V-I characteristics of diode

The V-I characteristics or voltage-current characteristics of the p-n junction
diode is shown in the below figure. The horizontal line in the below figure
represents the amount of voltage applied across the p-n junction diode whereas
the vertical line represents the amount of current flow in the p-n junction diode.
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IF = Forward Biased Current of diode
VF = Forward Biased Voltage of diode
Io = Reverse biased Saturation Current of Diode
IR = Reverse biased Current of Diode

Forward Bias V-I characteristic of P-N diode.



When anode is positive with respect to cathode , diode is said to be forward
biased. with increase of the source voltage Vs from zero value , initially diode
current is zero. from Vs=0 to cut-in voltage , the forward current is very small
.cut-in voltage is also known as threshold voltage or turn-on
voltage. beyond cut-in voltage ,the diode current rises rapidly and diode said to
conduct. for silicon diode, the cut-in voltage is around 0.7. when diode
conducts, there is a forward voltage drop of the order of 0.8 to 1V

Reverse Bias V-I characteristic of P-N diode.

When cathode is positive with respect to anode the , the diode said to be
reverse biased. In the reverse biased condition. a small reverse current leakage
current , of the order of microamperes or milli amperes flow . the leakage
current is almost independent of the reverse voltage until this voltage reach
breakdown voltage at this reverse breakdown, voltage remains almost constant
but reverse current becomes quite high limited only by the external circuit
resistance . a large reverse break down voltage associated with high reverse
current, leads to excessive power loss that may be destroy the diode.

At point a reverse breakdown of the diode occurs and current increase sharply
damaging the diode . this point is called knee of the reverse characteristics.

V-I Characteristics of typical Ge And Si Diode:

the cut in voltage voltage for germanium ( Ge ) diode is about 0.3 while for
silicon ( Si ) diode is as about 0.7 V.

the potential at which current starts increasing exponentially is called offset
potential, threshold potential or firing potential of a diode.
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the reverse saturation current is of order nA for silicon diode while it is of the
order of uA for germanium diode.

Reverse breakdown voltage for Si diode is higher than that of Ge diode of a
comparable rating.

If the external reverse voltage applied on the p-n junction diode is increased,
the free electrons from the n-type semiconductor and the holes from the p-type
semiconductor are moved away from the p-n junction. This increases the width
of depletion region.

The wide depletion region of reverse biased p-n junction diode completely
blocks the majority charge carrier current. However, it allows the minority
charge carrier current. The free electrons (minority carriers) in the p-type
semiconductor and the holes (minority carriers) in the n-type semiconductor
carry the electric current.The electric current, which is carried by the minority

charge carriers in the p-n junction diode, is called reverse current.

In n-type and p-type semiconductors, very small number of minority charge
carriers is present. Hence, a small voltage applied on the diode pushes all the
minority carriers towards the junction. Thus, further increase in the external
voltage does not increase the electric current. This electric current is called
reverse saturation current. In other words, the voltage or point at which the



electric current reaches its maximum level and further increase in voltage does
not increase the electric current is called reverse saturation current.

The reverse saturation current is depends on the temperature. If temperature
increases the generation of minority charge carriers increases. Hence, the
reverse current increases with the increase in temperature. However, the
reverse saturation current is independent of the external reverse voltage.
Hence, the reverse saturation current remains constant with the increase in
voltage. However, if the voltage applied on the diode is increased
continuously, the p-n junction diode reaches to a state where junction

breakdown occurs and reverse current increases rapidly.

In germanium diodes, a small increase in temperature generates large number
of minority charge carriers. The number of minority charge carriers generated in
the germanium diodes is greater than the silicon diodes. Hence, the reverse
saturation current in the germanium diodes is greater than the silicon diodes.



R - Triggering Circuit

0 R, 1s the gate current limiting
resistance

0 R, 1s used to vary the gate current
and hence firing angle
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R-Trig Waveforms

Vi . . : ,
v, /\ (\ 0 The phase angle at which
sloke— the SCR starts

conducting 1s called
firing angle, a
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Features of R-Trig Circuit

2 Simple circuit

2 Disadvantages:

= Performance depends on

temperature and SCR

. L. V.

characteristics ' (L
= Minimum phase angle is typically (\

2-4 degrees only (not zero degree) 4 5
= Maximum phase angle is only 90

degrees V.
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RC Triggering Circuit

.y
— " Advantage over R-triggering Circuit:
4 T Controls upto 180 degrees
R ——
1.37
o | RC>
Vo=V, sinot s 2
== G .
® To ensure minimum gate current
0 Capacitor charges during the negative v. 2R [gmin 4+ ngin 4+ VD1
half cycle through D,
2 When SCR is turned on, capacitor Cis
suddenly discharged through D, R< Ve =V gmin =V,
- D, protects the SCR during negative ]gmin

half cycle
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RC Trig Waveforms
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RC Full wave trigger circuit
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2 Initial Capacitor voltage in each
half cycle is almost zero
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Unijunction Transistor (UJT)

Bz M e
Fta-piit T B, 2 Has a lightly doped n-type silicon
7R layer to which a heavily doped
\ < p-type emitter is embedded
p-type
E A E 2 The inter-base resistance is in the
R range of 5—10 kQ
n-type_| s s g
- This device cannot ‘amplify’

By
Basic Structure Symbol
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UJT Equivalent Circuit

R 5
B, VABI = m Vg =1 Vg
? 1 2
+ . . ° . o
n 1s called intrinsic standoff ratio

Eta-point

Rg2 Value of # varies from 0.5 — 0.8
E i‘_le_’l

o—P

0 When V, is more than V,+V,, then the
V. 1 Rg1 diode 1s forward biased and a current
e Tk Vi Ve
flows through Ry,
s v v "X 2 Number of carriers in Ry, increases
B, and the resistance reduces

oV, decreases with increase in I, and the
therefore the device is said to exhibit
negative resistance
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converter operates in the ‘inverter’ mode and if fhe out going SCR fails to turn off it is
effectively triggered at o= 0° which pushes the converter from peak inversion to peak
rectification mode. The resulting ‘commutation failure’ can cause scvere short circuits. Thus the
trigger angle must be restricted to values, which permit successful commutation of the SCRs.

