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INTRODUCTION

Power electronic devices advantages:
* Absense of rotating parts;

e Absense of sliding contacts;

e Sufficiently high efficiency;

* Acceptable weight and size figures;
* Ease of maintenance.



Classification of power converters

1. Rectifiers, which convert the energy of
alternative current into the energy of direct current.

2. Inverters, which convert the energy of
direct current into the energy of alternative current.

3. Alternative current converters, which
convert the energy of alternative current of certain
parameters into the energy of alternative current of
another parameters.

4. Converters of direct current energy of one
voltage into direct current voltage of another

voltage.



ELEMENT BASE OF POWER
CONVERTERS

Basic elements of power converters of electric
energy are:

e Power semiconductor switches;
e Electrical capacitors;

* Resistors;

* Induction coils.



Classification scheme of power
switches

Power semiconductor switches
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Fig. 1.1. Classification scheme of power switches
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Fig. 1.2. Semiconductor diodes: discrete performance (a), diode
bridge (b), power diode module (c), internal structure of diode (d),
conventional graphical representation of diode (e), I-V curve of

diode (f).



Dynamical resistance of diode

AU

Ryn=——"=tga (1.1
dyn =~ g (1.1)

The equation of direct branch
of diode |-V curve

U(I):UO+Rdyn 1 (1.2)



Parameters of diodes

Static parameters are:

U

static resistance of diodeR.=—"*;

nominal va
nominal va
nominal va
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A

ue of forward current | ;;
ue of inverse current |
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Parameters of diodes

Dynamic parameters are:

dynamic resistance R,,;

. di
rate of rise of forward current 5

du .

dt !
inverse voltage recovery time t, ;

rate of rise of inverse voltage ——

limiting frequency f__



At present power diodes are being produced on
currents up to 2000 A and voltages up to 4000 V.
In order to increase this values it is necessary to

use parallel, series or series-parallel diodes
connections.



Parallel connection of the diodes

* The quantity of the diodes connected in parallel:

Fig. 1.3. Electric circuit of diodes, connected in parallel
and their I-V-curves.



Because of unidentical straight sections of
I-V curves of the diodes, connected in parallel,
unacceptable distribution of direct current is
possible (fig. 1.3, b).

Inequality between |1 and |2 can be so

significant that maximum current value (e.g. |2)
can exceed the limit value of current for this

type of diode: |2 > |max .



To eliminate such the inequality special
balancing resistors are used (fig. 1.4). The

resistance should be greater than the resistance
of diodes in the straight direction.
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Fig. 1.4. Balancing of currents via using balance resistors



* Power loss on resistors Rp1and Rpocan be
quite significant

* Thus resistances are replaced by inductances
(fig. 1.5)
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Fig. 1.5. Balancing of currents via inductive current dividers



* |f the reverse voltage applied to diode is
higher than maximum value then series
connection of several diodes is used.

* The quantity of diodes is defined by the
expression:

n=_Jrev (1.4
Urev.max
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Fig. 1.6. Electric circuit of diodes connected in series and their

I-V-curves
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Fig. 1.7. Alignment of reverse voltages by shunt resistors



The resistance of aligning resistors is defined
by the formula:

NU ey max —Yrev (1.5)

R h <
¥ (n_l)lrev.max

N — number of diodes connected in series;

U rev.max — maximum reverse voltge for a particular type
of diode;

U rey — total maximum reverse votage applied to diodes;

rev.max — maximum reverse curret of diodes.



Transistors

Bipolar transistors
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Fig. 1.8. Bipolar transistor: constructions (a),
inner transistor structure (b)
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Fig. 1.9. Pictorial symbols of bipolar transistors:
transistor of p-n-p-type (a); transistor of n-p-n-type (b)

Both transistors’ types have almost the same physical
processes, they differ from each other only by type of
injected and extracted carriers and have equal wide
field of application.



During transistor operation three
modes are possible:

* linear (amplifying) mode;
e saturation mode;

e cutoff mode.



Modes of transistor

In linear mode the emitter junction is
forward biased and collector junction is
reverse biased.

In saturation mode both junctions are
forward biased.

In the cutoff mode both junctions a
reverse biased.



Three ways of transistor connection are
distinguished according to ways of connection of
the two voltage sources which bias emitter and
collector junctions:

* Transistor circuit with a common base;
* Transistor circuit with a common emitter;

 Transistor circuit with a common collector.

In power electronics, where energy
indicators are supposed to be the most
important, circuits with a common base and
common collector are not applicable, but the
circuits with a common emitter are widespread.
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Fig. 1.10. Families of input (a) and output (b)

characteristics of a bipolar transistor



The main features of the transistor
operated in the active zone are:

* Collector current is being changed directly
proportional to the base current;

e Collector current under condition |, = const

weakly depends on the voltage applied to
collector;

 Voltage applied to the base is weakly
depended on the voltage applied to collector;

 Voltage applied to the base is weakly
depended on the base current .



* The condition of transistor saturation s
equality of voltages between collector and
base, which is equal to zero:

u,=U_,-U,.=0 (1.9)
* Expression (1.10) defines the relative value of
transistor’s saturation, which called the
degree of saturation:

N = b b.sat

(1.10)

b.sat



Processes of transistors’ switching
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Fig. 1.11. Processes of bipolar
transistors switching



Power switches based on the bipolar
transistors, have a number of serious
disadvantages:

* low response in comparison with the switches
of another type;

* low current transducer gain in the field of high
electric loads and, in consequence, complexity
of control systems and their high costs;

 |low resistance to overload mode.



Field effect transistors (FET)

Field effect transistors are divided into
two groups:

* p-n-junction controlled;

* insulated gate.

Insulated gate bipolar transistors are the
most wide-spread in power electronics.



* The design of FETs is practically the same as
the design of bipolar transistors.
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Fig. 1.12. Field Effect Transistors
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Fig. 1.13. Insulated gate field effect transistor:
structure with n-type inducted channel (a);
designation of the transistor with channel of

n-type (b), p-type (c).



 The terminals are source (S), drain (D) and
gate (G).

If now between source and drain control voltage
is applied (+ — to the drain, - — to the source),
between gate and initial semiconductor electric
field is induced, which will pull out the holes
from the near-surface region, but attract there
the electrons and n-type conductivity channel is
induced which connects the regions of source
and drain.



* In the Russian technical literature insulated
gate field effect transistors have got the
notion MOS-transistors (Metal-Oxide-
Semiconductor) or MDS-transistors (Metal-
Dielectric-Semiconductor). Recently they are
frequently noted by the abbreviation taken
from the foreign literature MOSFET (Metal
Oxide Semiconductor Field Effect Transistor).



* Analogous to bipolar transistor, field effect
transistor has two operating regions: the
region of linear mode and the region of
saturation (region of small resistance between
drain and source). In these modes its behaves
like the bipolar transistor.
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Fig. 1.14. Family of output (drain)
characteristics of MOSFET



MOSFETs are used as controlled power
switches and have the following

advantages:
simple control circuits and low control power;

no injection of minority carriers and hence the lack of their
accumulation in the form of the space charge, and thus the
absence of so-called resorption time, which greatly improves
the dynamic properties of the transistor;

lack of self-heating of the MOSFET which is inherent for
bipolar transistors, and therefore, good thermal stability
which makes it easy to solve the problem of connecting
multiple transistors in parallel;

the complete absence of a secondary breakdown, allowing
more effective use of MOSFET transistor according to the
transmitted power.



 The main drawback of MOSFET is presence of
a number of “parasitic” elements that occur in

the structure of the transistor at the stage of
its manufacture.
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Fig. 1.15. MOSFET transistor: a — parasitic elements of the
structure, b — the equivalent circuit of the base cell



Combined transistors

 Harm from the parasitic bipolar transistor in
the structure of MOSFET can be transformed
into benefit, adding one more bipolar
transistor of the opposite type of conductivity
to the parasitic one.

* The structure obtained is called insulated gate
bipolar transistor (IGBT).
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Fig. 1.16. Structure of IGBT (a) and its
equivalent circuit (b)
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e Collector and emitter currents of IGBT are
defined by the expressions:

I, = 1,0, (1.9)
.y =104 (1.10)
L =1+, +1 (1.11)

Drain current of field effect transistor is
defined by the formula:

=i (1-0 —a,) (1.12)



* On the other hand, drain current can be
expressed through the slope of the drain-gate
characteristic:

| =SU_;

Power current of the whole circuit is defined as
follows:

SU ¢

! :Iel—(oc1+oc2)

C

=S, U,, (1.13)



* Equivalent slope of the whole circuit
characteristic:

S

S —
1-(o, +a,)

€q

It is obvious that at o, + o, =1 equivalent

slope is substantially greater than the
slope of field effect transistor included in
this circuit.




* Varying the coefficients o, and a, we control

the values of resistances R, and R,

Constructively IGBT are performed as discrete
elements (fig. 1.17, a), power modules (fig.
1.17, b) , which have several IGBT in their
structure in a single package. Conventional
graphical notations of the transistors are
performed in figure 1.17, c, d.



Fig. 1.17. Constructions of IGBT: discrete (a) and
module (b) performance; conventional graphical
notations: domestic (c); foreign (d)



 Typical output collector characteristics are
performed in fig. 1.18.
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Fig. 1.20. Tyristors: discrete (a) and module (b)
performance; structure of tyristors (c)
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Fig. 1.21. I-V-curve of tyristor
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Fig. 1.22. Two-transistor model of tyristor
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Fig. 1.23. Conventional graphical notation of
tyristors



Fig. 1.24. Switching processes in thyristor



* For reliable switching-on of the tyristor it is
necessary for the control current impulse on
the initial interval — magnitude |

con.maxX

) : |
duration and rate of rise d N to meet

dt

the definite requirements that guarantee fast
and reliable switching-on of the tyristor.

During the time delay the tyristor current is
rising until it achieves the holding current —
minimum forward tyristor current at which
the tyristor maintains its opened state.



e Usually the holding current is accepted to be

|, =0.11.

Depending on control current time delay can
might be from 0.1 ps to 1..2 ps. Then the
current is rising up to the value, defined by the
load resistance and by the load resistance.

This process occurs during the time t . .

