per half step, other remains maximum.

t

fig. 5.12. Microstepping with square (one coil per half step) 
current regulation
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Resonance

At specific step rates stepper motors often experience an unde-
sired reaction called resonance. The indications are a sudden loss of 
torque with possible skipped steps and loss of synchronization. 

Resonance is inherent in the design and operation of all step-
ping motors. Slow stepping rates combined with high rotor inertia 
and elevated torque produce ringing as the rotor overshoots its de-
sired angular displacement and is pulled back into position. Reso-
nance arises when the step rate coincides with rotor ringing, typi-
cally about 100 to 200 steps/sec. Unable to overcome the combined 
effects of both load inertia and ringing, the motor skips steps and 
loses torque and synchronization. 

The resonant frequency of the stepper motor rotor depends on 
the amplitude of the oscillation, but as the amplitude decreases, the 
resonant frequency rises to a well-defined small-amplitude frequen-
cy. This frequency depends on the step angle and on the ratio of the 
holding torque to the moment of inertia of the rotor. Either a higher 
torque or a lower moment will increase the frequency. Formally, the 
small-amplitude resonance can be computed as follows: First, recall 
Newton’s law for angular acceleration:

                                   ,T A= µ     (5.3)

where: T – torque applied to rotor; µ – moment of inertia of rotor 
and load, A – angular acceleration [rad/s�]. For small amplitudes, 
the torque on the rotor can be approximated as a linear function of 
the displacement from the equilibriun position. Therefore, Hooke’s 
law is applied:

                                 ,T k= − Θ    (5.4)

where: k – the “spring constant” of the system, in torque units per 
radian; Θ – angular position of rotor [rad].

From (5.3) and (5.4) is evident that
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                                .A kµ = − Θ    (5.5)

Acceleration is the second derivative of position with respect 
to time:

                                 
�

� ,dA
dt

Θ
=   (5.6)

so using (5.5) and (5.6) the differential equation can be written:
 

                               
�

� .d k
dt

 Θ
= − Θ µ 

  (5.7)

To solve  recall that:

                               ( ) sin ;f t a bt=   (5.8)
the derivatives are:

                            ( ) cos ;df t ab bt
dt

=    (5.9)

                  
�

�
�

( ) sin ( ).d f t ab bt b f t
dt

= − = −  (5.10)

If the motor is resonating, the equation of rotor motion is:
 

                            sin(2 );a ftΘ = π    (5.11)

where: a – angular amplitude of resonance, f – resonant frequency. 
This is an admissible solution to the differential equation (5.7) if we 
agree that:

                                  � ;b f= π   (5.12)

                                  � .kb =
µ

  (5.13)
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Solution of the resonant frequency f as function of k and µ is:

                                     .
�

k

f
µ

=
π

   (5.14)

It is very important, that moment of inertia of the rotor plus 
any coupled load matters, so the resonant frequency depends on 
the load. In practice, this oscillation can cause significant problems 
when stepping rate is anywhere near a resonant frequency of the 
system – random and uncontrollable motion can appear.

Changing any one of the three parameters – inertia load, step 
rate, or torque – will reduce or eliminate resonance. As a practical 
matter, only torque is the easiest to change using a technique called 
microstepping. 

Microstepping applies power to the stator windings of the mo-
tor in incremental steps. Torque builds slowly reducing overshoot 
and canceling resonance. 

time constant

Because of motor winding inductance, the current will not in-
crease or decrease instantaneously. If a voltage V is connected to 
a winding with the resistance R and inductance L, the current in-
creases exponentially:

                             1 .
Lt
RVi e

R
− 

= − 
 

   (5.15)

Value L / R is called time constant and indicates time needed 
for the current to rise up to 63 % of the final value i = V/R. For the  
equipment motor with R = 2.5 Ω and L = 8 mH used in laboratory 
the time constant τ = L / R = 3.2 ms. It means, the step switching 
frequency is limited to about 200 steps per second. There is a way to 
increase maximal rotation speed: time constant τ can be decreased 
using additional series connected resistor (increasing R) and accord-
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ingly increased supply voltage to reach the normal motor current. 
If the 10 Ω resistor added and supply voltage increased to 25 V, τ = 
0.64 ms, and 1000 steps per second speed can be reached.

the workflow

The laboratory equipment for the stepper motor investigation 
– TERCO SD1664-1 Stepper motor trainer is shown in Fig. 5.13. It 
consists of a motor block with adjustable load on the left, and con-
trol block in the centre. Closer view of control measurement part is 
presented in Fig. 5.14, block driver part– in Fig. 5.15, control part 
– in Fig. 5.16. The oscilloscope for voltage form monitoring and 
voltmeter for coil current measurement are necessary. Parameters 
of the used motor are presented in Table 5.1.
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Fig. 5.13. Stepper motor trainer TERCO SD1664-1 

Measurement equipment connection 

Connect the two channels (at least) oscilloscope using 3 BNC–
BNC connectors: channel inputs to the measurement part oscillo-

fig. 5.13. Stepper motor trainer TERCO SD1664-1

Measurement equipment connection

Connect the two channels (at least) oscilloscope using 3 BNC–
BNC connectors: channel inputs to the measurement part oscil-
loscope interface (Fig. 5.15) CH1 and CH2 outputs, trigger input 
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– to the TRIG output. Oscilloscope interface inputs IN should be 
connected to the trainers’s driver part depending on measurement 
needs.

