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PART 1. DIRECT CURRENT CIRCUITS

Sources and consumers

Electrical circuit is the multitude of devices designed for transforming,
distribution and conversion of electrical energy, while the processes which are taking
places in these devices can be described by the concepts of current, voltage and
electromotive force (e.m.f.).

The simplest electrical circuit contains three main elements: electrical source
(active element), consumer (passive element) and the wires. Besides, the circuit can
have also additional elements: measuring devices, switches, fuses, contactors, etc.

Electrical power is transformed into heating,
| R mechanical energy, etc. at the consumers. The measure of this
¢ L] °%  transformation is resistance R (fig. 1.1). You can see the
s " X v directions of the electrical values at fig. 1.1.
_ Ohm’s law for this element 1s as follow V =Rl or
Fig. 1.1 | =GV, where R - is resistance, G =1/R - is conductivity.
The power on resistive elementis p=RI2 =GV 2.

Heating, mechanical energy, etc. is transformed into electrical power at the
electrical sources. The measure of this transformation is electromotive force (e.m.f.)
E (fig. 1.2). You can see the directions of the electrical values at fig. 1.2.

The ideal electrical source (without losses) is characterized only by E. The
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Fig. 1.2 Fig. 1.3

power on the electrical source is P = El .
The real electrical source has losses and is characterized by E and R, (internal

resistance), which reflects the losses. The simplest electrical circuit is shown at
fig. 1.3. For this circuit:

|=E/R,+R),then V=E-R]I, V =RI, R,/ +RI =E.
We can represent real electrical circuit by two substitution schemes: serial
(fig. 1.4) and parallel (fig. 1.6). The external volt-ampere characteristic (fig. 1.5) V(1)
is the main characteristic of the source. Its analytical expression is V =E-R,l. At
fig. 1.5 solid line indicates the characteristic of real source, dashed line - the
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Fig. 1.4 Fig. 1.5
characteristic of ideal source. Boundary points of this characteristic correspond to the

3



source boundary modes — open circuit (idle) mode (without loading), when 1 =0,
V =E =V, and short circuit mode, when V =0, | =1l.. The external characteristic

of ideal source V = E is represented by dashed line at fig. 1.5.
Parallel substitution scheme (fig. 1.6) consists of ideal current source J and

internal conductivity G,, which characterizes the losses. The external characteristic

of real source (fig. 1.7) is described by the equation | =J-G,U . The external

characteristic of ideal source | = J is represented by dashed line at fig. 1.7.
Serial and parallel schemes are equivalent, it means you can transform one into

J |
> 1 >—o0 J
J Go \l/V
! 0

Fig. 1.6 Fig. 1.7
another using such formulas:
E=G,J, R,=1/G,, J=E/R,, G, =1/R,.
The efficiency factor of the source characterizes the efficiency of energy
transforming from the source to consumer:
P VI V
e Em e

E

where P, - is a consumer power, P; - is a source power.
We can also write down the efficiency factor using the elements parameters:

P, _ R* R 1
7 P.+AP RI?+RJ? R,+R 1+R,/R’
where AP - are power losses.
There are three main electrical circuit modes: nominal, operating and
boundary.

The nominal mode is the best mode for the working device, the device nominal
parameters are shown in its technical passport (1o »Viou s Puon )-

Operating mode is a mode, where the deviation from the nominal parameters is
not big.

gBoundary modes are: open circuit or idle (non-working) and a short circuit
(emergency) modes. For the open circuit (0.c.) mode R=c0, then using the scheme at
fig.1.3, we can write down:

-t __E _ogV=E-RI=E, ,_1.
R, +R R, +o

For short circuit mode (s.c.) R=0, then using the scheme at fig.1.3, we can

write down:

V=RI,V=0,I=E/R =1, 1n=0,
The methods of open circuit and short circuit experiments can be used for
defining the parameters of the source (E,R;): V. =E, R, =E/l . The experiment
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of s.c. mode is provided at low voltage.

Electrical source operating modes:

- voltage generator, when the voltage at the clamps of the source practically
does not depend on the current, thus V =~ E, and this mode is close to o.c. In this
mode R,l << Rl (fig.1.4), that’s why the condition of it is R; << R and 7 ~1. This
Is the main operating mode of electrical engineering devices.

- current generator, when the current at the clamps of the source practically
does not depend on the voltage, thus | ~ J, and this mode is close to to s.c. In this

mode G,U << GU (fig.1.6), that’s why the condition of it is G, << G (R, >> R).
-balanced mode — the maximum power P =R 17 is transferred from the source

to the consumer at this mode? | =E /(R +R), and P=RE’ /(R + R)’ at this mode.
The condition of this mode comes out from the expression dP/dR =0, that
means R, =R and ;; = 0.5. This mode is used in electronics.

Connections of elements
There are two types of elements connections in electrical circuits, they are
simple and complex. The major difference between those two types is that we know
the directions of currents before we calculate the circuit with simple connection and
don’t know the directions of currents at the circuits with complex connections, that’s
why we choose them arbitrarily.
There are three types of simple connection: serial, parallel and mixed.

When the elements are connected in serial (fig.1.8), the same current | is

flowing through them. The total resistance of serial connection isR=2'R .
The input voltage (fig.1.8)
V=V +.+V, =2V, =2RI.

Vi — | ..
: — The power of this circuit
Ri | P=VI=3R Il =3R I =3P, ,
lv = v]|]|r
: where P =VI - the power of the source, 2P, — the
<— Vy !
o—1 | ' power of the consumers.

Rn

Fig. 1.8 When the elements are connected in parallel
1g. 1.

(fig. 1.9), the same voltage V is applied to them.
The total conductivity of parallel connectionis G=2"G_.

The total current of the circuit (fig.1.9):
=1, +..+1 =2 =3¥GV. o —=>—p-—

The power of this circuit: y i .
P =VI :ZGNVV :ZGNVZZZPN. \l/V G1 Gn :
For two elements connected in parallel: ~ o—¢-- o
1 1 R,+R Fig. 1.9

G=G +G,=—+—=
R RR

1 2 12



1 RR,
"G R+R,’
The circuit with two elements connected in serial (fig.1.10) can be used as
voltage divider.

I I2
Vi1
\l/V V2 \l/ R \l/V R1 R2
o o] L
Fig. 1.10 Fig. 1.11
| = v ) V, =R/ =V R, ) V,=R,I =V R, .
R, +R, R +R, R, + R,

The circuit with two parallel connected elements (fig.1.11) can be used as
current divider.
i, I, =V/R, =1 R, , 1, =V IR, =1 R
R, +R, R, +R R, +R,
We can replace the mixed (serial-parallel) connection (fig. 1.12) by one

equivalent (total) resistance R :

V =1

2

R
R1 ! R1 R23 R
o—1[ 14 Rs 1 o— - +o o— }+—o
I ey S )
Fig. 1.12

R,=RR,/(R,+R,), R=R +R,.
We can also replace the mixed (parallel-serial) connection (fig. 1.13) by one
equivalent (total) resistance R :

—— R — R R
0_4 R2 R3 —O R23 +—O O—l:l—o
— 1
Fig. 1.13

Ry =R, +R;, R=R1R23/(R1+R23)
The complex connections are DELTA (fig. 1.14) and WYE (fig. 1.15).

a a
Rca Rab Ra
R
Rbc : Rb
c b c b

Fig. 1.14 Fig. 1.15
We can know real directions of the currents only after calculation. We can also
transform DELTA into WYE using such expressions:




ab " ‘ca
*"R,+R_+R " R, +R_+R_ “ R, +R_+R,

We use the simplification method to calculate the circuits with one source. To
use this method we must:

» simplify the circuit to one equivalent resistance;

» calculate the total current by using Ohm’s law;

> revert back the circuit and calculate the branch currents and voltages across
the elements;

> verify the calculation by using the power balance equation.

R R R Rab Rbc R Rca Rbc

The calculation of electrical circuits with several sources
We can use several methods, which are based on Kirchhoff’s laws.
Current law (Kirchhoff’s first law) states that the sum of the currents entering

the node is equal to the sum of the currents leaving the node X1 =0 (the algebraic

sum of the currents in the node is equal to zero).
Voltage law (Kirchhoff’s second law) states that the algebraic sum of all
voltages across passive elements around a loop is equal the algebraic sum of electro-

motive forces around the same loop X R I =XE .

Branch of the circuit is the part of the circuit with the same current, it may be
consisted from one or several elements connected in serial.
R:1 1 Rs 132 Rs

1 o 1 o 1
| I— L= | I—

E1 % I2 Es

r———/1 ——=—/1

CD 'leu:/ RML2+ RMLa:VQD

3 Fig.1.16

Node is the place where three or more branches are connected.
Loop is any closed path around the circuit.

Kirchhoff’s laws method
Let's suppose the circuit has p branches and g nodes. There’ll be p
unknown currents. We must solve the system of p equations to find them.

First, you have to choose the directions of branch currents arbitrarily and mark
them at the scheme, then mark the nodes and the loops. After this, it is necessary to
write down (-1 nodes equations according to Current lawand P-0-1 loop
equations according to the Kirchhoff’s second law.

After the system of equations is solved, some currents may have sign “-, it
means that the real directions of that current is opposite to the one we have chosen at
the beginning.

Let’s write down the system of equations for the scheme at fig.1.16. There are
5 branches P =5 and 3 nodes =3 here.

The equations according to current law(q —1=2) for the nodes 1 and 2:
7



“I 0 =1, + 1,
1
6626C|3+|5:|4 ()
The equations according to voltage law (P —0—1=3) for the loops L,,L,,L,

(we choose the directions along the loops clockwise, if the directions of our bypass
and the voltage or e.m.f. are the same, we denominate it with “+*, if opposite with

‘C_C‘)
“L“+RL+RI,=+E,

“L,“-R,I,+R,1,+R,1,=0 (2)
“L,“-R,1,-R. 1, =—E,
So, the equation system according this method will be:
(+1,-1,-1,=0
+1,-1,+1,=0
< +R L +R,I,=+E (3)
-R,I,+R,I,+R,1,=0
_-R,I,-R. I, =-E,
After solving this system we get the unknown branch currents.
We apply the equation of power balance to verify our calculations: the total

power of the sources should be equal to the total power of the consumers P, =XP. .

The total power of the sources X P. =XE | =E| +E.l,. The total power of the
consumers > P=> R IF=RI7+R, I;+Ry I; +R, I/ +R I .

Loop currents method
This method has less equations than previous and is based on the voltage law.

R1 1 R I32 Rs
I ! L= I
E: % 2 o o Es
r 1| r 1| r 1|
CT) '?‘ I v Rz'?‘ L2 v RA'T‘ ILs ‘IngD
1} L S {7 PR Is

3 Fig.1.17 Fig. 1.18

Let’s suppose that we have three loop currents 1 ,1,,,1; at circuit (fig. 1.17), the
directions of these currents we choose arbitrarily. Then we can write down branch
current by using loop currents: |, =1, L,=1,-1,, =1, . =-1_,

|4 = IL2 o IL3'
We have to substitute these expressions in the equations of voltage law:
“L“+R1,+R,I,=+E

“L,“-R,I,+R,I,+R,1,=0
“L,“-R,1,-R. I, =—E,
8



We get the following:
(R1+ Rz)lu -R, I, =E,
~R,I, +(R,+R,+R)I,-R,1,=0 (4)
- R4|L2 + (R4 + Rs) ||_3 :_Es
Let’s mark:
R,=R+R,, R,=R,+R, +R,, R;; =R, + R, - it’ll be individual resistances of the
loops, which are equal to the sum of all the resistances of the loop;
R,=R,=R,, R;=R; =0, R;=R,, =R, - mutual resistances of the loops, the
resistances of the branches which are mutual for the respective loops;
E,=E, E,=0, E,=-E, - loops e.m.f.,, is equal to the algebraic sum of the

electromotive forces of the loops.
Using these markings, system (4) looks like (5), that can be used for any circuit

with three independent loops:

+ RlllLl_RlZILZ - R13|L3 = ELl
_R21|L1+R22|L2_R23|L3:EL2' (5)
- R31|L1_ R32|L2 + R33|L3 :ELS

Nodal potential method

This method has less equations than previous one and is based on current law.
Let’s analyze the circuit on fig.1.19. There are two independent nodes a,b. Try to
suppose that the potential of the basic (dependent) node is equal to zero, so the
potentials of other nodes are marked at the scheme as ¢,,¢, (fig. 1.19).

We can also write down the branch currents using node potentials:

R: a R3 I3 Db Rs
o 1 _ 1

| — |

E1 I, 6 ¢al_'_7 Es
® =[]\ "/ ©®
Pl . /4 il

L Fig. 1.19

0, =E,-R I, .1:(51;_¢J:(E1_%)Gl,

@a:Rzlsz:%:(ﬂan’ ¢b=R4I4’|4:|(§_b:¢bG4’

2 4

Dy =P, = Rs |3, I, =(¢E‘R;¢b):((pa -9, )G,
3
E. —
Py = Es - R5'51 I =M=(E5_% )Gs -
RS
Let’s substitute these expressions into the equations for the nodes a,b
9



+1,-1,-1,=0
+1,=1,+1.=0"
we get
{(Gl+GZ+G3 )P, =G0, =G, E; (6)
-G, 0, +(G;+G, +G; )¢, =G, E; |
Let’s mark:
G,=G,+G,+G;, G,=G,+G,+G; - the individual conductivities of the
nodes, it’s the sum of the branch conductivities which coming in the node;
G,, =G, =G, - the mutual conductivities of the nodes, the conductivity of the
branch, which connects respective nodes;
J, =G, E;, J,=G;E, - the algebraic sum of the currents of current sources,

which are flowing in the respective nodes. If the current J of the source flows in the
node, we mark it by the sign “+*, when it flows out — with sign “-*.