20.5 Commutation in DC-DC Choppers

DC-DC Choppers have also been categorised on the basis of their commutation process. Three
types of commutation are identified: i) Voltage commutation, ii) Current commutation and iii)
Load commutation.

20.5.1 Voltage Commutation

In a voltage commutated thyristor circuit a voltage source is impressed across the SCR to
be tumed off, mostly by an auxiliary SCR. This voltage is comparable in magnitude to the
operating voltages. The current in the conducting SCR is immediately quenched, however the
reverse-biasing voltage must be maintained for a period greater than that required for the device
to tum-off. With a large reverse voltage turning it off; the device offers the fastest turn-off time
obtamnable from that particular device. It is an exposition of *hard’ turn-off where the reverse
biasing stress is maximum.

Ve  IThy,V@naGatey  Satey
i

Fig. 20.5 A voltage commutated DC-DC Chopper and most significant
waveforms
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B Fig. 20.5 illustrates voltage commutation. Thy is the main SCR and Thau is the
Aurfl!lary. As a consequence of the previous cycle, Capacitor C is charged with the dot as
positive. When the Main SCR is triggered, it carries the load current, which is held practically
level by the large filter inductance, Ly and the Free-wheeling diode. Additionally, the charged
Capacitor swings half a cycle through Thy, L and D ending with a negative at the dot. The
reverse voltage may be less than its positive value as some energy is lost in the various

components in the path, The half cycle capacitor current adds to the load current and is taken by
the Main SCR.

With the negative at the dot C-Thay 18 enabled to commutate Thy. When Thau is
triggered the negative charge of the capacitor is impressed onto Thy and it immediately turns off.
The SCR does take the reverse recovery current in the process. Thereafter, the level load current
charges the capacitor linearly to the supply voltage with the dot again as positive.

The Load voltage peaks by the addition of the capacitor voltage to the supply when Thau
is triggered. The voltage falls as the capacitor discharges both changes being linear because of
the level load current. When the Capacitor voltage returns to zero, the load voltage equals supply
voltage. The turn-off time offered by the commutation circuit to the SCR lasts till this stage
starting from the triggering of Thau. Now the capacitor is progressively positively charged and
the load voltage is equally diminished from the supply voltage. Thau is naturally commutated
when the capacitor is fully charged and a small excess voltage switches on the free wheeling
diode. With the positive at the dot the capacitor is again ready for the next cycle. Here Thaux
must be switched before Thy to charge C to desired polarity.

Voltage commutation may be chosen for comparatively fast_switching and it can r_ge
identified from the steep fall of the SCR current. There is no ove_rlappmg operation hetwee;; the
incoming and the outgoing devices and both currents fall and rise sharply. Stresses on all n¢

sree semiconductors can be expected to be high here.

20.5.2 Current commutation

ircui i into a current commuted one just by

it of Fig. 20.6 can be converted in mute _
interch Th?n Cltr}?;:l positiong of the diode and the capacitor. Here the Capacitor 1s automamally
ullltzrigegﬁroﬁgh D-L-Ly-Load with the dot as positive. Any of the SCRs can thus be switched on
c 1

first.

Version 2 EE IIT, Kharagpur 9
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If Thy is triggered first, it imme
triggered, it takes a half cycle o
charge across the capacitor rever
D-C-L shares the load curren
Current-share of THy is thus
consequently accompanied by
the main SCR is turned off,

diately takes the load current turning off Dy, When ThAux is
f the ringing current in the 1.-C circuit and the polarity of the
ses. As it swings back, Thy, is turned off and the path through
t which may again be considered to be reasonably level. The
reduced in a sinusoidal (damped) manner. Turn-off process is
an overlap between Thy and the diode D in the D-C-I path. Once
the capacitor current becomes level and the voltage decreases

L
U

'+
(]
=
>
c
=

B
'}
o=0r

Thy 1 Ve Vgpa Gate,Eaten

20.7 A current commutated DC-DC Chopper and most significant waveforms
Fig. 20. c

across the load when the voltage across the commutating
s

linearly. A voltage spike appear itance voltage adds to the supply voltage.

inductance collapses and the capac N
turns on through a overlap with D when the capaci

i ives the commutating current
is extra voltage drives : . :
el g of all devices during this period.

The free-wheeling diode also

€ | ds the supply voltag : a Ve
;?l'l(l)?]!?;l i}:?:tpi}:ﬁe[;-Supp]y-Dp-L, Thus there is soft switchin

] in SCR. Tt ensures ‘soft’ turn-
urt i i nected across the main ‘ Ty s
itional diode may be connected v el
Further ar adg,m(::xcess current in the rmgimng L-C c1rc1Ht i frcqua;nr By
off by_ conducting %R causes it to turn-off slowly. Consequen ;y gt e e ol
O . Nt ti:': ° h a diode cannot be connected across he..
st
to be low. Note that suc

commutated circuit.
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Classification of Rectifiers based on Control:

» The converter circuit which converts AC to DC is called a Rectifier.