Connect high impedance voltmeter to the shunt resistor (Fig. 
5.15, the upper right corner) for coil current measurement.

table 5.1. Motor data.

Parameter Value
Step angle 1.8 °

Working voltage �4 V
Winding current 2 A

Winding resistance � Ω
Winding inductance 8.0 mH

Holding torque 1.60 N⋅m
Number of rotor poles 50

Cog belt gear ratio 1:1
Motor weight 1.4 kg
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scope interface (Fig. 5.15) CH1 and CH2 outputs, trigger input – to 
the TRIG output. Oscilloscope interface inputs IN should be con-
nected to the trainers’s driver part depending on measurement needs. 

Connect high impedance voltmeter to the shunt resistor (Fig. 
5.15, the upper right corner) for coil current measurement. 

Table 5.1. Motor data. 
Parameter Value 
Step angle 1.8 

Working voltage 24 V 
Winding current 2 A 

Winding resistance 2 
Winding Inductance 8.0 mH 

Holding torque 1.60 Nm
Number of rotor poles 50 

Cog belt gear ratio 1:1 
Motor weight 1.4 kg 

Fig. 5.14. Measurement part of stepper motor trainer fig. 5.14. Measurement part of stepper motor trainer



81
80

Fig. 5.15. Driver part of stepper motor trainer fig. 5.15. Driver part of stepper motor trainer
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Fig. 5.16. Control part of stepper motor trainer 

Experiment 1 

Test the stepper motor in different control modes. 
Single mode.

1. In “PROGRAM SELECTOR” (Fig. 5.16) choose the 
“SINGLE” mode. Try to rotate the motor shaft by hand in 
“STOP/PROGRAM” and “START/RUN” modes, note the dif-
ference. Measure and note the current values in both modes. 

2. Press the button “SINGLE STEP”. Count the steps for a one 
complete motor shaft turn, compare obtained number with giv-
en data. Try to change step direction (Fig. 5.14). 

Normal mode.
1. In “PROGRAM SELECTOR” (Fig. 5.16) choose the 

“NORMAL” mode. Select “BIPOLAR” mode in Driver sec-
tion. Connect Oscilloscope interface CH1 inputs to a1 and a2, 
CH2 inputs – to b1 and b2. Set the SPEED potentiometer to a 
minimum position. 

2. Switch on to the “START/RUN” mode. Sowly increase the ro-
tation speed watching the scope curves and current values until 

fig. 5.16. Control part of stepper motor trainer

experiment 1

Test the stepper motor in different control modes.
single mode. 
1. In “PROGRAM SELECTOR” (Fig. 5.16) choose the “SINGLE” 

mode. Try to rotate the motor shaft by hand in “STOP/PRO-
GRAM” and “START/RUN” modes, note the difference. Mea-
sure and note the current values in both modes.

2. Press the button “SINGLE STEP”. Count the steps for a one 
complete motor shaft turn, compare the obtained number with 
the given data. Try to change step direction (Fig. 5.14).

normal mode.
1. In “PROGRAM SELECTOR” (Fig. 5.16) choose the “NOR-

MAL” mode. Select “BIPOLAR” mode in Driver section. Con-
nect Oscilloscope interface CH1 inputs to a1 and a2, CH2 in-
puts – to b1 and b2. Set the SPEED potentiometer to a minimum 
position.

2. Switch on to the “START/RUN” mode. Sowly increase the rota-
tion speed watching the scope curves and current values until 
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motor goes out of sinchronization. Note the maximum rotation 
speed and pulse frequency.

3. Measure the coil current at different switching frequencies (from 
0 till maximum every 10 Hz) and make a dependence chart.

4. Connect oscilloscope to the windings – CH1 to the A1 and A2, 
CH2 – to the B1 and B2 and check curves at different rotation 
speed. Make a screen shots at high speed, at lower speed when 
current protection occurs, and at very low speed, when voltage 
oscillations are visible (examples on Fig. 5.18–5.21).

Wave mode.
1. In “PROGRAM SELECTOR” (Fig. 5.16) choose the “WAVE” 

mode. Repeat all steps like in Normal mode.
half step mode.
1. In “PROGRAM SELECTOR” (Fig. 5.16) choose the “HALF 

STEP” mode. Repeat all steps like in Normal mode.
2. Note the pulse frequency and rotation speed differencies com-

paring to the full step modes.
Break mode.
1. In “PROGRAM SELECTOR” (Fig. 5.16) choose the “BREAK” 

mode. Repeat all steps like in Normal mode.
2. Try to adjust “Brake Time” and “Delay”, note the differencies in 

waveforms and motor work at various settings.
Ramp mode.
1. In “PROGRAM SELECTOR” (Fig. 5.16) choose the “RAMP” 

mode. A typical ramping profile is presented in Fig. 5.17.
2. Turn “Base speed” to 20 % and “Run speed” to 50 %.
3. Set “Ramp up” and “Ramp down” to 100 %.
4. In “Rev. selector” (Fig. 5.14) choose a certain number of turns.
5. Run the motor and note the process.
6. Repeat the test by decreasing the ramping time first “Ramp up” 

and later “Ramp down”, note the results.
7. Change “Base speed” and “Run speed” values. Try “Base 

speed” greater than “Run speed”, see what happens.
8. Draw and test your own ramping diagram.
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Ramp-up time Ramp-down time

Base speed

Run speed

Speed

Time

fig. 5.17. A typical two phase ramping profile

fig. 5.18. A typical oscillogram of control signal in the Normal mode
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fig. 5.19. A typical oscillogram of winding voltage at a high speed

fig. 5.20. Winding voltage when a current protection occurs
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fig. 5.21. A typical oscillogram of winding voltage when oscillations are 
visible

experiment 2

Find the Maximum pull-out, Resonance and Maximum pull-in 
frequency.
1. Connect oscilloscope to windings – CH1 to A1 and A2, CH2 – 

to B1 and B2, set “Speed” potentiometer to the minimum val-
ue.

