S [wo)ed ]

+ vV - + pressure —

M. B. Patil, IIT Bombay



S [wo)ed ]

+ VvV - + pressure —

* A diode may be thought of as the electrical counterpart of a directional valve (“check valve").

M. B. Patil, IIT Bombay



S [wo)ed ]

+ VvV - + pressure —

* A diode may be thought of as the electrical counterpart of a directional valve (“check valve").

* A check valve presents a small resistance if the pressure p > 0, but blocks the flow (i.e., presents a large
resistance) if p < 0.

M. B. Patil, IIT Bombay



S [wo)ed ]

+ VvV - + pressure —

* A diode may be thought of as the electrical counterpart of a directional valve (“check valve").

* A check valve presents a small resistance if the pressure p > 0, but blocks the flow (i.e., presents a large
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S [wo)ed ]

+ VvV - + pressure —

* A diode may be thought of as the electrical counterpart of a directional valve (“check valve").

* A check valve presents a small resistance if the pressure p > 0, but blocks the flow (i.e., presents a large
resistance) if p < 0.

* Similarly, a diode presents a small resistance in the forward direction and a large resistance in the reverse
direction.

* Note: In a practical diode, the resistance Rp = V//i is a nonlinear function of the applied voltage V.
However, it is often a good approximation to treat it as a constant resistance which is small if V is
positive and large if V is negative.
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Simple models: R/ Rofr model

— — R=Ro if V>0
R=Rs if V<O

M. B. Patil, IIT Bombay



Simple models: R/ Rofr model

R=Ro if V>0
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* Since the resistance is different in the forward and reverse directions, the i — V relationship is not a
straight line.
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Simple models: R/ Rofr model

— — R=Ro if V>0
R=Rs if V<O

* Since the resistance is different in the forward and reverse directions, the i — V relationship is not a
straight line.

* Examples:

10 T T T T

LR =50 4 L Ry =010 4
Roff = 5002 Roff = 1MQ

5 4 3 2 4 0 1 5 4 -3 2 - 0 1
V (Volts) V (Volts)
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Simple models: ideal switch

i i S e———e—+——  Sclosed, V>0
— . _
1%l |
+ v - + v - ——= +—— Sopen, V<0 v
+ VvV -
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Simple models: ideal switch

i
S closed, V >0

——= +——— Sopen, V<0 v
+ Vv -

* Forward bias: i > 0A, V=0V, — S is closed (a perfect contact).
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Simple models: ideal switch

i
S closed, V >0

— —

S open, V<0 v
+ Vv -

* Forward bias: i > 0A, V=0V, — S is closed (a perfect contact).

* Reverse bias: V <0V, i=0A — S is open (a perfect open circuit). The diode is said to “block” the
reverse applied voltage.
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Simple models: ideal switch

i i S e———e—+——  Sclosed, V>0
— . _
1%l |
LV 4+ oV ——= +—— Sopen, V<0 v
+ VvV -

* Forward bias: i > 0A, V=0V, — S is closed (a perfect contact).

* Reverse bias: V <0V, i=0A — S is open (a perfect open circuit). The diode is said to “block” the
reverse applied voltage.

* The actual values of V and i for a diode in a circuit get determined by the i-V relationship of the
diode and the constraints on V and i imposed by the circuit.
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Shockley diode equation
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Shockley diode equation

v
i= s |:exp (V—> — 1:|, where V= kgT/q.
T

kg = Boltzmann's constant = 1.38 x 10723 J/K.
q = electron charge= 1.602 x 10~1° Coul.
+ V- T =temperature in °K.

<Y
|
g

Vr &~ 25 mV at room temperature (27 °C).
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q = electron charge= 1.602 x 10~1° Coul.
+ V- T =temperature in °K.
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Vr &~ 25 mV at room temperature (27 °C).

* |5 is called the “reverse saturation current.”

* For a typical low-power silicon diode, Is is of the order of 10713 A (i.e., 0.1 pA).
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Shockley diode equation

v
i= s |:exp (V—> — 1:|, where V= kgT/q.

=
. . kg = Boltzmann's constant = 1.38 x 10723 J/K.
>t PIn q = electron charge= 1.602 x 10~1° Coul.
+ vV - + V- T =temperature in °K.

Vr &~ 25 mV at room temperature (27 °C).

* |5 is called the “reverse saturation current.”
* For a typical low-power silicon diode, Is is of the order of 10713 A (i.e., 0.1 pA).

* Although Is is very small, it gets multiplied by a large exponential factor, giving a diode current of several
mA for V = 0.7 V in a silicon diode.
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Shockley diode equation

v
i= s |:exp (V—) — 1:|, where V= kgT/q.
T

kg = Boltzmann's constant = 1.38 x 10723 J/K.
q = electron charge= 1.602 x 10~1° Coul.

|

< ¥
|

g

- + V- T =temperature in °K.
Vr &~ 25 mV at room temperature (27 °C).

* |5 is called the “reverse saturation current.”
* For a typical low-power silicon diode, Is is of the order of 10713 A (i.e., 0.1 pA).

* Although Is is very small, it gets multiplied by a large exponential factor, giving a diode current of several
mA for V = 0.7 V in a silicon diode.

* The “turn-on” voltage (Von) of a diode depends on the value of Is. Von may be defined as the voltage at
which the diode starts carrying a substantial forward current (say, a few mA).
For a silicon diode, Vo, =~ 0.7 V.
For LEDs, Von varies from about 1.8V (red) to 3.3V (blue).
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Shockley diode equation

'HN - (o]0} i=1 v 1|, where V = kg T
1% pln I = Is [eXp 7 , where T—B/q.
v v

=
Example: s =1x 10713 A Vy =25 mV.
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Shockley diode equation

=l (7
i=Is |exp v

T

) —1] where V7 = kgT/q.

Example: s =1x 10713 A Vy =25 mV.

— —{e "]
+ vV - + vV

Vv x=V/Vr | & i (Amp)

0.1 3.87 0.479x10% | 0.469x10~ 1
02 | 7.74 0.229x10* | 0.229x10°
0.3 11.6 0.110x10% | 0.110x10~7
0.4 15.5 0.525x107 | 0.525x10°
0.5 19.3 0.251x10° | 0.251x10~*
0.6 23.2 0.120x10 | 0.120x10—2
0.62 | 24.0 0.260x 10 | 0.260x10~2
0.64 | 24.8 0.565x10 | 0.565x10~2
0.66 | 25.5 0.122x10%2 | 0.122x101
0.68 | 26.3 0.265x10™ | 0.265x10~1
0.70 | 27.1 0.575x10' | 0.575x10~!
0.72 | 27.8 0.125x102 | 0.125
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Shockley diode equation

=l (7
i=Is |exp v

T

) —1] where V7 = kgT/q.

Example: s =1x 10713 A Vy =25 mV.

— —{e "]
+ vV - + V-

Vv x=V/Vr | & i (Amp)

0.1 3.87 0.479x10% | 0.469x10~ 1
02 | 7.74 0.229x10* | 0.229x10°
0.3 11.6 0.110x10% | 0.110x10~7
0.4 15.5 0.525x107 | 0.525x10°
0.5 19.3 0.251x10° | 0.251x10~*
0.6 23.2 0.120x10 | 0.120x10—2
0.62 | 24.0 0.260x 10 | 0.260x10~2
0.64 | 24.8 0.565x10 | 0.565x10~2
0.66 | 25.5 0.122x10%2 | 0.122x101
0.68 | 26.3 0.265x10™ | 0.265x10~1
0.70 | 27.1 0.575x10' | 0.575x10~!
0.72 | 27.8 0.125x102 | 0.125

10°
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Diode circuit model

100

80 |-

i
Z 60} . Von| Ron
t i Vo Ve —HWA—
= 0l I\ —D— LV
slope =1/Ron TV V<V, —e ——
20 actuaI\
model
0 Il Il L
0 0.2 0.4 0.6 \ 0.8
V (Volts) Ve,

*

In many circuits, Ron can be neglected (assumed to be 0£2) since it is much smaller than the other

resistances in the circuit. In that case, the diode in forward conduction can be replaced with simply a
battery.

M. B. Patil, IIT Bombay



Diode circuit model

100
80 -
i
T 60F . Vou; Ron
3 L Vo Ve —w—
= 0l I\ —D— LV
slope =1/Rq, TV V<V, —e —
20 L actuaI\
model
0 Il Il L
0 0.2 0.4 0.6 \ 0.8
V (Volts) Ve,

* In many circuits, Ron can be neglected (assumed to be 0%2) since it is much smaller than the other
resistances in the circuit. In that case, the diode in forward conduction can be replaced with simply a
battery.

* Note that the “battery” shown in the above model is not a “source” of power! It can only absorb power
(see the direction of the current), causing heat dissipation.
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Diode circuit analysis

* |n DC situations, for each diode in the circuit, we need to establish whether it is on or off, replace it with
the corresponding equivalent circuit, and then obtain the quantities of interest.
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Diode circuit analysis

* |n DC situations, for each diode in the circuit, we need to establish whether it is on or off, replace it with
the corresponding equivalent circuit, and then obtain the quantities of interest.

* In transient analysis, we need to find the time points at which a diode turns on or off, and analyse the
circuit in intervals between these time points.
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Diode circuit analysis

* |n DC situations, for each diode in the circuit, we need to establish whether it is on or off, replace it with
the corresponding equivalent circuit, and then obtain the quantities of interest.

* In transient analysis, we need to find the time points at which a diode turns on or off, and analyse the
circuit in intervals between these time points.

* In some diode circuits, the exponential nature of the diode |-V relationship (the Shockley model) is made
use of. For these circuits, computation is usually difficult, and computer simulation may be required to
solve the resulting non-linear equations.
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Diode circuit example

6k A B
. |
R: D i=? e
36V R Rs
3k 1k
Vb
0.7V
C
Case 1: D is off.
6k A B
Ry i
R, R3
36V 3k 1k




Diode circuit example

6k A B
|
R b i=? e
R, R3
36V 3k 1k
V
o7v "
C
Case 1: D is off.
6k A B
R, i
R, R3
36V 3k 1k
o}
3
VAB:VAc:§><36:12V,

which is not consistent with our
assumption of D being off.
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6k A B
. |
R: D i=? e
R, Rs
36V 3k 1k
\Y
o7v "
C
Case 1: D is off.
6k A B
Ry i
R, R3
36V 3k 1k
C
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VAB:VAC:§><36:12V,
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assumption of D being off.

— D must be on.



Diode circuit example

6k A B
|
Ry D i=? °
R, R3
36V 3k 1k
\Y
o7v "
C
Case 1: D is off. Case 2: Dis on.
6k A B 6k A 0.7V B
Ry i R, i
R, R3 R, R3
eV 3k 1k 36V 3k 1k
c C

VAB:VAc:gX36:12V,

which is not consistent with our
assumption of D being off.

— D must be on.



Diode circuit example

6k A B
. |
R D i=? o
R, R3
sV 3k 1k
V
orv °
C
Case 1: D is off. Case 2: Dis on.
6k A B 6k A 07v B
R; i R i
R, R3 R, R3
eV 3k 1k v 3k 1k
C C
3
VAB:VAC:§><36:12V, Taking Ve =0V,
which is not consistent with our Va—36 Va Va—-07
assumption of D being off. 6 k 3k 1k 0,

— D must be on. — VAo =447V, i=377 mA.