» The rectifier circuit using diodes only is called an Uncontrolled rectifier circuit.
» All rectifiers are broadly categorized into three sections.

1. Controlled Rectifier - It has only thyristors. NO diodes

2. Half Controlled Rectifier - It has thyristor + diodes

3. Uncontrolled Rectifier - Only diodes

» Control here means controlling when to start rectification and when to stop.

W
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Phase Controlled Rectifiers:

» Unlike diode, an SCR does not become conducting immediately after its voltage has
become positive.

» It requires triggering by means of pulse at the gate.

» So it is possible to make the thyristor conduct at any point on the half wave which applies
positive voltage to its anode.

» Thus the output voltage is controlled.

O
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Phase Controlled Rectifiers - Applications

» Steel rolling mills, paper mills, textile mills where controlling of DC motor speed is
necessary.

» Electric traction.
» High voltage DC transmissions.

» Electromagnet power supplies.

O~
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1 — ¢ Half Wave Controlled Rectifier (R Load)

vV v v Vv

O

The circuit consists of a thyristor T, a voltage source Vs and a resistive load R.

During the positive half cycle of the input voltage, the thyristor T is forward biased but it
does not conduct until a gate signal is applied to it.

uskod urg ynieq Ig
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When a gate pulse is given to the thyristor T at ot = a, It gets turned ON and begins to
conduct.

When the thyristor is ON, the input voltage is applied to the load.
During the negative half cycle, the thyristor T gets reverse biased and gets turned OFF.
So the load receives voltage only during the positive half cycle only.

The average value of output voltage can be varied by varying the firing angle «.



1 — ¢ Half Wave Controlled Rectifier (R Load)

» The waveform shows the plot of input voltage, output voltage, gate current, output current
and voltage across thyristor.
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(a) Circuit Diagram
(b) Waveform
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1 — ¢ Half Wave Controlled Rectifier (RL Load)

» The circuit consist of a thyristor T, a voltage source Vs, an inductive load L and a resistive
load R.

» During the positive half cycle of the input voltage, the thyristor T is forward biased but it
does not conduct until a gate signal is applied to it.

» When a gate pulse is given to the thyristor T at ot = a, It gets turned ON and begins to
conduct.

» When the thyristor is ON, the input voltage is applied to the load but due to the inductor
present in the load, the current through the load builds up slowly.

» During the negative half cycle, the thyristor T gets reverse biased but the current through
the thyristors is not zero due to the inductor.

12
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1 — ¢ Half Wave Controlled Rectifier (RL Load)

» The waveform shows the plot of input voltage, gate current, output voltage, output current
and voltage across thyristor.

V: =V, sinwt = \/EVS sin wt

(a) Circuit Diagram
(b) Waveform
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1 — ¢ Half Wave Controlled Rectifier (RL Load) 4

» The current through the inductor slowly decays to zero and when the load current (i.e. the
current through the thyristor) falls below holding current, it gets turned off.

uskod urg ynieq Ig
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» So here the thyristor will conduct for a few duration in the negative half cycle and turns
off at ot = . The angle B Is called extinction angle.

» The duration from o to B is called conduction angle.

» So the load receives voltage only during the positive half cycle and for a small duration in
negative half cycle.

» The average value of output voltage can be varied by varying the firing angle a.



1 — ¢ Half Wave Controlled Rectifier (RL with FD)

» The circuit consist of a thyristor T, a voltage source Vs, a diode FD across the RL load, an
inductive load L and a resistive load R.

» During the positive half cycle of the input voltage, the thyristor T is forward biased but it
does not conduct until a gate signal is applied to it.

» When a gate pulse is given to the thyristor T at ot = a, It gets turned ON and begins to
conduct.

» When the thyristor is ON, the input voltage is applied to the load but due to the inductor
present in the load, the current through the load builds up slowly.

» During the negative half cycle, the thyristor T gets reverse biased. At this instant i.e at ot
= 7, the load current shift its path from the thyristor to the freewheeling diode.

» When the current is shifted from thyristor to freewheeling diode, the thyristor turns OFF.

15
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1 — ¢ Half Wave Controlled Rectifier (RL with FD)

vV v v Vv 'V

vV Vv

16

The current through the inductor slowly decays to zero through the loop R freewheeling
diode - L.

So here the thyristor will not conduct in the negative half cycle and turns off at ot = 7.

uskod urg ynieq Ig
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So the load receives voltage only during the positive half cycle.
The average value of output voltage can be varied by varying the firing angle a.

The waveform shows the plot of input voltage, gate current, output voltage, output current
and voltage across thyristor.

There are two modes in this circuit.
(a) Conduction Mode (b) Freewheeling Mode.



1 — ¢ Half Wave Controlled Rectifier (RL with FD)

» The waveform shows the plot of input voltage, gate current, output voltage, output current
and voltage across thyristor.