Using these markings, system (6) looks like (7), that can be used for any circuit
with two independent nodes:

{Gn(pa -GLp, =,

: (7)
-G, 0, +Gyu 0, =1,

Two nodes method
This method is used for calculating the circuits with only two nodes and
several parallel branches. The example of such circuit is on fig.1.20. This method is

also based on the Current law and is partly the method of nodal potentials. First of all,
we  calculate  the inter-node  voltage

V =2G, E, /ZG,, where G,- conductivity of n R:1 b REZ
branch, E, - e.m.f.of n branch. For the circuit on | E1 E2
fig. 1.20 it’ll be CD Rs lVab CD
:w, ? l1 I3 | IP I2
® G, +G,+G, —
Then we calculate the branch currents a  Fig.1.20
using such expressions:
V
V=R 1,1, = R: =V_G,,
Vab:El_R1|1’ I ZMZ(El—Vab)Gl,

' R

1

Vo =E,-R, 1, 1, Z(EZR:—Vab):(Ez -V,)G,-

2

The superposition method

We can use this method when the e.m.f. of one source is changed. The method
based on the superposition principle, means that every e.m.f. acts in the circuit

10



independently. So, the calculation of one circuit (fig. 1.20) with two sources, for
example, can be reduced to the calculation of two circuits with one source (fig. 1.21,
1.22).

According to this method, we must calculate two partial circuits with partial

currents. We have only e.m.f. E; in the first partial circuit (fig. 1.21).

. L R,R
The total resistance of this circuit: R'= R + ——-,
R, + R,

- ! ! l ' R3 ! ' RZ

The partial branches currents: || =E /R, 1, =1, =1 —2—
R, +R, R, +R,
R1 R2 R1 R2
1 1 — o —
El E2

CTD Rs R3 CT)
A RE vls ! R L A

Fig. 1.21 Fig. 1.22

We have only e.m.f. E, in the second partial circuit (fig. 1.22).
: N R,-R
The total resistance of this circuit: R"=R, + —+—-,
R +R,
RS !!: IU Rl
R,+R," ° ‘R +R,’
Then we have the real branch currents as an algebraic sum of the respective
partial currents (fig. 1.20):

7! g 1"y o '
L=0-1"1,=01-1,, l,=17+1;.

The partial branches currents: 1;=E,/R", 1/=1;

Equivalent generator method

The method is used when it is necessary to calculate the current of only one
branch of the circuit (for example it is varying resistor or non-linear element in this

branch). We select the branch with unknown current (e.g. 1,) from the circuit on

fig. 1.20 and the rest of the circuit is replaced by the equivalent generator (fig. 1.23)
with parameters E_, - equivalent e.m.f., which is equal to the open circuit voltage on

Reqv
—1 R1 R2
LI 1% | o 1
a 6  —  —

O @ < ©
b ?I b vl

©

Fig. 1.23 Fig. 1.24
the clamps of an open branch ab and R, — equivalent resistance, which is equal to the

Input resistance of the circuit in respect to the open branch ab. The problem is to

11



calculate the parameters of equivalent generator E, and R, . For the circuit at
_ RlRS

fig.1.20 R, = .
R +R,;

Then we can calculate E,, using fig. 1.24

E,-E
Voo =E,, =E, — R/, where | =

R +R,

According to the fig. 1.23 we calculate unknown current I, =E__ /(R +R,).

eqv eqv

Direct currents non-linear circuits

Non-linear circuits consist of one or more Y
non-linear elements. We call an element non-linear
when its resistance is not constant and depends on
voltage, current, temperature, light, etc. The volt-
ampere characteristic (VAC) v @) is the main ‘/ / AV
characteristic of non-linear element and it’s non- Va : SN /
linear (fig. 1.25). /

There are non-controlled and controlled a |
non-linear elements. Non-controlled elements I
have two clamps (lamps, diods), controlled Fig. 1.25
elements have three or more clamps (transistors,
thyristors). VAC of non-linear elements may be symmetrical or non-symmetrical. If
the resistance of the element doesn’t depend on the direction of the current and the
polarity of voltage then the characteristic is symmetrical. We can present VAC by
graphs, tables or formulas v 1) .

Non-linear circuits can be calculated by analytical or graph methods. If we use
graph method we define the voltage and current of the circuit using VACs of the
elements. We can use Ohm’s and Kirchhoff’s laws as well. Analytical methods (two
nodes method and equivalent generator method) can be used when the VAC is
presented by a formula.

Non-linear element is characterized by static and dynamic resistance. We can
calculate them for every point of VAC (at fig.1.25 for work point — w.p.):

Re=V, /1, R,=AV /Al =dV /dl =tga,
a — the angle between axe X and tangent to working point (w.p.). Ry>0, R, >0
when VAC rise and R, <0 when VAC drops.

Al

12



PART 2. ALTERNATING CURRENT (AC)

Instantaneous value of AC is a value at every time moment, so it depends on
the time: i(t)=1_sin(wt+y,). Instantaneous value of alternating voltage is
v(t)=V_sin(ot+y,) (fig. 2.1).

AC is characterized by such

i v parameters: | - amplitude, maximum value
during the period, period T , cyclic frequency
I Vi r=1/7 (quantity of periods per second)
(Hz), angular frequency @ =27 f (rad/s),
TATN ST e 5t m
// | phase f=(awt+y,), initial phase y, (phase
o shift from zero).
Fig. 2.1 Phase shift angle is: ¢=vw, —v,
(fig. 2.1).
Average current value per half of period is: Im, t>0
~— =
:_I| sin wtdt, _2| Im= 0637' @ ot Im, t=0
Wi
Effectiv e value of AC i(t) (RMS — root-mean-square) )
Is equal to such a value of DC |, which generates the Fig-2.2
same amount of energy per period T =2z, as AC i(t). j | ek )
Amount of energy per period of AC: —T
Q. jRuZdt_Rl °T. _[Rlzdt ¢ wt Ime 19/
Wi 1
Amount of energy per half a period of DC:Q_=RI °T . Fig. 2.3

Q.=Q,s0 Q_=[Ri’dt =RI*T and RMS value will be
0

equal: | = /Tinizdt.

Q.=RI’T =Q =RIT, thus AC effective valueis I =1_/~/2=0.7071_.

AC can be represented by the time diagram (fig. 2.1), vector (fig. 2.2) and
complex number.

When AC i=1_sin(ot+y,) is represented by vector, the length of this vector is
proportional to the amplitude |, and angle between this vector and axis X is
B =wt+y,. The positive rotation direction will be counterclockwise. In that case, the

vectors of current and voltage will be rotating with the same angular frequency @
counterclockwise. It is convenient to fix them at the time moment t =0 (fig. 2.2), in

13



that case the angle S =, (initial phase).

Vector diagram consists of several vectors of currents and voltages, which
represent real sinusoidal currents and voltages starting from the same point. It’s better
to build a vector diagram for the effective values of the currents and voltages
I =1_/~/2, vV =V_I-2. One of the vectors is chosen as a basic one, it is the vector of

current when the connection is in serial one and the vector of voltage when the
connection is in parallel.

The AC can also be designated by the complex number
i(t)=1_sin(wt+y,)+1 e’ =1 e"el" =] e (it’s an exponential form of complex
number). AC on the complex surface is shown on fig. 2.3, where “+1” is a real axis

€C -9

and “j” is an imaginary axis. 1,=12¢" is then called an amplitude complex,

1=(1,/,2e™ is accordingly an effective complex that corresponds to the

instantaneous current (at the moment t = 0) and doesn’t depend on the time (fig. 2.3).
Amplitude complex doesn’t contain the frequency but it is not so important because
circuit’s voltage and current have the same frequency.

Complex numbers
Complex number C has two presentation forms: |j
algebraic c=a+ jb (where a is a real part and bis an ¢

imaginary part) and exponential c=ce’ (where ¢ is a module p | ¢
and « is an argument) (fig. 2.3a). One form can be converted

a
into another by using the following expressions: ¢=+a* +b*, 0 - 1
a =arctg(b/a), a=CCOS«, b=csin «, j IS a symbol for the
imaginary part (also known as rotating operator — see below Fig. 2.3a

why). Thus c=ce’ =a+ jb. It’s more convenient to use the algebraic form when
adding complex numbers  (a, + jb,)+(a, + jb,) = (a, +a,) + j(b, +b,)=a+ jb, and
exponential form for multiplication and division of the complex numbers:
ce ¢

—=—e/“=ce”.  The  number
c,e' ¢,

jey jay etay) _ ja
c,e.c,e’=c-c,e =ce’,
¢ =a- jb=ce ™’ is called a complex conjugate to number ¢ =a+ jb=ce’.

Consumers at AC circuit
Expressions for instantaneous current and voltage are correspondingly:

I=1_sin(wt+y,), v=V_sin(ot+y,).
The voltage for the resistive element (fig.2.4) (active resistance) is

i R VI v=V_sin(et+y,)=Ri=RI_sin(ot+y,)
o—>{ }F——o0 —s : .
— v Fig. 2.5 according to Ohm’s law, where V =RI_,
Fig. 2.4 V =RI, phase expression v,=y; and phase shift

angle makes ¢=v, -y ;=0. Resistance of this element is R () and conductance is
14



thus G=1/R (Sm). Vector diagram for this element is shown on fig. 2.5. Active

power of resistive element is accordingly P=R1?=GV?* (W).

Inductance L (H) is correspondingly the main parameter for the ideal inductive
element (fig. 2.6). The differential form of Ohm's law is thus applied accordingly:

) di d )
v, =V _sin( ot + =L—t=L—1I sin(wt+wy.)=
L m ( l//V) dt dt m ( l//|)

= oLl _cos(wt+y.)=wll_sn(wt+y, +7/2),
where V, =oll , V=X, reactance X, =olL(Q),

susceptance B, =1/wL (Sm), phase expression ] v
|
W, =y, +71l2, phase shift angle makes o—>—""——o | , |
% V
=y, -y =n/2, it means voltage leads current. In
vV g Fig. 2.6 Fig. 2.7

case of DC: =0, X_ =0, B, =. Vector diagram
for this element is shown on fig. 2.7. Reactive power for . element makes
Q =X, 1?=B_V? (VAI).

Capacitance C is the main parameter for the ideal capacitive element (fig. 2.8).
Integral form of Ohm’s law is applied in this case:

1 1 1
v. =V sin( ot + ——fidt==]1 sifaot+w)=—"-1 cos(awt+w )=
C m ( l//V) CI C m ( '7”|) a)C m ( l//|)

i C
o —
—>V

1 1 )
=——— 1 cos(awt+yw)=—I sin(awt+yw. —7l2),
et (ot +y;) pral ( 78 )

Fig. 2.8
| where sz%lm’ V=X.I, reactance X.=1/(aC) (Q), susceptance
Q [,
y B. =aC (Sm), phase expression v, =y, -7 /2, phase shift angle makes
fi 2 o=y, -y, =-nl2, it means voltage lags current. In case of DC:
ig. 2.

=0, X.=o, B.=0. Vector diagram for this element is shown

on fig. 2.9. Reactive power for this element makes thus Q. = X.1>=B.V? (VAI).

The complex designation for current, voltage, derivative and integral functions
are accordingly:

i+1=1/J2=1e™ vV =V, /J2=Vel,
d/dt+jo, fdt+1/jo)=—j/w .
Complex form of Ohm's law equation for R-element is thus:
v=Ri+V=RIl, Ve =Rl e,
R=ve™/[le"=NV/1)e" " =Re’ ¢=0.
Complex form of Ohm law equation for L-element is accordingly:
v=Ldi/dt+ V = joLl,Ve™ =joLle™,
complex reactance is
joL=Ve™ [1e™ =V /1) =X e ¢=90

15



complex susceptance is B,e'*=-j/wL. Multiplication by | means

counterclockwise rotation for ¢ =90°. That’s why j is called a rotation operator.
Complex form of Ohm's law equation for C-element is accordingly:
v=[idt/C = V=-]j{l/aC)I, Ve =—jl/aC)le"",
complex reactance is
—j@/aC)=Ve™ [1e =V /1)e'" ™" = X&', ¢=-90",
complex susceptance is B.e "= jwC. Multiplication by —j means clockwise

rotation for ¢ =-90".
Serial connection of consumers at AC circuit
Electrical status equations for the circuit (fig. 2.10) for voltage instantaneous
values and voltage vectors are accordingly:

R Vo +V, 4V, =V, Ve 4V +Vc =V,
S L Vector diagram is shown on fig 2.11. The calculated
v i VR triangles for voltages, resistances and powers (fig. 2.12)
Vi_VL i are obtained from this diagram. Out of those triangles:
C V:\/VR2+(\/L -V.)*, gozarctg(VL _VC)/VR’
Fig. 2.10 Ve=Veosp=V,,V, -V, =Vshn p=V,, |
vV -these are active and reactive constituents of the applied
. voltage Vv . Therefore circuit impedance makes:
VaAve Z:\/R2+(XL—XC)2, @ =arctg (X, - X,)/R),
o v | R=Zcosgp, X=X —-X.=Zsing -
these are resistance and reactance of the circuit.
Fig. 2.11 Total power makes thus:

S = P*+(Q, - Q)" (VA), p=arctg (Q_-Q.)/P,

5 g ? | o
? | < | 2 o
V R P
Fig. 2.12

P=Scosp=Vlcosgp, Q=Q, —Q, =Ssinp=Vlsin ¢
- these are active and reactive powers of the circuit.
Circuit complex form electrical status equation is:

RL+ joLl - jH(aC)L=V.
Complex impedance makes thus: Z =R+ joL — j/(@C) =R+ j(X - X.).
Expression for Ohm's law is accordingly:

Vej'//v V ) ) ) ) )
Z=V/l= =—e'" " =7Ze =Zcosp— jZsin p=R+ jX.

|ejv/| |

16



Parallel connection of consumers at AC circuit
Circuit electrical status equations (fig. 2.13) for current instantaneous values

and current vectors are accordingly:
iR-I-iL-I-iC:i, le+lc+lo=1.
Vector diagram is shown on fig. 2.14. The calculated triangles of currents and
conductivities are obtained from this diagram (fig. 2.15). From those triangles we get

subsequently:

I:\/I:+(IC_IL)2’ (D:arCtg((IC_IL)/IR)’
l,=lcosp=1, I.—1 =lsing=1 - these are active
and reactive constituents of the current.