Diode circuit example

6k A B
) |
R: D i=? e
R, R3
36V 3k 1k
V
orv °
C
Case 1: D is off. Case 2: Dis on.
6k A B 6k A 0.7V B
R1 i R: i
R, R3 R, R3
36V 3k 1k 36V 3k 1k
C C
3
VAB:VAC:§><36:12V, Taking Ve =0V,
which is not consistent with our Va—36 Va Va—-07
assumption of D being off. 6 k 3k 1k 0,
— D must be on. — VAo =447V, i=377 mA.

Remark: Often, we can figure out by inspection if a diode is on or off.
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Diode circuit example

0.5k

0.7V

(a) Plot V, versus V; for =5V < V; <5 V.

Vo

(b) Plot V,(t) for a triangular input:

—5Vto 45V, 500 Hz.
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Diode circuit example

Vo

\2 1V V, 0.7V

Ro

0.5k

Ry (a) Plot V, versus V; for =5V < V; <5 V.
1.5k . .
. i» (b) Plot V,(t) for a triangular input:

- T - —5V to +5 V, 500 Hz.

First, let us show that D; on = D, off, and Dy on = D; off.
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Diode circuit example

0.5k

v
07V °

(a) Plot V, versus V; for =5V < V; <5 V.

(b) Plot V,(t) for a triangular input:
-5V to +5V, 500 Hz.

First, let us show that D; on = D, off, and Dy on = D; off.

Consider D; to be on — Vg =07+ 1+ 1Ry .
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Diode circuit example

Vo

\2 1V V, 0.7V

Ro

0.5k

Ry (a) Plot V, versus V; for =5V < V; <5 V.
1.5k . .
. i» (b) Plot V,(t) for a triangular input:

- T - —5V to +5 V, 500 Hz.

First, let us show that D; on = D, off, and Dy on = D; off.
Consider D; to be on — Vg =07+ 1+ 1Ry .
Note that /7 > 0, since D; can only conduct in the forward direction.

= Vg > 1.7 V = D, cannot conduct.
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Diode circuit example

Vo

\2 1V V, 0.7V

Ro

0.5k

Ry (a) Plot V, versus V; for =5V < V; <5 V.
1.5k . .
. i» (b) Plot V,(t) for a triangular input:
- T - —5V to +5 V, 500 Hz.
B

First, let us show that D; on = D, off, and Dy on = D; off.

Consider D; to be on — Vg =07+ 1+ 1Ry .

Note that /7 > 0, since D; can only conduct in the forward direction.

= Vg > 1.7 V = D, cannot conduct.

Similarly, if Dy is on, Vgaq > 0.7 V, i.e., Vag < —0.7 V = D; cannot conduct.
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Diode circuit example

Vo

\2 1V V, 0.7V

Ro

0.5k

Ry (a) Plot V, versus V; for =5V < V; <5 V.
1.5k . .
. i» (b) Plot V,(t) for a triangular input:
- T - —5V to +5 V, 500 Hz.
B

First, let us show that D; on = D, off, and Dy on = D; off.

Consider D; to be on — Vg =07+ 1+ 1Ry .

Note that /7 > 0, since D; can only conduct in the forward direction.

= Vg > 1.7 V = D, cannot conduct.

Similarly, if Dy is on, Vgaq > 0.7 V, i.e., Vag < —0.7 V = D; cannot conduct.

Clearly, D1 on = D, off, and D, on = D; off.
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Diode circuit example

R R
A A
MW 1 4%A%Y% 1
+ JS + + ! JS +
¥ D, D, D D,
¥
V; Orv Vo v, T Vo
Ra Ra
Ry R1
. ig iz
—_ ! 5} —_ —_ [ —_
B B
D, on: D, on:
Vi=iy(R+Ry)+1+07 i(R+Ry) +07+V, =0

Since i > 0, Vi=—[07+i2(R+Ry)]



Diode circuit example

R R
A A
A ' A '
+ JS + + ! JS +
¥ Dy D> D D,
+
V, Orv v, v v v,
R2 R2
Ry R1
. ig iz
—_ ! 1 —_ — [ —
B B
D, on: D, on:
Vi=ii(R+Ry)+1+0.7 i2(R+Ry) +0.7+V,=0
Since i > 0, Vi=—[07+i2(R+Ry)]

Since iy > 0,



Diode circuit example

R R
A A
A ' A '
+ JS + + ! JS +
¥ Dy D> D D,
+
V, Orv v, v v v,
R2 R2
Ry R1
. ig iz
—_ ! 1 —_ — [ —
B B
D, on: D, on:
Vi=ii(R+Ry)+1+0.7 i2(R+Ry) +0.7+V,=0
Since i > 0, Vi=—[07+i2(R+Ry)]

Since iy > 0,

For —0.7V < V; < 1.7V, neither D; nor D, can conduct.
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* For —0.7 V < V; < 1.7 V, both D; and D, are off.
— no drop across R, and V, = V. (1)
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* For —0.7 V < V; < 1.7 V, both D; and D, are off.
— no drop across R, and V, = V;.

®

v, 1V v,
sk
0.5k
Ry
1.5k .
12
— i1 —
B
VOT
5 T T T T T
r Djpoff D1 off Dy on
r Dpon Dy off Dy off
L |
0
L
5 . .
-5 }o 5 v,
-0.7 1.7
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* For —0.7 V < V; < 1.7 V, both D; and D, are off.
— no drop across R, and V, = V. (1)

* For V; < —0.7 V, D, conducts. — V, = —0.7 — bR, .
Use KVL to get ir: Vi + R + 0.7 + R = 0.

. Vi +0.7
— ip = ——  , and
R+ R
R
Vo= 07— Rih= — 2V, 0.7 . (2)
R+ R R+ Ry
dV, R 0.5k 1

Slope = =" -
dV; R+R, 1k+05k 3

v, 1v v,
sk
0.5k
Ry
1.5k :
12
— i1 —
B
VOT
5 T T T
r Djpoff D1 off Dy on
r Dpon Dy off Dy off
L L
0
/ 4
-5l ‘ —
-5 }o 5V
-0.7 1.7
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* For —0.7 V < V; < 1.7 V, both D; and D, are off.
— no drop across R, and V, = V. (1)

* For V; < —0.7 V, D, conducts. — V, = —0.7 — bR, .
Use KVL to get ir: Vi + R + 0.7 + R = 0.

. Vi +0.7
— ip = ——  , and
R+ R
R
Vo= 07— Roip= — 2V, — . )
R+ Ry R+ R,
dV, R 0.5k 1

Slope

dV; R+R 1kt05k 3°
* For V; > 1.7 V, D; conducts. — V, =0.7+1+ iR;.
Use KVL to get ii: —V; + iR+ 0.7 + 1+ iRy = 0.

Vi — 1.7

%ilzi,and
R+ Ry
Vo= 174 Rih= v 4170 (3)
O R
dv, Ry 1.5k 3
Slope = he

dVi R+R  1kt15k 5

v, 1v v,
sk
0.5k
Ry
1.5k :
12
— i1 —
B
VOT
5 T T T T T
r Djpoff D1 off Dy on
r Dpon Dy off Dy off
L L
0
/ 4
5L ‘ —
-5 }o 5V
-0.7 1.7
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* For —0.7 V < V; < 1.7 V, both D; and D, are off.
— no drop across R, and V, = V. (1)

* For V; < —0.7 V, D, conducts. — V, = —0.7 — bR, .
Use KVL to get ir: Vi + R + 0.7 + R = 0.

. Vi +0.7
— ip = ——  , and
R+ R
R
Vo= 07— Rih= — 2V, 0.7 . (2)
R+ R R+ Ry
dV, R 0.5k 1

Slope

dV; R+R 1kt05k 3°

* For V; > 1.7 V, D; conducts. — V, =0.7+1+ iR;.
Use KVL to get ii: —V; +i1R+0.7+1+ iR =0.

i Vi —1.7
— i = — , and
R+ Ry
Vo= 174 Rih= v 4170 (3)
O R
dv, Ry 1.5k
Slope —_— =

3

dV;  R+R 1lk+15k 5°
* Using Egs. (1)-(3), we plot V, versus V;.
(SEQUEL file: ee101_diode_circuit_1.sqproj)

1V v,
sk
0.5k
Ry
1.5k :
12
— i1 —
B
5 I — T T T
r Djpoff D1 off Dy on
r Dpon Dy off Dy off
L L
/ 4
5L ‘ —
-5 }o 5V
-0.7 1.7
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Point-by-point construction of
V, versus t:

Two time points, t; and tp,
are shown as examples.

VeT 5 VOT 5
L Djoff Dy off Dyon 1
- Dyon D5 off D5 off A
0 / 0
-5 — = 5 I
-5 0 5 Vv t 1t
-5 0 5 0 1
o T — o T
Vi
ol
o
P 1
El El
2 I
@ @
R3 o

t (msec)

t (msec)

M. B. Patil, IIT Bombay



Diode circuit example

D
_D'_
1k
ANV Io
+ Ry +
Vi Ro v,

v,
o7v P

Plot V, versus V; for =5V < V; <5V.



Diode circuit example

D
0.7V
— _@_
1k
A I AM
+ Ry + + Ri +
Vi Ro A Vi Reg Vo
0.5 k
\Y
orv °
Don

Plot V, versus V; for =5V < V; <5V. Vo=V;—07



Diode circuit example

07V +Vo —
— _@_
1k
A I A —y
+ Ry -+ + Ry + + Ry +
V; Ra V, V; Ry Vo Vi Rz Vo
0.5 k
\Y
orv °

Don D off

Plot V, versus V; for =5V < V; <5V. Vo=V,—07 R»

° " Ri+R,

M. B. Patil, IIT Bombay



Diode circuit example

07V +Vo —
— _@_
1k
A I A —y
+ Ry -+ + Ry + + Ry +
V; Ra V, V; Ry Vo Vi Rz Vo
0.5 k
\Y
orv °

Don D off

Plot V, versus V; for =5V < V; <5V. Vo=V,—07 R»

° " Ri+R,

At what value of V; will the diode turn on?
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Diode circuit example

07V +Vo —
— _@_
1k
A I A —y
+ Ry -+ + Ry + + Ry +
V; Ra V, V; Ry Vo Vi Rz Vo
0.5 k
\Y
orv °

Don D off

Plot V, versus V; for =5V < V; <5V. Vo=V,—07 R»

° " Ri+R,

At what value of V; will the diode turn on?
Ry

In the off state, Vp = ———
Ri+ R

i-
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Diode circuit example

D 0.7V +Vo —
A —YY 7
1k
A I A AA
4 Ry + —+ R1 + -+ Ry +
Vi Ra A v Ro A vV Ra A
05k
vV
o7v P
Don D off
Plot V, versus V; for =5 V < V; < 5 V. Vo=V, =07 __ R
° " Ri+Ry

At what value of V; will the diode turn on?
R:

_ 1y

R+ R

As V; increases, Vp increases.

For D to turn on, we need Vp = 0.7 V.

Ri+ R
Ry

In the off state, Vp =

ie, Vi= x 0.7 =1.05 V.