V, = Vo sin wt FD

17
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Single-phase full converter (highly inductive load)
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The average value of output voltage

2 n+a ZV
Vdc:ﬁf Vmsinwtdt=Tmcoscr
(24

Therefore, Changing the firing angle from O to m/2, the output voltage varies from
2Vm/mt to 0. The rms value of output voltage

n+a

2 4
Vs = Ej V2 sin? wt dt = —
(44

V2

16



Single-phase dual converter (highly inductive load)

L L
2 2
‘aan e e aa ot T
+ r -
o }
T1 Ta 4 + Krzn T4r
a
a T 3%
Iv Vo‘l Load vo2 v
bo; T\ r, ST - oD
v
T‘ T2 &Ta’ {Tl'
- —_— 3
- (a) Circuit

Single-phase dual converter consists of two single-phase full converter connected back to
back. Thus, both output voltage and load current can be reversed. Therefore, the dual
converter can be operated in the four quadrants.
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Therefore

2V,
Vicr = T cos ay

2V,
Vica = Tcos as

Vact = —Vacz

Cos; = —cosa; = cos(mmr — aq)

azzﬂ—al
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Mode I
Continuous conduction

od
mode (a < 600) o

M
Discontlnuous conduction

_ mode (. > 60°)
4. Mode | : Continuous Cconduction mode :

The load current in this mode IS continuoy ;
1040 ¢ : . S. The fi
waveform is identical to that with the Inductive loaq, SRS o < @, The load voltage

2. Mode Il : Discontinuous conduction moge :

e  Fora>60° the load current becomes dis

»  With the resistive load, the fy[] converter

works as a single quadrant converter as the load
voltage can not become negative at all.

The converter therefore works only as a rectifier. Inverter action is not possible to obtain.

e  The sequence of turning the SCRs on remains same as that with the highly inductive load
ie. 1,6,2,4,3,5.

* In the continuous conduction mode (o < 60°) , the SCRs are commutated due to the line

commutation, whereas for the discontinuous conduction (o > 60°) they are commutated
due to natural commutation, when the driving line voltage passes through a zero.

8.7.3.1 Operation in Continuous Conduction Mode (a < 60°):

The load voltage and other waveforms are as shown in Fig. 8.7.8. As can be seen the load voltage
waveform has 6 pulses, making the ripple frequency = 300 Hz,

The six line voltages are in the sequence Vypy, Vg, Vyp, Vg, Vpg and Vyy appear across the load
for a duration of 60° each. Each SCR conducts for a duration of 2n/3 radians or 120°.

The peak reverse volta ge across each SCR s,

Vm([in,,) = .\/3 vm(ph}

The average load voltage for this mode is,

~ 3 Vi dine)

——————005 0L ~(8.7.1)
B

dec

' ' - alized voltage and
Which ig same as that with the highly inductive load. The equations for normalize g

the rmg Voltage are also applicable to this mode i.c. s

1/2
13 a} (8.7.3)
2 d4nm

Il

V. = COS X

n

and VL ms o vrn (line)
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F'y | a |
Load _ﬂ‘ H‘}" 41 s4=30° orfd6rad

VRY Vrg~ Vyg- VYR Var ~Vay

voltage '
Vm(hne]

Interval
Conduetiog SGRS 1.5[1.6(2.6(2.4|3.4|3.5] |
Load A____ = .I . e e (o O . £ - _ e S A
current - . s ----I —V IR

= !Continuous load current

S T —

}c—znfa—»l

Phase current waveform

Fig. 8.7.8 : Voltage and current waveforms for a full converter with a resistive load
(Continuous conduction mode)

. For example thyristor S, is turned on at the instant ot = (/6 +a).

During the interval 1, S, and S; conduct, connecting the instantaneous line voltage Vi across tl

load.
The load current is in phase with the load voltage due to the resistive nature of load.

At the instant, 5n/6, Vypy = 0 therefore load current = 0 and the conducting SCRs S, and S; a

turned off due to natural commutation.

Note : The load current is in phase with load voltage hence it also will be discontinuous.
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17.3.2 Operation in Discontinuous Conduction Mode (o > 60°) :

Phase ‘P V@ [ 1 Vaw s o0 1 L1 1] o L T T [Ven] | L L]
voltages : ez N 84 ON - i..--L..\fT"“g 8.0k 1 1. Ven| | [ | |
,-—-— —-1 .._a_q | ,., & i _

-' Ay 3 ] ‘.. i { { .-' i .. i i S St "!'" —_—
Ref/vs------v-u--—o--l.‘:-‘--.mn--:‘-u---n--_‘-v-c---- e b ‘.- _-."__‘--““‘--J ..'_+ (A.'t
point Ad ||

I

V —ple— V] —r¢ I —»e— I I —»e— IV —> <«— Interval

Conducting
Sy Sy—»fe— S3 S5 e S, S5 —sle— S1 Sg —dpe— 5256 ¢ 8254 =" " devices

Line voltage
V. V across
e Vg —— Vyg =1 VYR | the load

I 3 VBR — VBY —r— VRY —>

v | 1 1 iVRy i

mlineg) [*=m T

4 Ref.
‘ pOim i — ' - i 1 —-— - .I I 1
| 1 | E | o .! S O e LIS, S O
P TR R e
(v/2+ «) (51tf5+t¥) (?1(!6*'(1) (91!2'&':)
SSEJN S, ON S4ON Sy ON

Fig. 8.7.9 : Load vol tage for a full converter with 2 resistive load (discontinuous conduction)
i Vo
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. For o > 60°, the line voltage driving a conducting pair of SCRs goes to zero before the eng of

their conducting interval,
. The waveforms for discontinuous conduction are shown in Fig. 8.7.9.