Circuit admittance makes:
Y=G’+(B.-B)", ¢=arcigp(B,-B)/G,

lc l
| I G=Ycosg, BZBC—BLZYSin(D
- these are conductance and susceptance of the circuit.
\(ﬂ | ey Electrical status equation for the circuit in complex
. form is accordingly: GV + joCV — jl(wL)V =1.
Fig. 2.14 .
Complex admittance makes:
Y=G+ joC-jl(wL)=G+ j(B.-B,).
Expression for Ohm's law is
! = Y ] / le™ 1 i
- o thus:Y =1V =——+=—¢""""=
\(0 B \(P S — == yelv vy
_ G Ye " =Y cosp— jYsinp=G+ jB.
Fia. 2.15 Total complex power makes accordingly:
= Sel? =

§ :\i|_* =Ve!" . |le "1 —V]e!w¥)
=5c0sp+ jSsinp=P+JQ,
where real part of complex number p =scos¢ — is an active power, imaginary part of

complex number @ = ssin ¢ — IS & reactive power.
To check the calculation of the circuit you may use power balance equations:

the active power of the source must be equal to the active powers of the consumers:
P, = D P
P.=Vlcosg, P =RIJ+R,I;+..=>RI,
the reactive power of the source must be equal to the reactive powers of the
consumers: Q= .Q.,, ,

QPS =VI Sin ?, ZQcons = xlllz + x2|22 +"':an|nz’
where | — is an effective value of the branch n-th current, R — resistance of the n-th

branch, X =X, — X, — reactance of the n-th branch.

17



The transformation formulas must be used to calculate the alternating current
B

R

o Y YA o a o

G t— b

1
| S|

Fig. 2.16

circuits. The admittance is inversely to impedance:
1 1 R— jX R . X .
Y="= = = - =G-jB.
T Z R+jX R*4+X? R*+X? JR2+X2 .
So, the following formulas must be used to transform serial connection into
parallel (fig. 2.16):

_ R 3 X
(RZ+X?) ~  (RE+X?)
It is obtained from the calculation triangles of resistances (Fig. 2.17a) and
conductivities (Fig. 2.17b):

7 8 Y -
R G
Fig.2.17a Fig.2.17b
osp=R 8 snpo X B
A VAR (

Thus the following formulas must be used to transform parallel connection into
serial (fig. 2.18):

R GZ_G_ G BZ_B_
Y Y2 G2+B?’ Y Y2 G?4+B?
B

A [RAR—
o——¢ G —o0 o || {1 ob
]
Fig. 2.18

The real coil can be represented by serial and parallel substitution schemes
(fig. 2.16). The elements of this scheme: L - is an ideal inductance
X =L, B=1/(wL), R(G) — represents power losses. The coil quality can be

estimated by @ - factor:
d=Q/P=X_/R=tgg.

The real capacitor can be represented by serial and parallel substitution
schemes (fig. 2.18). The elements of this scheme: C - is an ideal capacitance
B =wC, X =1/(wC) R (G ) —represents power losses.

The capacitor quality can be estimated by loss tangent:
tgo=P/Q=R/X_,0=90"-9p.

Power factor determines the efficiency of using electrical energy:

18



cosp=P/S=P/\P*+Q%,
P - is an active useful power, @ - reactive, non-useful power (for electromagnetic

field creation).
In ideal case power factor depends on the loading character

cosp=R/Z = R/INR + X2,
cos ¢ =1 Must be provided to avoid the work of electrical devices at idle mode. Most
of the devices consume the active-inductive power (P and Q,). Capacitors C must
be connected in parallel to such devices to enhance cose, thus Q, =Q.. Reactive

power, which is non-useful power Q, —Q, =Q =0, s0 cos o =1 is maximum.

Voltage resonance
Voltage resonance take place at the circuit with serial connection of L, C

elements (fig. 2.10). V, =V, at resonance mode, so the condition of voltage
resonance is X, = X_, it means
o,L=1/(o,C),
Thus .LC =1 and, resonance frequency
@, -1/4/LC .
Resonance can be reached by changing C, L or o,.

p=ow,L=1/(o,C), p=+L/C is called wave resistance.
At resonance mode

X=X —-X.=0, Z=,/R*+X*=R,
Q -Q. =Q=0, S:\/PZ‘FQZ =P, p=0.

X X
L | v
\I Xc ia) \ [0)) V=V V
! 0 \ R J c |
Fig. 2.19 Fig. 2.20 Fig. 2.21

Total current 1 =V /Z =V /R is at maximum, what is an indication of the voltage
resonance. Frequency characteristics of the circuit X (w)=woL, X_(0)=1/(«C),

X(w) =X (@) - X, (@) are shown at fig. 2.19. When @ < @,, X <0, ¢ <0, reactance

has inductive character. When @ >®, X>0, >0 reactance has capacitive
character.
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At fig. 2.20 resonance curve |(») and at fig. 2.21 vector diagram for resonance
mode are shown.

oL -1/(aC)

Phase-frequency characteristic ¢(w) = arctg Is shown at fig. 2.22

and the resonance curves of voltages V, (@), V, (@), V. (@) at fig. 2.23 accordingly.

Voltage resonance should be avoided, because the voltage across the elements
may several times exceed the nominal value.

Current resonance
Current resonance takes place at the circuit with parallel connection of L, C

elements (fig. 2.24). | _=1_ at resonance mode, so the condition of voltage
resonance for real circuit is B, = B, that means
o,LI(R* +(w,L)*) =1/(®,C).
For ideal circuit (R=0) the condition is o,L =1/(®,C).
Thus ®’LC =1, resonance frequency o, =1/~/LC .

IL R X, B Bc
_9_|:|_KW\_
| n
>4 —> L o B w
V1 Xe k|1
= | N
Ic \IBL _ Vv
Fig. 2.24 Fig. 2.26
Fig. 2.25

The resonance can be reached by changing C, L or a,.
At resonance mode

B=B.-B,=0,Y=/G’+B’ =G,
Q,-Q.=Q=0,5=./P?+Q*=P, ,—o0.
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Fig. 2.27 Fig. 2.28

Total current | =VY =VG is at minimum, what is the indication of the current
resonance.
Frequency characteristics of the ideal (R=0) circuit B, (®)=1/(wl),

B.(w)=0C, B(w)=B.(w)-B (w) are shown at fig. 2.25. Susceptance has an
inductive character when w<®,, B<0, ¢<0. Susceptance has a capacitive

-

character, when @ >w, B >0, ¢ >0.

Vector diagram for resonance mode is shown at fig. 2.26. Resonance curves
l(w), | (@)=BV, I .(w) =BV and phase-frequency characteristic ,(w) are shown
at fig. 2.27 and 2.28.

Voltage resonance on one hand should be avoided, because the current across
the elements may several times exceed the nominal current, but on the other hand the
resonance can be applied for rising power factor and as the working mode of some
electronic devices.
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PART 3. THREE-PHASE CIRCUITS

Three-phase electro-motive-force circuit system is the set of three sinusoidal
e.m.f. with the same frequency @ and out of

phase with each other by 2z /3 (120°). Phase is
the part of the circuit with the same current. The
amplitudes of e.m.f. are marked accordingly:
E... E.., E.  if they are equal, such system is
called balanced.

The instantaneous values of e.m.f.
(fig. 3.1) are:

e,=E, sinat, e, =E, sin(wt-120"), e, = E_, sin( wt +120°).

Phase sequence is the time order in which the e.m.f. pass through their
respective maximum values (or through zero value). Phase sequence ABC is called
positive (fig. 3.1), the reverse phase sequence ACB be called negative.

The following requirements are met for three-phase balanced electro-motive
force system:

E,=E,=E.=E,.
The following expressions are true having disregarded losses at power sources:
E, =V,, E.=V,, E.=V_,
where V,, V., V. — are source phase voltages (between the lines and neutral point N
(fig. 3.3). These voltages in complex form are presented as:

+1 V,=V,e", V,=V, e Vv =V e,
Val A Vas Linear voltages (between lines, which connect the
sources and the consumers) (fig. 3.4) in complex form are:
g Vo=V, -V, =V e,
Vea Ve Ve =V, =V =V, e
v Fig. 3.2 e Vo=V ~V,\ =V, ™.

Linear voltage is equal to the difference between

corresponding phase voltages and lead the phase of the first one for 30°(fig. 3.2).
Vector diagram (fig. 3.2) illustrates relationship between phase and linear voltages.

Three-phase circuit consists of three-phase electro-motive force system, three-
phase loads and connection wires.

The most common types of connection the three-phase sources and consumers
are WYE (Y') (fig. 3.3) and DELTA (A) (fig. 3.7).

At WYE connection the ends of source phases windings (fig. 3.3) are

connected in common neutral point N, and the beginnings of phases A, B,C are
connected to the linear wires. The ends of consumer phase windings (fig. 3.3) are
connected in common neutral point N, and the beginnings of phases a,b,C are

connected to the linear wires.
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The source phase voltages are called the voltages between phase and neutral

A I
Va
\l/ N VnN
@
7

C Ve B g €

Ic
Fia. 3.3

points V,,V,,V,, for consumer V_,V,,V_. The source linear voltages are called the

voltages between phase points (fig. 3.4) V,,,V,..V,,, for consumer V,,V, V.. The
directions of these voltages are shown at fig. 3.4. The effective values of phase and
linear voltages are related according to the expression v, = \/§Vph :

For WYE connection (fig. 3.4) phase currents (flowing through the phase) I
A Ia a

Fig. 3.4
(1,,1,,1,), are equal to the linear currents (flowing through the lines connecting the
source and the consumer) | (I,,1g,1¢), 1, =1_. The directions of these currents are

shown at fig. 3.4. Balanced load is one in which the phase impedances are equal in
magnitude and in phase:
Za :Zb :Zc :th'

In this case:
V.=V,, V=V, V =V_
lA =\ia/Za, I_B :\lb/Zb; lc :\ic/Zc-
The effective values of the currents are also equal: I, =1, =1 =1 =1_.
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If the load is unbalanced (£, # Z,, # Z,) the voltage between the neutral points
of source and consumer appears — V , (fig. 3.3). This voltage is called the bias

Fig. 3.5

neutral and can be calculated by using the method of two nodes:

v VYL VLY VY,

—nN

Y.+Y, +Y,
where Y, =1/Z,=1_IV,, Y, =12Z, =11V, Y. =UZ =11V

In that case the consumer phase voltages are calculated according to the
following expressions:

\ia :\LA _\inN ) \Lb :\iB _\inN ' \ic :\ic _\ian
Phase currents complexes are:
I_a :\ia/Za’ lb :\ib/;bi lc :\ic/;c-
There is also a neutral wire at three-phase four-wires circuits, which connects
neutral points of source N and consumer N (fig. 3.5). In this case V ,, =0.
The following is true according to the Kirchhoff's first law for node N -
I_A+I_B +|_c = IN .

When the load is balanced (z, =z, =z.): 1, +1,+1.=0,1,=0,V, =0.
The vector diagram of currents for unbalanced load is shown in fig.3.6.

At DELTA connection the end of one source (consumer) winding is connected
to the beginning to the second source (consumer) winding (fig. 3.7). For this

Fig. 3.6

Fig. 3.7
connection the following is true: V, =V, V,; =V, =V, =V .
The phase (linear) complex voltages can be represented:
Ve =V, V,=V,e ™, v, =V, et
The consumer linear (phase) voltages are equal to the source linear voltages:
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~lca \iab :\iABl \ibc :\LBC! \ica :\LCA

If the phase load is active (o =0), the vectors of
phase currents 1,1, ,1_ have the same directions as the
vectors of corresponding phase voltages V,;,V,.,V,,.

If the phase load is an active-inductive one

(¢ > 0), the phase current lags behind the corresponding
phase voltage by an angle of ¢ =arctg (X /R ).

If the phase load is an active-capacitive one
-l (¢ < 0), the phase current leads the corresponding phase

voltage by an angle of g =arctg (X , /R ).