M. B. Patil, IIT Bombay



Diode circuit example

D 07V +Vo —
— _@_
1k
A I A AM
+ Ry + + Ry + + Ry +
Vi Ro v, Vi Ro Vo Vi R A
0.5 k
Vi
orv °
Don D off
Plot V, versus V; for =5V < V; <5V. V,=V,—07 v, = R, :
Ri +R>

At what value of V; will the diode turn on?
Ry
R+ R
As V; increases, Vp increases.
For D to turn on, we need Vp = 0.7 V.
R+ Ry
Ry
(SEQUEL file: ee101_diode_circuit_2.sqproj)

In the off state, Vp =

i-

ie, Vi= x 0.7 =1.05 V.
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Diode circuit example

D 07V +Vo —
— _@_
1k
A I AM A
+ Ri + + Ri + + Ri +
Vi Ro v, Vi Ro Vo Vi R» A
0.5 k
\Y
orv °
Don D off
Plot V, versus V; for =5V < V; <5V. V,=V,—07 - R, :
Ri+R, '
VOT 5
At what value of V; will the diode turn on? F
R1 r B
In the off state, Vp = ————— V. L i
R+ R

As V; increases, Vp increases.

0 |- -
For D to turn on, we need Vp = 0.7 V. / 1
Ri+ R

ie, Vi= R x 0.7 =1.05 V. : D off Donl |

(SEQUEL file: ee101_diode_circuit_2.sqproj) L 1
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Diode circuit example

1V Plot V, versus V; (Ref: Sedra/Smith).
Ip

1k

D:

NaY
o0 0.7
A D,

R
D 2
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Diode circuit example

1V Plot V, versus V; (Ref: Sedra/Smith).

|
1k P

D1

V|
Vi —AM—V, D
o0 0.7V

A D,

It is easier to find the status (on/off) of each diode w.r.t. V.

R
D 2
321k
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Diode circuit example

1V Plot V, versus V; (Ref: Sedra/Smith).

|
1k P

D1

V|
Vi —AM—V, D
o0 0.7V
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2 It is easier to find the status (on/off) of each diode w.r.t. V.

R
D 2
321k
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Diode circuit example

1V Plot V, versus V; (Ref: Sedra/Smith).

|
1k P

D1
Vv
Vi—WWAN—V, p
o0 0.7V
A D; L , .
It is easier to find the status (on/off) of each diode w.r.t. V.

1k D; on

e S | 0 1 2 Vo
—ov




Diode circuit example

1V Plot V, versus V; (Ref: Sedra/Smith).
Ry I
1k P
D1
R
Vv
Vi—WWAN—V, p
o0 0.7V
LD, L , .
It is easier to find the status (on/off) of each diode w.r.t. V.
R
D 2
3 1k EnQ D1 on
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-4 -3 2 -1 0 1 2 Ve
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Diode circuit example

1V Plot V, versus V; (Ref: Sedra/Smith).
Ry I
1k P
D1
R
Vv
Vi—WA—V, b
o0 0.7V
D, o ' .
It is easier to find the status (on/off) of each diode w.r.t. V.
Ds 1Rf< D, and D3 on | D D; on
f 0? f f f f f
4 -3 2 1 0 1 2 Ve
-2V
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2V

D, and Dz on | D, D; on
on
: : : : : : :
4 -3 2 1 0 1 2 Ve



2V

D2 and D3 on D2 D1 on
on
} } } } } } }
B S | 0 1 2 Ve

When D; just starts conducting,

V,=17V,i~0—V,=17V



2V

D2 and D3 on D2 D1 on
on
} } } } } } }
4 3 2 1 0 1 2 Ve
When D; just starts conducting,
Vo=17V,ix=0—V,=17V
Vi — 1.7

For Vi > 1.7V, V, =17+ (

R+ Ry

)



2V

D2 and D3 on DQ D1 on
on
} } } } } } }
4 3 2 1 0 1 2 Ve
When D; just starts conducting,
Vo=17V,ix=0—V,=17V
Vi — 1.7

For Vi > 1.7V, V, =17+ (
dV, R 1

R+ Ry

Slope = R R, 4

dVv;

)



2V

D2 and D3 on DQ D1 on
on
} } } } } } }
B S | 0 1 2 Ve

When D; just starts conducting,
Vo=17V,ix~0—V,=17V

V- 17
For Vi > 1.7V, V, =17+ < RTR, ) R:
dV, R 1

S| = =

PEN, TRIR, 4
47"""!“““"‘!“'\"‘1"‘7
20 /

5 L ]

2 ]

2of :

< L D;on ]
oL _
_41\1\1\\\\\www\w‘wlww‘\lwwl ]
8 4 0 4 8

V; (Volts)
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-2V

D, and D3 on D, D; on
on
: : : : : : :
4 -3 2 1 0 1 2 Ve



-2V

D2 and D3 on D2 D1 on
on
} } } } } } }
B S | 0 1 2 Ve

When D, just starts conducting,
Vo=—-27V,ix0—V,=-27V



-2V

D2 and D3 on D2 D1 on
on
} } } } } } }
B S | 0 1 2 Ve

When D, just starts conducting,
Vo=—-27V,ix0—V,=-27V

—2.7-V,
For Vi < =27V, V,=V;+ | ———5—|R
R+R2



-2V

D2 and D3 on DQ D1 on
on
} } } } } } }
B S | 0 1 2 Ve

When D, just starts conducting,

Vo= —27V,im0 V=27V

For Vi < =27V, Vo =V + (

R

dV,
Slope IV 1

"R+R, R+R,

—2.7-V,

R+R2
Ro

1
T4

)



-2V

D2 and D3 on DQ D1 on
on
} } } } } } }
B S | 0 1 2 Ve

When D, just starts conducting,
Vo=—-27V,ix0—V,=-27V

—2.7-V,
For Vi < =27V, Vo, =V, + <7> R

R+R;

dV, R R» 1

Sl Sl ——— = =-

P v, R+R, R+R, 4
47"'\"‘!“'\"‘\"‘\“'\Hw""
o /
z L ]
2ol ]
N 7 D, on Dion i
oL ]
5 / i

_4‘ P IR BT U B R | 1
8 4 0 4 8

V; (Volts)
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-2V

D, and D3 on D, D; on
on
: : : : : : :
4 -3 2 1 0 1 2 Ve



-2V

-2 -1 0 1 2

D2 and D3 on DQ D1 on
on
: : : :
-4 -3

When Dj just starts conducting,
(=27-V)

R
2TRER,



-2V

-2 -1 0 1 2

D2 and D3 on DQ D1 on
on
f f f f
—4 -3
When Dj just starts conducting,

(=27-V))

R
2TRER,

Vo=-2-07-07=-34V



-2V

-2 -1 0 1 2

D2 and D3 on DQ D1 on
on
f f f f
—4 -3
When Dj just starts conducting,

(=27-V))

R
2TRER,

Vo=-2-07-07=-34V

For V; < =55V, V, = —3.4V (constant)



-2V

D2 and D3 on DQ D1 on
on
f f f f
—4 -3 -2 -1 0 1 2
When Dj just starts conducting,
(=27-V)

R
2TRER,

Vo=-2-07-07=-34V
For V; < =55V, V, = —3.4V (constant)

47"' R I I A I I
o /
z L 1
S
2 of ]
2 [Daon|Dyon Dion ]
tD3on
oL i
_41\\ PRI PRI B IR BRI B
-8 -4 0 4 8



-2V

SEQUEL file:
eel01 diode_circuit_12.sqproj

B S | 0 1 2 Ve

1V
I D2 and D3 on DQ D1 on
§ R on

1 : : ' '
\ —4 -3

When Dj just starts conducting,
(=27-V)

R
2TRER,

Vo=-2-07-07=-34V
For V; < =55V, V, = —3.4V (constant)

47"' R I I A I I
o //////i
z L 1
S
2 of ]
=2 [Daon|Dyon D;on ]
tD3on
oL i
— P PRI | 1
-8 -4 0 4 8
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Reverse breakdown

40
o
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z
E
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V (Volts)
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Reverse breakdown

40
i—I>I—

20 + v —
<
£
T o
_20 Il Il Il Il Il Il

-6 -5 -4 -3 -2 -1 0 1

V (Volts)

* In the reverse direction, an ideal diode presents a large resistance for any applied voltage.
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Reverse breakdown

40
o
200+ v - i
z
E
=0 |
_20 | | | | | |
6 5 4 -3 -2 -1 0 1

V (Volts)

* In the reverse direction, an ideal diode presents a large resistance for any applied voltage.

* A real diode cannot withstand indefinitely large reverse voltages and “breaks down” at a certain voltage
called the “breakdown voltage” (VgRr).
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Reverse breakdown

40
o

200+ v - i
z
E
=0 |
_20 | | | | | |

6 5 4 -3 -2 -1 0 1

V (Volts)

* In the reverse direction, an ideal diode presents a large resistance for any applied voltage.

* A real diode cannot withstand indefinitely large reverse voltages and “breaks down” at a certain voltage
called the “breakdown voltage” (VgRr).

* When the reverse bias Vg > Vgr (i.e., V < —VpgR), the diode allows a large amount of current. If the
current is not constrained by the external circuit, the diode would get damaged.

M. B. Patil, IIT Bombay



Reverse breakdown

40
_i._DI_
00+ v — 7 :
2
£
=l |
Symbol for a Zener diode
-20 L I I I I I
-6 -5 -4 -3 -2 -1 0 1
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Reverse breakdown

40

20*+V,

ol
Symbol for a Zener diode

i (MA)

V (Volts)

* A wide variety of diodes is available, with Vgr ranging from a few Volts to a few thousand Volts!
Generally, higher the breakdown voltage, higher is the cost.
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Reverse breakdown

40

20*+V,

Symbol for a Zener diode

i (MA)

V (Volts)

* A wide variety of diodes is available, with Vgr ranging from a few Volts to a few thousand Volts!
Generally, higher the breakdown voltage, higher is the cost.

* Diodes with high Vgr are generally used in power electronics applications and are therefore also designed
to carry a large forward current (tens or hundreds of Amps).
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Reverse breakdown

40

20 + Vv —
2
E j

Symbol for a Zener diode

V (Volts)

* A wide variety of diodes is available, with Vgr ranging from a few Volts to a few thousand Volts!
Generally, higher the breakdown voltage, higher is the cost.

* Diodes with high Vgr are generally used in power electronics applications and are therefore also designed
to carry a large forward current (tens or hundreds of Amps).