Table 8.7.3 summarises the operation.

Table 8.7.3
Sr.No. | Instant | Incoming SCR | Outgoing SCR | Conducting pair | Load volt;;
1. (/6 + o) S,S; - 5,85 Vry 3
2 51/6 - S;Ss - zero 1
3 (/2 + o) S,S, - S, S, Vip
4. Tn/6 = S;S¢ - -
5 (571/6 + ) S,5s ~ S:S6 Vys
6 J In/6 - S,:Ss - -
‘ v ‘ (7n/6 + ) S.S, - S,S, Vin
/ 8. J 117/6 - S,S, - -
e S,S, _ S,S, Vi
l 10. ( 137/6 - S;S, - -
The conclusions from Fig. 8.7.9 and Table 8.7.3 are :
1, The load voltage waveform is a six pulse waveform, with a ripple frequency of 300 Hz.
2. The average load voltage will always be positive. Therefore the full converter no more remainsa |

two quadrant converter.
3. The load current is in phase with the load voltage and discontinuous,

: The conduction period of SCRs is less than 27/3 rad. or 120°,
5. Each SCR has to be retriggered in its conduction period, therefore the multiple pulse triggering

for each SCR is necessary.
Expression for average voltage :
Refer Fig. 8.7.9. The average load voltage is given by,

3 3n/6
Vids = 5 L [ Veydot =2 | V.1 e Sint (@t + /6) doot
rc/6 +
<3%!
m (line) 5n/6
= 3 x [ cos (ot +m6)]_

-3V m (line)

= [cos nmt — cos (7/3 + )]
bine
" Vi = va( )j + oAt 5 2_7

2 Remunber (25 -
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Atany given instant two SCRs, 1 cach from upper and lower SCRs conduct Simllltanegusly.
and the filtering requiremey ;
IS less

* The frequency of the output ripple voltage is 6 x 50 = 300 Hz
than that of the three phase semi or half wave converters.

8.7.1 Operation with Highly Inductive Load :

. The circuit diagram for a 3 phasc fully controlled bridge converter is a:s:_gl_l_q_\-yg__i_r_! Fig. 87 I(a)

(b) Full converter redrawn z5 ,
combination of two halfwave converter

(@) 3 phase full converter

Fig. 8.7.1
. This circuit can be redrawn as a combination of two half wave controlled converter circuits

shown in Fig. 8.7. 1(b).
. At any given instant 2 thyristors will conduct simultaneously one each from the upper and lowe:

half wave converter circuits.

. The load voltage waveform of Fig. 8.7.2 are drawn with the assumption that the load current i
ripple free and continuous cqualto I,
. The full converter operating with a highly inductive load is capable of operating in two differen

modes.

. It is a two quadrant converter as it js capable Modes
of operating in the quadrants I or I] of _ i I 1
average load voltage Joad current Rectification [nverston
characteristics. (e <90% (o> %)

8.7.1.1 Rectification Mode (@ <90°) :

In this mode of operation, the firing angle . is Jess than 90°,

° The average load voltage is positive and (he net power flow will take place from the source to th¢
load, i.e. from ac side to the dc side,

As the load is inductive, the conducting SCR is turned off only when the next SCR from the *
group is turned on. The type of commutatiop j line commutatian
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Phasea : VRN S.ON V.
Voltage |
. N & S20N Veny s.0N
] E a=60 orn/3
RA :
N\ o E i Xa
> ot
Interval VI I 1 ' m | 1v : v ' Vi
Conducting S3 | S1[Sy]s, s, [s.s
devices S5 | S5 | Sg SE sﬁ 33 Sg
Line voltage
across load VRY | Vre | Vyg | Vyr Vgr | Vey
load| { i P i i
Voltage | i VRy : VRe i Vyg i Vyr i Vag i Vpy i Vv
ME i i i e e i e mline)

Interval VI | o|m|IV] V| VI
\% S Ven S
T YN g F 2 T - y 3
Vyg [ VYR
l L 9 l 12
4
RN

Fig. 8.7.2 : Load voltage waveform and equivalent circuits (Reofification modc)
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TTTsLvuUDLYy,

Phase 4
Voltage

»
o
=z

S20N S,ON

o =60° or /3

» it
Interval —» 1 —
; 11
Conducting SCRs —» TR R élé IV | v [ v
Load voltage —» V' V' V} 24 | 34| 35
Ry | VR | Vy VYR VBR VBY
Load | : :
voltage {. YBI--:-Y.‘?E-...V.IE- __\."YR VBR VBY :
SRR TR et Vingine)
Load voltage
Average load voltage
. > ot

Voltage across SCR,

3k — oot

v 1 : - ot
I A g - :
SCiet | : 5 P
o : ; P 2ﬂ. — E > ot
Iscra ¢ | : ; > :
: : : +> ot
Iscrat P
0 f=—t H > ot
Iscrs 4
0 ! > ot
Iscrs 4 ;
0 O]
IR =Iscri ~Iscra 4 E :
0 H " : 44 e me * it
Iy =Iscro — Iscrs 4 i fmio A
|EEEmEN—— > ot
In =1 ) 4 : P
B = Iscra ~ Iscrs — : —
N — :_ e g ; — > ot

Fig. 8.7.3 : Voltage and current waveforms for full converter in rectifier mode
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as shown.