Switching-on time of the tyristor:

ton :td +trise (114)



The switching-off process includes two stages

(fig. 1.24, b):

* reverse current rising through the tyristor
(time interval t,);

* reverse current decreases to zero (time
interval t,);

And only after time interval, not less than t g,

equals to t =1, +1, forward voltage can be

applied to the tyristor again.



 Among tyristors’ dynamic parameters the dU
most important are: rate of voltage rise d— )

i !
rate of current rise a .

One-operational tyristors are usually used in
self-switching converters when tyristors are
switching-on as a result of mains supply
voltage polarity change, as they possess
inherent serious disadvantage of impossibility
of switching-off process via control electrode.



* In contrast to considered one-operational tyristors, two-
operational (GTO) tyristors can be both switched-on and

switched-off via control electrode.
Anode

VT1
—
p _
Control n n" n" 6
electrode Control |con
Z electrode
5
Catfmde
A a
N
| l'con >0 lcon =0
\
, \
/
/——/l Ua-c

Anode P\] Cathode

| \
Control

d electrode
|_Cathode

Anode |

Control
electrode ¢

Fig. 1.25. GTO-
tyristor:
structure  of
tyristor (a);
two-transistor
model (b); I-V-
curve (c);
symbolic
notations  of
tyristor
controlled via
cathode (d);
tyristor

controlled via
anode (e)



i A
con

lcon max|—

Q
-
>
O
>

-
>
O

\/

in :
|
(
|
' | [ l >
b tyl gl |
) | 1y | I t
Itrise: : ll ts :
t' | | t |
on | L off I
<— > . (

Fig. 1.26. Switching-on and switching-off
processes of GTO-tyristor



Maximum characteristics of
semiconductor switches

voltage and current boundary values for input
and output circuits;

maximum permissible junction and housing
temperatures;

maximum possible power dissipation.



Safe modes band

» Safe modes band (SMB) is a system of electric
parameters, which must be followed if reliable
semiconductor switch operation is needed
without  significant  decrease of its
characteristics.

* Safe modes band is defined by the maximum
permissible values of current, voltage,
maximum power dissipated and permissible
temperature of semiconductor structure.
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Fig. 1.27. Typical SMB diagram

U, — switch voltage, |, — switch current



* In pulse mode permissible switch current
depends on current flow pulse durability.
Consequently when the pulse durability
decreases safe modes band enlarges with
equal slope of temperature boundary and
constant maximum voltage (fig. 1.28).
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Fig. 1.28. Typical SMB diagram in the
pulse mode



Semiconductor switch breakdown
protection

Converter circuit and its elements
protection have in general two ways:

e 1. Elimination of causes and sources of
electrical overloads;

e 2. Control of natural overloads.



Basic kinds of voltage overloads are:

e 1. Voltage spikes in mains;

¢ 2. Voltage spikes connected with
commutation process in converter circuit and
conditioned by limited time of power switches
commutation;

* 3. Overvoltages connected with load
character.



o Y YY) .
o—0 Y Y {l&—" Y Y 4 Converter
o— 0 Y Y Y Y %

R R R

cl |cT |C

Fig. 1.29. External circuit protection device
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Fig. 1.30. Protection device circuit
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Fig. 1.31. Protection device circuit



Basic types of current overloads are:

1. Short-circuit of load circuit;
2. Short-circuit of output terminals of converter;
3. Short-circuit because of the power switches failure;

4. Overcurrents, connected with violation of power switches
operation algorithm (inverter triggering, self-starting of
turning-off switch, etc.);

5. Overcurrents, connected with operation peculiarities of
power circuit and non-ideality of switches (through currents
in bridge circuits, etc.);

6. Overcurrents, stipulated by transients and load character
(starting mode, motor reverse, motor overload, etc.)



For overcurrent protection the
most important actions are:

* 1. Increase of noise immunity of control
system and the switch itself, which eliminates
self-starting spontaneous turning-on process;

e 2. External protection devices use, which
limits the overcurrent influence on power
switches and other circuit components
(current-limiting circuits and reactors);

e 3. Use of fast-acting protection systems.
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Fig. 1.32. Typical overload characteristic



Electrical capacitors

Electrical capacitors are widely used in power
converters of electric energy:

* as AC and DC filters components;
* as energy storages;
 as reinforced switching blocks;

e as protection components of semiconductor
devices and for other problems solving.



Fig. 1.33. Capacitors



* Voltage and frequency define dielectric loss
power:

P=2n-U2-f-C-tg5 (1.15)

where U_— RMS value of capacitor voltage; f —
operating frequency; C — capacitance; tg 6 —
dielectric loss tangent (outlined in capacitor’s
nameplate).



* Capacitors operation in AC circuits with non-
sinusoidal voltage usually occur in power
electronics. In this case it is necessary to take
into account the capacitor losses from each of
the harmonic components, which present in
non-sinusoidal function decomposition on
harmonic series:

P=>P, (1.16)

where n — serial number of harmonic
component.



Inductors

Fig. 1.34. Inductive elements: a -
transformers, b — inductors (reactors, chokes)



Fig. 1.35. Magnetic fluxes in transformer (a)
and its equivalent circuit (b)



* Besides main flux @,, connecting primary w,
and secondary w, windings (fig. 1.35, a),
leakage fluxes exist, connected only with the
turns of their own winding: primary winding
leakage flux ®, and secondary winding
leakage flux ®_,.

Leakage inductive reactances:
Xsl =W- le
XSZ =W- Lsz

at cyclic frequency W=2-m- f



* |Inductive magnetization reactance

Xo:W'Lo

* Transformation ratio
Wl

k =1
W2

tr

X;Z — ktr ' XsZ r-2I — ktr ' r-2 (117)



* From the no-load test the parameters of
magnetization circuit are defined as follows:

I, = P COS _ M X, =
0= 12 @ _Snl 0= 190, (1.18)
where P, —no-load loss power,

|, — magnetizing current,

S, — gross capability.

Sn| :U1r ' Io,

where U, — primary winding rated voltage

in the no-load mode.



* From the short-circuit test the windings’ active
resistances I and I, | leakage inductive

reactances X, X_, are defined as follows:

SC

rL+r,=-S cosqp, =—=
1T |12r Dqc S (1.28)

Xsl+ st :(r1+ r2|)°tg Psc
where |, — rated primary winding current,
P_ —loss power in the short-circuit mode,
S,. — gross capability in the short-circuit mode
Ssc :Usc ' Ilr
where U_— short-circuit voltage.



e Electric steel magnetic core losses are
summarized from hysteresis losses and eddy
currents losses. Both loss components depend
on the frequency and magnitude of magnetic
flux density in steel. Hysteresis losses depend
on frequency to a lesser degree than eddy
currents losses. For eddy currents losses
reduction the transformers and chokes
magnetic cores are made of thin sheet steel.




* EMF induced in transformer windings
E=k, -w-f-B_ -S (1.29)

where K, — voltage shape factor (for sine wave
k,, =1,11), w — the number f winding turns,
f —frequency of conversion, B.— the magnitude

of magnetic flux density in core, S — core
cross-section.



 For transformer overheating exception it is
necessary to decrease magnetic flux density as
frequency increases approximately by the next
expression:

1
B = £ 0,65
. " . kg
Typical specific transformer welght(mj

dependence is shown in fig. 1.42.
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Fig. 1.42 Transformer specific weight
dependence on frequency



From the dependence shown it follows
that rated frequency value for electric steel is
within the range 3..5 kHz. At higher frequency
(5...15 kHz) iron-nickel alloys (permalloys) find
wide application. At more higher frequency
(15...40 kHz) ferrite materials are used.

Transformer winding losses are composed
by the main losses — losses in active resistances
of windings, and additional losses —losses
produced by the current displacement in wire
(skin effect) at frequency greater than 1 kHz.



RECTIFIERS

Rectifiers are the devices which convert
electric energy of alternating current into
electric energy of direct current.

For non-controlled rectifiers:
Ed — kcir ) E2

where E; — output DC voltage,
E, — RMS value of input AC voltage,
k,— circuit coefficient.



Non-controlled rectifiers

Single-phase half-wave rectifier circuit

Assume that:

1. Active resistance and inductive
reactance of transformer’s windings are
neglected.

2. Load is active.

3. Diode VD is ideal.

4. Magnetizing current is neglected.

5. Transformer’s winding EMF is sinusoidal

e2=\/§-E2-sin6
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Fig. 2.1 Single-phase half-wave rectifier
circuit and diagram explaining its operation



Instantaneous value of rectified voltage,
(fig. 2.1, c)

U, =+2-E,-sing,U,| . =0

T...2T

0..m

Constant component of rectified voltage
1 2T 1 27:\/:
E.=—|U,do=—|~v2-E, -sinB6dO=
s~ gn Vs 805 [N2 E,

\/§°E2

= =0,45-E,
T

(2.1)




Instantaneous value of rectified current
(fig. 2.1, d):
Ud
l, =—%
I:ed

Constant component of rectified current

l;



Maximum anode current

L N2ZE o)

a.max
Rd

Maximum value of reverse voltage
on the diode

U =vVJ2-E,=E,m

rev.max



Calculated power of transformer Tr:
P +P,
F)calc — 2

where B and P, — calculated powers

of primary and secondary windings
accordingly.

(2.3)

Effective value of secondary winding current

1 °F. T
l, :\/271:_(['22 do =1, E (2.4)




Secondary winding power
E, - m m

J2 2

where P, =E, - |, —load power.

P, = -1y =3,49- B, (2.5)

Transformer’s primary winding power

P=El,
where E, and |, are effective values of EMF
and current of transformer’s primary

winding accordingly.



EMF E, is defined by the next expression

El — E2 ) ktr
W, . . .
where K, =1 js transformation coefficient,
W2

W, and W, are numbers of turns of primary
and secondary windings accordingly.

The primary current |, is defined as
1.
|, = [— [i2
: \/Zn Jif 00 (2.6)

where |, is instantaneous value
of the primary current.