2. Switch “Instrument selector” to torque mode (Nm), adjust zero 
on display by “Zero setting torque” potentiometer (Fig. 5.14).

3. Switch “Instrument selector” to frequency mode (Hz), select 
“Unipolar” in driver section and “Normal” in “Program selec-
tor”. Start the motor.

4. Increase the frequency slowly until the motor starts to sound 
differently. The resonance frequency may cause the motor to 
miss steps or stall. Monitor and save the curves on oscilloscope, 
write down the resonant frequency.
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5. Continue increasing the frequency until the motor finaly stops. 
Write down the Maximum pull-out frequency.

6. Find out the Maximum pull-in rate. Stop the motor, adjust the 
frequency and find the value when the motor cannot be started. 
Write down this value.

7. Repeat steps 3–6 in Bipolar mode.
8. Mount the additional weight on the motor shaft, and repeat steps 

3–6. Note the possibility to find the resonance.

experiment 3

Maximum pull-in, pull-out and torque characteristic measure-
ment.
1. Set “Speed” potentiometer to the minimum value. Turn down 

the adjusting screw until the braking cord is loose. Switch “In-
strument selector” to torque mode (Nm), adjust zero on display 
by “Zero setting torque” potentiometer (Fig. 5.14).

2. Switch “Instrument selector” to frequency mode (Hz), select “Uni-
polar” in driver section and “Normal” in “Program selector”.

3. Start the motor at very low speed, stop and restart the motor 
(use the Hold/Run switch). Increase the frequency until the mo-
tor does not start properly and write the frequency value into 
table 5.�.

4. Adjust three different torque values in range 0–1 Nm, and re-
peat procedure 3.

5. Repeat steps 3 and 4 for bipolar mode.
6. Repeat steps 3–5 using one and two additional weights on motor 

shaft, fill in the results into table 5.2.
7. Measure the maximum pull-in torque: loose the braking cord; 

select “Unipolar” in driver section and “Normal” in “Program 
selector”; set the operational frequency 20 Hz; increase the 
torque and try to restart the motor. Proceed until the motor can 
not start, and write down the obtained torque value in table 5.3.

8. Repeat step 7 for 50 Hz, 100 Hz, 200 Hz, 400 Hz, 600 Hz and 
800 Hz operational frequency and write down the data in table 
5.3.
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9. Repeat steps 7 and 8 using bipolar conection mode.
10. Measure the maximum pull-out torque: loose the braking cord; 

select “Unipolar” in driver section and “Normal” in “Program 
selector”; set the operational frequency 20 Hz; run the motor 
and increase the torque. Proceed until the motor stops, and write 
down the obtained torque value in table 5.3.

11. Repeat step 10 for 50 Hz, 100 Hz, 200 Hz, 400 Hz, 600 Hz and 
800 Hz operational frequency and write down the data in table 
5.3.

12. Repeat steps 10 and 11 using bipolar conection mode.

table 5.2. The maximum pull-out rate

Weight No Load, Nm
Frequency, Hz

Unipolar Bipolar

table 5.3. The maximum pull-in and pull-out torque

Mode
Maximum torque, Nm

�0 
Hz

50 
Hz

100 
Hz

�00 
Hz

400 
Hz

600 
Hz

800 
Hz

Pull-in unipolar
Pull-in bipolar

Pull-out unipolar
Pull-out bipolar

content of Report

1. Objective, task and motor parameters of the laboratory work.
2. Work results for Experiment 1 – table with maximum rotation 

speed achieved using different connection and control modes; 
control pulse and coil voltage oscillograms, coil current de-
pendence from pulse frequency for the offered control mode, 
ramping diagram.
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3. Work results for Experiment 2: maximum pull-out, resonance 
and maximum pull-in frequency values for both unipolar and 
bipolar connection modes of unloaded motor and with addition-
al load.

4. Work results for Experiment 3: maximum pull-in and pull-out 
rates (Table 5.2) and torques (Table 5.3) for different operation 
modes.

5. Conclusions.

control questions

1. Enumerate advantages and drawbacks of stepper motors.
2. What are the main connection types for stepper motors?
3. How do the parameters depend on connection type?
4. What are control modes for stepper motors?
5. What control mode can achieve maximum rotation speed?
6. What is the speed resonance and how to avoid it?
7. What is the back-phasing mode?
8. Explain the ramp mode using the diagram.
9. How to find the maximum pull-in and pull-out frequency?
10. How to find the maximum pull-in and pull-out torque?
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InvestIgatIon of posItIon sensor 
CharaCterIstICs

laboratory work no 6

objective: analyze characteristics and applications of different 
position sensor types.

task: use experimental investigation to obtain sensibility char-
acteristics of different position sensor types:

• inductive proximity sensor
• capacitive proximity sensor
• optical proximity sensor
• ultrasonic proximity sensor

Investigate the optical proximity sensor usage for rotation speed 
measurement.

classification of position sensors

A sensor is a technical converter, which converts a physical 
variable (e.g. temperature, distance, pressure) into a different, more 
easily evaluated variable (usually an electrical signal). Additional 
terms for sensors are: encoders, effectors, converters, detectors, 
transducers. Sensors are devices which can operate both by means 
of contact, e.g. limit switches, force sensors, or without contact, e.g. 
light barriers, air barriers, infrared detectors, ultrasonic reflective 
sensors, magnetic sensors, etc. Even a simple limit switch can be 
interpreted as a sensor.