The load is balanced when Z,=2,=7Z2.,=Z, and unbalanced when
Zab # Zbc # an

The following is true for the nodes a,b,C (fig. 3.7) according to the first
Kirchhoff law:

I_A+lca_lab:O’ lB+lab_lbc=01 lc+lbc_|_ca201
Then:

|bc

Fig. 3.8

lA:lab_lca’ lB:lbc_lab’ lC:lca_lbc-
The linear current is equal to the difference between corresponding phase
currents and lags the first one for 30 (fig. 3.8). Vector diagram (fig. 3.8) illustrates

relationship between phase and linear currents.
The effective values of the phase and the linear currents are connected by

expression: 1, = /31, .
Complex phase currents can be defined according to Ohm’s law:
_Vab/Zab’ —hc Vbc/Zbcs Zca :\ica/;ca
For balanced Ioad. L, =l=1.,1,=1,.=1_,
Complex total power of three-phase unbalanced circuit is:
S=V, L +V g +V I =P+jQ.
Active power of three-phase unbalanced circuit is:
P=V,l, cosep, +V I cosp, +V I .cosp. =P, +P, +P,.
Reactive power of three-phase unbalanced circuit is:
Q=V,l,sing, +V I sinp, +V I sinp, =Q, +Q, +Q..
These formulas can be used for WYE or DELTA connections.
Active P, reactive Q and total S powers of the consumer can be calculated
by using phase or linear voltages for balanced load:
P=P,+P, +P =3P, =3V, 1, cosg, =/3V,1, cosg,,

ph ° ph
Q Q +Qb+Q _3Qph ph phSInwph:\/—g\/LlLSinle
cosp, =R, 1Z, sing, =X, 12,
§=S,+S,+8, =35, 3vph|ph, S—/PT 10",

The same formulas can be used for WYE and DELTA connection.
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PART 4. THE NON-SINUSOIDAL CURRENT CIRCUITS

Non-sinusoidal voltages or currents are the ones which are changed with the
time according to periodical non-sinusoidal law. The cause of non-sine currents
(voltages) is the source of non- sinusoidal voltage or the non-linear element of the
circuit.

Such circuits may be represented by the Fourier series as the sum of sinusoidal
functions in order to get calculated:

v=V,+V_sin(ot+y,,)+V ,sin(20t+y,,)+.. +V_ si(keot+y, )=

\' Vl
Vv
Vmax — V3
Vs
ot t
Ts |

T3
| T,
g

Fig. 4.1 Fig. 4.2

=V, + SV sin( ket + ),
k=1

where Vj is the steady component; vV, =V_sin( ot +y,,) is the first (basic) harmonic
component, (@ - the frequency of first harmonic), v, =V _ sin(ket+y, ) - k
harmonic component (called also as harmonic), V_, - amplitude, @ - fundamental

frequency, ke - frequency of k harmonic, v, - initial phase of k harmonic. The

harmonics with the frequencies 2, 3,...k times larger than @, are called higher
harmonics.

We can represent the value V_, sin( ket +y, )+ A, Sin( ket +¢,) by the sum of
two constituents:
A, sin(kat+¢, )=B_ sin kot +C_ coskat,

where Bmk - A\nk CoS ¢, , ka - Amk sin Py A, =+/BZ +C2 , O = arctg (ka / Bmk)'
So, the Fourier series we can write down (V+ f («t)):

f(wt)= A, +Y B, sin kot +> C., cos kot .
k=1 k=1

If the function is symmetrical across the X axis f(at)=—f(awt+7) then
Fourier series have only odd harmonics:
f(at)=A_ sin(at+¢)+ A . SiN(3et+¢,)+ A SIN(S5at+¢,)+....=
=B, ,sinwt+C_ cosat +B_,sin 3wt +C_, cos3wt + B sin 5wt + C_, cosSat + ...
If the function is symmetrical across the origin f(wt) =—f (-ot) then Fourier

series have only sin constituents:
f(at)=B,,sin ot + B_,sin 2wt + B_,sin 3wt +...
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If the function is symmetrical across Y axis f(awt)=f(-at) then Fourier
series have only steady component and cos constituents:
f(at)=A +C_cosat+C_ cos2amt+C_,cos3mt +...
Fourier series has only steady component and cos constituents:
f(at)=A +C_cosat+C_,cos2wt+C_,cos3mt +...
For example, the square shape of voltage (fig.4.1) can be represented in such a
way (fig. 4.2):

4 : : .
vV =—"%(sin ot +13|n 3wt +l5|n S5wt),
V4 3 5

Non-sinusoidal current i=1,+> 1 sin(kot+y,)(i.e. the sum of the
k=1

sinusoidal currents) is present in the circuit with non-sinusoidal voltage

v=V,+>V_sin(ket+y,) (the sum of the sine voltages). The calculation of the
k=1

circuit is based on the principle of superposition. The steady component of the
current /, can be calculated by using the methods of DC circuits’ calculation and

harmonic of current 7, by using the methods of AC circuits’ calculation.

As known reactance of the coil for k-harmonic is equal X, =keoL =kX_ and
susceptance B, =1/(kwL) =B, /k. Reactance of the coil for DC (as effect of the
steady voltage component V) is X, (0)=0-L =0. The susceptance of the capacitor
for k-harmonic is By =kowC =kB, and reactance is X, =1/(keoC)=X_/k.
Reactance of the capacitor for DC (as effect of the steady voltage component V) is

X.(0)=1/(0-C) =00, I, =0. The resistance of the circuit doesn’t actually depend on

the frequency and is the same for every harmonic.

The non-sinusoidal circuit calculation order is:

— the source voltage is expressed by Fourier series as an infinite sum of

harmonic (sinusoidal) components (functions);

— the circuit for every harmonic component is calculated separately using DC
and AC circuits’ calculation methods. Also it should be taken into consideration that
the reactances depend on the frequency;

— according to the superposition principle, the current instantaneous value is
equal to the sum of currents instantaneous values of all harmonics, that’s why the
calculation results are considered at each particular moment. The effective values of
voltage and current are equal correspondingly:

2 2 2 2 2 2
V= WAV 4V, =12+ 124+ 12,

where V,, |, are harmonic voltages and currents effective values.
The average value of non-sinusoidal function A (V,, I ) for the period:
27



adt,

O ey =

1
AD:AAV:?

The effective value of non-sinusoidal function - A (V, I) is the mean-square
value for the period T :

T n
A= /%jazdt: IS A = A+ A
0 k=0

Shape factor is equal to the relation of function effective value to its average
value: K, =AlA,, . (K, =2/7=1.11 for sinusoidal curve).

Amplitude factor is equal to the relation of function amplitude value to its
effective value: K, =4/ A. ( K, =~/2 =1.41 for sinusoidal curve).

Distortion factor is equal the relation of first harmonic effective value to the
function effective value:

K,=A/A (K, =1 for sinusoidal curve).
Harmonic factor is equal the relation of high harmonics effective values to the

first harmonic effective value: K =A /A, where A = A  +..+A :kZ_;Af is the

mean-square value of high harmonics effective values ( K, =0 for sinusoidal curve).
Active power of non- sinusoidal current is equal to the sum of harmonics

active powers: P = Zn“vk l, =P +P+..+P =P +XP, where P, =V, is the power

k=0
of steady voltage component, P, =V, 1 cos¢, is the active power of k harmonic,

o, =¥, —V¥, - phase shift angle between k harmonic component of voltage and
current. Reactive power of non- sinusoidal current is equal to the sum of harmonics
reactive powers: Q =XV, I, sin ¢, =2Q, .

Total power of non- sinusoidal current is: S = /P> +Q° .
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PART 5. TRANSIENT PROCESSES

The transient processes occur when devices and circuits change their working
regime. Transient processes may have negative effect in electrical engineering, but
they can be useful in electronics.

The transient processes start at turning on/off the sources, changing the
configuration of the scheme, circuit parameters, changing the current/voltage
amplitude, phase, frequency or shape. Still the transient processes are typically
caused by commutation (turning on/off the circuit).

The transient process is the process of transition from one energetic state of the
circuit into another. This process cannot proceed stepwise, because the stock of
energy can’t change abruptly. That’s because the elements' values upon which the
energy storage depends (L,C) don't allow to change current and voltage stepwise
(i, ,V. ). Two main laws of transient processes come out from this point.

The first law states that the current through inductance just after the
commutation i (0+) is equal to the current through inductance just before the
commutation 1, (0-): 7, (0+)=i,(0-)=i,(0) .

The second law states that the voltage at capacity just after the commutation
V. (0+) is equal to the voltage at capacity just before the commutation Vv, (0-):
Ve (O+) =Ve (O_) =Ve (O) .

Initial conditions (voltage or current values at the commutation moment t =0)
are defined by these laws. The steady-state mode before the commutation is at 7 < 0.
The steady-state mode after the commutation is after the transient process is over.

The transient process duration depends on the elements parameters. It is
estimated as t. =5+67 , where 7 is the time constant. It is time during which
voltage or current changes e=2.7 times of its initial value.
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The transient process can be described by linear differential equation, which is
formed with the help of Kirchhoff’s laws. Commutation laws should be used to solve
this equation.
The partial solution of inhomogeneous differential equation is the steady-state

component ig or V. The general solution of homogeneous differential equation is
the transient component i, or U, which dies out with time. The solution of linear
differential equation is current (voltage), which is equal to the sum of transient and
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steady-state components i(t) =i. +ig (V(t) =V, +V,). Therefore, to calculate transient

process means to find the current or voltage changing rule.
Let's analyse the transient process when RL link is connected to DC source
(fig. 5.1). According the differential equation to the Voltage lawfor after

commutation steady-state mode is: Ldi/dt+Ri =V . Its solution is i(t) =1, +ig. The
partial solution i of inhomogeneous differential equation Ldi,/dt+Ri, =V is
equal to the current value when transient process is over i, =V /R (because X, =0
for DC).

I, is the general solution of homogeneous differential equation
Ldi. /dt+ Ri. =0. The characteristic equation corresponding to this differential one
is pL + R=0 with its root p=-R/L. The time constant is 7=1/p=L/R. Since the
characteristic equation has one real root, the transient component is i, = Ae”.
Constant of integration can be found from initial conditions:
1(0)=1.(0)+i (0)=A+V/R. According to the first commutation law

1(0)=i(0-)=0,s0 A=~V /R, i, =-V /Re ™",
The solution of differential equation is (fig.5.2):
i=i +ig,=-V/Re """ +V/R=V/RQ-e "),
The voltage on resistive element is (fig.5.3):
Ve =Ri=R(V/R)1-e ®P) =v(@-e®1Y,
The voltage on inductive element is (fig.5.3):

di d(Vv V R
V =L—=L—| — 1_ef(R/L)t Ll (- ) _e—(R/L)t =Ve—(R/L)t.
Tt dt(R( )j RO )

Let's analyse the transient process when RL link is disconnected from DC
source and shortened (fig. 5.4). The differential equation according to the Voltage
lawfor after commutation steady-state mode is: Ldi/dt+Ri =0. Its solution is

i(t) =1, +ii. The partial solution i, of inhomogeneous differential equation
Ldi /dt + Ri =0 is equal to the current value when transient process is over i, =0

I.is the general solution of homogeneous differential equation
Ldi. /dt+ Ri. =0. The characteristic equation corresponding to this differential one
is pL+R =0 with its root p=-R/L. The time constant is 7=1/p=L/R. Since the
characteristic equation has one real root, the transient component is i, = Ae™.
Constant of integration can be found from initial conditions: 1(0) =i.(0) +i, (0) = A .
According to the first commutation law 1(0)=i(0-)=V/R, so A=V /R,
i =V /Re """,

The solution of differential equation is (fig. 5.6):

i=i =V/Re """,
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The voltage on resistive element is (fig. 5.5):
V. = RI = R(\/ / R)e*(R/L)t :Vef(R/L)t
R .
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The voltage on inductive element is (fig. 5.5):
R U B C U NG R
dt dt R L '

Let's analyse the transient process when RC link is connected to DC source
(fig. 5.7). The differential equation according to the Voltage lawfor after

commutation  steady-state mode is Ri+v, =V, i=C(dv /dt), then
RC(dv, /dt)+v. =V . Its solution is V. =V, +Us . The partial solution V., of
inhomogeneous differential equation RC(dv,/dt)+v, =V equals to the voltage
value on C when the transient process is over. The circuit current equals zero in this
case, because the input voltage is applied directly to capacitance V., =V .

c i
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V. is the general solution of homogeneous differential equation
RC (dv, /dt) + v, =0. The characteristic equation corresponding to this differential
one is RCp +1=0 with its root p=-1/(RC). The time constant is 7=1/p=RC .
Since the characteristic equation has one real root, the transient component is
V., =Ae™. Constant of integration can be found from initial conditions:
V.(0)=v,(0)+v (0)=A+V. According to the first commutation law
V.(0)=v,(0-)=0,s0 A=-Vv, v, =-Ve '™,

The solution of differential equation is (fig. 5.8):

v. () =V -Ve ' =V (1-e )=V (L-e"").
The current is (fig. 5.9):
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i=C(dv./dt)=C %(v Ve " )= —CV /(RC)(—e ") = (V /R)e /™.

The voltage on resistive element is (fig. 5.9):
v, =Ri =R(V/R)(e™'")=Ve ™™,
Let's analyse the transient process when RC link is disconnected from DC
source and shortened (fig. 5.10). The differential equation according to the Voltage

lawfor after commutation steady-state mode is: RC (dv, /dt) +v. =0. Its solution is

V. =V, +V.,. The partial solution V. equals zero, because this equation is
homogeneous.

V. is the general solution of homogeneous differential equation
RC (dv, /dt) + v, =0. The characteristic equation corresponding to this differential
one is RCp +1=0 with its root p=-1/(RC). The time constant is 7=1/p=RC.
Since the characteristic equation has one real root, the transient component is
v, =Ae”. Constant of integration can be found from initial conditions:
V.(0)=v,(0)+Vv(0)=A. According to the first commutation law
V. (0) =V, (0-) =V (the circuit current is equal to zero in this case, because the input
voltage is applied directly to the capacitance), v, =Ve ™",

The solution of differential equation is (fig. 5.11):

v(t) = v, (t) =Ve ",
The current is (fig. 5.12):

I=C(av, /dt) = C%(Ve“”*c )=CV /(RC)(—e ™) =—(V /R)e "™,

The voltage on resistive element is (fig. 5.12):
v, =Ri =R(-V /R)(e ') =-Vve ',
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Fig. 5.10 Fig. 5.11 0 Fig.5.12 It
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PART 6. MAGNETIC CIRCUITS

The electromagnetic device consists of electric and magnetic circuits.