From the condition of equality of primary and
secondary transformer’s windings magnetizing
forces it is implied that

LW+ (i, —1,)-w, =0 (2.7)

From the equation (2.7) we find |,



Since current I, flows through secondary
transformer’s winding only in the range

0..1mand in the range m...21 the current
equals to zero, then

-

. I .
. n:k—d-(l—n-sm 0)

A

3 ! (2.9)




Effective value of primary current

I
|, :1,21-k—OI (2.10)

tr

Transformer’s primary winding power
P=E 1,=269-P, (2.11)

Substituting in the formula (2.3) equations

(2.11) and (2.5), we get the calculated
power of the transformer

= H;F’z —3,06- P, (2.12)

P

calc



Higher order harmonic components

/2
Bk—1 _[ ,-cosk6dd (2,13)

T —7/2

Function 1, expansion in a Fourier
series can be expressed as

. 2.1 (1 =
|, = 2+Z-cose+

T (2.14)

+i-cosze—i-cos4€)+...
3-5

3-1



where | —magnitude of current 1,

Instantaneous power value transferred by
the first harmonic component of that
current equals to

P, =~/2-E,-(cos 0)-

J2-E, -1

— m . cos’ 0
2

“m 0) =
; (cos 6)

(2.15)




Since the losses are neglected then the
same power is transferred by the first
harmonic component of primary current:

=P

Power transferred by the second current
harmonic component
2- |

P, =P =2-E,-(cos 0)- - " .(cos 20) (2.16)
*TC




But in the secondary winding constant
component of the current |, transfers

the power:

AP=+2-E,-1,-cos® (2.17)

More frequently the rectifier's load has
active-inductive character, particularly in
rectifiers of medium and high power.



b 7577777
Fig. 2.2. Single-phase half-wave rectifier
operation on active-inductive load



Equation for the primary winding circuit:

di

e, — X,—+U, =0 (2.18)
1 1 d@ 1
Expressing €, from (2.18) we get:

e =-U,+ le—lé (2.20)

where the primary current I, is expressed

is expressed in compliance with (2.19):

ilz_ki'(iz_ld)

tr



For the secondary winding of transformer
the equality is true:

di
U, =e,+X,—2 (2.20
2 2 2d9 ( )
el
where €, =k—
This expressict{n conversion gives:

Uzz_Ul' X21+X2 °%:_$_Xleak% (2.21)
k. | k2 4ok, de

tr

where X, . —total leakage inductive

leak

reactance of transformer’s windings
reduced to the secondary winding circuit.



For the load circuit it can be written:

U,=i,-R,=+2-E,-sin 6

=X

leak

Designating _E_ E, X,+X

tr

and substituting U, from the equation (2.21),

we get:
X - 2—Ie+| Rd:ﬁ-Ez-sine (2.22)



Solution of this equation relative to the current

l; subject to zero initial conditions gives the

expression:
. _ N2-E o ~ctg (¢0) , i
i = sing)-e > +sin(0-¢) | (2.23

X
where ¢@=arctg —
Rd



Constant component of rectified voltage:

1§ 1§
E, :2—7T£UOI dezz—nj(ez—ex)dez

0

(2.24)
V2-E, -(1-cos )

2T

where A is the duration of conducting state
interval of the diode VD.

In relative units the expression (2.24) will get
the next form:

~ E4 1-cosA
E 2

Mmax

(2.25)



For finding A, assume the next condition:
Iylo, =0 or (sin@)-e™ ) +sin(L—¢)=0 (2.26)

The dependence A= f(¢)has the form depicted.

in fig. 2.3.
N ! Fig. 2.3.
175 | Dependgnce of
conducting state
Lom ¢ duration of diode
1,257 | VD from load
) _ parameters

o
0 3 2



Constant component of rectified current

I _Ei_ V2. = (1-cosi) (2.27)
R, 2n-R,
or in relative units:
. 1—cos A =
| e 2T TC
2-E
where | — \F 2

d.max zld‘Rd:O X



Thus expression (2.28) is the equation of
rectifier’s external characteristic E; = f (1),

depicted in Fig. 2.4.

4
1
Fig. 2.4. External
characteristic of
rectifier operating
on active-inductive
load




Fig. 2.5. Single-phase half-wave rectifier
operation on DC motor load



For the load circuit the equation is as follows:

e, — X (;IO E, or

di

J2 -, -sin(6+\|1)—Xd—lg: E, (2.29)

Solving this equation for I, we get

ﬁE

i, = 2| cos y —cos (0 + ) ]——0 0 (2.30)




Constant component of load current:

¥

A
:ijid d0 =
21,

J2-E

21 X

2l %-cos y —sin(h+y)+siny |-

where § = A

2T

(2.31)
E,-8° m

X



In relative values:

1T = —
; Idmax
:Zi.[k-cos\p—sin(kﬂu)winw]—Ed'
T
J2'E. . E
where I, [ = « O;EdzE —;

d max

_\E'Ez

dmax ~—

E

TC



| | 1 >

0 1  «
I

Fig. 2.6. Dependence the
diode conducting state
duration and the delay
angle from the load current

Q_%v

1 1

Fig 2.7. External
characteristic of the
rectifier with DC motor
load



Fig. 2.8. Single-phase half-wave rectifier
operation with active-capacitive load



In the range O,...0, current flowing through
diode VD charges the capacitor C.

The next expressions are equitable:
.. e, +2-E,-sin(6+0¢)
I =i +i, =—=2%=
R4 R4 (2.32)

-dUeC =J2-E,-©-C-cos(0+¢).

l.=0-C



Within the range O,...0, the equality is right
Iy =1 +1,
In the range O,...O, load current flows through

only due to capacitor C discharge. In this case
the next expression reasonable:

00—
U, =U.=E., -e *“™ (2.33)

 2n-h

Atapoint O, U, =U_. . =E_., € > C-Ry



3
P
A0

U o = V2 -E, +E¢o-€ °“%  (2.34)

revmax

Simplified expressions given the diode VD is ideal:

T
2
Eco:\/z'Ez




J

ity criterion is

UCmin :ﬁ° E2 € N
[ gnﬂb
dp=arcsin| e “¢™
\
One of rectified voltage qua
the ratio:
UCmax — k —
UCmin




ETC—I_(I)
k:ew-C-Rd
S o
Ink =2
o-C-R,
3n+¢
C=—2

(2.35)



Full-wave midpoint rectifier circuit

2n=
a

N N Fig. 2.9. Full-wave
i Eq ‘

\V4 . midpoint rectifier

f 0
.rf\ /\ circult
lg a1 \/ la2 \ .

a f




Basic relations for the circuit

E, :Ej«/?Ez-sinedez 22 E,
TCO 7T
Ed
| =1
Rd
_\ﬁ'Ez Id
|2 max = Rd Iamean :?

U.,. . =22-E, (2.36)



Instantaneous value of the primary current

. 1 . .
I1 — k_ °(Ia2 - Ial)
lil’

f
l, =—-14

k

where k. =1,11- form factor for sine-wave curve
P,=2-E -1,=174-P,
P=E-1,=123-P,
p —1t%_g48.p

calc

tr




Tr X, VD1

Fig. 2.10. Full-wave midpoint rectifier subject to
leakage reactances of the transformer



€2 AU, €2a AU, €2b

Tp X, VD1
- > o 2 N .

i | \

€a ., al ‘.

J al 1 SR ;
*2 'a2 c X | NEED.< la ld
X, V%Z k] o
A I#

d f' =

Fig. 2.11. Switching processes
midpoint rectifier at X, =

in full-wave



When the diodes VD1 and VD2 are opened
at the same time the switching loop occurs
(fig. 2.12). For it the equation is valid:

di,, di,,

X —2%1e, =0 (2.37)

e2a_xa a
do do

where 1, subject to zero initial conditions gives:

This equation solution with respect to 1,,
subject to zero initial conditions gives:

ﬁ'EZ.

a

(1-cos0) (2.38)

L =



_/

ol Vo2

Fig. 2.12. Switching loop in the full-wave
midpoint rectifier circuit




The current 1,, exists only within the switching

range and is the current of the diode VD1:

I2k ‘O...y al‘O...y

Diode VD2 current:
iaz‘o...y =l - ial‘o...y
The switching interval duration:

| - X
—arccos|1——4 ~-2 2.39
y [ ﬁEJ (239




Since during the switching interval Y
both diodes VD1 and \V[D?2 are opened,

it is obvious that rectified voltage

Ud ZEZa;eZb =O

Constant rectified voltage component
decreases by the value:

- X

Tt

2 (2.40)

Y
Aulej\ﬁEZ.sinede:
7-CO



2N2-E, 1, X

E,=E, . —AU, = V2 -4 —2 (2.41)
T T

E, . —rectified voltage constant

component in the absence of switching
processes.

Expression (2.41) is the equation of
rectifier external characteristic (Fig. 2.13)



M
Fig. 2.13. External characteristic of full-

wave center-point rectifier



Relative to X, and E, ., three modes
are possible:

e Discontinuous current mode (fig. 2.14, c),
when A, < 7T;

 Boundary-continuous mode (fig. 2.14, d),
when A = T;

* Continuous current mode (fig. 2.14, e).



R Y. 0

Fig. 2.14. Full-wave center-point rectifier operation
on the motor load



Single-phase bridge rectifier circuit

VD4 VD1
™~ ™~
L1 L~
%2 VD2
MR N
L~ L~
Ry )
— ——

d

ezA

A

“d/\/:\

VAR TR\

|d a1 — 'aB\/ la2 —las \
: 1

Fig. 2.15. Single-phase bridge rectifier



For the circuit the following expressions
are valid:

E, :ij/i- E,-sin@d6 = 272 E, =0,9-E, (2.42)
TCO TU
E
| =—4 2.43
-y (2.43)
. ﬁR' % (2.44)

ia mean — Ed (2'45)



U

rev max

1,

L

=J2-E,

J2-E

R

1
ktr 2

2.s5in O

P=E-1,=123-P

P,=E, -1,=123-P,

P

_R+P,

calc

=123-P,

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)
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Fig. 2.16. Switching transients in the single-
phase bridge rectifier



For the switching loop the next
expression is valid:
di
E, - X, —Ztk =0 (2.52)
All the conclusions made for switching

processes in full-wave midpoint rectifier

circuit are also valid for single-phase
bridge circuit.