According to the output signal type sensors can be divided into 
5 types.

type a – sensors with switching signal output (binary signal 
output). Examples – proximity sensors, pressure sensors, filling 
level sensor, bimetal temperature sensor. These sensors can be con-
nected directly to programmable logical controllers (PLC).
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type B – sensors with pulse rate output. Examples – incremen-
tal length and rotary angle sensors, quadrature encoders. Generally, 
PLC-compatible interfaces are available.

type c – sensors with analogue output and without integra-
ted amplifier and conversion electronics usually provide very small 
analogue output signal (e.g. in the millivolt range), which is to be 
evaluated only by using additional circuity. Examples – piezoresis-
tive or piezoelectric sensor components, Pt-100 or thermoelectric 
cells, magnetoresistor and Hall sensor components, pH and conduc-
tivity measuring probes, potentiometers.

type D – sensors with standardized analogue output and in-
tegrated amplifier or conversion electronics. Typical output signals 
are: 0 to 10 V; 1 to 5 V; –5 to +5 V; 0 to 20 mA; 4 to 20 mA; –10 to 
+10 mA.

type e – sensors and sensor systems with standardized digital 
signal output interface, e.g. RS-232-C, RS-422-A, RS-485, CAN, 
Profibus, etc.

Sensors which detect whether or not an object is located at a 
certain position are known as proximity sensors. Sensors of this 
type provide a “Yes” or “No” statement depending on whether or 
not the position, to be defined, has been taken up by the object. Usu-
ally these sensors have binary output (Type A).

With many production systems, mechanical position switches 
are used to acknowledge movements which have been executed. 
Additional terms used are microswitches, limit switches or limit 
valves. Because movements are detected by means of contact sens-
ing, relevant constructive requirements must be fulfilled. Also, 
these components are subject to wear. In contrast, proximity sensors 
operate electronically and without contact.

Fig. 6.1 illustrates the different types of contactless position 
sensors in separate groups according to physical principles and 
type, whereby basically each sensor type can be either an analogue 
or binary sensor.
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Fig. 6.1. Classification of sensors for position detection 

The advantages of contactless proximity sensors are: 
 Precise and automatic sensing of geometric positions. 

fig. 6.1. Classification of sensors for position detection

The advantages of contactless proximity sensors are:
• Precise and automatic sensing of geometric positions.
• Contactless sensing of objects and processes; no contact 

between sensor and workpiece is required with electronic 
proximity sensors.
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• Fast switching characteristics; as the output signals are gen-
erated electronically, the sensors are bounce-free and do not 
create error pulses.

• Wear-resistant function; electronic sensors do not include 
moving parts which can wear out.

• Unlimited number of switching cycles.
• Suitable versions are also available for use in hazardous con-

ditions (e.g. areas with explosion hazard).
Today, proximity sensors are used in many areas of industry for 

the reasons mentioned above. They are used for sequence control 
in technical installations and for monitoring and safeguarding pro-
cesses. In this context sensors are used for early, quick and safe de-
tection of faults in the production process. The prevention of damage 
to man and machine is another important factor to be considered. A 
reduction in downtime of machinery can also be achieved by means 
of sensors, because failure is quickly detected and signalled.

Inductive proximity sensors

Inductive proximity sensors detect the presence of electrically 
conductive (metal) objects that come within range of their oscillat-
ing field. Most of inductive proximity sensors are operated using 
Eddy Current Killed Oscillator (ECKO) principle. This type of sen-
sor consists of few elements: coil, oscillator, demodulator, trigger 
circuit, and an output (Fig. 6.3). The oscillator is an inductive capac-
itive tuned circuit that creates a radio frequency. The electromag-
netic field produced by the oscillator is emitted from the coil away 
from the face of the sensor. The circuit has just enough feedback 
from the field to keep the oscillator going.

When a metal target enters the field (Fig 6.2), eddy currents cir-
culate within the target. This causes a load on the sensor, decreasing 
the amplitude of the electromagnetic field. As the target approaches 
the sensor eddy currents increase, increasing the load on the oscil-
lator and further decreasing the amplitude of the field. Demodula-
tor removes the oscillator’s carrier and leaves only amplitude value. 
Schmitt trigger circuit monitors the oscillator’s amplitude and at a 
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predetermined level switches the output state of the sensor from its 
normal condition. As the target moves away from the sensor, the os-
cillator’s amplitude increases. At a predetermined level the trigger 
switches the output state of the sensor back to its normal condition.
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Fig. 6.3. Block diagram of an inductive proximity sensor: 1 – active zone 
(coil); 2 – oscillator; 3 – demodulator; 4 – Schmitt trigger; 5 – status indica-
tor; 6 – output stage with protection circuit; 7 – voltage stabilizer; 8 – power 

supply; 9 – output signal 

Depending on the construction inductive proximity sensors can 
be shielded or unshielded. The ferrite core concentrates the radiated 

fig. 6.2. Magnetic fields in inductive proximity sensors
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fig. 6.3. Block diagram of an inductive proximity sensor: 1 – active zone 
(coil); 2 – oscillator; 3 – demodulator; 4 – Schmitt trigger; 5 – status 

indicator; 6 – output stage with protection circuit; 7 – voltage stabilizer; 
8 – power supply; 9 – output signal

Depending on the construction inductive proximity sensors can 
be shielded or unshielded. The ferrite core concentrates the radi-
ated field in the direction of use. A shielded proximity sensor has a 
metal ring placed around the core to restrict the lateral radiation of 
the field. Shielded proximity sensors can be flush mounted in metal. 
A metal-free space is recommended above and around the sensor’s 
sensing surface. If there is a metal surface opposite to the proximity 
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sensor it must be at least three times the rated sensing distance of 
the sensor from the sensing surface.