* Typically, circuits are designed so that the reverse bias across any diode is less than the Vg rating for that
diode.
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Reverse breakdown

40

20 + Vv —
&\
E j

Symbol for a Zener diode

V (Volts)

* A wide variety of diodes is available, with Vgr ranging from a few Volts to a few thousand Volts!
Generally, higher the breakdown voltage, higher is the cost.
* Diodes with high Vgr are generally used in power electronics applications and are therefore also designed
to carry a large forward current (tens or hundreds of Amps).
* Typically, circuits are designed so that the reverse bias across any diode is less than the Vg rating for that
diode.
* “Zener" diodes typically have Vgr of a few Volts, which is denoted by V7. They are often used to limit
the voltage swing in electronic circuits.
M. B. Patil, IIT Bombay



Two Zener diodes connected “back-to-back”

i1 (or i)
FVi— - Vot
1Dy Dy 2 —Vy
—Df 33—
[ v _ Von Vi (or V)
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Two Zener diodes connected “back-to-back”

i1 (or i)
FVi— - Vot
1Dy Dy 2 —Vy
—Df 33—
[ v _ Von Vi (or V)

* [ >0 — D; in forward conduction, D, in reverse conduction
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Two Zener diodes connected “back-to-back”

i1 (or i)
FVi— - Vot
1Dy Dy 2 —Vy
—Df 33—
[ v _ Von Vi (or V)

* [ >0 — D; in forward conduction, D, in reverse conduction
— Vi=Von, Vo=—V7.
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Two Zener diodes connected “back-to-back”

i1 (or i)

FVi— = Vot
1Dy Dy 2 —Vy

—

[ v _ Von Vi (or V)

* [ >0 — D; in forward conduction, D, in reverse conduction
— V1 = Von, VQ = —Vz.
Total voltage drop V=V; — Vo= Von + V7.
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Two Zener diodes connected “back-to-back”

i1 (or i)

FVi— = Vot
1Dy Dy 2 —Vy

—

[ v _ Von Vi (or V)

* [ >0 — D; in forward conduction, D, in reverse conduction
— V1 = Von, VQ = —Vz.
Total voltage drop V=V; — Vo= Von + V7.
Example: Von=0.7V, V=5V — V =57V.
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Two Zener diodes connected “back-to-back”

i1 (or i)

FVi— = Vot
1Dy Dy 2 —Vy

—

[ v _ Von Vi (or V)

* [ >0 — D; in forward conduction, D, in reverse conduction
— V1 = Von, VQ = —Vz.
Total voltage drop V=V; — Vo= Von + V7.
Example: Von=0.7V, V=5V — V =57V.

* [ < 0 — D in reverse conduction, D; in forward conduction
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Two Zener diodes connected “back-to-back”

i1 (or i)

FVi— = Vot
1Dy Dy 2 —Vy
—
[ v _ Von Vi (or V)

* [ >0 — D; in forward conduction, D, in reverse conduction
— V1 = Von, VQ = —Vz.
Total voltage drop V=V; — Vo= Von + V7.
Example: Von=0.7V, V=5V — V =57V.

* [ < 0 — D in reverse conduction, D; in forward conduction
— V1:—Vz, V2: Von-
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Two Zener diodes connected “back-to-back”

i1 (or i)

FVi— = Vot
1Dy Dy 2 —Vy
—
[ v _ Von Vi (or V)

* [ >0 — D; in forward conduction, D, in reverse conduction
— V1 = Von, VQ = —Vz.
Total voltage drop V=V; — Vo= Von + V7.
Example: Von=0.7V, V=5V — V =57V.
* [ < 0 — D in reverse conduction, D; in forward conduction
— V1:—Vz, V2: Von-
Total voltage drop V=V; — Vo =—V7 — Voo =—(Vz + Von) =—5.7V.
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Two Zener diodes connected “back-to-back”

i1 (or i)
FVi— - Vot
1Dy Dy 2 —Vy
—Df 33—
[ v _ Von Vi (or V)

* [ >0 — D; in forward conduction, D, in reverse conduction

— V1 = Von, VQ = —Vz.

Total voltage drop V=V; — Vo= Von + V7.

Example: Von=0.7V, V=5V — V =57V.
* [ < 0 — D in reverse conduction, D; in forward conduction

— V1:—Vz, V2: Von-

Total voltage drop V=V; — Vo =—V7z — Vo =—(Vz + Von)=—-5.7V.
* For —(Vz 4+ Von) < V < (Vz 4+ Von), conduction is not possible — i =0.
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Two Zener diodes connected “back-to-back”

i1 (or i)
FVi— - Vot
1Dy Dy 2 —Vy
—Df 33—
[ v _ Von Vi (or V)

* [ >0 — D; in forward conduction, D, in reverse conduction

— V1 = Von, VQ = —Vz.

Total voltage drop V=V; — Vo= Von + V7.

Example: Von=0.7V, V=5V — V =57V.
* [ < 0 — D in reverse conduction, D; in forward conduction

— V1:—Vz, V2: Von-

Total voltage drop V=V; — Vo =—V7z — Vo =—(Vz + Von)=—-5.7V.
* For —(Vz 4+ Von) < V < (Vz 4+ Von), conduction is not possible — i =0.

i
—(Vz+ Vaon)

(Vz 4 Von)
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Diode circuit example (voltage limiter)

R

N

+ 1k .+
D, Y

D, Y

Von =07V, Vz=5V.

Plot V, versus V;.



Diode circuit example (voltage limiter)

R
MW
+ 1k ji +
1
Dl /SZ/ 7(VZ + Von) ‘
Vi Vo v
t Vo
D2 ZS\ ‘ (VZ + Von)

Von =07V, Vz=5V.

Plot V, versus V;.



Diode circuit example (voltage limiter)

R

N

+ 1k .+
D, Y

—(Vz+ Von) ‘

t Ve
D, >

Von =07V, Vz=5V.

Plot V, versus V;.

* For —5.7V < V; < 5.7V, no conduction is possible — V, =V;.



Diode circuit example (voltage limiter)

R
MW

+ 1k .+

0. ¥ ~(Vz + Vo) ‘

D, Y

Von =07V, Vz=5V.

Plot V, versus V;.

* For —5.7V < V; < 5.7V, no conduction is possible — V, =V;.

4+

-8

4



Diode circuit example (voltage limiter)

R 8
AV
+ 1k ji + _ r 5
i
D1 /SZ/ 7(VZ + Von) ‘ 4 - -
Vi Vo i V, i
T VO 0 - -
D2 ZS\ (VZ + Von)
_ _ b |
Vor = 0.7V, V7 =5 V. i |
-8 I I I
Plot V, versus V;. -8 -4 0 4 8 V,

* For —5.7V < V; < 5.7V, no conduction is possible — V, =V;.

* For V; > 5.7V, Dy is forward-biased, D is reverse-biased, and V, =(Von + V7). The excess voltage
(Vi = (Von + V7)) drops across R.



Diode circuit example (voltage limiter)

R 8
AV
+ 1k ji + _ r s
i
D1 /SZ/ 7(VZ + Von) ‘ 4 - -
Vi Vo i V, i
T VO 0 - -
D2 ZS\ (VZ + Von)
_ _ b |
Vor = 0.7V, V7 =5 V. i |
-8 I I I
Plot V, versus V;. -8 -4 0 4 8 V,

* For —5.7V < V; < 5.7V, no conduction is possible — V, =V;.

* For V; > 5.7V, Dy is forward-biased, D is reverse-biased, and V, =(Von + V7). The excess voltage
(Vi = (Von + V7)) drops across R.



Diode circuit example (voltage limiter)

R 8
AV
+ 1k ji + _ r s
i
D1 /SZ/ 7(VZ + Von) ‘ 4 - -
Vi Vo i V, i
T VO 0 - -
D2 ZS\ (VZ + Von)
_ _ b |
Vor = 0.7V, V7 =5 V. i |
-8 I I I
Plot V, versus V;. -8 -4 0 4 8 V,

* For —5.7V < V; < 5.7V, no conduction is possible — V, =V;.

* For V; > 5.7V, Dy is forward-biased, D is reverse-biased, and V, =(Von + V7). The excess voltage
(Vi = (Von + V7)) drops across R.

* For V; < —=5.7V, D, is forward-biased, D is reverse-biased, and V, =—(Von + Vz). The excess voltage
(=V; — (Von + Vz)) drops across R.



Diode circuit example (voltage limiter)

R 8
AV
1k ji + _ r s
i
D, ,SZ/ 7(VZ + Von) ‘ 4 -
Vo i V, )
T VO 0 - -
D2 ZS\ (VZ + Von)
_ i |
Vor = 0.7V, V7 =5 V. i |
-8 I I I
Plot V, versus V;. -8 -4 0 4 8 V,

* For —5.7V < V; < 5.7V, no conduction is possible — V, =V;.

* For V; > 5.7V, Dy is forward-biased, D is reverse-biased, and V, =(Von + V7). The excess voltage
(Vi = (Von + V7)) drops across R.

* For V; < —=5.7V, D, is forward-biased, D is reverse-biased, and V, =—(Von + Vz). The excess voltage
(=V; — (Von + Vz)) drops across R.
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Peak detector (with Von =0V)

i V (0)=0V
Von =0V
Ron — 02

VD RoffA)OOSZ

10 15 20 25
time (msec)




Peak detector (with Von =0V)

+VD*
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time (msec)



Peak detector (with Von =0V)

+VD*

i V (0)=0V
Von =0V
Ron — 02

VD RoffA)OOSZ

+ v, >V,
Vs CVe ~_Rr,C
Roff
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Ve CF Ve roRuC
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= 0 5 10 15 20 25
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Peak detector (with Von =0V)

Roff

+
C=— V.
+
C—— V.

Ve > V.
7=RnC

Vs < Ve
T= Rofrc

Vb

V(0)=0V
Von =0V
Ron — 02
Rofr — 00 €
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Peak detector (with Von =0V)

+VD*

i V (0)=0V
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Peak detector (with Von =0V)

+VD*

i V (0)=0V
Von =0V
Ron — 02

VD RoffA)OOSZ

+ v, >V,
Vs CVe ~_Rr,C
Roff
- TV, < Ve
Ve CF Ve roRuC
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Peak detector (with Von =0V)

+VD*

i V (0)=0V
Von =0V
Ron — 02

VD RoffA)OOSZ

+ v, >V
v, C=Ve g ¢
Roff
- Vi< Ve
Ve CF Ve roRuC
| | | | |
— 0 5 10 15 20 25
time (msec)

SEQUEL file: ee101_peak detector_1.sqproj
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Peak detector (with Von =0.7 V)

i Ve(0)=0V
Von=0.7V
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Peak detector (with Von =0.7 V)

ip V (0)=0V
Von=0.7V
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Peak detector (with Von =0.7 V)

ip V (0)=0V
Von=0.7V
Ron — 02
V, Roff — o0
Voo 7
Vs > Vc + Von
7=RnC
Roff
- T Ve< Vet Vo,
Ve CF Ve roRuC
| | | | |

0 5 10 15 20 25
time (msec)



Peak detector (with Von =0.7 V)

i V(0)=0V
Vo, =07V
Ron — 02
V, Roff — o0
Von °
Vo> Vet Vo 4T i
7=RnC r 7
2 |- -
Rof 0 Vs
- TV, < Vet Vo i )
Vs C—=Ve L_R,C -2 .
L | | | | | ]
0 5 10 15 20 25

time (msec)



Peak detector (with Von =0.7 V)

i V(0)=0V
Vo, =07V
Ron — 02
V, Roff — o0
Von °
Vo> Vet Vo 4T i
7=RnC r 7
2 |- -
Rof 0 Vs
- TV, < Vet Vo i )
Vs C—=Ve L_R,C -2 .
L | | | | | ]
0 5 10 15 20 25

time (msec)



Peak detector (with Von =0.7 V)

i V(0)=0V
Vo, =07V
Ron — 02
V, Roff — o0
Von °
Vo> Vet Vo 4T ]
7=RnC r 7
2 |- -
Rof 0 Vs
- TV, < Vet Vo i )
Vs C—=Ve L_R,C -2 .
L | | | | | ]
0 5 10 15 20 25

time (msec)



Peak detector (with Von =0.7 V)

i V(0)=0V
Von=0.7V
Ron — 02
V, Roff — o0
Von °
Vo> Vet Vo 4T ]
7=RnC r 7
2 |- -
L v, J
Rof 0 Vs
- T Vo< Vet Vo, i |
Vs C—=Ve L_R,C -2 .
L | | | | | ]
— 0 5 10 15 20 25
time (msec)

SEQUEL file: ee101_peak detector_1.sqproj
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Clamper circuits

—

+

.
O\/aﬂvﬂvﬁuﬂuﬂU Vi Clamper Vo — 0V

* A clamper circuit provides a “level shift.” (The shape of the input signal is not altered.)