Three-phase zero-point rectifier

A
€2 ep €2¢ €23 ep

] gN Fig. 2.17. Three-
TN TV, YT Y phase zero-

) S ' —¢  point rectifier

— 'al N |
m and diagrams
€2a( €20( €2 d ‘ : ; ; —

ol IRy a2l NC - 9 which explain
VD1 VD2| VD3 'dm d AR m

its operation




Basic ratios for the circuit are:

T
g —

6
E, =5 | V2B, sin0d0=117-E, (2.53

T

3 6
| =S (2.54)
Rd
. |
Iamean :gd (2'55)
i =‘/§'EZ (2.56)

a max
Rd



(2.59)

(2.60)

2.61)
(2.62)
X



Z1gzag circuit

e”
p Fig. 2.18. Three-

phase zero-point

' o3 rectifier with

&, zZigzag

€5y connection of
€2 C2c secondary

7

€o: . transformer
€2a

windings




D =E,-1,=121-P, (2.63)
D =E,-1,=171-P, (2.64)
P =172 _146.P, (2.65)

The magnetizing forces generated by
constant components of anode currents
in each phase are  mutually
compensated by upper and lower
sections of secondary windings



Switching processes in three-phase
zero-point rectifier

Xy=0 X, #0
b Fig. 2.19.
Switching
processes
€24 €op €oc X C |n th Fee-
iy d | = phase zero-
il 7 N oint
Xa( Xa( Xa S bomn®.
R g rectifier
vD1] vD2] vD3 4| | d :
V -




For the switching processes the next
equation is valid:
di,,

e, — X
2b ad@ ade

where 1, is current of the commutation loop.

\%'Ez

i, = > -(1—cos 6) (2.67)

a




y = arccos(l s X, ) (2.68)
ﬁ' E2

In the switching interval rectified voltage

decreases by the value:

1y e +ea |, - X,
— 0
3




E,=E, . —AU =117-E, = (2.70)
2T
3

where E, . —rectified voltage value in the

absence of switching processes.

The latter expression is the equation of

rectifier’s external characteristic E, = f (1)
(Fig. 2.20).



M
Fig. 2.20. External characteristic of three-
phase zero point rectifier



Three-phase bridge rectifier circuit

.

9 Fig.2.21.

~ Three-phase
bridge

~ rectifier and
- diagrams

355 | 3 3 0
446 6 2 2 4 ° explainingits

| 2Pl ka2~~~ | operation
vo? wsle L~ e" [TV




The principle of operation of this circuit
is similar to the principle of operation of the
zero-point rectifier with the only difference
being that the load current is flowing
simultaneously through one of the diodes of
the cathode group and one of the diodes of
the anode group.

It flows due to the action of phase
voltage, not linear one.



The following relations are valid:

2T
3
E, =% [ V3:42E,-sin0do=2,34-E, (2.71)
6 3
E
d
. 6-E
|amaX:\F 2 (2.73)

Ry



(2.74)

(2.75)

(2.76)

(2.77)

(2.78)



When considering the characteristics of switching
processes in three-phase bridge circuit in
comparison with three-phase zero-point circuit it
should be noted that the switching processes will
occur both in the anode and cathode groups, i.e.
two times more often than in the zero-point
circuit (fig. 2.22). The diagrams shown in fig. 2.22
correspond to the mode at X4y =o0; X5 #0.
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Fig. 2.22. Switching processes in three-phase

bridge rectifier




Rectified voltage decrease due to switching
processes in this circuit is defined by the
next expression:

- X

AU, =-4_—a
2T

%

The external characteristic equation has
the form:

Id'xa

%6

Eq =Eqmay — AU, =2,34-E, —




Single-phase controlled rectifiers

Half-wave controlled rectifier

Fig. 2.23. Single-phase half-wave controlled
rectifier



The constant component of the rectified
voltage is defined by the next expression:

J2-E, (1+cosa)
T 2

J2-E,

T

3 zzijﬁ-Ez-sinedez . (2.80)
"o

Obviously that Ej max |a—0 =

4

EmmJa=n=0-



In the interval 2r...(2n+ o) besides

the reverse (locking) voltage the forward
voltage is also applied to the switch :

Us max =V2-E;5-sind

When the active-inductive load s
connected to the circuit (fig. 2.24) the next
equation is valid

. dig

lq Rd -I-(Xa + Xd )d_e = €5. (2.81)



Denoting X, + X4 = X and assuming that
=2 E, -sin0, we solve this equation

relative to iy:

[Sin(e—(p)—sin(oc—(p)e (6~ Ctg(q (2.82)

X
where ¢ =arctg (—j
Rg

Graphical representation of the function
(2.82) is depicted in fig. 2.24, c.



Fig. 2.24. Single-phase half-wave controlled
rectifier with active-inductive load



From the condition Iy =0 we find:
O=a+A

Sh@x+k—qﬁ:8m01—@k_dmm.

The dependence between A, o and ¢ is
shown in fig. 2.25.

Knowing the dependence, it is possible to
plot the regulating characteristics (fig. 2.26).



2T
Ed maxA P = 0
0,
i | Py > Py
0 T OL> 0 TC Or

Fig. 2.25. Dependence
of the duration of the
conductive state of
tyristor

Fig. 2.26. A family of single-phase

half-wave controlled
control characteristics

rectifier



Fig. 2.27. Single-phase half-wave controlled
rectifier operation with the motor load



The current Iy can be determined from

the equation:

di
ey —(Xg+Xq)=2=Ep (2.83)
do
Solving the equation (2.83), we obtain

. J2E,
IdE(X +Xd)|:COS oL+ y)— cos(9+\|1:|+ 280

+7(oc—6)



Self-induced EMF curve which is defined by
the equation:
dld

Ex = (X +Xd)d€)

is shown in fig. 2.27, d, and at the point
O=wy+aitisequal to: —ex =e, — Eg.



Full-wave controlled rectifier
with midpoint

A
€2 €2a €2p

Fig. 2.28. The
full-wave
controlled
rectifier  with
active-inductive
load




The load current is determined from the
expression

- \/E E Sln(OL (P) —ctgp( 0—a -
i \/Rd+)iz{ T go( )+Sln(9—(p)} (2.85)

In continuous current and boundary-
continuous current modes the rectified
voltage is determined by the expression:

T+,
= ﬁ-EZ-sinedezzﬁ'Ez-wsa (2.86)
TC Tt



In the discontinuous current mode rectified
voltage is defined by the expression

ﬁEZ

1% V2E;5in0d0 = ~——2[ cosa —cos(a+1) | (2.87)

When operating with a purely resistive load, the
expression (2.87) takes the form:

J2 - E,

T

[1+cosa]. (2.88)

TU
Edzij«/z-Ez-sinOdez
T



Regulating characteristics defined by the
expressions (2.82) and (2.88), have the form
shown in Fig. 2.29.

0

Fig. 2.29. The regulating characteristics family
of full-wave controlled rectifier



Fig. 2.30. Full-wave controlled rectifier operation
with the motor load



Discontinuous current mode will be in the
case when E > E

do?

J2E,

where Egy, = Coso.— average value of

the rectified voltage at a given value of a.

Provided E,<E, —AU,, Where
_ 14 X4

Tt

AU, — switching losses of rectified

voltage, continuous current mode occurs.



The condition Eg < Eg,, corresponds to

boundary-continuous mode (fig. 2.30).

In continuous current mode at X, =0,

the overlapping of the anode valve currents
will occur. That leads to the switching
processes, with all inherent features.



Single-phase controlled bridge rectifier

ez“ou €2a o €2p

Fig. 2.31.

Xa
, T T T , Switchin
Lo X X el 5
¢ —>——~<>——— processes in
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The equation for this switching loop is as
follows:

di
92 — Xa —2k —_ O,
from here we find the current

J2E,

a
Uqgo ~J2. E, -sin(a+7v),

i) = (cosa.—cosh).

Ud fwd Z\/§° EZSinOC.



Three-phase controlled rectifiers

Three-phase zero-point rectifier

< aegy ey~ By

% Fig. 2.32

Three-phase
zero-point
rectifier




In this case at a <30 the continuous current
mode takes place; at o =30"— boundary-
continuous current mode, at o >30" —

discontinuous current mode

In the discontinuous current mode at X4 =0
the rectified voltage is defined by

the expression:

. _
Eq = . j \ﬁ-EzSinOdG:\E =3 l—sin( 7?:

e s L

(2.89)




In the same mode, but at X4 >0

//+a+k

[ V2E,sin6do =

27 ).

:\EEZ cos(ong—cos(owngkj .

2T
7
In continuous current mode:

5nt

/-I—(l \EEZ

Eq = J2E, sin0do =
27/ T 5o 2%

COS QL

(2.90)

(2.91)



Fig. 2.33. The family of regulating
characteristics of the three-phase
zero-point controlled rectifier



Fig. 2.34. Switching processes in a three-phase
zero-point rectifier



.

Y = arccos

\

Eq =Eq max —AU, =117-E, -cosa -

COSO —

l4 - X5

J2. E, -sin(%)/

l4 - X,

T3

—a (2.92)

(2.93)



T XZ\ T2§Z\ LEN

Fig. 2.35. Three-phase zero-point controlled
rectifier operation with the motor load




The condition of discontinuous current mode is
as follows: E; > E;,, where E, =117-E, - cosa.

At Eg = Eg4, boundary-continuous mode occurs.
Ian

2%"

rectified voltage switching losses, continuous

When Ejp <(Eg, —AUy), where AU, =

current mode occur.



Three-phase bridge controlled rectifier

A
€2 o o1 Oy Op o3 |
€4 &2p ~&2c €2
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Fig. 2.36.Three-phase bridge controlled rectifier



At o < 60° continuous current mode
will occur, at o > 60°— discontinuous current

mode, and if o =60"— boundary-continuous
current mode.

Rectified voltage in continuous and
boundary-continuous current modes is
defined by the expression:

ynm

J‘ \/6 E2 SII’]O d@ 234 E2 COSOl (2 94)

e 2’7 6 v



In the discontinuous current mode

1 % :
EdOL:T I \/E-EZ-SIHOCIO:
6“3+a

_ _ (2.95)
=2,34-E,-| 1+ cosa(g + ocj

At X4 =oo the continuous current mode

will be at any value of control angle.