An unshielded proximity sensor does not have a metal ring 
around the core to restrict lateral radiation of the field. Unshielded 
sensors cannot be flush mounted in metal. There must be an area 
around the sensing surface that is metal free. An area of at least 
three times the diameter of the sensing surface must be cleared 
around the sensing surface of the sensor. In addition, the sensor 
must be mounted so that metal surface of the mounting area is at 
least two times the sensing distance from the sensing face. If there 
is a metal surface opposite to the proximity sensor it must be at least 
three times the rated sensing distance of the sensor from the sensing 
surface.

For sensing distance normalization a standard target is de-
fined. A standard target is defined as having a flat, smooth surface, 
made of mild steel that was 1 mm thick. Steel is available in various 
grades. Mild steel is composed of a higher content of iron and car-
bon. The standard target used with shielded sensors has sides equal 
to the diameter of the sensing face. The standard target used with 
unshielded sensors has sides equal to the diameter of the sensing 
face or three times the rated operating range, whichever is greater. 
If the target is larger than the standard target, the sensing range does 
not change. However, if the target is smaller or irregular shaped the 
sensing distance (Sn) decreases. The smaller the area of the target 
the closer it must be to the sensing face to be detected.

target size correction factor. A correction factor can be 
applied when targets are smaller than the standard target. To de-
termine the sensing distance for a target that is smaller than the 
standard target (Snew), multiply the rated sensing distance (Srated) by 
the correction factor (T):

                         .new ratedS S T= ⋅    (6.1)
Some typical target size correction values are presented in Ta-

ble 6.1.
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table 6.1. Target size correction values

size of target com-
pared to standard 

target

correction factor
shielded Unshielded

100 % 1.00 1.00
75 % 0.92 0.90
50 % 0.83 0.73
25 % 0.56 0.50

thickness of the target is another factor that should be con-
sidered. The sensing distance is constant for the standard target. 
However, for nonferrous targets such as brass, aluminium, and cop-
per a phenomenon known as “skin effect” occurs. Sensing distance 
decreases as the target thickness increases. If the target is other than 
the standard target a correction factor must be applied for the thick-
ness of the target.

The target material also has an effect on the sensing distance. 
When the material is other than mild steel correction factors need 
to be applied. The reduction factors for FESTO SIEH M12 sensor 
(used in laboratory equipment) are presented in Table 6.2.

table 6.2. Target material reduction factors for FESTO SIEH M12 
inductive proximity sensor

Material Reduction factor
Steel S 235 JR (St 37) 1.0
Stainless steel St 18/8 0.8

Brass 0.5
Copper 0.4

Aluminium 0.4

Rated operating Distances. The rated sensing distance (Sn) is 
a theoretical value which does not take into account such things as 
manufacturing tolerances, operating temperature, and supply vol-
tage. In some applications the sensor may recognize a target that 
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is outside of the rated sensing distance. In other applications the 
target may not be recognized until it is closer than the rated sensing 
distance. Several other terms must be considered when evaluating 
an application. The effective operating distance (Sr) is measured at 
nominal supply voltage at an ambient temperature of 23 °C ± 0.5 °. 
It takes into account manufacturing tolerances. The effective ope-
rating distance is ±10 % of the rated operating distance. This means 
the target will be sensed between 0 and 90 % of the rated sensing 
distance. Depending on the device, however, the effective sensing 
distance can be as far out as 110 % of the rated sensing distance. 
The useful switching distance (Su) is the switching distance measu-
red under specified temperature and voltage conditions. The use-
ful switching distance is ±10 % of the effective operating distance. 
The assured (guaranteed) operating distance (Sa) is any switching 
distance for which an operation of the proximity switch within spe-
cific permissible operating conditions is guaranteed. The assured 
operating distance is between 0 and 81 % of the rated operating 
distance.

The main parameters for FESTO SIEH M12 inductive proximi-
ty sensor (used in laboratory equipment) are presented in Table 6.3.

table 6.3. The main parameters for the FESTO SIEH M12 inductive 
proximity sensor

parameter value
Rated operating distance 4 mm

Assurred switching distance 3.24 mm
Repetition accuracy under constant conditions 0.� mm