Clamper circuits

—

+

.
Ovaﬂvﬂv%ﬂu% Vi Clamper Vo — 0V

* A clamper circuit provides a “level shift.” (The shape of the input signal is not altered.)
* The shift could be positive or negative.



Clamper circuits

—

+

Ovaﬂvﬂvﬁuﬂv% Vi Clamper

-—

+ +
\2 Clamper Vo

- e

* A clamper circuit provides a “level shift.” (The shape of the input signal is not altered.)

.
v W oy vt

* The shift could be positive or negative.
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Clamper circuits

Vb

Vi(t) =V sinwt
V(0)=0V
Von=0V

Ron —0Q
Roff = 0082

time (msec)




Clamper circuits

- V. +
c — | f °
Vo RV,

Vb

Vi(t) =V sinwt
V(0)=0V
Von=0V

Ron —0Q
Roff = 0082

0 1 2 3 4

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,

Vp=0— Ve+ Vo=0— V.=V,




Clamper circuits

- Ve V4(t) =V sinwt
i V(0)=0V
¢ - 4 ip (0)
v, v Von =0V
D o
" B Ron — 002
TiD Vp Regr — 00 2

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,

Vp=0— Ve+ Vo=0— V.=V,

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction.




Clamper circuits

- Ve V4(t) =V sinwt
i V. (0)=0V
c - N ip V(O) 0
Vo &R Vo o =0V
Ron — 002
s

Vp Roff —00f)

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,

Vp=0— Ve+ Vo=0— V.=V,

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction

* After V. reaches its maximum value (Vj,), it cannot change any more. We then have
Vo(t) = Vs(t) + Ve(t) = Vs(t) + Vi, ie., a positive level shift.




Clamper circuits

- Ve V4(t) =V sinwt
i V. (0)=0V
c - N ip V(O) 0
Vo &R Vo o =0V
Ron — 002
s

Vp Roff —00f)

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,

Vp=0— Ve+ Vo=0— V.=V,

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction

* After V. reaches its maximum value (Vj,), it cannot change any more. We then have
Vo(t) = Vs(t) + Ve(t) = Vs(t) + Vi, ie., a positive level shift.




Clamper circuits

- Ve V4(t) =V sinwt
i V. (0)=0V
c - N ip V(O) 0
Vo &R Vo o =0V
Ron — 002
s

Vp Roff —00f)

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,

Vp=0— Ve+ Vo=0— V.=V,

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction

* After V. reaches its maximum value (Vj,), it cannot change any more. We then have
Vo(t) = Vs(t) + Ve(t) = Vs(t) + Vi, ie., a positive level shift.




Clamper circuits

- Ve + Vi(t) =V sinwt
i V. (0)=0V
c - + ° vV (_) vV
Vp Vo on=0
Ron — 002
s

Vp Roff —00f)

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,

Vp=0— Ve+ Vo=0— V.=V,

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction

* After V. reaches its maximum value (Vj,), it cannot change any more. We then have
Vo(t) = Vs(t) + Ve(t) = Vs(t) + Vi, ie., a positive level shift.




Clamper circuits

- Ve + Vi(t) =V sinwt
i V. (0)=0V
c - + ° vV (_) vV
Vp Vo on=0
Ron — 002
s

Vp Roff —00f)

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,

Vp=0— Ve+ Vo=0— V.=V,

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction

* After V. reaches its maximum value (Vj,), it cannot change any more. We then have

Vo(t) = Vs(t) + Ve(t) = Vs(t) + Vi, ie., a positive level shift.




Clamper circuits

101 -
Vo
- Ve V4(t) =V sinwt

in V.(0)=0V

M S Von =0V

Vs Vp V, Ron_OQ

O|'|ﬁ
— + . —
TID Vp Regr — 00 2

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,
Vp=0— Vc+Vi=0— V. =—-V..

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction.

* After V. reaches its maximum value (Vj,), it cannot change any more. We then have
Vo(t) = Vs(t) + Ve(t) = Vs(t) + Vi, ie., a positive level shift.

* Note that we are generally interested only in the steady-state behaviour and not in the transient at the
beginning.
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Clamper circuits

[ VO :

- Ve Vi(t) =V sinwt ]

N B N iD V(0)=0V 1

N Uk Von =07V 1

s D o i
B n B Ron =082

Ti[) VD Roff—)OOQ s /

Von ol il N "

2 3 4

time (msec)
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Clamper circuits

[ VO :

- Ve Vi(t) =V sinwt ]

N B N iD V(0)=0V 1

N Uk Von =07V 1

s D o i
B n B Ron =082

Ti[) VD Roff—)OOQ s /

Von ol il N "

2 3 4

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small (as in the last circuit).
In this phase,

V5+V5+Von:0‘>\/c:7vs*von-
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Clamper circuits

[ VO :

- Ve Vi(t) =V sinwt ]

N B N iD V(0)=0V 1

N Uk Von =07V 1

s D o i
B n B Ron =082

Ti[) VD Roff—>OOQ s /

Von ol il N "

2 3 4

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small (as in the last circuit).
In this phase,

Vc+Vs+Von:0‘>VC:7V57Von-

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction.
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Clamper circuits

[ VO :

- Ve Vi(t) =V sinwt ]

N B N iD V(0)=0V 1

N Uk Von =07V 1

s D o i
B n B Ron =082

Ti[) VD Roff—)OOQ s /

Von ol il N "

2 3 4

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small (as in the last circuit).
In this phase,

VC+ Vs+ Von:0 — chfvs - Von-
* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction.

* After V. reaches its maximum value (Vim — Von), it cannot change any more. We then have
Vo(t) = Vs(t) + Ve(t) = Vs(t) + Vin — Von. In this case, V, gets clamped at —0.7 V.
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Clamper circuits

Vs(t) =Vmsinwt
ip V(0)=0V
Von =0V
Ron =082
VD Roff%OOQ

_107”” S BN BRI PP PRI I B
0 1 2 3 4

time (msec)



Clamper circuits

Vs(t) =Vmsinwt

ip V(0)=0V
Von =0V
Ron —0Q
VD Roff%OOQ
_107”” RTINS EFETUIVE SRR APAIErE RS AP B
0 1 2 3 4
time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,
Vp=0— V- Ve=0— V.= V..



Clamper circuits

Vs(t) =Vmsinwt

ip V(0)=0V
Von =0V
Ron —0Q
VD Roff%OOQ
_107”” RTINS EFETUIVE SRR APAIErE RS AP B
0 1 2 3 4
time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,
Vp=0— V- Ve=0— V.= V..

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction.



Clamper circuits

Vs(t) =Vmsinwt
ip Vc(0)=0V

Von =0V

Ron 00

VD Roff = 00 Q

_107””””\””HH\HHHH\HHHH
0 1 2 3 4
time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,
Vp=0— V- Vs=0— Vc=Vs.
* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction.

* After V. reaches its maximum value (Vpn), it cannot change any more. We then have
Vo(t) = Vs(t) — Ve(t) = Vs(t) — Vi, i.e., a negative level shift.



Clamper circuits

Vs(t) =Vmsinwt
ip Vc(0)=0V

Von =0V

Ron 00

VD Roff = 00 Q

_107””””\””HH\HHHH\HHHH
0 1 2 3 4
time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,
Vp=0— V- Vs=0— Vc=Vs.
* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction.

* After V. reaches its maximum value (Vpn), it cannot change any more. We then have
Vo(t) = Vs(t) — Ve(t) = Vs(t) — Vi, i.e., a negative level shift.



Clamper circuits

Vs(t) =Vmsinwt
ip V(0)=0V
Von =0V
Ron =082
VD Roff%OOQ

o

_57

Ay

P R P R P PRI B A
1 2 3 4
time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,

Vp=0— Ve — Ve=0— Ve=Vi.

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction.

* After V. reaches its maximum value (Vpn), it cannot change any more. We then have
Vo(t) = Vs(t) — Ve(t) = Vs(t) — Vi, i.e., a negative level shift.




Clamper circuits

5F V.
. : Vs
Vs(t) =Vmsinwt
ip Ve(0)=0V ol
Von=0V r
Ron =02 -5
VD Roff%OOQ [ Vo
_107””‘ A P P N
0 1 2 3 4
time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small. In this phase,
Vp=0— V- Ve=0— V.= V..

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction.

* After V. reaches its maximum value (Vpn), it cannot change any more. We then have
Vo(t) = Vs(t) — Ve(t) = Vs(t) — Vi, i.e., a negative level shift.
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Clamper circuits

5,”“‘H ““““ AR RERRE RRARE RERR
/ Ve ]
. I VS 1
V(t) =V sinwt I 1
ip Ve(0)=0V of
Von =0.7V i
Ron —0Q -5
Vo Roff — 00 2 [ v,
Vcn I
1oL [ B L |
0 1 2 3 4

time (msec)
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Clamper circuits

5,””“”HHHHHHHHHHHH,
/ Ve ]
. I VS 1
V(t) =V sinwt I 1
ip Ve(0)=0V of
Von =0.7V i
Ron —0Q -5
Vo Roff — 00 2 [ v,
Vcn I
[ AN P AN SRR PRV AU IV B
0 1 2 3 4

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small (as in the last circuit).
In this phase,

Ve+ Von — Ve=0—= Ve=Vs — Vo
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Clamper circuits

5,””“”HHHHHHHHHHHH,
/ Ve ]
. I VS 1
V(t) =V sinwt I 1
ip Ve(0)=0V of
Von =0.7V i
Ron —0Q -5
Vo Roff — 00 2 [ v,
Vcn I
[ AN P AN SRR PRV AU IV B
0 1 2 3 4

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small (as in the last circuit).
In this phase,

Ve+ Von — Ve=0—= Ve=Vs — Vo

* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction.
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Clamper circuits

5,””“”HHHHHHHHHHHH,
/ Ve ]
. I VS 1
V(t) =V sinwt I 1
ip Ve(0)=0V of
Von =0.7V i
Ron —0Q -5
Vo Roff — 00 2 [ v,
Vcn I
[ AN P AN SRR PRV AU IV B
0 1 2 3 4

time (msec)

* When D conducts, the capacitor charges instantaneously since Ron is small (as in the last circuit).
In this phase,

Ve+ Von — Ve=0—= Ve=Vs — Vo
* V. can only increase since a decrease in V. would require the diode to conduct in the reverse direction.

* After V. reaches its maximum value (Vim — Von), it cannot change any more. We then have
Vo(t) = Vs(t) — Ve(t) = Vs(t) — Vin + Von. In this case, V, gets clamped at 0.7 V.