The electric circuit consists of winding with a current that excites the magnetic
field with the tension H . The magnetic circuit in electrical devices is the way in
which magnetic field lines are closed. The magnetic circuit has a desired
configuration and is characterized by induction of the magnetic field B. Magnetic
circuit is a combination of magnetic and non-magnetic areas, which close the
magnetic flux.

The magnetic field in devices with constant magneto-motive force (m.m.f.) is
created by a permanent magnet or a DC powered electromagnet.

Magnetic circuits don’t have air gaps in electrical converters like transformers,
magnetic amplifiers, etc. However, air gap is required for electromechanical power
converters like relays, contactors, solenoids, starter, electric cars, some measuring
devices, etc.

The magnetic field is represented by magnetic field lines, which look like
concentric circles. The direction of the lines is determined by the rule of the right

SCrew.
I E 1
Fem v FurcH Fev O FuyecH
<« + +
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- /T,

Fig. 6.1 Fig. 6.2

According to the law of electromagnetic induction, a moving in a magnetic
field conductor induces electromotive force E =Blv, where | is the length of the
conductor; v - speed of its movement and B - the magnetic field induction. The
direction of the electromotive force is determined by the right hand rule (fig. 6.1).

By the electromagnetic force law (Ampere's law), the force acting on the
current-carrying conductor, which moves in a magnetic field, makes F =BI1 1, where
| is the conductor length. The direction of the electromagnetic force is determined by
the left-hand rule (fig. 6.2). Induced in the conductor electromotive force E is
directed to suppress the current I .

Magnetic induction B (T) describes the intensity of the magnetic field and the
magnetic flux @ (Wb) is an integral characteristic of the magnetic field. The magnetic
field is considered to be uniform if the magnetic induction at all points of the field is
the same (B = const ). Magnetic flux of uniform magnetic field passing through the
surface S, placed perpendicular to the lines of magnetic induction is @ = BS .
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Total current law in integral form is: ['ﬂﬁd_lz'[H cosadl =31, which

means that the circulation of magnetic field tension vector H along the closed path | is
equal to the algebraic sum of currents encircled with this path. The magnetic circuit is
homogeneous if the magnetic induction is the same along the magnetic circuit. Total
current law for homogeneous and heterogeneous (with air gap) magnetic circuits is:
Hi=wl, HI+H;,§=wl,where A isthe magnetic field tension in the magnetic

circuit with length I; H - the magnetic field tension in the air gap ¢ ; w - the number
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Fig. 6.3 Fig. 6.4 Fig. 6.5

of winding turns and wl =F- a magneto-motive force. The coil linkage is
Y =LI =wd.

Magnetic permeability x describes the properties of the conducting medium,
which shows how many times the medium increases the magnetic field of the coil.
Diamagnetics and paramagnetics belong to nonmagnetic materials, where 4 =1 and

ferromagnetics belong to magnetic materials, where x >>1. Magnetic induction B is
connected with magnetic field tension H by the following equation: B =z, H,

where relative magnetic permeability ux, vacuum magnetic permeability uo=4m.107.
So, the magnetic resistance is R =1/( z,1.,S).

Magnetic flux will be much larger in a coil with the ferromagnetic core than in
a coil without it, as the flux is created not only by the current but also by the
ferromagnetic substance of magnetic circuit.

The magnetic characteristics B(H) for magnetic (z>>1) and nonmagnetic

(1 =1) materials are shown in fig. 6.3. Given that the magnetic flux is proportional to

the magnetic induction @ = B, and the current proportional to the magnetic field
tension | = H, a dependence @ (1 )- or so called weber-ampere characteristic can be

obtained (fig. 6.4). As can be seen from it, an additional core of magnetic
(ferromagnetic) material is required to reduce the current needed to generate a given
magnetic flux of the coil.

The coil electromagnetic circuit is shown in fig. 6.5. Applied to the coil voltage
v initiates current i, which results in a magnetic flux. Magnetic flux @ is the vector
sum of the main magnetic flux @_, which is closed
through the core, and the magnetic flux of dissipation
@p, which closes in the air around the coils
@ =, +®,. Dissipation magnetic flux is not involved
in energy transmission (in transformers). The core
permeability (z>>1) is much higher than air
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permeability (x=1), that means @, >>a,, but the magnetic fluxes can shift the

phase.

The basic magnetization curve (curve 1 in big dashed line on fig. 6.6) passes
through the center of coordinate grid. When the coil is powered by alternating voltage
the magnetic flux changes in time and core is cyclically re-magnetized. After several
AC periods a closed symmetrical across the origin hysteresis loop is set (curve 2 in
solid lines fig.6.6), which is called the static hysteresis loop. A residual induction in
the core B, isstoredat H=0. H=H_ at B=0 and it is called a coercive (holding)
force.

The magnetic losses in the core AP, consist of magnetic hysteresis losses AP,
and eddy current losses AP.: AP, =AP, +AP. . Hysteresis losses are the losses due to
the cyclical magnetization of the core and they are proportional to the area embraced
by static hysteresis loop. These are determined by the formula: AP, =y, o f BZ,
where y,, are specific power losses for hysteresis; o - magnetic circuit mass; f -
current frequency; B_ - magnetic induction amplitude. To reduce the magnetic
hysteresis losses the magnetic circuits are made of soft magnetic (ferromagnetic)
materials, which have a narrow hysteresis loop.

Eddy currents occur in solid metal parts as a result of the magnetic field.
Eddy currents losses occur when the coil is fed with AC, which demagnetize

R Xd | R Xd
o> +I—
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Fig. 6.7 Fig. 6.8

the magnetic circuit. Eddy currents losses are proportional to the difference between
the areas of dynamic (curve 3 in small dash line) and static (curve 2 in solid line)
hysteresis loops. They are determined by the formula:

APEzyEasz;,
where y. are specific power losses for eddy currents; o - magnetic circuit mass; f -
current frequency; B, - magnetic induction amplitude. To reduce eddy currents

losses the magnetic cores are collected from thin electrical steel plates (or tape) with
a thickness of 0.2 - 0.5 mm, which are isolated from each other by dielectric layers.
Fig. 6.7 shows a series-parallel equivalent circuit of the coil with core, where

AP. =R I? are electrical losses in the coil winding; X, =wL, - coil reactance caused
by dissipation; L, - inductance, equivalent to the dissipation magnetic flux @,; G, -
the conductance, equivalent to core magnetic losses AP, =G, E*; B, - susceptance,
equivalent to the main magnetic flux @, .
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Fig. 6.8 shows a serial equivalent circuit of the coil, \%
where V. =—E +R 1 + jX,I. Vwork
Electromotive forces induced by the main magnetic wp
flux are:
e=-wd®/dt, E=ow®, /\N2=444fvd_ . o
Electromotive forces induced by the dissipation Fig. 6.9
magnetic flux are: e, =—L,di/dt, . Ep=—jalpl =-X,1.

The equation of electric state of the coil is written by the second Kirchhoff ‘s law
in complex form: V=—-E+RI+j X, 1.

Current-voltage characteristic V(I) (fig. 6.9) of the coil is derived from weber-
voltage characteristic @ (7). By zooming magnetic flux @ =E ~U curve V(I) is
obtained, which coincides with the curve @ (1 ).

Working point (wp) for the coil is chosen at the bent-point of current-voltage
characteristic. When chosen below that point the magnetic circuit is irrationally
used — it is increased in size. When chosen above that point, the electrical losses are
increased due to the increased current.

Neglecting the relatively small resistances R, X,

v Xo ! ) . i
(fig. 6.7), the following can be taken approximately v ~ E
RI and if E=®, so U~E=®. When the voltage is
Z ) sinusoidal, electromotive force and magnetic flux are also

sinusoidal. It follows from weber-current non-linear
characteristic @ (1) that the coil current is non-sinusoidal
at sinusoidal magnetic flux. When analyzing non-
sinusoidal current the first and third harmonics are taken
into consideration: i =1, sin o, t+1,, sin o,t.

To simplify the analysis of the coil with non-
sinusoidal current it is substituted by the equivalent sinusoidal current

i=1_sin(wt+d5) with amplitude I _=./12 +12 and frequency @ =w,. Magnetic
flux lags behind the phase of current at an angle 6 (angle of the magnetic delay or
magnetic losses) due to hysteresis effects.

The vector diagram of the coil (fig. 6.10) corresponds to the electrical state
equation V. =E + R1 + j X, 1. The current at vector diagram is represented by active

la and reactive I, components according to the equivalent scheme (fig. 6.7).
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If the magnetic circuit has the air gap L I
(magnetic circuit is non-homogenous) the
magnetic  resistance increases significantly.
Therefore, it leads to a reduction of magnetic flux
according to the full current law. However, this
does not happen, because the magnetic flux is )
constant at constant voltage. The amplitude of the
magnetic flux in electromagnetic devices does not
depend on the size of the air gap, but the current effective value in the coil depends
on it. Thus, the coil starting current for the core with an air gap is much greater than
nominal current.

The dependence of coil inductance and current from size of air gap is shown at
fig. 6.11. Air gap ¢ can change its value by changing resistances at AC circuits. The
air gap is unavoidable in brake solenoids, relays, contactors, etc.

The variable inductance coil (by change of the air gap) is used to adjust the AC
at welding machines and electric ovens. Electromagnetic system of variable
inductance coil includes a rod (stationary part) on which a coil is placed (inductor),
armature (moving part) and a yoke for connection the rod and the armature in a
closed magnetic system. Electromagnets are used in cranes, drive brakes, clutches,
electrical switching equipment, measuring devices, machines, relays, etc. The air gap
Is undesirable in some cases (like transformers, AC engines), since it leads to the
current increase, the winding dimensions, reactive power consumption and
electromagnetic devices cos ¢ reduction.

Fig. 6.11
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PART 7. TRANSFORMER

Transformer is a static electromagnetic device that has two (or more) windings
inductively connected to each other and is designed to convert primary parameters

Fig. 7.1 KZ

AC into secondary ones. A three-phase transformer is shown on fig. 7.1a and a
single-phase transformer is shown on fig. 7.1b. Transformers are used in automatic
devices and electrically powered household appliances. There are as well special
transformers for converting, welding, measuring and so-called peak transformers.

The transformer’s core (fig. 7.2) determines its design. Laminated core is made
of insulated electrical steel sheets. Core types like U-and-I (aka core-type) (a), E-and-
| (aka shell-type) (b) or toroidal (c) are used in low-power transformers.

Transformer winding is made of insulated copper (aluminum) wire of round or
rectangular cross-section. The winding is wound on the frame, which is slid on one of
the rods. The principle of the transformer is based on the law of electromagnetic
induction. Electromagnetic single-phase transformer circuit is shown on fig. 7.3, and
it’s schematic diagram on fig. 7.3b. The primary winding w; converts electrical

Fig. 7.2

energy into magnetic one, whereas the secondary winding w, converts the magnetic
energy into the electrical one. Magnetic core strengthens the link between the
windings. The current i; generates an alternating magnetic flux &, which closes itself
on the core and dissipation magnetic flux @14, which closes itself in the air around the
primary winding w;. Magnetic flux @; induces an electromotive force of self-
induction in the transformer primary winding and a mutual electromotive force in the
secondary winding. If the secondary winding is connected to the load, the current will
flow. The current i, generates an alternating magnetic flux @,, which closes itself on
the core and dissipation magnetic flux @4, which closes itself in the air around the
secondary winding ws.

Transformer electromotive forces e; and e; create the resulting magnetic flux in
the core.

e, =—w, d®/ dr, E,=ow, @ /2,
e,=-w,d®/dt, E,—ow, ®, /2,
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where w/~2 =2af IN2 =4.44f; f—is an AC frequency, @, — is the resulting flux
amplitude, w, - number of primary winding turns, w, - number of secondary winding

turns.. Induced electromotive force phase lags behind the magnetic flux phase by an
angle of z /2. The e.m.f. effective values are as follows:

E =444w f D, E,=4.44w, f @ .
If w, >w, the transformer is a down transformer and its transformation ratio is
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Fig. 7.3
k,=w/w,=E/E,>1 . If w <w, the transformer is an up transformer and its

transformation ratio is k,, =w, /w, = E, / E, >1 (i.e. higher than one).

Transformer electromagnetic substitutional scheme (fig. 7.4) represents an
idealized real transformer, which includes active R, R, (winding) resistances and

(dissipation) reactances X, X,.
The transformer electrical state equations are (fig. 7.4):
1%1 =-E,+(R,+ X, ), =-E, +4V,
=B, —(R,+ X, ), =E, -4V,
where AV, AV, — are accordingly voltage drops across the primary and secondary
windings of the transformer. Since Av, ~ (0,02 +0,05)V,, it can be considered Vi~ Es.
Thus, V,~E,=444w, f, @ . When Vv, =const, the magnetic flux is practically

independent of the transformer load.
Electrical state equations corresponds to the scheme on fig. 7.5, where E, is a

receiver of electrical energy (primary winding) and E, is an electric energy source
(secondary winding).