Hysterezis ≤ 0.36 mm
Max. switching frequency 2 500 Hz

Max. output current 200 mA

capacitive proximity sensors

Capacitive proximity switches detect conductive and non-con-
ductive materials that can be in a solid or liquid state. They serve 
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the purpose of monitoring product levels in containers, checking 
contents in filling and packaging systems as well as detecting, po-
sitioning, monitoring and counting objects, e.g. in sequence control 
systems, conveyor belts. Used for detecting media such as:
• solid: wood, ceramic, glass, paper stacks, plastic, stone, rubber, 

ice, nonferrous metals, potatoes.
• liquid: water, oil, beverages, adhesives, paints.
• granular: plastic pellets, granulated products, grain, fodder, 

wood chip.
• powder: dyes, detergents, sand, cement, fertilizer, salt, sugar, 

flour, coffee.
The function of the capacitive proximity switch is based on 

evaluating the influence exerted by an actuator on the electrical field 
at the active face of the switch. The approach of an influencing ob-
ject increases the capacitance of the capacitor, which consists of a 
sensor electrode located behind the active face and the actuator con-
nected to earth / mass. This increase in capacitance is dependent on 
the conductance and the dielectric constant of the actuator as well 
as its mass, surface area and its distance from the sensor electrode. 
The capacitive limit switch is equipped with an RC oscillator with a 
gain factor that increases as a result of the rise in capacitance of the 
previously described capacitor to such an extent that oscillation is 
induced. In limit switches, the capacitance required to induce oscil-
lation can be determined by the built-in potentiometer intervening 
in the feedback of the oscillator. The block diagram of a capacitive 
proximity sensor is presented in Fig. 6.4.

The response sensitivity, i.e. the sensing distance with a given 
actuator can be adjusted in this way. The oscillator output signal is 
fed to an evaluation circuit that actuates the switching amplifier. In 
response to the approach of conductive material the actuating ob-
ject and the active face of the sensor form the plates of a capacitor. 
The change in capacitance and the consequently achievable sensing 
distance are large. In response to the approach of nonconductive 
material ε > 1 only the change in the dielectric constant is effec-
tive. The increase in capacitance is less than is the case for conduc-
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tive materials. The resulting sensing distance is small. The maxi-
mum obtainable switching distance of industrial capacitive sensors 
is approximately 60 mm. Reduction factors for some materials are 
presented in Table 6.4, the main parameters for the BERNSTEIN 
KCN–T12PS/004 M12 capacitive proximity sensor (used in labora-
tory equipment) – in Table 6.5.
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Fig. 6.4. Block diagram of a capacitive proximity sensor: 1 – active zone 
(capacitor); 2 – oscillator; 3 – demodulator; 4 – Schmitt trigger; 5 – status 

indicator; 6 – output stage with protection circuit; 7 – voltage stabilizer; 8 –
 power supply; 9 – output signal 

Table 6.4. Target material reduction factors of capacitive proximity sensor.
Material  Reduction Factor 
All metals – 1.0 

Water 80.8 1.0 
Marble 8.4–14 ~0.65 
Glass 3–14 0.3–0.5 

Stack of dry paper 2 ~0.4 
Ceramic 4.2–6.5 ~0.25 

Oil ~2 ~0.15 

fig. 6.4. Block diagram of a capacitive proximity sensor: 1 – active zone 
(capacitor); 2 – oscillator; 3 – demodulator; 4 – Schmitt trigger; 5 – status 
indicator; 6 – output stage with protection circuit; 7 – voltage stabilizer; 

8 – power supply; 9 – output signal

table 6.4. Target material reduction factors of capacitive proximity 
sensor

Material ε Reduction factor
All metals – 1.0

Water 80.8 1.0
Marble 8.4–14 ~0.65
Glass 3–14 0.3–0.5

Stack of dry paper � ~0.4
Ceramic 4.2–6.5 ~0.�5

Oil ~� ~0.15
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table 6.5. The main parameters for the BERNSTEIN KCN–
T12PS/004 M12 capacitive proximity sensor.

parameter value
Rated operating distance 8 mm

Assurred switching distance ≤ 6.5 mm
Repetition accuracy under constant conditions 0.8 mm

Hysterezis ≤ 1.6 mm
Max. switching frequency 25 Hz

Max. output current 200 mA

Sensitivity of capacitive proximity sensor with regard to hu-
midity is very high due to the high dielectric constant of water. They 
are very sensitive to the dirt also. On the other hand, they can be 
used for detection of objects through a non-metallic wall. The wall 
thickness in this case should be less than 4 mm and the dielectric 
constant of the material to be detected should be higher by a factor 
of 4 than that of the wall. 

Capacitive proximity sensors can be used for monitoring the 
winding of electrical wires and cables, because they react to copper 
containing electrical wires or cables of relatively small diameter, 
whereas inductive proximity sensors react at a smaller switching 
distance or not at all.

optical proximity sensors

Optical proximity sensors use light beam for detection of ob-
jects. Red or infrared light is used for this purpose. Semiconductor 
light emitting diodes (LEDs) or lasers are a particularly reliable 
source of red and infrared light. They are small and robust, have a 
long service life and can be easily modulated. Photodiodes or pho-
totransistors are used as receiver elements. When adjusting optical 
proximity sensors, red light has the advantage that it is visible in 
contrast to infrared light. Besides, polymer optic cables can easily 
be used in red wavelength range because of their reduced light at-
tenuation.
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Infrared (non visible) light is used in instances, where increased 
light performance is required in order to span greater distances for 
example. Furthermore, infrared light is less susceptible to interfer-
ence (ambient light). With both types of optical proximity sensor, 
additional suppression of external light influences is achieved by 
means of modulating the optical signal. The receiver (with the ex-
ception of through-beam sensors) is tuned to the pulse of the emit-
ter. With through-beam sensors an electrical band-pass is used in 
the receiver. Particularly in the case of infrared light, the use of 
daylight filters further improves insensitivity to ambient light.

Usually the 660 nm wavelength emitters are used for visible red 
beam sensors with fibre-optic connection and 880 nm – for infrared 
sensors without fibre-optic.