M. B. Patil, IIT Bombay



Voltage doubler (peak-to-peak detector)

Positive
clamper

Peak
Detector

— =2V,

— —0V
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Voltage doubler (peak-to-peak detector)

+ v, T 2V,
~—Vn Positive M Peak

ovV— % Vil clamper | Vo —0oVv Vi | Detector | Vo

—V, Vi

— —0V

* Input voltage: —Vp, to Vi
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Voltage doubler (peak-to-peak detector)

-—]

¥ v, T 2V,
~—Vn Positive M

ovV— % Vi| clamper | Vo
—V,,

Peak
—0V Vi | Detector | Vo
Vi

— —0V

* Input voltage: —Vp, to Vi

* Output of positive clamper (V1): 0 to 2V,
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Voltage doubler (peak-to-peak detector)

Positive
clamper

* Input voltage: —Vp, to Vi

Peak
Detector

* Output of positive clamper (V1): 0 to 2V,

* The peak detector detects the peak of Vi(t), i.e., 2V, (dc).

— =2V,

— —0V
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Voltage doubler (peak-to-peak detector)

+ + +
Positive Peak
Vi Vi Detector

clamper

|||—



Voltage doubler (peak-to-peak detector)

20
+ + +
Positive Peak 10 L
Vi clamper Vi Detector t
O | .
\%
-10

|||—



Voltage doubler (peak-to-peak detector)

l
|

M
+

Peak

Positive
Vi Detector

clamper

<

|||—

time (msec)



Voltage doubler (peak-to-peak detector)

+ + +
Positive Peak
Vil clam per Vi Detector

G

T 7

|||—

SEQUEL file: ee101_voltage doubler.sqproj
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Diode circuit example

Assuming R;C and R>C to be large compared to T, find V,(t) in

ic_ T |V|C N steady state.
V| 1T Vo
C Ib
Dy D>
Ri R
0.7V Vp
Vm
—Vm [Rar——
T Tz
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Diode circuit example

Assuming R;C and R>C to be large compared to T, find V,(t) in

ic T Ve — steady state.
v, —| —V,
C I * Charging time constant 71 = R; C.
D, D,
Ry R,
0.7V Vp
Vm
—Vim [—
T Ty
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Diode circuit example

Assuming R;C and R>C to be large compared to T, find V,(t) in

ic T Ve — steady state.
v, —| —V,
C I * Charging time constant 71 = R; C.
Dy D, * Discharging time constant m» = R, C.
Ry R,
0.7V Vp
Vm
—Vm [Rar——
T Ty
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Diode circuit example

Assuming R;C and R>C to be large compared to T, find V,(t) in

ic_ T |V|C N steady state.
T V,
11 o . .
C I * Charging time constant 71 = R; C.
Dy D, * Discharging time constant m» = R, C.

* Since 71 > T and 7 > T, we expect V(¢ to be nearly
Ri R constant in steady state,

0.7V V, .
° i.e., Vc(t) ~ constant = V2.
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Diode circuit example

Assuming R;C and R>C to be large compared to T, find V,(t) in

ic_t Ve - steady state.
v { —Vo _—
C I * Charging time constant 71 = R; C.
Dy D, * Discharging time constant m» = R, C.

* Since 71 > T and 7 > T, we expect V(¢ to be nearly

Ri R constant in steady state,
X V| .
07V Vo i.e., Vc(t) ~ constant = V2.
* Vo(t) = Vi(t) — Ve(t) = Vi(t) — V&
Vm
—Vm [Rar——
T Ty
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Diode circuit example

Assuming R;C and R>C to be large compared to T, find V,(t) in

ic_t Ve - steady state.
v { —Vo _—
C I * Charging time constant 71 = R; C.
Dy D, * Discharging time constant m» = R, C.

* Since 71 > T and 7 > T, we expect V(¢ to be nearly

Ri R constant in steady state,
NAVAY .
0 ° i.e., Vc(t) ~ constant = V2.
* Vo(t) = Vi(t) — Ve(t) = Vi(t) — V&
V
" Let us look at an example.
I L e—
T T
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+ Ve —

Dy

I —

T2

0.7V Vp

T
Ri=5k

R, =10k
Von =07V
T:=0.25ms
T,=0.75ms
C=10uF

\&




+ Ve —

Dy

I —

T2

0.7V Vp

—1.90L

T
Ri=5k

R, =10k
Von =07V
T:=0.25ms
T,=0.75ms
C=10uF

\&




o Ve
VI ] Vo
C
Dl D2
R1 R2
Vm
7Vm ar——

L P

SEQUEL file:
eel0l_diode_circuit_13.sqgproj

0.7V Vp

T T
v. Ri=5k

° R,=10k

Von =07V
T;=0.25ms
T,=0.75ms
C=10uF

\&

1
Time (msec)
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+ V¢

D:

Ry

Charge conservation:

D,

Ra

07V Vp

T
R; =5k

Ve R, =10k
Von =0.7V
T,=0.25ms
T,=0.75ms
C=10uF

Ve

1
Time (msec)
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+ V¢

D, D,

R1 R

Charge conservation:

T T T1+ T
AQ:/ icdt:/ icdt+ icdt=0.
0 0 T

07V Vp

L —
R; =5k

Ve R, =10k
Von=0.7V
T,=0.25ms
T,=0.75ms
C=10uF
Ve

1
Time (msec)
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+ V¢

D, D,

R1 R

07V Vp

Charge conservation:

T T T1+ T
AQ:/ icdt:/ icdt+ icdt=0.
0 0 T

Tl(me\’/?Cfvon) —T2 (0*(*Vm’;VC)7Von
1 2

)-o

T
R; =5k

Ve R, =10k
Von =0.7V
T,=0.25ms
T,=0.75ms
C=10uF

Ve

1
Time (msec)
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+ Ve — 15

1
< f R, =5k ]
I _ _ E v, R ]
Vi 1l Vo o 1ok R, =10k ]
C ; Von =0.7V ]
D, D, 5k T;=0.25ms ]
T,=0.75ms
. C=10uF ]
R R, o 4 ]

07V Vp F Ve
5 1
10 Vi

. n n n n 1 n n n n 1 n n n n 1
Charge conservation:

T T T1+ T
AQ:/ icdt:/ icdt+ icdt=0.
0 0 T

Vim — Ve — Von —(=Vm— V) — Von
(e (et )
1

LER P LET P
a2V vy = v (g 2
(R1 Rz)( " o) C(R1+R2)

Time (msec)
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+ Ve — 15

L —
< f R, =5k ]
I _ _ E v, R ]
Vi 1l Vo o 1ok R, =10k ]
C ; Von =0.7V ]
D, D, 5k T;=0.25ms ]
T,=0.75ms
. C=10uF ]
R R, o 4 ]

07V Vp F Ve
5 1
10 Vi

. n n n n 1 n n n n 1 n n n n 1
Charge conservation:

T T T1+ T
AQ:/ icdt:/ icdt+ icdt=0.
0 0 T

Tl(me\’/?Cfvon) —T2 (0*(*Vm;VC)7Von) —0.
1 2

Ty T T
2V (v, - Ve L+ 22
(R1 Rz)( m = Ven) = C( +R2) , ,
(3_3) 'f ]
Ry _ or ]
7E+T2 (Vim — Vo) = —1.86 V. N I
R R

Time (msec)

—>VC:
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* A rectifier is used to convert an AC voltage to a DC voltage (typically 5 to 20V), e.g., a mobile phone
charger.



* A rectifier is used to convert an AC voltage to a DC voltage (typically 5 to 20V), e.g., a mobile phone
charger.

* AC mains — step-down transformer — DC voltage OR
AC mains — DC voltage — lower DC voltage



Rectifiers

step-down
transformer
» +
. Rectifier
AC ‘ without Vo
maimns filter

* A rectifier is used to convert an AC voltage to a DC voltage (typically 5 to 20V), e.g., a mobile phone
charger.

* AC mains — step-down transformer — DC voltage OR
AC mains — DC voltage — lower DC voltage



Rectifiers

step-down
transformer
» +
. Rectifier
AC ‘ without Vo
maimns filter

half-wave rectifier

* A rectifier is used to convert an AC voltage to a DC voltage (typically 5 to 20V), e.g., a mobile phone
charger.

* AC mains — step-down transformer — DC voltage OR
AC mains — DC voltage — lower DC voltage



Rectifiers

step-down
transformer
» +
. Rectifier
AC ‘ without Vo
maimns filter
half-wave rectifier full-wave rectifier

* A rectifier is used to convert an AC voltage to a DC voltage (typically 5 to 20V), e.g., a mobile phone
charger.

* AC mains — step-down transformer — DC voltage OR
AC mains — DC voltage — lower DC voltage



Rectifiers

step-down
transformer
» +
. Rectifier
AC ‘ without Vo
maimns filter
half-wave rectifier full-wave rectifier

step-down
transformer

<

» +
. Rectifier
AC ‘ with o
mains filter

* A rectifier is used to convert an AC voltage to a DC voltage (typically 5 to 20V), e.g., a mobile phone
charger.

* AC mains — step-down transformer — DC voltage OR
AC mains — DC voltage — lower DC voltage



Rectifiers

step-down
transformer
» +
. Rectifier
AC ‘ without Vo
maimns filter
half-wave rectifier full-wave rectifier

step-down e
transformer

AC ‘
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* A rectifier is used to convert an AC voltage to a DC voltage (typically 5 to 20V), e.g., a mobile phone
charger.

. +

. Rectifier
with Vo
filter B

half-wave rectifier

* AC mains — step-down transformer — DC voltage OR
AC mains — DC voltage — lower DC voltage



Rectifiers

step-down
transformer
» +
. Rectifier
AC ‘ without Vo
maimns filter
half-wave rectifier full-wave rectifier

step-down e
transformer

<

AC ‘
mains

* A rectifier is used to convert an AC voltage to a DC voltage (typically 5 to 20V), e.g., a mobile phone
charger.

. +
. Rectifier
AV RV ERY
filter -

half-wave rectifier

full-wave rectifier

* AC mains — step-down transformer — DC voltage OR
AC mains — DC voltage — lower DC voltage



Rectifiers

step-down
transformer
» +
. Rectifier
AC ‘ without Vo
maimns filter
half-wave rectifier full-wave rectifier

step-down e
transformer

AC ‘
mains

* A rectifier is used to convert an AC voltage to a DC voltage (typically 5 to 20V), e.g., a mobile phone
charger.

. +

. Rectifier
A L VVERVILY
filter -

half-wave rectifier full-wave rectifier

* AC mains — step-down transformer — DC voltage OR
AC mains — DC voltage — lower DC voltage

* A voltage regulator would be typically used to remove the ripple riding on the DC output.
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Half-wave rectifier without filter

slope=1 D on D off
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Half-wave rectifier without filter

slope=1 D on D off

* D conducts only if V; > Vi, and in that case V, = V; — Vi, a straight line with slope =1.
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Half-wave rectifier without filter

slope=1 D on D off

* D conducts only if V; > Vi, and in that case V, = V; — Vi, a straight line with slope =1.
* If V; < Von, D does not conduct — V, =0.

M. B. Patil, IIT Bombay



Full-wave (bridge) rectifier without filter




Full-wave (bridge) rectifier without filter




Full-wave (bridge) rectifier without filter




Full-wave (bridge) rectifier without filter




Full-wave (bridge) rectifier without filter

Dy, D, on D3, D4 on

M. B. Patil, IIT Bombay



Half-wave rectifier with capacitor filter

i D
>
L Ve
v.(0) C= RIV,
N ic|| || -




Half-wave rectifier with capacitor filter

i D
>
L Ve
vs'\) == R§V°
_ | ]| -

* Similar to the peak detector except that the load
resistance provides a discharge path for the

capacitor in this case.