I1 R1 X1 I2 Rz X2
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- q
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Fig. 7.4

The magnetomotive force of primary winding in idle mode is w,l,, =HI. It
induces the magnetic flux @ = uSH. And magnetic flux of loaded transformer is
created by an e.m.f. of primary and secondary windings w,l, +w, 1, = HI . Taking into
consideration that @ ~const and H ~const, transformer magnetic state equation
makes: Wl =w L +w,l,.
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Therefore, the expression for current in the primary winding of the transformer
makes: L=l —w/w=l=1_+1,,
where I, =—1,w,/w, =-1,/k I, - is a specific secondary winding current.

Since numbers of turns w, = w, , then E, = E,. To simplify the analysis of the
transformer, the secondary winding number of turns is reduced to the number of turns

I1 R1 X1 I R2 X2 12 R> X7
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Fig. 7.5 Fig. 7.6

in the primary winding.

The real secondary winding w; is replaced by brought-in values w, =w,,
w, = kw, =w,. Specific electromotive force makes then E,=KkE,=E, and specific
voltage makes V, =kV, =V, accordingly. Specific resistance is defined from the
condition 1)’R,=R,I’ as R,=k’R, and specific reactance is defined from the
condition ¢ =arctg(X,/R,)=arctg(X,/R,) as X,=k*X,. The brought-in
secondary winding elements is applied in fig.7.6.

T-shaped substitutional scheme is shown on fig. 7.7, where
E.=R,1,, + jX,1,,- The scheme elements bear some physical meaning, as such R, -

are magnetic losses AP,, and Xo— is the main magnetic flux.

Idle mode scheme (1,=0) shown on fig.7.8 is obtained from the scheme 7.7
by neglecting resistances R, and X,, that are considerably less than R, and X,. The
quality of core steel defines the idle current. Resistance R, and impedance
Z,=U, /1, determine the idle losses: P, = R,1. The transformation ratio makes:

k=w,/w,=E /E, =V, /V,.
The following expressions determines magnetic induction and magnetic flux:
V,, =E, =444w, f, @ , D =B §S.
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Fig. 7.7 Fig. 7.8

Transformer magnetic losses are constant and independent from load. Any
power consumption in idle mode goes over into transformer magnetic core losses
AP, and electrical losses in the primary winding AP : P, = AP, + AP.,. Electrical
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losses in the transformer primary winding are AP., =R/1/. They can be neglected
because idle state current is smaller than the nominal 1, >>1,, (1, =(0.04+0.0)l,, ).
Thus, AP, << AP,,. Consequently, the power consumed by the transformer in the
idle mode is almost equal to the magnetic losses P, ~ AP,, .

The short circuit transformer mode is a wrecking one at nominal voltage V,,,
since current makes then 1. = (10+25) I,,,. Therefore, short circuit mode calculations

liN R1 X1 R> X2 lin Rk Xk
Y YN 1 Y Y
o> — 1 o>
\LV15 l, Visc
O O
a Fig. 7.9 b

are done out at nominal current 1. = 1,, and considerably less voltage.
Short circuit transformer mode scheme (V, =0) is shown on fig. 7.9. It is

obtained from the circuit on fig. 7.7 by neglecting R,, X, which are much less than

R,", X, and R,', X,. The following elements are used in resulting short circuit
scheme (fig. 7.9b): R +R,=R., a X,+X,=X,. Voltage, current, R, and
iImpedance z. =V,./l,, can be defined, when having short circuit losses
P = Rec Iy -

The consumed by transformer power goes over into electrical losses in the

windings and magnetic losses in the core. However, short circuit voltage is much less
than the nominal V.. =(0.05+0.1)V,, , so the magnetic flux is also much less than at

IN?
nominal mode. Magnetic losses are proportional to the square of the magnetic
induction and are insignificant. Allowing that AP, << AP., the consumed by

transformer power in the short circuit mode goes over into electrical losses in the
windings P, = 4P. . These are variable and depend on transformer’s load.

External characteristics of the transformer (fig. 7.10) is a depending of the
voltage from the current at variable load. Active load (curve 1) is at cos ¢, <1

(¢, >0). The active-inductive load (curve 2) is at cos¢@, <1 (¢, >0). And active-
capacitive load (curve 3) is at cos @, <1 (¢, >0).

Transformer power diagram is shown on
fig. 7.11, where input power makes P, =V, I, cos¢e,,

AP_, are electrical losses in the primary winding;
P, =Elcosy - is an electromagnetic power; AP, are
magnetic losses in the core; AP., are electrical losses
in the secondary winding and P, =V, l,cos¢g, is an
output power.

Fig. 7.10
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Transformer total power makes S, =S, =V, I, =V
The transformer efficiency factor makes:

» _ P, _ B S, cos e,

P P +4P pBS,cosp, +P + B°P,

Where AP =P, + p’P,. are the total losses; P, are magnetic losses (idle); P,. are short
circuit electrical losses; AP, = p*P,. are electrical losses, p=1,/1,, is the transformer

L, soV IV, =111, ~K.

load factor.
The dependence of the efficiency factor from the transformer load 7( ) is

shown on fig. 7.12. Maximum efficiency factor is at equal electric and magnetic
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Fig. 7.11 Fig. 7.12
losses, that corresponds to the optimum load. 7 =(70+95)% is typical for modern
transformers.
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PART 8. DIRECT CURRENT MACHINES

DC machines can be used either as a generator or as a motor. And they are
reversible. Motors are used to drive machine tools, rolling mills, lifting and transport
machines, excavators and others. The main advantage of these motors is a wide range
of power - from fractions of Watt to several thousand kilowatts, good start and
control properties (the ability of smooth frequency regulation over a wide range)
However, DC motors are more expensive and less reliable comparing to contactless
AC motors. This is because of a collector-brush unit. Special equipment - DC
generator or rectifier (when powered by AC) — is needed to feed these motors.

The structure of the DC machine is shown in figure 8.1. Stationary part of it
called stator, movable - rotor.

Stator consists of steel bed 8, through which main magnetic flux closes and
main stator poles 6. Stator is an inductor, because it contains the main poles for
excitation of the main magnetic field. Pole consists of a core 6 and a coil 7 (excitation
winding).

Fig. 8.1. DC motor construction:
1- shaft; 2— front shild; 3— collector; 4— brushes; 5— core with coil; 6-core;
7— coil; 8- steel bad; 9— back shield; 10— fan; 11— lugs; 12— bearings

Rotor is an armature, to which the load is connected. On the shaft of the rotor 1
Is a laminated core 5 with a winding and a collector-brush unit 3. Armature winding
consists of individual sections 1 (figure 8.2). Each section is placed into the grooves
of the armature magnetic circuit and sections are connected with collector lamellas
(fig. 8.2). The number of sections is equal to the number of collector plates. Armature
winding can be of two types: loop (fig. 8.2a) and wave (fig. 8.2b). Loop winding is
used in high power machines and wave one is used in machines of medium and low
power.
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Next element of DC motor is the brush-collector unit that acts as a mechanical
DC to AC adapter to feed armature winding. The main elements of the brush-

/
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Fig. 3.2a Fig. 3.2b

collector unit 3 (fig. 8.1) are made of copper lamellas.

The principle of generator is the following. The excitation winding current
creates a magnetic field, which is constant in time and in
space. E.m.f. (field induction action) is induced in the
rotating rotor winding under the influence of this magnetic

2 field, the direction of e.m.f. is determined by the right hand
— 1 rule. If the armature winding is connected via brushes to the

outer circle, there appears AC I.. However, at the outer
le  circuit the current direction does not change, because the

Fig. 8.3 collector serves as a mechanical current rectifier. When the

armature rotates by 180 deg., e.m.f. at the wires changes its
direction and there it also changes the collector plates under the brushes at the same
time. As a result, the polarity of the brushes and the direction of current in the outer
circuit does not change. Armature winding is made of many connected in series
sections to get e.m.f. nearly constant in its external-circuit.

Idling characteristic of DC generator (fig. 8.3) - is a dependence of armature
winding e.m.f. from excitation current without load and at a constant frequency of
armature rotation. The presence of hysteresis phenomena in magnetic circuit provides
a parallel excitement due to self-excitation of the generator. When generator rotor
rotates, there is a small electromotive force in the winding, which leads to small
excitation current and small magnetic flux, respectively. v
When this flux has the same direction as the flux of residual
induction, the resulting flux increases, therefore the armature
electromotive force and excitation current increase (curve 1,
fig. 8.3) as well. Electromotive force increases to the value 4

le 1.25 Enom With increasing excitation current, N

é following the saturation of magnetic circuit. Fig. 8.4
"""" As the excitation current decreases, the T
electromotive force also decreases to the value 0.05 Enom, (curve 2,
fig. 8.3). The external generator characteristics (fig. 8.4) is a

. dependence between voltage at the clamps of the armature winding

Fia. 8.5 and current V (1,) at a constant rotation frequency and excitation
current (for generators with independent excitation) or constant rotation frequency
and constant resistance of excitation winding (for generators with parallel excitation).
Curve 1 is for independent excitation, 2 is for parallel excitation, 3 is for serial
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excitation and 4 is for mixed excitation. Adjusting generator characteristic is a
dependence between the excitation current and armature current 1_(7, ) at constant

voltage at generator (V=const) and constant rotation frequency (n=const). The
generator adjusting characteristics for independent and parallel excitation is shown on
figure 8.5 (curve 1), for mixed agreed excitation winding (curve 2) and for mixed
counter excitation winding (curve 3).

The generator electrical state equation is: V =E, —R,I,, where V- is a power

voltage, Ra— is an armature winding resistance. Output currentis 1 =1, —1_, where

IA — Is an armature current, Ig — is an excitation current.

The principle of the DC motor based on power performance of electromagnetic
field. Connecting the motor to the DC voltage will result in currents in the windings
of the inductor and the armature. The interaction of the armature current with the
magnetic field (of inductor) results in growth of electromagnetic torque M =c, @I, ,

what makes the rotor rotation (here ¢,, - is a coefficient that depends of winding
construction and poles number; @ - magnetic flux of one pair of main poles ; 1,-

A

armature current. Induced electromotive force in the armature winding during its
rotation is directed opposite to the current: E, =c_.@n, where ¢,- is a structural

coefficient, n — is a rotor rotation frequency.

The influence of the armature magnetic field (fig. 8.6b) on the main magnetic
field (fig. 8.6a) is called an armature reaction. It distorts the main magnetic field
(fig. 8.6¢) because slope of magnetic field physical neutral (line g-q’ at fig. 8.6¢) is
shifted in the opposite direction of rotor rotation at some angle relatively to its
geometrical neutral. Physical neutral is an imaginary line that runs through the points
of magnetic circuit, where magnetic induction is zero. Because the armature reaction
worsens the commutation process, an arcing occurs between the collector and the
brushes. Commutation is a process of switching armature winding sections when
rotor rotates.

To improve the commutation between the main poles the additional poles are
REFARR ol | v

\

Fig. 8.6

added. The winding of additional poles connects in series to the armature winding
and is wound in a way that the magnetic flux generated by it, opposes the magnetic
flux of the armature winding, thus it compensates the armature reaction. Brushes
position is also shifted from geometrical to physical neutral to improve the
commutation. The physical neutral position depends on motor loads and shifts against
the direction of rotor rotation.

45



By way of excitation winding connection - the motors are split in independent
IA IE I |E I E O)I- IE
Al F1 A1 E: D D2| A1 |

a b c @ 3 d
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Fig. 8.7

excitation ones and self-excitation ones (parallel, serial and mixed). The machines
with independent excitation (fig. 8.7a) feed their excitation winding with a single DC
source. The machines with parallel excitation (fig. 8.7b) have the excitation winding
connected in parallel to the armature winding. The machines with serial excitation
(fig. 8.7c) have the excitation winding connected in serial to the armature winding.
The machines of mixed excitation (fig. 8.7d) have two excitation windings connected
both in serial and in parallel to the armature winding.

The motor electrical state equation is: V =E, +R,I,, where V - is a feeding

voltage, Ra — is an armature winding resistance. Input current makesl =1, +1_,
where I, — is an armature current, Ig — is an excitation current. Therefore:

|, =(V-E,)/IR,=(V-c,n®)/R,.
When starting the motor, rotation frequency is n=0, hence Ex=0. Because the
armature winding resistance is small, the starting current is large: 1, =V /R, .

To limit the starting current the rheostat is connected in armature circuit, the
resistance of which R, is step by step reduced to zero. The value of armature starting

current with the starting rheostat is determined as: 1, =V /(R, +R;).

Starting rheostat resistance is calculated so that the armature current does not exceed
the permissible value of I, <(2.0...2.5)I

AST —

Direct switching to the electric network, using the starting rheostat in the
armature circuit or reduced supply voltage, can start DC motors. When starting the
motor directly there are significant starting currents that could break down the motor
and reduce the network voltage. So motors mainly are started with starting rheostats.

If we substitute the equation E, =V —R,I, into the expression of armature
e.n.f. E, =c_®@n, we’ll have the expression of motor frequency characteristic:

n=\V-R,,)/c.D,.

It follows that without load motor frequency is:

Anom *

N Rri>Rr2>Rrs3 n  O1>0>ds n  U>U>Us
No1 No1
No R )

R1 No2 02 Us
Rr2 No3 No3 U,
RRr3 Us
Ia Ia A

Fig. 8.8 Fig. 8.9 Fig. 8.10

n=n,=V/(c.D),
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where n,— is an idling frequency.

The rotation frequency can be adjusted by connecting a circuit of the additional
resistance R, to armature winding. These are characteristics for different values of
resistance R, on fig. 8.8. The advantages of this regulation method is its simplicity,
the possibility of smooth adjustment and wide range of frequency adjustment
(0<n<n__). Disadvantages are major losses and the inability to adjust the
frequency above nominal.