Edoc
=0
— o0
) ,
0 T T 2n «
3 2 3

Fig. 2.37. Regulating characteristics
family of three-phase bridge
controlled rectifier



Switching processes occur during the interval

Y = arccos

/

Id'xa

COS —

\

J2. E, -sin(%)/

—o  (2.96)

and lead to rectified voltage decrease by the

value

AU, =

_Id'xa

“T6




Energy indicators of rectifiers

e Efficiency takes into account the losses in
rectifier circuit and is defined as

_ I:)d
P, + AR, + AP, + AP,

i  (2.97)

where Pd — the active power released in the load;

APU, — losses in the power transformer which

include the losses in magnetic core steel and losses
in the windings;

APV — losses in valves of the rectifier;
Apadd_ additional losses in the auxiliary devices.



The power factor X, determines the effect
of the rectifier on the mains supply and
is defined as

P

nga

where P —the active power consumed by
the rectifier from the mains,
S —total power.



Since the voltage of mains supply is assumed
to be sinusoidal, and current consumed from

the mains, is in most cases non-sinusoidal,
then
R =Up-lyq)-cosepy  (2.98)

S:U1-I1:U1-\/I12(1)+ S 12, (2.99)

k—o0

where |1(1) — the RMS value of the fundamental harmonic
of the consumed current, (P1— the angle of the phase shift

between the mains voltage and the first harmonic component
of the consumed current; |1— the RMS value of current

consumed from the mains; | k— RMS value of the current

harmonic component with the order number k



Us - lyg) - COSQy

X = =v-cosqy, (2.100)
U1‘\/|12(1)+kz 17
112
V= ’ 2.101
\/lf(l) +kz |12 ( )

where V —the distortion factor.

As it has been shown above, the power of the higher
harmonic components of the consumed current does
not have a constant component and oscillates
between power transformer and mains supply.



The component of the total power defined by
the coefficient V called the distortion power

7o

JP2+Q +T2

(2.102)

where Q — the reactive power consumed by

the mains determined by C0OS @,, called the
shift factor:

COS(y =

. (2.103)

\/P2+Q2



Fig. 2.38. The diagram for the secondary
winding rectifier transformer circuit



In multi-phase rectifier with asymmetrical
load in phases there is another component of
the total power — the power of asymmetry

H=yS2-(P2+Q2+T2),

determined by the asymmetry factor

P2+Q2+T2
vosr

Total power factor

Kgy = (2.104)

y=v-K -cos@, (2.105)



\/P2+Q2+T2

\/P2+Q2+T2+H2

Fig. 2.39. Power chart of
the controlled rectifier



Methods of improving the energy
indicators of controlled rectifiers

As it can be seen from the expression (2.105),
power factor increase improvement can be
performed in two ways:

 improvement of the distortion factor V;

* reduction of the angle (.



d

Fig. 2.40. Controlled rectifier with zero valve



The first harmonic component of the
primary current will have the same phase
shift relative to the supply voltage Uy

o 7

= — 4+ —
" 5 5

That allow to increase significantlycosqq

and the power factor of the rectifier and
as a whole.
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Fig. 2.41. Non-
symmetric controlled
rectifiers circuits



Fig. 2.42. Controlled rectifier operation with
fully controlled valves



To maximize the value of the distortion
coefficient

it is necessary approximate the shape of the

primary current Iy consumed from the mains,
to a sinusoid waveform, which is extremely

difficult if Xgq >>Ry.



To solve this problem it is necessary to
increase the number of pulses per period.

However, it is connected to the complication
of the power circuit.

This problem can be solved if, along with a
fully controlled switches use in the power
rectifier circuit, to implement the methods
of pulse width modulation (PWM) for the
regulation of rectified voltage (fig. 2.43).
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Fig. 2.43. Formation of the input
current of active rectifier



POWER SMOOTHING FILTERS

One of the main criteria for
assessing the quality of the rectified
voltage and current is ripple factor:

where Egq — constant component,
U, —the predominant harmonic

magnitude of the variable component.



Inductive smoothing filter

Imagine a rectifier as a series connection
of DC source of voltage Ed and AC component

source of voltage U _ (Fig. 3.1).
I—ind’ Rind

Y Y
| K Fig. 3.1 The diagram
Q “—1 explaining the operation
of inductive smoothing

Ry
a filter




Constant component of the current:

Eq
lg =—
Rq
. . U
Variable component: | =—*t
Rd
Ripple factor without a filter:
I



When the inductor is connected in series with
the load (switch K it turned off) current and
voltage components in the load are changed
according to the next expressions:

|(; — Ed II,’: 2Ur
R, +R. . J(Ry +Ring )2 +(m- 0 Ling )

=, (3.2)

Ring — the resistance of the inductance coil;

m — the number of pulses per period of the
rectifier



E, R,

E'=1"-R, = ,
; ; ; Rd_I_Rind

, U.-R

Uy = — =, (3.3)
\/(Rd "'Rind) +(m'0)'Lind)

U, R R

ki = =C =k 4 ~.(3.4)
d \/(Rd +Ripg)” +(M-o- Lijpg)



Taking into consideration that %: q —
smoothing factor of the filter, we find a value

of inductance that provides given
smoothing factor:

R +R
| — _ind d 2_1 (3.5)
ind m-o \/q

Since R, >>R. . and g >>1 then

R .



Capacitive smoothing filter

Capacitive smoothing filter is a capacitor C
connected in parallel to the rectifier load.

U
UC max

Eq

UC min

Fig. 3.2. Diagram of the capacitive
smoothing filter operation



Assume that the capacitor current I

in the discharge mode does not change:

Ic =l¢c =g and the charge and discharge

of the capacitor occur during the interval

T
o where m —the number of pulses per

period of the rectifier, T — mains voltage
period. Then

T

A‘ 14T

1 .
AUr=— | 14dt=—""— (3.7
C=G g d i (3.7)



Since

T-1: AU =20, =0
f Cfm

I R
" 2CfmEq 2CfmRy’

(3.8)

hence find the value of C providing the
required ripple factor k. on the load:

C = ,
2R, mfk’ 3-9)



INVERTERS

Inverters are devices that convert DC power
iInto AC power.

Inverters are divided into commutated (or led
by mains) and self-commutated (or
autonomous). On the basis of a logical
sequence, start with a consideration of the
commutated inverters.



Commutated inverters
Single-phase led by mains inverters

Led by mains inverter is similar schematically
to the controlled rectifier.

Tr T

Fig. 4.1. Led by mains single-phase
half-wave inverter



In order to send the energy flow to the mains,
it is necessary that the same current I, flows

through the secondary winding of the
transformer, overcoming back-EMF &,.

The thyristor T switching on will lead to
emergency mode which is called “inverter
rollover” when the circuit of two sources €5
and Ej current iy is limited only by the
inductive reactance X:

_&2+tEg

X4

P



Led by mains full-wave inverter with
midpoint

Fig. 4.2. Led by mains full-wave inverter
with midpoint



Angle [3 is called the lead angle
The point (n — B) can be defined as the angle
OL, known as the control angle.

The correlation between these two angles
is defined by the expression:

a+P=m

The mean value of back-EMF:

21—3
Eqgp Z% j \E-Ez'SinOdez—Z\/z7t =

n—

.cosp (4.1)



Features of switching processes in
the led by mains inverters

e, 4 €a_, B _ e P

b \2{‘ -
/B Fig.a3
" N # Switching
e X X PER processes in a
4 RAN 6 full-wave led
2k Y "
d

by mains

d -
a | VR Y inverter
Utz 5




Within the interval (W—B)---(W—B+V)
the next equation is valid:

o _x o X dig
2a - a g do

+ eZb =0. (42)

Solving equation (4.2) with respect to current

i2k, taking into account zero initial conditions,
we obtain:

J2E,

Xa

iy = cos(n—p)—cos6 | (4.3)



In the considered interval current Iy

is the current 151 of the valve Ty, incoming

Into operation. When this current reaches

the value |4, switching process ends.

Therefore

i = |
2Klg_ g gy C

Hence we find the commutation angle vy:

y=B— arccos(\l/g;a +COS Bj (4.4)
2




The current of the valve which is switching off
in the commutation interval:

a2 =1g —ly =1q — Iy

During the interval ¥ the secondary winding
of the transformer is short-circuited, so the

instantaneous value of back-EMF:

292a+92b =O
2

edB



The average inverter back-EMF

27:—
EdB_ j \FEzslnede
- P-+y

differs from (4.1) by the value

n—P+y
\AUX\_E | szsmede_l 4% (4.5)

n—P3 T




Inverter input characteristic equation:

ZﬁE | X
Eap (1) = Egpo —AUx =—— 2 cosp — dna (4.6)
Idcrl Idcr2 Idcr3 Idcr4 .
. , . : ?

Ba> B3 Fig. 4.4. The family of
input characteristics
B3>B2  of led by mains
inverter and limiting
P2>PB1  characteristic




The input characteristics of the inverter

Eqp = f (l4) is convenient to combine in

one diagram (Fig. 4.5).

\
oy > 0y Fig. 4.5. Diagram
\ explaining the
converter transition

Idcr2 Idch

Edoc

|> from the rectifier
d  mode into inverter
one

EdB Bl



The angle 0 =[3 —yis called stock angle,
and its minimum value is determined by
time of the thyristor switching off:

8min = 1:oﬂ“

This implies that the commutation angle
increase is limited by a certain critical value

Ymin =B —Omin

Exceeding the valuel,. leads to inverter
“rollover”.



Connecting all points Egg which correspond

to critical values of the current 1, _, we get

the limiting characteristic of dependent
inverter that separates the working area of
the output characteristics from the non-
working one.

Taking into account that 0 =[3 — 7 from (4.4)

we get
J2E
lg or = < 2(c056min—cosﬁ) (4.7)
a




and then from (4.6):

ZﬁEz COS S iy + COSP
T 2

EdB cr — (48)

It is sufficient for limiting characteristic
plotting.