Half-wave rectifier with capacitor filter

in_ D
>
Lt e
v.(0) C= RIV,
_ ic|| ] -

* Similar to the peak detector except that the load
resistance provides a discharge path for the
capacitor in this case.

—2V, I

Vi

5
<
I I

==



Half-wave rectifier with capacitor filter

in_ D
>

Lt e

vs'\) == Rg’vo

_ ic|| ] -

* Similar to the peak detector except that the load
resistance provides a discharge path for the
capacitor in this case.

* Because of the load current ig, there is a drop in
the output voltage — “ripple”

2V

Vs
V[\/
‘ i
i

==



Half-wave rectifier with capacitor filter

in_ D
>

Lt e

v.(0) C= RIV,

_ ic|| ] -

* Similar to the peak detector except that the load
resistance provides a discharge path for the
capacitor in this case.

* Because of the load current ig, there is a drop in
the output voltage — “ripple”

* The peak diode current is much larger than the
average load current.

2V

Vs
V[\/
‘ i
i

==



Half-wave rectifier with capacitor filter

in_ D
>
Lt e
vs'\) == Rg’vo
_ ic|| ] -

* Similar to the peak detector except that the load
resistance provides a discharge path for the
capacitor in this case.

* Because of the load current ig, there is a drop in
the output voltage — “ripple”

* The peak diode current is much larger than the
average load current.

* Vp(t)= Vs(t) — Vo(t) = Vs(t) — Vm
— The maximum reverse bias (“Peak Inverse
Voltage” or PIV) across the diode is 2 V.

—2Vnm

Vs
V[\/
‘ i
i

==



Half-wave rectifier with capacitor filter

i D
>
Lt e
vs'\) == Rg’vo
_ ic|| ]| -

* Similar to the peak detector except that the load
resistance provides a discharge path for the
capacitor in this case.

* Because of the load current ig, there is a drop in
the output voltage — “ripple”

* The peak diode current is much larger than the
average load current.

* Vp(t)= Vs(t) — Vo(t) = Vs(t) — Vm
— The maximum reverse bias (“Peak Inverse
Voltage” or PIV) across the diode is 2 V.

* With Von, =0.7V, the plots are slightly different.

2V

Vs
V[\/
‘ i
ip

==



Half-wave rectifier with capacitor filter Vo N T Ve
Vs
i D
o 2 0
LW
v, '9 == Rg’vo Vi -
- ic)| )] -
—2Vm b — | | 7

* Similar to the peak detector except that the load
resistance provides a discharge path for the
capacitor in this case. ip

* Because of the load current ig, there is a drop in
the output voltage — “ripple” 0—

* The peak diode current is much larger than the
average load current.

* Vp(t)= Vs(t) — Vo(t) = Vs(t) — Vm
— The maximum reverse bias (“Peak Inverse
Voltage” or PIV) across the diode is 2 V.

0—E -

* With Von, =0.7V, the plots are slightly different. j ‘ : T; : i +
T T
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o - VoF oy
Half-wave rectifier with capacitor filter T
Vs
D
Dt 0
+ Vp —
+ +
v C= R3V
S@ ) le °© V. F
_ Icl IRl _

Vm=16V, f =50Hz, R=100%. For a ripple voltage Vg =2V, ~2Vm : : : :
find (a) the filter capacitance C, (b) average and peak diode
currents, (c) maximum reverse voltage across the diode.
(Let Von =0V.) Lo
04 |
ic
0—L i

1 1 1 1 1 1
4—‘ F:TQ ‘ t
T T
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Half-wave rectifier with capacitor filter

i, D
Tt
oV -
+ +
vs@ == R§vo
_ icl iRl _

Vm=16V, f =50Hz, R=100%2. For a ripple voltage Vg =2V,
find (a) the filter capacitance C, (b) average and peak diode
currents, (c) maximum reverse voltage across the diode.

(Let Vor=0V.)

(a) filter capacitance

1. In the discharge phase,

t
Vo(t) = Vime /7 = Vi (1 - ;> .

—2Vp

~-

==
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Half-wave rectifier with capacitor filter

b D
Tt
oV -
+ +
vs@ c== R§vo
_ e[ | -

Vm=16V, f =50Hz, R=100%2. For a ripple voltage Vg =2V,
find (a) the filter capacitance C, (b) average and peak diode
currents, (c) maximum reverse voltage across the diode.

(Let Von =0V.)

(a) filter capacitance

1. In the discharge phase,
Vo(t) = Vime /7 = Vi (1 - 5) .

.
The drop in V,(t) is given by the second term.
Using To= T,

T T
Vi = Vi — = Vin o

—2Vp

~-

==
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Half-wave rectifier with capacitor filter
ip D

N

LT
+ Vp —
+
vsf\) C= RZV,

icl iRl _

0—F i

- 1 1 1 1 1
4—‘ F:TZ ‘ t
T T
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Half-wave rectifier with capacitor filter

b D
Tt
oV -
N
vs@ == R§vo
_ e[ | -

(a) Ripple voltage Vg

2. Assuming iC:iR:HN
we get

. Vin AV, Vg
=—=C ~C— —= Vg=YV,
“TR At T URT

V. V,
° ~ —= in the discharge phase,

T
RC’

~-

M. B. Patil, IIT Bombay
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Half-wave rectifier with capacitor filter

b D
Tt
oV -
N
vs@ == R§vo
_ e[ | -

(a) Ripple voltage Vg
V.
2. Assuming ic =ig= ?o
we get
. Vin AV, Vg
=—=C ~C— —= Vg=YV,
“TR At T URT
Vi T 16V 20ms
= = — = 1600 uF.
2V 1009 "

V,
~ ?m in the discharge phase,

T
RC’

~-

1 1 1 1 1 1
4—‘ F:TQ ‘ t
T T

M. B. Patil, IIT Bombay



Half-wave rectifier with capacitor filter

i D

N

LT
. + Vp —
V. ,9 o=

icl

(b) Average diode current

~-

==
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Half-wave rectifier with capacitor filter

b D
Tt
oV -
N
vs@ == R§vo
_ e[ | -

(b) Average diode current
Using charge balance,

T T-Tc
/ (iD — iR) dt = / ig dt
0

T-Tc

~-
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Half-wave rectifier with capacitor filter

b D
Tt
oV -
N
vs@ == R§vo
_ e[ | -

(b) Average diode current
Using charge balance,

T T-Tc
/ (iD — iR) dt = / ig dt
0

T-Tc

T T
— ip dt = / ig dt.
T—Tc 0

~-

1 | | | I
T
T
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Half-wave rectifier with capacitor filter

b D
Tt
oV -
N
vs@ == R§vo
_ e[ | -

(b) Average diode current
Using charge balance,

T T-Tc
/ (iD — iR) dt = / ig dt
0

T-Tc

T T
— ip dt = / ig dt.
T—Tc 0
T

1 /7 1
ia":—/ ipdt = — ip dt
P T T Jr-r.

1 /7 V,
:7/ ipdt ~ —.
T Jo R

~-

1 | | | I
T
T
Te M. B. Patil, IIT Bombay



Half-wave rectifier with capacitor filter

b D
Tt
oV -
+ +
vs@ c== R§vo
_ e[ | -

(b) Average diode current

Using charge balance,

T T-Tc
/ (iD — iR) dt = / ig dt
T—Tc 0

T T
— ip dt = / ig dt.
0

T-Te
-

1 /7 1
ia":—/ ipdt = — ip dt
P T T Jr-r.

1 /7 V,
:7/ ipdt ~ —.
T Jo R

i~ 1oV, = 160 mA.

b ™ 1000

~-

1 1 1 1 1 1
4—‘ F:TQ ‘ t
T T
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io D Vimlo 7?VR
> v,
+ Vo -
+ + .
MR S
_ icl iRl _
_Vm L
(b) Peak diode current
—2V, b
0—r|—!
ic
04, -

] L L L L L
j I:Tz ‘ t
T T
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ip D Vi~
>t v,
+ Vo -
+ + .
MR S
_ icl iRl _
_Vm [
(b) Peak diode current
d V, “Hnt
.peak __ m
i = C— (Vpcoswt + —
B = g meoswn)| 4
0—|—
ic
04, _
t

==
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ip D

>
LW N
v, ,9 == Rgvo
_ ic || -

(b) Peak diode current

. d Vv,
Igeak = CI (Vm coswt) - + Fm

. 16V

= —wC Vpsin(—wTe) + 1000

=wC VpsinwTe +0.16

-2V,

0—

==
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ip D

>
LW N
v, ,9 == Rgvo
_ ic || -

(b) Peak diode current

. d Vv,
Igeak = CI (Vm coswt) - + ?m

. 16V

= —wC Vpsin(—wTe) + 1000

=wC VpsinwTe +0.16

Vi cos(—wTe) = Vin — Vg, giving

—2V, b

M. B. Patil, IIT Bombay
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+
vsf\) == R§Vo

(b) Peak diode current
Ve
=71 R
16V

= —wC Vpsin(—wTe) + ——
w sin(—w )+IOOQ

.peak __
ID =

d
CE (Vim coswt)

=wC VpsinwTe +0.16

Vi cos(—wTe) = Vin — Vg, giving

V, 2
wTe = cos™ ! (1 — —R) = cos! (1 — R) = 20°,

Vi

i = 27 x 50 x 1600 x 1076 x 16 x sin29° + 0.16

=3.89+0.16 = 4.05A.

M. B. Patil, IIT Bombay
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o D Yy
>t v,
L e .
v.(0) = R§Vo
_ | inl] -

(b) Peak diode current: analytic expression

00—k

. I I I I
1
T
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+

@

ip D
>
+ Vp —
C/=

N
RIV,
in] | —

(b) Peak diode current: analytic expression

Vmcos(—wTe) = Vi — Vg — cosw Tc

V,
—1-R=1_«

Vim

-2V,

0—

0;»

] L L L L L
j I:Tz ‘ t
T T
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ip D Vimlo 7?VR
Dt v,
+ Vo —
+ + .
v.(0) C= RZV.
_ icl iRl _
_Vm L
(b) Peak diode current: analytic expression
Vv _ L
Vmcos(—ch):Vm—VRacoszczl—V—Rzl—x 2V
m
sinwTe = /1 —cos?wTe = /1— (1 —x)2
2V, io
=/I-(1-2x+x) mv2x=,/"F
Vi
0—r|—!
ic
0#, -

] L L L L L
j I:Tz ‘ t
T T
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o D Yl
Dt v,
+ Vp —
+ ° + .
v, ,9 == R§Vo
_ icl iRl _
7Vm,
(b) Peak diode current: analytic expression
Vv _ L
Vmcos(—ch):Vm—VRacoszczl—V—Rzl—x 2Vim ! ! ! ! !
m
sinwTe = /1 —cos?wTe = /1— (1 —x)2
2V, o
=/I-(1-2x+x) mv2x=,/"F
Vi
0—r|—!
-peak . d
in =Ir+ CE (Vim coswt)
t=—T,
= iR +wC VpsinwT,
2 Vg ic
=ig +wC Vimy/ ——
R m Vi
0#, -