We can also adjust rotation frequency with changing magnetic flux by
connecting the rheostat R_ to the excitation circuit. There are characteristics for
different values of magnetic flux shown on fig.8.9. The advantages of this adjustment
method is its simplicity and efficiency. Disadvantage are the inability to adjust the
frequency above nominal and narrow adjustment range of frequencies.

We can adjust the rotation frequency by changing input voltage V in electric
drives. There are characteristics for different values of voltage shown on fig. 8.10.
The advantage of this method is the wide range of frequency adjustment.
Disadvantage is the need for a separate adjustable energy source.

Mechanical characteristic of the motor is the dependence between the rotation
frequency and torque n(M) at V =const and |_=const. The expression for
frequency characteristics is: n=( —-R,1,)/c.®, =V /c.®, -R,l,/c.D,.

Taking into account the expression for torque as M =c, @I,, the armature
current is defined as I, =M /(c,, @) and the equation of mechanical characteristic is
the following: n=V/c.®@ —R,M/(c,c.®*)=n,—An,
where - n, is a motor rotation frequency in idling mode, 4n- is a rotation frequency
change caused by the change of motor load. Mechanical characteristic without
additional resistance at armature circuit is called natural one, and with the additional

resistance at armature circuit is called an artificial one. Artificial characteristic slopes
rapidly. Type of motor mechanical characteristic depends on the type of excitation.

n n

no\

M M

Fig. 8.11 Fig. 8.12
Motors with independent and parallel excitation have rigid characteristics — rotation
frequency does not depend from the motor torque (fig. 8.11). They are used to drive
machine tools, etc. Motors with serial and mixed excitation have soft characteristic -
rotation frequency depends from the motor torque (fig. 8.12). These motors are used
in electric transport because they have large torque, which is proportional to the
square of the current, what is important in difficult starting conditions. The rotation
frequency increases rapidly at idling mode, what can cause the motor collapse. The
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work of the motor with torque less than 0.25M ., is unacceptable.
The energy balance of the DC motor illustrating its energy diagram is shown

Pl PEM ]/ P2

.
A ﬂ _\ APy \ APuyEc . APap
\ APa APe
Fig. 8.13
on fig. 8.13. Motor electric power makes P, =VI. Electromagnetic power is

P_, = E,l,. Mechanical power is - P, =Q-M . Total losses in the motor make:
AP = AP, + AP + AP, + AP, .., + AP,

MECH pD '’

where AP. =R_1? - are excitation winding losses; AP, ==R,I2- are armature
winding losses; - Ap,, - are magnetic losses; AP,_., - are mechanical losses; AP, -

ADD

are collector-brush losses. Efficiency factor is defined as the ratio of useful power to
the power consumed by the motor: n =P,/ P, =P, /(P, + AP).

Properties of motor as part of the circuit are estimated by working
characteristics 1,(P,), n(P,), (fig. 8.14). Properties of motor as the electric drive

element are estimated by working characteristics n(P, ), M(P, ), (fig.8.15).
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Fig. 8.14 Fig. 8.15
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PART 9. ALTERNATIVE CURRENT (INDUCTION) MOTORS

AC induction machines can operate either as generators or as motors.
However, when used as generators the characteristics of the machines are not good
enough, so they are used mostly as motors. For induction motors, the rotor rotation
frequency depends on the load at a constant circuit frequency.

Single-phase induction motors are used in automatic control systems, electric
hand tools, low-power machines and various household appliances and machines
(refrigerators, washing and sewing machines, fans), where there is no need to adjust
the frequency. The use of single-phase power supply for these motors (means two
wires instead of three or four in three-phase power supply) provides economic
benefits and ease of use.

Three-phase induction motors are more popular, because they have better
characteristics comparing to single-phase ones.

Induction motors are widely used because of simpler construction, lower cost,
higher operational reliability and less maintenance. This goes alongside with a
simpler design and higher reliability.

The drawbacks include greater sensitivity to voltage changes (motor moment is
proportional to the square of the applied voltage).

The starting moment is small at low voltages that the B o
motor may not start at all. Another drawback of \a)t \
induction motors is significant consumption of
reactive power, which reduces the network power
factor.

Structural elements of induction motors ensure reliability, rigidity, strength,
rotor rotation and cooling. Motor electromagnetic system provides mutual energy
conversion, it is a heterogeneous branched symmetrical magnetic circuit, which
consists of magnetic circuits of stator and rotor and their windings.

Fig. 9.1
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Magnetic circuit increases magnetic connection between stator and rotor
windings. The magnetic core consists of thin insulated electrical steel lists. There are

grooves at the inner surface of the stator, where the winding is placed. The windings
are made of copper (aluminum) wire around round or rectangular inserts covered
with insulating materials.

The condition for creating a rotating magnetic field by the fixed stator winding
Is spatial symmetry of the phase windings and temporal symmetry of phase currents
in the windings. Stator phase windings are placed in the grooves and shifted relative
to each other in space at the angle of 120 degrees. The symmetrical three-phase
currents flow through these windings, causing a rotating in space g =wt (fig.9.1)

and constant in time B =3/2B_ magnetic field. The phase windings ends connect to

the terminal box 4, which makes it possible to connect them WYE or DELTA.

Magnetic field synchronous frequency is n, =60 f/p, where f- the
frequency of the power network, p - the number of pole pairs.

The induction motors are designed either with a short circuit rotor or with a
phase rotor (with slip rings for winding connection to the outside circuit).

Three-phase induction motor with a short circuit rotor winding is shown at
fig. 9.2. Stator consists of frame 11, core 10 and a three-phase winding. There are ribs
on the stator surface to increase the cooling effect. The core 10 is placed on the stator
frame, it consists of 0,5 mm thick steel lists insulated from each other by oil varnish
and packed together. This design enables to significantly reduce eddy currents in the
core.
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The rotor shaft is positioned in bearings 2 and 6, located in the bearing nests 3
and 7. Motor is cooled by a fan 5, which is covered with a casing 8.

Rotor consists of a shaft 1 and core 9 with a short circuit winding. Short circuit
winding is made of copper wire (fig. 9.3) rods, embedded in isolation without
grooves and close-circuited with the rings on the ends. An aluminum coil is made by
filling in the grooves of a molten aluminum alloy. Short circuit rings 2 and ventilation
scoops 3 (fig. 9.3b) are cast the same way. Phase rotor winding is made the same
way. It is also a three-phase one (for a three-phase motor) - three coils are placed in
the space and their endings connect to the three contact rings placed on the shaft.
Rings are isolated from each other and from the shaft of the rotor. The additional
rheostats are connected to the windings by brushes. The rheostat is used to improve
the motor start-off (increased starting moment) or to adjust the rotor rotation
frequency.

The principle of the motor is based on the induction law and power results
from the magnetic field. Rotating magnetic field of the stator winding, while crossing
rotor winding wires, induces electromotive force, causing currents in the short
circuited rotor winding. The interaction of the rotor winding currents and the rotating

g
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|

Fig. 9.3

magnetic field create electromagnetic force that rotates the rotor in the direction of
the rotating magnetic field. The phases sequence determines the direction of the
rotating magnetic field.

A characteristic feature of the induction motor is lag of the rotor rotation
frequency from the stator magnetic field rotation frequency.

Slipping s connects rotor mechanical frequency n, with the frequency of the

rotating magnetic field of the stator », :
s=(n,—n,)/n,.
Thus the rotor rotation frequency is n, =n, (1—s).
The expression of rotor rotation frequency for multipolar motor can be written
as: n,=n(1-s)=60f,(1-s)/p.
The rotation frequency can be controlled by changing the frequency of network
current f by special converters. This method is the most common, because it allows

smooth rotation frequency adjusting. Besides, the converters are cheap.

The second method is to change the sliding s by rheostats, which are
connected with every phase winding of phase rotor (for motors with phase rotor).

The third way is by changing the number of pole pairs p.
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Rotating magnetic field induces the electromotive forces in the phase windings
of the stator £, = w, w; @ and the rotor E, = w, w, @ whose frequencies are (for short

circuit rotor):
o, =2zn160,(f,), w,=52zn /60=sw,(f,=sf)).
The electrical state equations of the stator and rotor phases are:
\il:il—FBlll—'—lel_l! \iz:Ez_lez_jizlzzo'
Motor phase substitutional scheme is shown at fig. 9.4, phase reduced
substitutional scheme is shown at fig. 9.5, where R_,, =R, (1-s)/s is the equivalent
of mechanical load.

I2 X2 R I XoF Rao/s
_+NY\_|:|_ _W:'_

Q\ E> Q\ Eor

Fig. 9.4 Fig. 9.5

Rotor winding electromotive force E, can be expressed as fixed rotor winding
electromotive force E,. = const :

E,=0,Ww,®=so,w,0=sE,., where E,. =, w,®.
Rotor winding reactance X; can be expressed as fixed rotor winding reactance
X,. =const

M
e Mwmax
N1
1 Scr M
S .
. ' 1
Fig. 9.6 Fig. 9.7 Fig. 9.8
X,=m,L,=sa, L, =X, , where X,. =o, L,.
SE E

— 2F — 2F .
R,+ JsX,. R,/s+ jX,.

For motor idle mode s =0, n, =n, , R, = and for motor short circuit mode
s=1,n,=0, R, =0.

Motor electromagnetic moment is:

M=2M,, /(S/Sg +Sx9), M=cd®l,cosg,,

where s_, is a critical slip, the moment is maximum for this slip.

Motor frequency characteristic n,(s) at sliding interval 0 <s <1 is shown at

fig. 9.6, according to motor operation mode.
Motor moment characteristic M (s) at sliding interval 0 <s<1 is shown at

fig. 9.7. The characteristic is unstable at sliding interval s, <s<1.
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Motor mechanical characteristic »,(AM ) is the main characteristic of the

motor, it is shown in fig. 9.8 and determines its operational capabilities. Mechanical
characteristic is based on the frequency n,(s) and moment M (s) characteristics.

The value of nominal moment Myom characterizes motor for slip ranging
within 0<s<s_. Motor overload capacity is A= Mwax / Myowm. Starting properties

are evaluated as starting moment repetition factor y =M _ /M, and starting current
repetition factor g=1,/1,,, =5-7.

Motor energy balance is illustrated in its energy diagram (fig. 9.9), where
P =+3VIcosgp, - electric power, P =2zn M /60=wM - electromagnetic

EM

M
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N N

APg

Fig. 9.9
power, P, =27z n, M / 60= w,M - motor mechanical power.

The conversion of electrical energy into mechanical energy are balanced with
losses: AP=AP, +AP, + APy, » Where AP. = AP_ + AP,, are electrical losses in the

windings, 4P, = AP, + AP, ,- magnetic losses in the core and AP, - mechanical

losses.
The motor efficiency factor is determined by the formula:

|
1 o M
n
Cosg N2
COS o
l10 P2 Mo P,

Fig. 9.10 Fig. 9.11
n=~P, /P for n<085 or n=1-4P/P, for >0.85.

Motor properties as the electrical circuit part are estimated according to the
working characteristics (fig.9.10), the dependencies of current 1, efficiency factor 7

and power factor cos ¢ on mechanical power P,.

Power factor of induction motors is less than 1, because the motor uses reactive
power (which is necessary to create a magnetic field) together with active power, so

cosp=P,//(P;+Q%).
It is important that motor always work with loading close to nominal, for its
highest power factor.
Motor properties as the electric drive part are estimated according to the

working characteristics (fig. 9.11) and dependencies n,(R,), M(R,).
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PART 10. SYNCHRONOUS MACHINES

Synchronous AC machine is the one, which rotor rotates with the same
frequency as the rotating magnetic field of the stator. Synchronous machines are
widely used as generators, motors and synchronous compensators.

However, the most important role of synchronous machine is a three-phase
synchronous generator. In modern power stations, regardless of their type and power,
the source of electric current is exclusively a three-phase synchronous generator. In
thermal power plants generators are driven with steam or gas turbines. These
generators are called turbo generators. Their speed makes 3000 rpm and 1500 rpm,

their generated power makes up to 800-1000 MW. Water turbines drive
hydrogenerators. Their speed is between 50 to 600 rpm and their generated power
makes - 200-600 MW.

Synchronous motors operate with power ranging from 10 kW to couple of
thousands of kW. They are used mainly in drives that do not need to regulate the
frequency of rotation, such as powerful pumps, fans, compressors, ball and rod mills,
rolling mills, steel mills, as well as powerful units converting AC to DC. Advantages
of synchronous motors make them more welcome at large powers comparing to the
asynchronous ones. Therefore, asynchronous motors are widly spread in industry.
Synchronous micromotors with power ranging from tenth of watts to hundreds of
watts are used in automation, tools making and computer technologies. They also are
used in electrical appliances and control systems. These comprise inductor/ reactive/
hysteresis/ stepping motors and motors with permanent magnets. Synchronous
compensator - is a synchronous motor working in idle mode that serves to improve
the power factor of the network.

Synchronous machines have the following advantages: high efficiency and
power factors, motor has the rigid mechanical characteristic, generator e.m.f. is
independent from the load. However, they have complex structure, - motors require
two voltage sources (three-phase AC and DC). Besides, synchronous motor’s starting
is more complicated than the induction motor one.

Electromagnetic system of synchronous machine is a branched symmetrical
magnetic circuit. The main parts of it are an unmovable stator with a three-phase
winding and a moving rotor with an excitation winding, powered by direct current.
Stator has non-poles and rotor can have both designs with clear poles (fig. 10.1) and
with non salient ones. Radial gap of machine with clear poles is uneven and it is even
for the non-poles machine. For the clear poles rotor each pole is made as a separate
unit, which consists of a core 1, pole tip 2 and pole coil 3.