Depending to the light beam path optical proximity sensors can 
be divided into barierrs (through-beam and retro-reflective) and dif-
fuse sensors (Fig. 6.5).

E R

O

E

R

O

E

R
O

                a                                      b                                   c

fig. 6.5. Optical proximity sensors: a – through-beam; b – retro-reflective; 
c – diffuse; where E – emitter; R – receiver; O – object

through-beam sensors consist of separately assembled emit-
ter and receiver components whereby wide sensing ranges can be 
achieved. For the interruption of the light beam to be evaluated, the 
cross-section of the active beam must be covered. The object should 
permit only minimum penetration of light, but may reflect any 
amount of light. These sensors have enhanced reliability because of 
permanent light during non-operation, wide range, can detect small 
objects at large distances, are suitable for aggressive environment, 
good positioning accuracy, but two separate proximity sensor mod-
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ules (emitter and receiver) and separate electrical connections are 
required, failure of the emitter is evaluated as “object present” (im-
portant with accident prevention applications).

Retro-reflective sensors have light emitter and light receiver 
installed in one single housing. An additional reflector is required. 
Interruption of the light beam is evaluated. Interruption of the light 
beam must not be compensated by direct or diffuse reflection of 
an object. Transparent, bright or shiny objects may in some cases 
remain undetected. Mirroring objects must be positioned in such a 
manner that the reflecting beam does not impinge on the receiver. 
Failure of the emitter is evaluated as “object present” too.

Diffuse sensors have the emitter and receiver fitted in the same 
housing too. The object diffusely reflects a percentage of the emitted 
light thereby activating the receiver. The switching distance largely 
depends on the reflectivity of the object. The size, surface, shape, 
density and colour of the object as well as the angle of impact deter-
mine the intensity of the diffused light so that as a rule only small 
distances within a range of a few decimeters can be scanned. The 
background must absorb or deflect the light emission, i.e. when an 
object is not present, the reflected light beam must be clearly below 
the response threshold of the receiving circuit. The right sensivity 
adjustment is very important for these sensors. Failure of the emitter 
is evaluated as “no object present”. Transparent and non-reflective 
(black) object recognition is complicated. Different material sensiv-
ity correction factors are presented in Table 6.6.

Usually the emitter and receiver pulse sinchronization is imple-
mented for better influence cancelling. Typical optical sensor block 
diagram is presented in Fig. 6.6.
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table 6.6. Target material correction factors for diffuse optical 
proximity sensor

Material correction factor
Cardboard, white 1.0

Expanded polystyrene, white 1.0–1.2
Metal, shiny 1.2–2.0
Wood, coarse 0.4–0.8

Cotton material, white 0.5–0.8
PVC, grey 0.4–0.8

Cardboard, black shiny 0.3
Cardboard, black matt 0.1
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fig. 6.6. Block diagram of optical proximity sensors: 1 – oscillator; 
2 – photoemitter; 3 – optical switching distance; 4 – photoreceiver; 

5 – preamplifier; 6 – logic operation; 7 – pulse-level converter; 
8 – indicator; 9 – output stage with protection circuit; 10 – voltage 

stabilizer; 11 – power supply; 12 – output signal

table 6.7. The main parameters for the FESTO SOE–L series optical 
proximity sensor

parameter value
Working range 0–250 mm

Max. switching frequency 1 000 Hz
Max. output current 200 mA

The main parameters for FESTO SOE–L series optical proxim-
ity sensor with fiber optic (used in laboratory equipment) are pre-
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sented in Table 6.7. Sensors without fiber optic have very similar 
characteristics, too.

Ultrasonic proximity sensors

The operational principle of an ultrasonic proximity sensor is 
based on the emission and reflection of acoustic waves between an 
object and a receiver. Normally, air is the carrier of these sound 
waves. The travelling time of the sound is measured and evaluated. 
The ultrasonic transmitter emits sound waves in the non-audible 
range at any frequency usually between 30–300 kHz. The speed of 
sound C in air is

                     331.5 0.61  [m/s],C ≈ + ⋅ θ   (6.2)

where θ is air temperature (°C). The speed of sound changes as the 
air temperature changes and impacts a temperature-based distance 
measurement error. The block diagram of an ultrasonic proximity 
sensor is presented in Fig. 6.7, the pulse diagram – in Fig. 6.8.
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Fig. 6.7. Block diagram of an ultrasonic proximity sensor: 1 – active zone 
(ultrasonic transducer); 2 – oscillator; 3 – demodulator; 4 – Schmitt trigger; 

5 – status indicator; 6 – output stage with protection circuit; 7 – voltage 
stabilizer; 8 – power supply; 9 – output signal 

fig. 6.7. Block diagram of an ultrasonic proximity sensor: 1 – active 
zone (ultrasonic transducer); 2 – oscillator; 3 – demodulator; 4 – Schmitt 

trigger; 5 – status indicator; 6 – output stage with protection circuit; 
7 – voltage stabilizer; 8 – power supply; 9 – output signal
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Fig. 6.8. Ultrasonic sensor pulse digram: 1 – emission pulse; 2 – echo; td –
 pulse duration; to – oscillation decay time; te – echo transmission time; tp –

 pulse interval 

The oscillation decay time to limits the minimum detection dis-
tance, the pulse duration td – maximum detection distance and speed 
of operation, so the right sensor selection is very important. Typical 
ultrasonic proximity sensor detection distance can be from 10 cm till 
10 m. 