Th ower flow per .
; load voltage for o < 90° s positive. Therefore the net p cyele of
° e average load volt:

ation i n as Rectificati
is fro to load. Therefore for ot < 90° {hc operation 15 know on,
is from source ad.

Naveforms for o =90°:

Phase
voltages

g

...,.:... U'} - W)= ==
:

1 §
L] i

nterval [ { vi] 1 ] u|m|iv]Vv] | ; 4
Conducting SCRs ~—135|15116|26]24|3.4 N
Load voltage ‘ VBY VFlY VRB VYB VYR VBH f
. Vay ! | Ver  Vay :
! 1 | Energy stored }
, N """ Load ~; . Dyload
: /~-\+ voltage ~p—
: VA VAN m | Energy returned
/ . iback
A B Y- D 1./E F At
f | _E R AR . Note that the average
v/ A\ ¢ 1 load is zero
\ iy : ¢ ,
LY LN \/ V4 N i ]
R P
R T @ -
Load [~ ; { a
current ; 2
0 » ot

Fig. 8.7.4 : Load voltage waveforms foi- o =90°
Fig. 8.7.4 shows the load voltage waveforms for o, = 90°

As can be seen from the waveforms, the average load voltage is zero because of equal area unde
the positive and negative halves of the waveform.
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In the positive portion, the energy is stored b

to the source. As both the positive
o= 90°.

y the load and in the negative portion, it is fed back

and negative portions are equal, the net power flow is zero at

8.7.2 Inverter Mode of Operation ( a > 90° )
Y
Loaa g, B8 T8 Ven Ven Vay
voltage | ¥ W " VALV WAy

-V

Interval

Conducting
SCRs

Load
current

ot

Average
load voltage

m (line) f.:7i

3

0

IscRi]
0

Iscr2

0
Iscrs
0
Iscra
(0]
Iscrs
0

SCR
currents

r

h

Iscre 4

Phase Iy

currents

<

_ =Iscra—IscRe
0

(=1 1
=IscR1 scna_

= ISCR2 o Iscng

IBJL

- IO
Fig. 8.7.5 : Voltage and current waveforms for inverter mode
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Ex.8.7.1: Derive the expression for the avera

o

soln. : Refer to the Fig. P. 8.7.1. We arc going to consider (he shaded portion of the waveform for

integration. The phase crossover point “A™ will be treated as

of integration and the expression for V.. a reference point o write down the limits
l (/3 + )
The average load voltage = Vv, = - | Vo dot
o
Load

"~ voltage [ Vin(ine)

A

Fig. P. 8.7.1

But  Viy = Vmdine) - sin (ot + n/3)

This is because, the line voltage Vyy leads our reference point “A” by 60° or n/3 radians.

L @3 +o)
J .
. Vde = ; J. Vm (line) SIn (Cﬂt + Trj3) df,l)l
(0

3 Vm (line)

=T [cos (o + /3) — cos (2n/3 + o))
3 Vm(linc)

= e [cos o cos (1/3) — cos (2m/3) cos ]
3 Vlntiinc)

= T |cos u]

T
Vde = 3 m (line) St " (l)
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Control Strategies of Choppers

In DC-DC converters or choppers, the average output voltage is controlled by varying the
alpha (a) value. This is achieved by varying the Duty Cycle of the switching pulses. Duty cycle can

be varied usually in 2 ways:

1. Time Ratio Control

2. Current Limit Control

In this lecture we shall look upon both the ways of varying the duty cycle.

As all of you know that, Duty Cycle is the ratio of ‘On Time’ to ‘Time Period of a

pulse’.

Time Ratio Control:

As the name suggest, here the time ratio (i.e. the duty cycle ratio Ton/T) is varied.

This kind of control can be achieved using 2 ways:

o Pulse Width Modulation (PWM)

o Frequency Modulation Control (FMC)

Pulse Width Modulation (PWM):

In this technique, the time period is kept constant, but the ‘On Time’ or the ‘OFF Time’ is
varied. Using this, the duty cycle ratio can be varied. Since the ON time or the ‘pulse width’ is getting

changed in this method, so it is popularly known as Pulse width modulation.



\/ro N
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Voa

Vv
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Pulse Width Modulation

Frequency Modulation Control (FMC)

In this control method, the ‘Time Period’ is varied while keeping either of ‘On Time’ or ‘OFF
time’ as constant. In this method, since the time period gets changed, so the frequency also changes
accordingly, so this method is known as frequency modulation control.

fe— 1. —e—1.. —>

e i)

€ tC.\' 3 ‘tOFf’

A
e
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Frequency Modulation Control




Current Limit Control:

As is obvious from its name, in this control strategy, a specific limit is applied on the

current variation.

In this method, current is allowed to fluctuate or change only between 2 values i.e.
maximum current (I max) and minimum current (I min). When the current is at minimum value, the
chopper is switched ON. After this instance, the current starts increasing, and when it reaches up to

maximum value, the chopper is switched off allowing the current to fall back to minimum value.

This cycle continues again and again.

Vo Output

[ voltage
v

> 1

» ’I‘ ) [}
1. a .
24 : ; ' Output
| ' J s current
; ' : .
3 ' L]
' ' .
I . ' E Continuous
1
nmn ' : : current
: ' . 5
- 2 a ot

Current Limit Control




Important Note:

In nutshell, we can say that load voltage can be controlled by varying duty cycle only.