L L L L L
j Ty ‘ t
I—*—"T
Te
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o D Yl
Dt v,
+ Vp —
+ ° + .
v, ,9 == R§Vo
_ icl iRl _
7Vm,
(b) Peak diode current: analytic expression
Vv _ L
Vmcos(—ch):Vm—VRacoszczl—V—Rzl—x 2Vim ! ! ! ! !
m
sinwTe = /1 —cos?wTe = /1— (1 —x)2
2V, o
=/I-(1-2x+x) mv2x=,/"F
Vi
0—r|—!
-peak . d
in =Ir+ CE (Vim coswt)
t=—T,
= iR +wC VpsinwT,
2 Vg ic
=ig +wC Vimy/ ——
R m Vi
0#, -

(c) Maximum reverse bias~ 2 V;,, = 32V. ; ‘ ‘ T‘ ‘ i :
Q‘,
T T
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o D Yl
Dt v,
+ Vp —
+ ° + .
v, ,9 == R§Vo
_ icl iRl _
7Vm,
(b) Peak diode current: analytic expression
Vv _ L
Vmcos(—ch):Vm—VRacoszczl—V—Rzl—x 2Vim ! ! ! ! !
m
sinwTe = /1 —cos?wTe = /1— (1 —x)2
2V, o
=/I-(1-2x+x) mv2x=,/"F
Vi
0—r|—!
-peak . d
in =Ir+ CE (Vim coswt)
t=—T,
= iR +wC VpsinwT,
2 Vg ic
=ig +wC Vimy/ ——
R m Vi
0#, -

(c) Maximum reverse bias~ 2 V;,, = 32V. ; ‘ ‘ T‘ ‘ i :
Q‘,
T T

SEQUEL file: ee101_half rectifier.sqproj
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Full-wave (bridge) rectifier with capacitor filter

Ds

P
D, JS Ds
+ —A +
C ¢
V. V. R Vo
_ B _
+
D4Z|S D,
Q

b1, ip2
| | | | | | |
T T T T T T T
=0 D3, iD4
* I I I I .
t
T2 TR ‘
Ta

T

Cc2
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Full-wave (bridge) rectifier with capacitor filter

Ds

P
D1 JS Ds D, JS
+ f—
Al N A
V, § R ==V, V,
B _
- +
D4Z|S D> D42|S
Q

Q

* As in the half-wave rectifier case, we have charging and discharging

intervals, and V, ~ V,, is maintained.

t=0

D3, iD4

—
HTEO L

T

s

Cc2
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Full-wave (bridge) rectifier with capacitor filter

P P
D1J§ D3 D1J§ D3
+ f—
Al + A +
v, SROTRVe v, SRV
B — B _
- +
D4 D2 D4 D2
i i i i i i i
Q Q b1, ip2
* As in the half-wave rectifier case, we have charging and discharging 0— | ‘ ‘ ‘ ‘ ‘ ‘
intervals, and V, ~ V, is maintained. ‘ ‘ ‘ ‘ ‘ ‘ ‘
* Charging through D;, D> takes place when V,(t) falls below V(t). =0 D3, ip4
0— * I I I I .
t
/2 /2 ‘
Ta Te
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Full-wave (bridge) rectifier with capacitor filter

P P
D1J§ D3 D1J§ D3
S| —__A
C C
v, SROTRVe v, SRV
B — B —
- +
D4 D2 D4 D2
i i i i i i i
Q Q b1, ip2
* As in the half-wave rectifier case, we have charging and discharging 0— I i i | | | |
intervals, and V, & V/, is maintained. ‘ ‘ ‘ ‘ ‘ ‘ ‘
* Charging through D;, D> takes place when V,(t) falls below V(t). =0 D3, ip4
* Charging through D3, D4 takes place when V,(t) falls below —Vs(t). 0— * I R ‘ .
t
/2 /2 ‘
Ta Te

M. B. Patil, IIT Bombay



Full-wave (bridge) rectifier with capacitor filter

Ds

\[©

Ds

As in the half-wave rectifier case, we have charging and discharging
intervals, and V, ~ V,, is maintained.

Charging through D;, D> takes place when V,(t) falls below Vi(t).
Charging through D3, D4 takes place when V,(t) falls below — Vs(t).

The discharging interval is typically much longer than the charging
intervals (T¢y and T¢p).

\[©
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Full-wave (bridge) rectifier with capacitor filter

D1 JS Ds D, JS Ds

\[©
\[©

Q Q

* As in the half-wave rectifier case, we have charging and discharging
intervals, and V, ~ V,, is maintained.

* Charging through D;, D> takes place when V,(t) falls below V(t).

* Charging through D3, D4 takes place when V,(t) falls below — Vi(t).

* The discharging interval is typically much longer than the charging
intervals (T¢y and T¢p).

* The maximum reverse bias across any of the diodes is V.

b1, ip2
04’ L L L L L L L
T T T T T T T
=0 D3, iD4
0— * I I I I .
t
/2 /2 ‘
Ta Te
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Full-wave rectifier with capacitor filter

P P

D; JS D3 D; )S D3
SR

SR

=
lov}
ia
1l
<+
<
ve)
ia
1l
<+

Q Q

Vm=16V, f =50Hz, R=1009. For a ripple voltage Vg =2V, find (a) the
filter capacitance C, (b) average and peak diode currents, (c) maximum
reverse voltage across the diode. (Let Vo =0V.)

Vin

=0 L~ D3: iD4

1
[T e ‘
Ta Te

-
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Full-wave rectifier with capacitor filter

P P

D; JS D3 D; )S D3
SR

SR

=<
lov}
ia
1l
<+
=<
ve)
ia
1l
<+

Q Q

Vm=16V, f =50Hz, R=1009. For a ripple voltage Vg =2V, find (a) the
filter capacitance C, (b) average and peak diode currents, (c) maximum
reverse voltage across the diode. (Let Vo =0V.)

(a) filter capacitance:

Vim

=0 L~ D3: iD4

1
[T e ‘
Ta Te

-
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Full-wave rectifier with capacitor filter

P P
5 3 -

D, D3 D, D3

+ Al |+ - Al |
Vq) SRV Vq) SRV o
B — B — 5\

- + 3

D4 D, D4 D, —Vn,

—t— Tt
Q Q o iz
Vm=16V, f =50Hz, R=1009. For a ripple voltage Vg =2V, find (a)the 0— — — —
filter capacitance C, (b)average and peak diode currents, (c) maximum 7 i T T T 1
reverse voltage across the diode. (Let Vo, =0V.) i
=0 D3, Ipg
(a) filter capacitance: 0— ]
| | | | | .
. . . Vo Vin . . t
Assuming ic =igp = ) ~ 3 in the discharge phase, we get T/2 T/2 ‘
. Vm AVO VR TCl Tcz
=—=C XC——x—=>Vr=Vn—.
“TR At T2 RT " are
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Full-wave rectifier with capacitor filter

P
D3
g
B
D,

R

Vm=16V, f =50Hz, R=1009. For a ripple voltage Vg =2V, find (a) the

Q

VO
i
<+

<

P

Ds

SR

VL2

Q

filter capacitance C, (b) average and peak diode currents, (c) maximum
reverse voltage across the diode. (Let Vo =0V.)

(a) filter capacitance:

Assuming ic =ig =

Vi AV,

ic=-"=C

- C

R At

1 Ve T

T2 Vg R

~C—— > Vg=Vy —.
T/2 R "M2RC
116V 20ms
== = 800 uF.
2 2V 100Q "

Vo Vi . .
— &~ — in the discharge phase, we get
R R ge p g

Vg

Vin

—V,,
T T T T T } }
/iDlﬁ iDQ
04’ L L L L L L L
T T T T T T T
=0 L~ D3: iD4
04>

-

1
[T e ‘
Ta Te
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Full-wave rectifier with capacitor filter

P
DlJS Ds
+ A
ol *
v, SRSV,
B —
D4Z|S D,
Q

(b) Average diode current

P

Ds

SR

VL2

Vin
oF
—V,,
L L L L L L L
T T T T T T T
/iDls iDQ
04’ L L L L L L L
T T T T T T T
=0 L~ D3: iD4
04>

-

1
[T e ‘
Ta Te
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Full-wave rectifier with capacitor filter

P
DlJS Ds
+ A
ol *
v, SRSV,
B —
D4Z|S D,
Q

(b) Average diode current

Half of the charge lost by the capacitor is supplied by ip; (=ipz), and

the other half by ip3 (=ips).

P

Ds

SR

VL2

Vin

L~ D3: iD4

1
[T e ‘
Ta Te

-
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Full-wave rectifier with capacitor filter

P P
5 3 -
D, D3 D, D3
+ -
Al o A o
v, SR OFVe v, SR =RV, ok ‘
B - B - NS )
— + N Y
D, D, Dy D, Vi ~ S
—
Q Q o iz
(b) Average diode current 0— S S S S
T T T T T T T
Half of the charge lost by the capacitor is supplied by ip; (=ipz), and
the other half by ip3 (=ips). L~ D3: iD4
1 .
& = — X = X (Charge lost in one cycle) 0

-

1
vTT 2 [T e ‘
Ta Te
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Full-wave rectifier with capacitor filter

P P
x 5 e
D D3 D; D3
+ -
Al o Al |+
v, (i) SR OFVe v, < % SR =RV, o
B - 5 -
- + \
Ds D, D, D, —Vm
—t— Tt
Q Q o iz
(b) Average diode current 0— . B B —
Half of the charge lost by the capacitor is supplied by ip; (=ipz), and
the other half by ip3 (=ips). =0 L~ D3: iD4
1 1 .
i3’ = = x = x (Charge lost in one cycle) 0 ; ! T L .
T T T ‘
Lol (Yot Vm _ 10V goma I R
~ — - —_— = — = = mA.
T 27 \R 2R~ 2x 1000 Ta  Ta
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Full-wave rectifier with capacitor filter
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Full-wave rectifier with capacitor filter

P

Ds

VL2

P
D1)S D3 DIJS
+ 4 N - A
v, (i) SRSV, vq)
B —
- +
D4Z|S D, D4Z|S
Q
(b) Peak diode current
d Vv,
.peak __ m
i = C— (Vmcoswt —
D1 p (Vim coswt) R T3
16V
= —wC Vpsin(—wTer) + 1009

=wC VpsinwTep +0.16

Vin

=0 L~ D3: iD4

1
[T e ‘
Ta Te

-

M. B. Patil, IIT Bombay



Full-wave rectifier with capacitor filter
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(b) Peak diode current
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Full-wave rectifier with capacitor filter
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Full-wave rectifier with capacitor filter
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(¢) Maximum reverse bias = Vi, =16 V.
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Full-wave rectifier with capacitor filter
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(¢) Maximum reverse bias = Vi, =16 V.

SEQUEL file: diode_rectifier_4.sqproj
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Comparison of half-wave and full-wave (bridge) rectifiers with capacitive filter

For the same source voltage (Vi sinwt), load (R), and ripple voltage (Vg),
compare the half-wave and full-wave rectifiers.
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Comparison of half-wave and full-wave (bridge) rectifiers with capacitive filter

For the same source voltage (Vi sinwt), load (R), and ripple voltage (Vg),
compare the half-wave and full-wave rectifiers.

Parameter Half-wave | Full-wave
Number of diodes 1 4
Filter capacitance C c/2
Average diode current iy i/2
Peak diode current peak Pk /2
Maximum reverse voltage 2Vm Vm
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