Three-phase dependent inverters

ezA

B B B
T8 T E Bt = foa
8L NS L NS
. b ~ Zu A -
i 1 i2 3 ‘EO
€2al €2n( €2c X, WP NP NP W
I
Xa( Xa( Xa + C AXI""lX'aZX'%'d >
oWt
TN/ |T T. e ot
LZ\G%\JEBE g \/Ca ’ g
0
a
Fig. 4.6. Three-phase  zero-point

dependent inverter, provided Xq = ,X4q #0



Electromagnetic processes in switching
circuit between phases a and c are described

by the equation:

di di
€2a — Xad;z)k_ Xad;z)k_eZc =0 (4.9)

Transferring the origin of coordinated to the
point 1, we obtain:

€2qa =€2¢ = —ZﬁEz sin%sine (4.10)



Solving equation (3.9) with respect to Ipy

and taking into account the initial conditions,
we obtain:

I2k

2E-SIn| T
Oz—B:O’ i2k:\/_ Zilz(é)(cose—cosﬁ) (4.11)

On the switching interval this current is the
current of the valve T which is coming into

operation: iy, =iy



. . i — I
The switching process ends when Iy 0=ty d

From this condition we find ¥

y =B —arccos 'd%a +00sP | (4.12)
ﬁEzsin(%) '

The average value of inverter back-EMF:
EdB — EOLBO +AUX (4.13)
where Egg —in the back-EMF in the absence

of switching processes (no-load mode)



/ B
Edpo =5 | V2E;sin6do =
/ 3 7, (4.14)

\ZF;Z sin%cosB:—l,UEz cosp.

3

The average value of inverter back-EMF
increases by the value

—B+y
AUy = -— j(ezc+62“—e )dez la X




Thus

_ Id Xa
Eqpg =—117cosp 277 (3.16)
3
is the equation of the input characteristic of
the inverter (Fig. 4.7).

Idcrl Idcr2 Idcr3 Idcr4

lg
>
| - Pa>Ps Fig. 4.7. Limiting
/ B > Bs characteristic of three-
phase zero-point
B2 > P dependent inverter
P1
Egp




The critical current value | ., corresponding to
Yo is derived from (4.12):

IEZ

Ugper =—-117E; (COSSmiZ“L COSB). (4.18)

The switching processes in three-phase bridge dependent inverter
are quite similar to the considered ones, but in expressions (4.12)
(4.14) (4.15) (4.16) (4.17) (4.18) it should be taken into account
that number of pulses per period of the bridge circuit m=3, as
opposed to zero-point circuit and the circuit coefficient k_ =2,34.

lgor = Sin— (cosSmm cosp) (4.17)




Energy indicators of dependent
Inverters

A
%) B

€2a_— == €2

b | / | 2 Fig. 4.8.

‘ ‘ 0 Determination
of the shear
angle between
the primary
current and
voltage of the
mains supply of
full-wave
dependent
inverter




The phase shift @1 between the current k1)
and mains supply voltage U, equals to:

(p]_:TE—B-I-%, (4.19)

and therefore, the dependent inverter is
the reactive power consumer:

Qinv — U1|1(1) sin (|)1 (4-20)



Total power factor is defined as:

Y = ng =vcosd, (4.21)

where B, =U,l,, cos$,— the active power of

inverter, which is equal to the converted
power of DC power source Py = Egly.

11
Distortion factor v = # is defined the
1
same way as in the rectifier circuits by the

presence of higher harmonic components in
the current of the primary winding of the
transformer.



Autonomous inverters

Autonomous inverters, unlike dependent
inverters do not need AC mains supply in the
process of energy conversion.

By the character of the electromagnetic
processes autonomous inverters are divided
into current inverters, voltage inverters and
resonant inverters, inverter voltage and the
resonant inverter.



Y Y l
A KZ\%
|

— K\ ° Ka\° .
4\ 3\, Fig. 4.9.
) Autonomous
A _ current

inverter




U VDA Kl\l Kz\lVDzZS

+<A> ° C ZIoad

- VDN K4\‘j K3\ VD/N

Fig. 4.10.

A _ Autonomous
voltage
Inverter




In the resonant inverters the load s
incorporated into the oscillating circuit tuned to a
certain frequency, whereby the currents and voltages
are close to sinusoidal. Sometimes, for oscillations of
high frequency acquisition several inverters are
combined into one circuit (multi-cell inverters).

In all types of autonomous inverters full-
controlled switches are commonly used (transistors,
GTO-thyristors). The valves with partial controllability
may also be used (SCR-thyristors) is they are supplied
by additional device — switching node capable to
switch the thyristor off at any time.



Current inverters

The total character of the load circuit of the
current inverter must be capacitive.

This fact often dictates the choice of power
thyristors as the switches, since in this case
the capacitor, as a part of the load circuit, is
used to commutate them. Depending on the
way of the capacitor connection in the load
circuit parallel, serial and serial-parallel
current inverters are distinguished.



Parallel current inverters

C

W e R

Fig. 4.11.
Parallel
current
Inverter




In order to restore the control properties of
thyristors the next requirement must be met:

BZBmin :Q)toff (422)

where w=2-7- f,

f = Ti — the output frequency



Fig. 4.12. Vector diagram of
the parallel current inverter



The following considerations are accepted:

1. Equivalent AC power source generates only

active power P, =E .l =U I, as well as
real power source. For this reason, these

vectors coincide with each other in phase.

2. The dependence between the voltages Eg;
and U_ the real source is established on the

basis of the theory of rectifiers E; =K, - E,



In our case, Ej is replaced by E;, Eq —by U ..

U
Hence E; = ” > (4.23)

From Fig. 4.12 we find:
lload - COS®load = ldi - COSP

Edi - 1di =Uload - lload - COS®Pload =Uload - ldi - COSP
E, =U, . -Ccosp (4.24)

Qi nv
P

inv

load

=19 B (4.25)



2 :
Qinv :Uload @+ C —Ujoad - lioad * SInQjoad ;
Rnv =Uload - lload - COSQload ;

? .
Ujoad -®@°C —Ujpag - lioad *SIN Pjoad _

tgp=
Uload * lload * COS @joaqd
" (4.26)
= load — 19 Qj0ad
Yioad " COS @joad
"~ Y)oad 1

Where Y — Oa y Yload -

load ®- C ZIoad

From (4.26) we obtain the dependence
B_ f( Ioad) |n F|g 4 13



B
(Ploadl
Pload 2 > Dyoad1
Bmin -------------------------------
YHcrz YHcrl YHCI’ YIoad

Fig. 4.13. Stability characteristic of
parallel current inverter



From (4.24), the load voltage

Ei U
cosp kg, cos

UIoad —

Given that cosf = , then
\/1+ tgzﬁ
U 1 1 ;
load _ 1+[ o — 19 Qjoad ] (4.27)
Us K \I Yoad * COSPjoad




The expression (4.27) is the equation of the
parallel inverter external characteristic (Fig. 4.14).

(Ploadl
(PloadZ > (Ploadl

Y*

load

Fig. 4.14. External characteristic of
parallel current inverter



The equation of the input characteristic of
the inverter:

2
=g |1t — 1 Y*  cos
(lead ‘ COS(I)Ioad J Proac j load Proad (4.28)

Fig. 4.15. Input
characteristics of
the parallel current

inverter

load 2 > (Pload
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Fig. 4.16. Single-phase
bridge inverter with pick-
off valves
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Fig. 4.17. Single-phase
parallel current inverter
with a midpoint



Fig. 4.18. Single-phase
inverter with midpoint
and pick-off valves
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Fig. 4.19. Three-phase bridge current inverter



Series current inverters

L
+ 20 Y Y 4
| |
; C ZIoad SZ\ :
s i T
T4XZ\ I Uload SZ\TB
— !

Fig. 4.20. Series current inverter



Fig. 4.21. Vector diagram
of series current inverter



When replacing the real source of power by
the equivalent AC power source the equality is
valid:

Eii -l =Uias * licag - COSPyong

Since |4 =14 then E; =U,_, -coso, ., (4.29)

load

l.e. equivalent source EMF is equal to the voltage
drop on the active resistance of the load.

-rom expression (4.29) it follows that

= U
u =—-+2a = . (4.30)
COS (Pload kcir COS (Pload




The expression (4.25) for series inverter, taking
into account that |, = I, has the following
form:

lc-——-U - -Sin
tq = Qc _ C 0-C load * 'load Pload _
Ry Uload * load - COS@joad (4,31)

*

2
I Y|
_ load — 19 Qoad = load

®-C -Ujgag * lioad - €0SPload CO5 Pload

— 19 Pjpad -

Y 1 I
Wh ere YIoad 0ad YIoad — — =
®-C V4 U

load load



(PloadZ > (Ploadl

Bmin

>

.Y* v

load cr2 load

Y*

load crl

Y*

load cr

Fig. 4.22. Stability characteristic
of the series current inverter



For single-phase or bridge inverter circuit

UIoad _ n
Us B 2\/5 | C()S(Pload (432)
UloadA Proad2 = Proad1
u. \
Fig. 4.23. External
Proad1 characteristic of the
series current
Proag =0 inverter

>

* * " Y *
Y YIoad crl Yload cr2 load

load cr



Series-parallel current inverters

e~
—|— ®
T C T
13&1 .l lCln N
U o TaX.Z\ 5 | X.Zb\T
4 load 3
2 ®

Fig. 4.24. Series-parallel current inverter



Fig. 4.25. Vector diagram of series-
parallel current inverter



Power ratio in a series-parallel inverter is
determined by the expression:

Qinv _ 1

(4.33)

"his implies that the angle B will grow at low
loads and at high loads it will have a minimum
defined by the ratio C,/C, at average loads.



Resonant inverters
I—Ioad

U : ial Zload i%

_g '

Fig. 4.26. Half-bridge resonant
current inverter circuit



Depending on the frequency (1) of thyristor
switching there are three modes (Fig. 4.27)

ig i
la1 -~ : :
a 0 o _ > 1. Discontingauscurrent
1 'a2 0 mode, when
i1 2. Boundary-geatiguous
b : > mode, when
la2 0
’ ’ ) 3. Continuousscikpgnt
01 02 -~ mode, when
0

Fig. 4.27. Operating modes of half-
bridge resonant current inverter circuit



There are many variants of the resonant
inverter circuits, each of which has its own
distinctive  features, advantages and
drawbacks. But there is one feature of the
resonant inverters, providing them broad
application prospects in various fields of
engineering.