As load voltage of the chopper is given by-

Vi =Voe. ()

From the above equation it is clear that the load voltage depends on two factors
1. The supply voltage (Vs)
2. The duty cycle of the chopper (D)
Since the supply voltage is constant, the load voltage is governed by the duty cycle of the chopper.
In other words the load voltage is dependent on two factors TON and TOFF.
So the average load voltage can be controlled by varying the values of the TON and TOFF by above said

methods.

The summary is
In chopper circuits,
The average value of the output voltage Vo can be controlled by opening and closing the

semiconductor switch periodically.
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Frequency Modulation Control (FMC)

In this control method, the ‘Time Period’ is varied while keeping either of ‘On Time’ or ‘OFF
time’ as constant. In this method, since the time period gets changed, so the frequency also changes
accordingly, so this method is known as frequency modulation control.
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Current Limit Control:

As is obvious from its name, in this control strategy, a specific limit is applied on the

current variation.

In this method, current is allowed to fluctuate or change only between 2 values i.e.
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Important Note:

In nutshell, we can say that load voltage can be controlled by varying duty cycle only.

As load voltage of the chopper is given by-
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From the above equation it is clear that the load voltage depends on two factors
1. The supply voltage (Vs)
2. The duty cycle of the chopper (D)
Since the supply voltage is constant, the load voltage is governed by the duty cycle of the chopper.
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So the average load voltage can be controlled by varying the values of the TON and TOFF by above said
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The summary is
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VOLTAGE SOURCE INVERTERS

INTRODUCTION

Inverters are static power converters that produce an AC output
waveform from a DC power supply. They are applied in adjustable AC speed
drives, Uninterruptible Power Supplies (UPS), shunt active power filter, etc. For
sinusoidal AC outputs, the magnitude, frequency, and phase should be
controllable. If a DC input is a voltage source, then the inverter is called a
Voltage Source Inverter (VSI). Similarly in case of a Current Source Inverter
(CSI), the input to the circuit is a current source. The VSI circuit has a capability
of controlling AC output voltage, whereas the CSI directly controls AC output
current. Sketch of output voltage waveforms by an ideal VSI, should be

independent of load connected at the output.

According to a number of phases, inverters are classified into two

types

1. Single Phase Voltage Source Inverter

2. Three Phase Voltage Source Inverter



SINGLE PHASE VOLTAGE SOURCE INVERTER

Single phase inverters are basic inverters which produce a square shape
AC output with a DC input. These inverters have simple on-off control logic
and obviously they operate at much lower frequencies. Due to a capacity of low
power, they are widely used in power supplies and single phase UPS

.They can be divided into two categories.

3. Half bridge Single Phase Voltage Source Inverter
4. Full bridge Single Phase Voltage Source Inverter.

Half Bridge Voltage Source Inverter

Figure 2.1 shows a circuit topology of a Half-Bridge VSI, where two
large capacitors are required to provide a neutral point O, such that each

capacitor maintains a constant voltage (V1=V,=Vq/2). Due to reason that

current harmonics produced by the operation of the inverter are low-order
harmonics, a set of large capacitors ( C, and C, ) are required. In this topology,

it has a single leg with two power switches Q,and Q,. For bidirectional flow

of current, feedback diodes D,and D, are employed in parallel with switches

Q,and Q,.

According to Figure 2.1, it is clear that both switches cannot be ON
simultaneously, because both are directly connected across the DC link source.
If two switches conduct at the same time, a short circuit across the DC link

voltage source V,. would be produced. There are two defined switching states

(States 1 and 2) as shown in Table 2.1. In order to avoid the short circuit

across the DC bus and the undefined AC output voltage condition, the



modulating technique should make sure that at any moment either the top or

the bottom switch of the inverter leg is on.

In a half bridge topology, the input DC voltage is split in two equal

parts (V, and V,)through an ideal and loss-less capacitive potential divider.

The half bridge topology consists of one leg (one pole) of switches whereas
the full bridge topology has two such legs. Each leg of the inverter consists of

two series connected power electronic switches
Q1 and Q; as shown in figure 2.1

Vi QT D1
V.= - ¥
2 ¥
— = 4
Vot 0 A
LOAD
\ ¥ Q2 D2
Vv, = 5T 1_l§ A

Figure 2.1 Circuit topology of half bridge inverter

Each of these switches consists of an IGBT type controlled switch
across which, an uncontrolled diode is put in anti-parallel approach. These
switches are capable of conducting bi-directional current, but they have to
obstruct only one polarity of voltage. In a half bridge topology, the single- phase
load is connected between the mid-point of the input DC supply and the junction

point of the two switches. These points are marked as ‘O’ and ‘A’ respectively.



2.2.1.1 Principle and operation of half bridge inverter

With refer to the Table 2.1, there are two switching states and the

output voltage is obtained or produced on single phase load from either upper

half DC voltage (V/2) or lower half DC voltage. Principle and operation of this

inverter with switching states are discussed below.

State 1

In state 1, upper half dc voltage V1=V /2 and power switch Q1 are in
—t—

conducting mode and remaining components are in non-conducting mode.

\Y

During time period of 0 to T/2, Switch  Q,is on and upper voltage 42& 5

appeared across a load as an output voltage (V,). The path of conduction of

this state is shown in Figure 2.2.

>Io I
K D1

V= % Iy *

2

4 <
Ve 2 LOAD A

Vac

.= 3

Figure 2.2 Operation of the inverter in State 1




State 2

In state 2, lower half DC voltage( V2=V 4./2) and power switch
Q 2 are in conduction mode and remaining components are in non-
conduction mode.