Conection diagrams 

Industrial proximity sensors usually have standard color marking 
for wires (Table 6.8) and one of two possible load connection – PNP 
or NPN (Fig.6.9). 

Table 6.8. Sensor terminal designation
Function Colour Designation 

Positive supply voltage (+) brown BN 
Negative supply voltage (–) blue BU 

Switch output black BK 
Antivalent switch output white WH 

fig. 6.8. Ultrasonic sensor pulse digram: 1 – emission pulse; 2 – echo; 
td – pulse duration; to – oscillation decay time; te – echo transmission time; 

tp – pulse interval

The oscillation decay time to limits the minimum detection 
distance, the pulse duration td – maximum detection distance and 
speed of operation, so the right sensor selection is very important. 
Typical ultrasonic proximity sensor detection distance can be from 
10 cm till 10 m.

connection diagrams

Industrial proximity sensors usually have standard color mark-
ing for wires (Table 6.8) and one of two possible load connection – 
PNP or NPN (Fig.6.9).

table 6.8. Sensor terminal designation

function colour Designation
Positive supply voltage (+) brown BN
Negative supply voltage (–) blue BU

Switch output black BK
Antivalent switch output white WH
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BN(1)

BK(4)

BU(3)
L

+ �4V

0 V

BN(1)

BK(4)

BU(3)
L

+ �4V

0 V

a                                                        b

fig. 6.9. Proximity sensor connection diagram: a – PNP; b – NPN

the workflow

1. Install the capacitive proximity sensor (looks like blue plastic 
screw with wiring) on a testbench to the measuring scale as 
shown in Fig. 6.10 and adjust the zero position.
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a                                                        b 
Fig. 6.9. Proximity sensor connection diagram: a – PNP; b – NPN 

The workflow 

1. Install the capacitive proximity sensor (looks like blue plastic 
screw with wiring) on a testbench to the measuring scale as 
shown in Fig. 6.10 and adjust the zero position. 

Fig. 6.10. Sensor and a measurement scale installation 

2. Connect the sensor to a power supply and a load according to 
the scheme at Fig. 6.11, using relay and indication units. 

fig. 6.10. Sensor and measurement scale installation

2. Connect the sensor to a power supply and a load according to 
the scheme at Fig. 6.11, using relay and indication units.
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BN(1)

BK(4)

BU(3)
KV

+ 24V

0 V

HL

Fig. 6.11. Sensor connection diagram 

3. Perform the sensor switching distance measurements: for each 
of four provided material plates (check the material!) find dis-
tances x1 – switch-off point moving from sensor; x2 – switch-on 
point moving to the sensor; x = x1 – x2 – hysteresis. Write the 
obtained results write  in Table 6.9. 

Table 6.9. Sensor testing results 
Material x1 x2 x

Iron    
Aluminium    

Copper    
Plastic    

4. Perform steps 1 to 3 for inductive and optical sensors. 

Fig. 6.12. Ultrasonic sensor connection diagram 

fig. 6.11. Sensor connection diagram

3. Perform the sensor switching distance measurements: for each 
of four provided material plates (check the material!) find dis-
tances x1 – switch-off point moving from sensor; x� – switch-on 
point moving to the sensor; ∆x = x1 – x� – hysteresis. Write the 
obtained results write  in Table 6.9.

table 6.9. Sensor testing results

Material x1 x2 ∆x
Iron

Aluminium
Copper
Plastic

4. Perform steps 1 to 3 for inductive and optical sensors.

BN(1)

BK(4)

BU(3)

+ �4V

0 V
PV

fig. 6.12. Ultrasonic sensor connection diagram
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5. Perform the ultrasonic sensor test: connect it according to the 
schematic at Fig. 6.12, and measure the output voltage moving 
the obstacle (perpendicular book) in front of the sensor every 5 
cm till 1 m. Make a reliance graph.

6. Perform a motor shaft rotation speed measurement using an op-
tical retro-reflective proximity sensor. Take a look at Fig. 6.13, 
and make connections: connect power to the counter, motor and 
sensor; connect voltmeter to the motor unit control output; con-
nect sensor output to “CLOCK” input of counter unit. Put the 
counter unit switch to the “imp. / s” position. Take a counter 
marks every 1 V motor control voltage increase and put them 
into Table 6.10. Calculate the rotation speed for each value using 
formula:

                           60  [rpm],N
n

ω =    (6.3)

where: N – counter indication; n – pulse number per rotation (count 
the holes on the disc). Make rotation speed ω dependence to the 
control voltage chart.

 
                   a                                                     b

fig. 6.13. Motor shaft rotation speed measurement equipment: a – counter 
unit; b – motor unit with installed optical sensor
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table 6.10. Rotation speed measurement results

control voltage, V counter indication, s–1 Rotation speed, rpm

content of Report

1. Objective, task and model of the laboratory work.
2. Work results (connection diagrams, tables and charts).
3. Conclusions.

control questions

1. What does “proximity sensor” mean?
2. Explain operation principle of inductive proximity sensor.
3. What are the main characteristics of inductive proximity sen-

sor?
4. Explain operation principle of capacitive proximity sensor.
5. What are the main characteristics of capacitive proximity sen-

sor?
6. Explain operation principles of optical proximity sensor.
7. What are the main characteristics of optical proximity sensor?
8. Explain operation principles of ultrasonic proximity sensor.
9. What are the main characteristics of ultrasonic proximity sen-

sor?
10. Find three application examples for each mentioned sensor 

type.
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