Voltage inverters

ANVD,

AN\VD;,

Fig. 4.28. Single-phase
voltage inverter




The differential equation for the interval
01 ...03provided that all the power circuit

and source components are ideal is as
follows:

di .
Xload (Ijoead +1ljoad * Rload =3Us  (4.34)

where +U, corresponds to the interval
01...05, and -U —to the interval 0,...0

3!



Solving the equation (4.34) with respect to

the current I, taking into account that

load 920_ load 9:7_[

, we obtain:

(™)
2¢ Xload

1-—

(_anoa%( j
\ 1 4+ e load /

(4.35)



The maximum power valves current value:

load max ~— IIoad

_ Y. [, 2
e = O Rload 1_ e(_anoa%(load)

From the condition ijy4 5 =0 we find
=P

@ — the moment of current I, transition

through zero:
( 2 \ xIoad

=1In
(P (_anoa% j Rload (4.36)
\1_|_ e load )




The average current for the main valves of
the inverter

US'(“_(P)Jr

1 T
| =— | ljgaqd0 =
' 2n I load 21 - Rjgag

Py

o ) 4
(1+ e(_(PRloa%'%‘d j)

_|_

(4.37)

2
TRjoad *



For the reverse diodes:

Pload .
IVD _ i IHde _ US Pload n
2T 0 27 - Rload

U - Xoad .(e(_(PRloa%fload) _1) (4.38)

_TR0ad j)
n.Rg.(1+e( Aload

_I_




Average current value of power supply

17,
lg == [i1ag@®=2(1; + lyp) =
Ty

1+

2. (e(_an%'oad ) 1)

RIoad
X load

.'Tc.

(1 + e(_anoa%'Oacl ))

(4.39)



Active load power equals to the power
consumed from the power supply:

( T™Noa \

U82 14 2XIoad >e( : %(Ioad)_l<
mR10a

\14—6(_ | g4;Madj)

Total load power is defined as
S =U I

where |,.., —the RMS value of the load current.

(4.40)

I:1oad :Us ' Id =
RIoad

T Rioad

load load ~ "load



RMS value of the load current:

_TR0ad ) )
2Xload (e( Aload -1

197, U
l0ad _\/_ J‘ ljoagd0 =——— [1+ . (4.41)
2m 0 Rload V - RH(Q(_ Rloa%(loadj +1)
Since U, , =U, then
( _TRj0ad
U 2 2 X 0ac \e( Aload)_l)
Sioad = R Sd 1+ ( (_anoa V ) (4.42)
> \ TCR|Oad \6 Xload -I-l)




Total power factor

_TRjoad \
X
. Road s 2X 10 (e( /,oad) ~1

S|0ad \ Rload n(l . e(_anoa/load )]

From the principle of the voltage inverter it
follows that its output voltage does not
depend on the load and, consequently, the
external characteristic is rigid.

(4.43)




Pulse-width modulation (PWM)

PWM principle lies in that the output voltage
iIs formed by pulses of variable duration
within the cycle modulated at a
predetermined law, for example sinusoidal.
This allows to reduce the higher order
harmonic components values.

The ways of PWM signal generation are
divided into five kinds, two of which are
widely used in the power converters: the first
PWM techniques and the second one.



Fig. 4.29. The first techniques of PWM



Fig. 4.30. The second techniques of PWM



When evaluating the non-sinusoidality of output
voltage curves total harmonic distortion
coefficient (TDH) is generally used:

\/ > U
TDH = YK=>® (4.44)
U,

where Uy —the RMS value of the higher
harmonic component with a sequence
number k. Typically, for most electrical

equipment components the requirements to
TDH is set at the level of 5%.




Methods of regulating and stabilizing the
autonomous inverter output voltage
There are three ways to regulate the output
voltage of autonomous inverters:

1. By changing the voltage of the autonomous

inverter power supply.

2. Voltage regulating based on the influence

on the processes in the inverter which affect

the output voltage.

3. Voltage regulation at the load by means of

AC voltage stabilizers established between

the load and the inverter.
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FREQUENCY CONVERTERS

Frequency converters are the devices
converting AC electric power of one frequency
into AC electric power of another frequency.

Frequency converters are divided into two
groups:
1. With DC link.
2. Without DC link or direct frequency
converters.



Frequency converters with DC link

Ul

&
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fl

Rec

_|_
+

B2
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Fig. 5.1. Frequency converter with DC link

U,
f,

Converters of this class has all the features of

autonomous inverters and rectifiers, already

discussed above.



Direct frequency converters

u,”

f &

1

DFC

Fig. 5.2. Direct frequency converter



Fig. 5.3. Three-phase-single-phase direct
frequency converter
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Fig. 5.4. Diagram explaining the operation of
three-phase-single-phase direct frequency
converter
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Fig. 5.5. Separate control of valve groups of
the direct frequency converter



Ways of direct frequency converters control
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Fig. 5.6. Shared
control of the
valve groups of
the direct
frequency
converter



In order to obtain a sinusoidal output voltage

UIoad :Uload max -sin® (5-1)

it is necessary that the average value of the
output voltage of one group, e.g. the first

group

U, =2,34-U,-cosa, (5.2)
is changed according to the expression (5.1):

2,34-U; -cosay =Ujgag max -SINO



Hence, we find o1

U
oL = arccos load max__ i g =arccos(v-sinf) (5.3)
2,34.U;
Uload max :
where v= — the depth of modulation
2,34-U,

of the output voltage. It is obvious that

%) Z—arCCOS(V'SiHG), since U varies in antiphase

with U,.
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Fig. 5.7. The principle of sinusoidal output
voltage forming of direct frequency converter
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Direct frequency converters with
forced valves switching

Basic drawbacks of the above circuits of the
direct frequency converters are limited range
of the output frequency (usually f5 <0,251)),

To eliminate these drawbacks the direct
frequency converters with forced valves
switching are usually used.



The most widespread way of output voltage
formation is quasi single sideband modulation
to generate the output voltage.

lts implementation in direct frequency
converters with forced switching is provided
through switching the mains phases to the load
phases with cyclic regular time intervals:

s 1 1 5.4
Tt (i fy)my '




where f. is the switching frequency of the

power valves (modulation frequency),

My — the number of phases of the mains supply,

f1 and fo — respectively the frequency of

mains supply and the frequency of the
output voltage of the converter.



Fig. 5.9. Output voltage generation in direct
frequency converter with forced valves
switching



PULSE DC-DC CONVERTERS

Pulse DC-DC converter is a device converting
DC power of one voltage to DC power of
another voltage.

+ F— e} —F— — +
U, Al Ujq Tr Us Rec U,
— — ——— 5 -

Fig. 6.1. Block diagram of DC-DC converter



Non-reversible pulse DC-DC converters

NPV Vo VN . ‘
N R (I({e~) ~ [ 7y T *’iload min .
Uload VD Ioad|:| @ C X :

_ iKA/ /
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Fig. 6.2. Non-reversible pulse DC-DC converter




Closing the switch for the time t;and opening

1
it for the time {, with frequency f = —

T ’
we obtain the average value of the load
voltage:

t
1P U.-t
Uload:?J‘Usdt: : p:Us‘V (6.1)
0

T

t
The ratio ?p =1 is called the duty cycle.



Voltage regulation can be carried out either
by changing t,at constant T or by changing T
at constant t, and at the same time by
changing both T and t,

The first method at t; =var, T = constis referred
to as pulse-width method,

the second — T =var, t, =const — pulse-frequency
method,

the third =1, =var, T =var —time-pulse method.



Deriving the equation for the circuit shown in
Fig. 6.2, in the interval from O to t; provided

the switch K and the valve VD are ideal, we
obtain:

| dlIoadl
dt

and in the interval fromt to T

T IIoaleIoad — Us (6.2)

1 dljoad 2

+ 1 R =0 (6.3)
dt load 2 N\oad



Solving these equations with respect to
the current 1,4 given that
| we get:

=1
O mmzt:T”

load1
t

(6.4)

: _ S
'Ioadl T R 1_ TRIoad
load 1 _( Aoad j
—e

U (1_ e_(YTRload Hoad j) e—( Rloa%oad ) 6.5
load 2 R ( )
Rload (1 . e_( Ioa%oad ) )




U (1— e_(YTRloa%oadj)

S

t=t,  Riga (1_9_(TRloa%|oadj) (6.6)

L) e
t=T  Ripaq (1_6_(TRloa%oadj) (6.7)

Load current ripples magnitude

lload max = lload1

lload min = Noad 2

AiIoad — iIoad max — iIoad min —

U 1—e_(YTRI0a%%lOIj TR YTR
} Rlo:d ((1 _(TRloa% Oad)))(le( IOa%oa@'je( Ioa%'oadj)'

(6.8)




Average switch K current

t

U,
- -[I'Oadldt : Rioad ’ (6.9)
/ Lioad (1 - e_(YTRloaAoad j )(1 B e(YTRma% y je_(TR,Oa%Oad ) ) \

§ .
y ( _(TR|Oa% ) )
RigagT \1-¢€ load )

\



Average value of the valve VD current:

U S I—Ioad 5
2
RloadT

| (1 - e_(YTRloa%oad ) )(1 - e(YTRIO‘%oad je_(TRloa%oad ) )\ .

1%
lvp = T j ljoad 20t =
0 (6.10)

X AR
L 1—e Lioad )
Average value of the load current:
US
IIoad — IK + IVD — Y (611)

R

load



Output voltage ripple coefficient:

K :Aiload Rload _ (6.12)
r U,

(1 . e_(VTR.Oa%_I N ) )(1 . e(yTRma% y je_(TR,Oa%Ioad ) )

R )



In the case of DC motor load (Fig. 6.2) the
equations (6.2) — (6.3) take the form

ialRa“LLa%:Us_Eo’ for O<t<t; (6.13)
di,»
dt

where I,—the armature current of the motor;
R, — the resistance of the armature winding;
L_—the inductance of the armature winding;
E,— motor back-EMF.

ia2 Ra + La

= Eg, for ) <t <ty (6.14)



There may be three modes of DC-DC
converter operation:

e continuous current (Fig. 6.3, b, ¢, d);
e boundary-continuous mode (Fig. 6.3, d, e, f);
e discontinuous current mode (Fig. 5.3, h, i, k).