All poles are mounted on the rim 4, which is a yoke of magnetic system, which
closes its magnetic fluxes.

In the synchronous motor, as well as in the asynchronous one, the current that
flows in the three-phase stator winding creates a rotating magnetic field. Excitation
DC 1. flows in the rotor’s winding and it is fed by DC power - opposite to the
induction motors, where the current that flows in the rotor winding is induced by
rotating magnetic field of the stator. Rotation speed of synchronous motors is
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constant and equal to the frequency of the rotating magnetic field of the stator. The
Interaction of stator rotating magnetic field and the rotor current creates the rotating
moment (due to the magnetic field force). Synchronous motors are made only with
clear poles.

The rotor of the generator acts as an inductor, it is a system of magnets, which
windings are powered by direct current through slip rings. Pole coils are fixed by
means of pole pieces to the rotor. They are fed by DC power. The low-speed
synchronous generator rotor (speed under 300 rpm) is performed with clear poles,
and high-speed generators rotor (speed 3000 and 1500 prm) is performed with non-
poles.

The rotor excitation DC creates constant in time magnetic field. Rotor’s
rotating creates a variable in space magnetic field, which induces in three phase stator
winding a variable electromotive force (due to the induction magnetic field). If the
load is connected to the stator winding, the armature current 1, will be flowing
through it because the stator acts as an armature.

In synchronous machines of low power the principle of excitation by
permanent magnets is used. They are placed on the rotor. This excitation method does
not need the excitation winding and contact rings. As a result, the machine
construction is simpler.

Since the generator is designed to generate sinusoidal electromotive force, the
magnetic flux (magnetic induction) in the air gap between the stator and rotor should

Fig. 10.1. Synchronous generator
1-slip rings; 2 — brush-holder; 3 — rotor pole winding; 4 — pole tip;
5 — stator core; 6 — ventilator; 7— shaft
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also change in sinusoidal way. Clear poles machines achieve this with uneven radial
gap, providing a form of pole tip (like a mushroom head). The nonsalient rotor
machines achieve this effect with uneven distribution of the excitation (rotor)
winding.

Synchronous machines, as well as DC machines, have an armature reaction
effect, when the armature (stator) rotating magnetic field affects the basic magnetic
field of the inductor (rotor winding). The resulting magnetic flux creates the
combined effect of the magnetic fluxes of armature and inductor windings. Armature
reaction in synchronous machines, unlike DC machines, depends from the load. At
generator’s active load armature winding magnetic flux is behind the main magnetic
flux at an angle 90°. This effect is called a transverse armature reaction. At the
active-inductive load, the armature winding magnetic flux is opposite to the main
magnetic flux, so the resulting magnetic field weakens. At the active-capacitive load,
the armature and main magnetic fluxes have the same direction, so the resulting
magnetic field increases.

The frequency of the induced in armature winding Ea
electromotive force depends on the number of pairs of poles
and rotor speed: n, =60f / p.

The magnitude of generator-induced electromotive
forceis: E, =, W, k @,
where w,- is a number of coils in the armature (stator)
winding, k- winding ratio, @ - the magnetic flux amplitude
Y, of inductor (rotor) poles.

3 . .

Eo One of the important characteristics of synchronous
2 generator is a characteristic of idling (magnetic
1 characteristic) — that is the dependence of electromotive

In  force in the armature winding E, from excitation current 7,

at a constant speed of rotation, without load. Generator idle

Fig. 10.3 characteristics (fig. 10.2) is similar to the spread of
branches. This is due to the influence of hysteresis phenomena of machine magnetic
system. With increasing hysteresis losses in magnetic circuit,

Eo I

Fig. 10.2

the spread of branches becomes wider. Ie 1
As seen from the idling characteristic, electromotive force | Z 2
increases almost linearly with increasing generator excitation 3=

current. The slope characteristic is determined by the value of
the air gap, (the bigger gap the bigger slope). With further
growth of excitation current generator magnetic system
saturates. The generator external characteristic is a dependence Fig. 10.4

of voltage at the stator winding clamps from the load current (armature current) v(i,)
at constant excitation current and speed. Figure 10.3 shows the synchronous
generator external characteristics at different nature of the load. The current growth at
the active load (curve 2) is accompanied by a voltage dropping because of growing
voltage drop in the stator winding. The current growth at inductive load (curve 1), is
accompanied by the voltage dropping because of the demagnetizer effect of armature

In
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reaction. The current growth at capacitive load (curve 3) is accompanied by voltage
growth due to the magnetizer effect of armature magnetic field.

Generator adjusting characteristic is a dependence of excitation current from
armature current 7_(1,) at a constant rotation frequency and constant output voltage.
It shows how the excitation current changes in response to the load (armature) current
attempts to maintain the constant voltage at generator clamps. Figure 10.4 shows the
adjusting characteristics corresponding to different kind of load. The increasing
armature current at active load (curve 2) needs to have reduced excitation current to
maintain constant voltage at the clamps. The increasing armature current at inductive
load (curve 1) needs to have reduced excitation current as well. The increasing
armature current at capacitive load (curve 3) needs on the contrary to have an
Increased excitation current.

Synchronous machines are not reversible as DC machines. That means the
same machine cannot work both as a generator and a motor. This is because the
motor does not have its own starting moment (unlike induction motor). The currents
of three-phase stator winding, which is powered by a three-phase voltage source
creates a rotating magnetic field. Winding that is located on the rotor is powered by a
DC voltage and DC runs through it. Power performance of the stator rotating
magnetic field creates the motor rotation moment on the rotor winding wires and thus
rotor, "involved in synchronism", begins to rotate with the frequency n, equal to the

frequency of the stator rotating magnetic field n,. They are called synchronous

motors because the rotor speed and rotating magnetic field speed are the same
n, =n, =n,. This is a necessary condition of the motor working. However, the motor

does not have it's own starting moment. It is not run simply by connecting to the
network.

Consequently, additional motor is needed to start synchronous motor. This start
is called a synchronous one. Alternative start is an asynchronous one. Additional
short circuit winding is put into the rotor grooves (as at induction motor). It turns on
when motor starts, so the motor runs as an induction, and after start (after the motor is
"involved in synchronism") the relay turns off this winding, turning on the excitation

Pem P2
P1 T——
e AP
ﬁ :APEQ \ APer
o \ :APMEC ‘

Fig. 10.5
winding for the motor to run as a synchronous one. So, synchronous motors, unlike
generators, have additional starting winding. To start high power synchronous motors
lower voltage is applied to limit starting currents.
Synchronous generator energy conversion is illustrated in diagram at fig. 10.5.
Generator total power losses consist of the sum of electrical 4P,, magnetic AP, and
mechanical AP, 10Sses AP =AP,+AP, +AP,,., . Electrical losses are the losses in

the stator AP, =3R/I/ and rotor AP, =R I} winding, where R,R, are stator and
57



rotor phase winding resistances, 1,1, - stator and rotor phase currents. General
electrical losses are AP, = AP+ AP_ . Generator magnetic losses are losses in the
cores of the stator AP = AP, _ -

The generator efficiency factor is the ratio of power, which generator gives to
the network P,, to mechanical power P, which ituses: n =P,/ P, =P, /(P, + AP).
1A X Electromagnetic power transmitted from the rotor
to the stator is P, = Mw,

l where M - is an electromagnetic moment and o - a
E v z rotation frequency.

The power losses in the armature winding

: comparing to an active capacity are minor, so the

Fig. 10.6 machine active power is assumed to be equal to

electromagnetic power: P,,, =P =3VIcose. Thus the moment is M =3ViIcosp/w.

The generator and motor energy diagrams are M
similar, but the motor consumes electrical power P, and

produce mechanical power P,.

Electromotive forces induced in the stator RSl SRR
winding by armature magnetic flux and dissipation
magnetic flux are accordingly: E,=-jl,X,,
E,=-jl.X,, where X,- is an armature reactance, Fig. 10.7
X, - adissipation reactance. Then the total reactance is x = x, + X, .

Simplified substitutional scheme of synchronous machine is shown at fig.10.6.
Its phase equation according to the second Kirchhoff’s law is the following
(neglecting the armature active losses): E+E,+E,=1,Z=V..

Thus, the equation of a synchronous generatoris V = E — jX1,.

Vector of generator electromotive force E is ahead
of voltage vector v at the generator clamps at an angle & .

This angle increases with the load current, and it is called ) C"fﬁ"zl P2
a synchronous machine load angle. If E>V, synchronous \/
machine operates in generator mode at ® >0. If E<v, it \\/
operates in the motor mode at ® <0. And if ® =0 the '

machine works in an idle mode.

The magnetic field of the armature rotates
synchronously with the rotor, but the axis of the armature
and inductor magnetic fields is shifted by an angle & . The Fig. 10.8
moment on the generator shaft changes according to sinusoidal law (fig.10.7):
M=M,_sin®, where M__ - is a maximum moment. The dependence M(@®) is the

machine angle characteristic. Synchronous machine functions in the motor mode at
M >0,when 0<® <z and in the generator mode at M <0, when -7z <® <0.
Generator steady mode corresponds to load angle of —z /2 <® <0 and motor
steady mode corresponds to load angle 0 <@ <z /2.
Mechanical characteristic of synchronous motor n(M) is rigid, the rotation

speed does not depend on the moment and it is not regulated. That’s why the
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synchronous motors are not so popular.
If motor moment M =3VIcose/w IS NOt changed, it keeps steady active power

P=Vlcosp=const and the active component of consumption current I, . However, if
the excitation current 1. changes (for the constant power motor feed current), it
changes actually its reactive component 1 (consumption reactive power Q and
power factor cos ¢ ). Thus, power factor can be changed with the excitation current.
The dependence of the reactive component of the feed current of motor from the
excitation current 1,(1.) at constant active power is called a V-like motor

characteristics (fig. 10.8).
The graph shows that the minimum stator currents will be when cos ¢ =1 for

excitation current 1. The machine at this mode does not give to the network and does

not consume from the network any reactive power. The area located to the left of the
current 1, corresponds to the currents with the phase lagging behind the voltage

(inductive character of the load), and is called an underexcited operation mode. The
area located to the right of the current 1 corresponds to the currents which phases are

ahead of voltage (capacitive character of the load), and is called an overexcited
operation mode. Synchronous motors can create an active-inductive load as well as
an active-capacitive load depending on the excitation current value. Besides, their
cos ¢ can also be equal to 1. Synchronous motors that work at idle overexcited mode

I. > 1, are called synchronous compensators. They are connected as capacitor banks

in parallel to the consumers with big reactive power (induction motors, transformers).
Synchronous compensators give to the network capacitive reactive power Q. that

compensate reactive inductive power of the consumers Q, , resulting in higher cos ¢.

The following conclusions can be made when comparing synchronous motors
with induction motors:

- their stator structures are the same,

- their rotor structures are different: induction motors are manufactured with
short circuit or phase rotor, while synchronous motors are made exclusively as
explicit-pole ones. Besides, an additional DC source is to be used to feed their
excitation winding,

- mechanical characteristic of induction motor is soft (depending on load) as
well as their speed regulation, whereas the synchronous motor mechanical
characteristic is rigid (independent of load), so its speed can not be regulated,

- asynchronous starting of synchronous motors is more complicated than the
starting of induction motors (due to short circuited rotor), i.e. additional starting
winding), but starting characteristics of induction motors with phase rotor are better
than starting characteristics of synchronous motors,

- the maximum moment of synchronous motor is proportional to the voltage
and the maximum moment of induction motor is proportional to the square of the
voltage, so induction motors are more sensitive to voltage changes (that fact
decreases their starting moment),

- induction motors create only active-inductive load, that’s why their cos ¢ is
not big, whereas synchronous motors can create both active-inductive and active-
capacitive loads depending on the excitement current value. Their cos¢ can also

reach 1.
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Attachment

Ne Greek letters

1 A a alfa
2 B p beta
3 I y gamma
4 A 0 delta
5 E & epsilon
6 Z 4 dzeta
7 H n eta

8 O 0, teta
9 1 ! jota
10 K K kapa
11 A A lambda
12 | M U miu
13 N v niu
14 ) & ksi
15 0 0 micron
16 11 T pi
17 P p ro
18 2 | oc¢ sigma
19 T T tau
20 Y v ipsilon
21 & 0 fi
22 X X hi
23 v % psi
24 Q ) omega
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Physical values designation and units

Value Designation | Dimension
Resistance R, Q Om
Reactance X, Q Om
Impedance Z,Q Om
Conductance G, Sm Simens
Susceptance B, Sm Simens
Admittance Y, Sm Simens
Capacity C F Farada
Inductance L, H Henry
Inductance mutual M, H Henry
Electromotive force E V Volt
Potential o, V Volt
Voltage Vv,V Volt
Current I, A Amper
Active power P,W Watt
Reactive power Q, VAr Volt-Amper reactive
Total power S, VA Volt-Amper
Magnetomotive force F, A Amper
Magnetic induction BT Tesla
Magnetic field tension H, A/m Amper per meter
Magnetic stream @, Wh Weber
Linkage w, Wb Weber
Magnetic permeability Hayy, TH/M Henry per meter
(absolute)
Magnetic permeability 7
(relative)
Magnetic constant Lo, Tr/m 4107
Frequency f, Hz Herz
Angular frequency w, rad/s radian per second
Length 1, m meter
Hight, depth h, m meter
Layer o,d, m meter
Arial S, m? square meter
Magnetic resistance Rm
Number of turns W
Force F,N Newton
Work (energy) W, J Joule
Charge Q,C Coulomb
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