During time T/2 to T lower switch Q, conducts and lower voltage V,
appears across the load as an output voltage Vao

The path of conduction of this state is shown in Figure 2.3.

1_1"( Qf & D1
74 =Vi‘;j §
2
+ 1
Vae — Q LOAD A
- >
& ; Q2 D2
Ve |
V.= 75 1_J§ A
<

Figure 2.3 Operation of the inverter in State 2



Table 2.1 Switching states of half bridge single phase inverter

State Switching State Output Voltage
1 Q, isON and Q,is OFF ;
2 Q, is OFF and Q,is ON _V2dc

Figure 2.4 shows a typical load voltage waveform output by the half
bridge inverter.

Time
-Vl

Figure 2.4 Output voltage waveform of half bridge inverter




2.2.2 Full Bridge Voltage Source Inverter

Figure 2.5 shows the power topology of a full bridge VSI. This

inverter is similar to the half bridge inverter, however a second leg provides

¥ 4
L 1__l§ A 1__I§ A
+__
V= LOAD -
Ve
d —_— 1_| \ t 1_l \ x

Figure 2.5 Circuit diagram of full bridge voltage source inverter

the neutral point to the load. As in the half bridge inverter, both switches Q,

andQ, or Q, andQ, inasingle leg cannot be on simultaneously because a

short circuit across the dc link voltage source V,, would be occurred.



In a full bridge inverter, there are four defined (states 1, 2, 3, and 4)
switching states as shown in Table 2.2. The undefined condition should be
avoided so as to be always capable of defining the AC output voltage. It can be
observed that the AC output voltage can acquire values up to the DC link

value V,, which is twice that obtained with half bridge voltage source inverter

topologies. Output voltage is denoted as V,; taken from the load.



The single-phase full bridge circuit shown in Figure 2.5 is similar to that of two
half bridge circuits sharing the same DC bus. The full bridge

circuit has two pole-voltages (V,, and Vg, ), which are similar to the pole

voltage (V,,) of the half bridge circuit. Both (V,,) and (V) of the full bridge

circuit are square waves but they will have some phase difference. Respective

pole voltages are determined by using Thevenin’s analysis.

State 1

In this state, the power switches Q,and Q,are in conduction mode and

remaining switches are OFF condition. By using Thevenin’s analysis, pole

voltages at ‘A’ and ‘B’ are (V,,and V) measured and the output voltage is

obtained as V,s=Vao—Veo=Vy. The path for conduction of this state is

shown in Figure 2.6.

[ —
¥ oo D1 yFa o
s TR P o
I y
+| ! )
v A LOAD —{ B
Voe L ¥ oz D2 F oo o4
p s = A 1_Ik,\; A

Figure 2.6 Conduction flow of inverter at State 1



State 2

In this state, the power switches Q,and Q, are in conduction mode

and remaining switches are in OFF condition. Pole voltages at ‘A’ and ‘B’ are
measured from the load and the output voltage is determined by

Vag=Vao—Veo= -V, asshown in Table 2.2. Topology of this state is shown

in Figure 2.7.
A I
I o1 # o0 03
Ve |
Vw5 = 1Jl"=\m.‘ * ]—Q &
+
+ S
e A LOAD — B
qa | 9
= Vie | . _ D2 :If Q4 od
V. = ) 1—'{} + 1_1'% A
< b9 |

Figure 2.7 Conduction flow of inverter at State 2

State 3

In this state, the power switches Q,and Qare in conduction mode and

remaining switches are in OFF condition. Voltages at nodes ‘A’ and ‘B’ are
measured and the output voltageV,z; =V, —Vso=0 . Topology of this state is given

in Figure 2.8.
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Figure 2.8 Conduction flow of inverter at State 3

State 4

In this state, the power switches Q,and Q,are in conduction mode

and remaining switches are in OFF condition. Pole voltages at ‘A’ and ‘B’ are
measured and a load voltage is calculated asV,; =V,,—Vgo=0. Topology of this

state is given in Figure 2.9.
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Figure 2.9 Conduction flow of inverter at State 4



Table 2.2 Switching states and output voltage of single phase inverter

o Output voltage
State Switching state
VAO VBO VAB
1 Q,and Q,are ON VSC % Vi
2 Q,and Q,are ON - V;c V;C -V
3 Q,and Q,are ON V;‘"- V; 0
4 Q,and Q,are ON de& %iﬁ 0

Figure 2.10 indicates the representation of two pole voltages and load
voltage wave forms of a full bridge single phase inverter. During the time

period (O to t), switches Q,and Q, are ON, and in which pole voltages are

measured as Vao=Vg/2 and Veo=-Vad/2 . So the
output voltage Vag is shown as below-

=V,

C

Vi o Ve
VAB =V —Veo z?dc—F 2

Similarly, output voltage can be found for next three intervals.
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Figure 2.10 Output voltage waveforms of three phase voltage source

inverter




IMPORTANT NOTE

Single-phase square wave type voltage
source inverter

® produces square shaped output voltage for a single-phase load.
® have very simple control logic

® power switches need to operate at much lower
frequencies compared to switches in some other

types of inverters.

® The first generation inverters, using thyristor switches, were
almost invariably square wave inverters because thyristor switches

could be switched on and off only a few hundred times in a second.

® In contrast, the present day switches like IGBTs are much faster

and used at switching frequencies of several kilohertz.
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