Fig. 6.3. Various operation
modes of non-reversible
pulse DC converter when
operating on the motor
load



For continuous current mode from the equations
(6.13) and (6.14) we find I, provided




Maximum and minimum values of the
armature current

i _
d MaxX Ra Ra _(TRa 1 ))
—e a

1
( (yTR% ) ) (TR,

I3 min :_EZ "'LF\J,: (\e (TLRa L_}-)\e ( Laj (6.18)
\l-e a/)




Anchor current ripples magnitude

U, (1— e_(yTRa Laj) )

Alg =13 max —lamin = =
h (1—e_( Ka)) (6.19)

x(l _ e(YTR%aje_(TR%a) ) (6.20)

Average value of the armature current

U.-y—E
|, = Sg 0 (6.20)
a




In the continuous and boundary-continuous
current modes the next condition is valid

I e 0 and the currents are defined as follows:

- ‘EO( (R/j) (6.21)

a

oty (7))l 90 22

a

la1 =

la2 =



Maximum value of the armature current

_ Us —Ep (1_ e_(VTR%a)) (6.23)

a

'a MaxXx

The average value of the armature current
|a:US Y EOt]’.
Ra Ra

(6.24)



The conditions of boundary-continuous mode
are found at:

iﬂt:O:O

M)d )

ne
A (el )y
TR ARG

\

EObm =U s€

(6.25)

( )

(6.26)

J



U load t t t
g p |t B O L B p 1 o
| A

a /\t3 t4 t5/\t6t7

+¢_[[<;H ' ) -iKl / /

b
Fig. 6.4. Non-reversible pulse DC
converter with energy regeneration



The equation of electromagnetic processes in
the interval O...1;:

di, .
Ug =L=2+iReqy (6.27)
dt
and for the interval ty...15 !
di, .
Us —Ujgag = Ld_t2+ IZReqv (6.28)

where Rgq =TI +Tin, I — active resistance of the
inductor winding, lipnt— internal resistance of
the power supply.



Fig. 6.5. Non-reversible pulse step-up
DC-DC converter



Solving equation (6.27) — (6.28) with respect to
the currents lyand I provided

i =
=0 “lt=T

we obtain:

il — —
Reqv Reqv ( _ETRGQ%j j
1-e



_ YTReq%jj _KtRquj

iZZUS_UIoad +Uload (1_9 ( e L (6.30)

Reqy R, ( _(TReq% D
1-e
iLmax :iK max — i\/D max —

U, _Uload( (YTR J e(TR%D (6.31)
Reqv  Reqy ( (TR . KD




IL min =K min =NVD min =

o el ™)) 6.32)
L)

Current ripples magnitude of the inductor

AIL =l max —ILmin =

U R )
S

(6.33)




-U,

The average value of the load current
U
Iload = II dt = load (1—’Y)+
t Reqv
P (6.34)

™))
)

Re T (1 e

From Fig. 6.5 we find:

Es . rintlload (6.35)

U —
load 1—v (1_ Y)z



lint |
Us =B~ (6.36)

Exploring the function (6.35) on the
extremum, we find

2
S

4rintlload
Neglecting the fluctuations of the load current,

i.e. considering that |, ., = 1. =const, we find
the output voltage ripple value:

tp lioag -t
jlcdtz OaC p (6.38)
0

(6.37)

UIoad max —

1
AUIoad = AUC = E



_ /A
Multiplying (6.38) by ?, we get:

| .
AUpad = 'gaf’fy (6.39)

At any condition the value voltage ripple AUjoq
decreases with increasing frequency f.

This parameter is limited by the properties of
switches and other power components used in
this circuit. To eliminate this drawback multi-
phase converters are sometimes used (Fig. 6.6),
which correspond n single-phase converters
operating on one load and supplied by one
power source.



" VD, VD, VD, VD,
L . ]
TN I Y
WA
AR
'—_\JXVBKJ !
S C:_ |:|Zload
L (o] (o} O
- K K - VK,
S __Cf

Fig. 6.6. Multiphase pulse DC-DC converter



To expand the range of output voltage in this class
of converters two windings inductors with auto-
transformer link are sometimes used (Fig. 6.7).

VD
+ & W]_ W2 >| ®
U S K C== ZIoad
— ¥ ®

Fig. 6.7. Pulse DC-DC converter with
auto-transformer link



K VD
+ o o II>I

] L C
Us ||_1 ||_2 —

Fig. 6.8. Pulse DC-DC up-and-down converter



The equations of the electromagnetic
processes are:

e for the interval O..
d'
U =L— at +||_ Reqvl (640)

e for the interval t;...15:
di

L :
Ulgad = Ld—t2+||'2 Requz (6.41)



where Requu =M +fint: Requz =1L + /D>

'L — active resistance of the inductor,

r

int — internal resistance of the power supply,

I,p — resistance of the valve VD.

Given that i,

i
t=0 =

t=T

and taking into

account that Reg » Regy2 & Reqy We solve the

equations (6.40), (6.41) with respect to
currents I, and I, :






(™0 )

: _Yq _(Us"'UIoad —€
I max = Reqv ( _[TRGCI%)) (645)
Regv\1—€
Inductor current ripples magnitude:
AiL — iLmax _iLmin =
(6.46)

: 0r U )(l_ e_(TReq% je(vTReq% j j(l_ e_(YTReqv / D
0]

Reqy (1 —€



Average value of the load current

1T—tH
IH :? g ||_2dt —

+U, )L (1 - e_(VTR% J )(1 - e_(TR% je(m% ))
_ U +U, 2 ( _(TR%))  (6.47)




From diagrams in Fig. 6.8 we obtain:

Y Y 1
U —— | BEc ——— K/ — I | 648
load 1 V( S 1 v VD 'load ’y(l y) L Ioadj ( . )

int " load

U =E ——"r_| (6.49)
1—vy

As in the previous circuit, the magnitude of the
output voltage ripple:

| 10aaY
— AU . load 6.50
c cf (6.50)

AU

load
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Fig. 6.9. Hook’s converter

load



Fg— Y Y [ H {>| ’
U, K} Ly Cy =
& ®

Fig. 6.10. SEPIC type converter

load
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K
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Fig. 6.11. Forward converter



U C= RIoad

Fig. 6.12. Flyback converter



Reversible pulse DC-DC converters

To combine the regulation of the load current
and reverse the reversible converters are used.

Typically they are performed on the basis of a

bridge circuit (Fig. 6.13), which consists of the
switches K; — K, and the reverse current valves

B, — B,.

The following control methods are possible:
1. Symmetric control method.

2. Asymmetric control method.

3. Alternate control method.



+r— ’
VD, \ Kq 7 \ K2 VD,
WY S G I
VD, /K \jm \‘[’Ks /N\VD,
P L Fig. 6.13.
Ut ’ - Reversible pulse
I Yoy | 3 |, DC-DC converter
BT AT G | t (Symmetrical

control method)




The average value of load voltage:

Ut., U.t
U . =—2_"5P_y (2y-1) (6.51
load T T s( Y ) ( )
t
here y=-%>
W Y =

The equation of electromagnetic processes
is as follows:

diIoad
dt

iUs — iIoad RIoad T I—Ioad (6.52)



where (+) corresponds to the interval 0...13,
and (-) —to the interval t;...1,.

Solving the equation (6.52) with respect to i

load

and given that lioad |, _ =Moad |, _—, we get:

( A o™ s ) (Roast

US 1— e I—Ioad) (653)

0...t ::F2 _{ TRi0ad
1 load _ (1_e ( oad Lload))

hoad1




) _(YTRi0ad
Us 114 2(6 ( /Lload)_l)e(Rloac%Oadj (6.54)

4T Riag ( . e_(TRloa%oad ))

load 2

lload max = K max = WD max =

_ U (1+ e_(TRm%oadj —2e_(YTRm%I dj) 6.55
Rioad (1_ e_(TRloa%oadj) 52

lload min =K min = D min =

o b )

- Rioad (1 B e_(TRloa%oad j )




The amplitude of the load current ripples:

AiIoad — iIoad max — iIoad min —

o, el (| ™0 )
™)

(6.57)

The amplitude of the output voltage ripples:
AU, =AILR,



Ripple coefficient:

el ™)

. (TR. ) (6.58)

The average value of the load current:

U,
Rload

—(2y-1).

IIoad —



When operating with DC motor load with
back-EMF Egthe initial equations take the form:

di,

i(US — EO): I,R, + L, it

(6.59)
where R, L, —the resistance and the

inductance of the armature winding
accordingly.



From (6.59) we obtain:

e (VO™ qmey

o 4" R, ) (6.60)

| (1‘_j+ ( (YTR/) ) (R/j
i Ra_ ( (TR/))

(6.61)




™) ™)

amax = (1_9_(TRa L)) - RZ (6.62)
b ™)
amin ="p (1_ e_(TRa La) ) R,

(6.63)



The amplitude of the anchor current ripples:

A'a 'a max a min —

e (”R/ ), A )™0)
a A0

The average value of the armature current:

B :$[2V—1—5—0] (6.65)

(6.64)

Ra S



Output voltage ripple coefficient:

_ AU j0ag _ AlgR, _
Us Us

A ) @9
(1 - e_(TR%aj)

Disadvantage of the symmetric control
method is change of the output voltage
polarity and high ripple coefficient. That
requires increased installed power of the
output filters.

Ky




Fig. 6.14. Asymmetrical
o] /\ /\ '~ control method of pulse
i BN DC-DC converter
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Fig. 6.15. Alternate
control method of
the reversible
pulse DC-DC
converter




PULSE AC REGULATORS
L1

=
& ® 9 ¢ -
U S M Rload L load
o -

Fig. 7.1. AC regulator based on antiparallel
back-to-back thyristors



Fig. 7.2. The diagram of the AC regulator with
resistive load

The regulation is possible under the condition
® Lipad j

¢ <o <1 where (p:arctg(
load



Fig. 7.3. The diagram of the AC regulator
operation with the active-inductive load



Fig. 7.4. Various methods for AC voltage regulation using
fully controlled switches
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Fig. 7.5. Basic AC voltage
regulator circuit with
voltage boosting



Fig. 7.6. Different ways of AC voltage regulating
using voltage boosting
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Fig. 7.7. AC voltage regulator using high-
frequency transformer



Thank you



