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will be present on the lower plate.

There will be a potential energy difference (or voltage v) between the plates

proportional to q.
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The quantity C' =

hence ¢ = Cv.

££ is the capacitance and is measured in Farads (F),
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Inductors are formed from coils of wire, often
around a steel or ferrite core.

The magnetic flux within the coil is ® =

__ pNA.
l

= -
d //)//ﬂt't\\\

1 where NN is the number of

turns, A is the cross-sectional area of the coil and [ is the length of the coil
(around the toroid).

W is a property of the material that the core is made from and is called its
permeability. For free space (or air): po = 47 x 10~7 = 1.26 #H /m, for

steel, u ~

40000 = 5 mH /m.
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around a steel or ferrite core.

The magnetic flux within the coil is ® =

(around the toroid).

__ pNA.
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= -
d //)//ﬂt't\\\

1 where N is the number of
turns, A is the cross-sectional area of the coil and [ is the length of the coil

W is a property of the material that the core is made from and is called its
permeability. For free space (or air): po = 47 x 10~7 = 1.26 #H /m, for

steel, i =~ 40009 = 5 mH /m.

uwN2 Adz

From Faraday’s law: v = N ‘gf —

l

Ldz
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around a steel or ferrite core.

—a &
v //kfﬁt'n\\\&\

The magnetic flux within the coil is ® = #z’ where [V is the number of
turns, A is the cross-sectional area of the coil and [ is the length of the coil

(around the toroid).

W is a property of the material that the core is made from and is called its
permeability. For free space (or air): o = 47 x 1077 = 1.26 #H /m, for
steel, i =~ 40009 = 5 mH /m.

2 g .
From Faraday’s law: v = Nddq; — uN"Adi _ L%

[ dt
uNZ?A
l

We measure the inductance, L = , in Henrys (H).

pre—
p—
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® Summary

We can describe all three types of passive component by the relationship
between V' and [ using, in each case, the passive sign convention.

Resistor: v = 1 I

~

Inductor: v = L% I

~

Capacitor: : = C' %

Notes: (1) There are no minus signs anywhere whatever you were taught at
school.

(2) We use lower case, v, for time-varying voltages.
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@ o d(il —|—12)
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v~

@
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V= V1 + VU= L1 —|—L2
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Same equation as a single inductor of value L1 + Lo

di __ d(iitiz) dzl dzg
at — — dt + L
T R i i I 7
_L1+L2_U L1+L2) 1 ’
1 di V L I
V=T 11T g
Ly " La

@
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® Summary

V= V1 + VU=

L%
= (L1 + L2)a

+L2

Same equation as a single inductor of value L1 + Lo

di _
dt

Same as a single inductor of value

d(il —|—12) _

dt

d’Ll _1_ d’Lz

_ 1
—”(L—l+L—2)

1
1 1
T T

v~

L
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® Capacitors
® Types of Capacitor

® Inductors
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® Power and Energy

® Summary

V= V1 + VU=

di _
dt

Same as a single inductor of value

d(il —|—12) _

L1 +L2
= (Ll + L2)E

Same equation as a single inductor of value L1 + Lo

dt

d’Ll _1_ d’Lz

_ 1
—”(L—l+L—2)

1
1 1
T T

LiLo

= Li+L>
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® Summary

V= V1 + VU= L1 —|—L2

= (Ll + L2)E

Same equation as a single inductor of value L1 + Lo

di __ d(iitiz) dzl 4 dzg
R
S TV — Ao, 1
_L1+L2_U L1+L2)
1 d
U= L_FL_;
Ly " La

Same as a single inductor of value

Inductors combine just like resistors.

1
1 1
T T

v~

11 12

@

LiLo

= Li+L>
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® Summary
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c 0 S dv dv
® Capacitors v = 7’1 —I— 22_ Cl% + CQE
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@ Capacitors =11 —I— 2= Cl% + 02%
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Series and Parallel Capacitors

® Capacitors
® Types of Capacitor
@ Inductors

® Passive Components
® Series and Parallel
Inductors

@ Series and Parallel
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@ Current/Voltage Continuity
® Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary

i =11 +i=C1% + Cr 2

= (Cl + 02)%

'
=

Q
@I

Same equation as a single capacitor of value C; + C5
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® Capacitors
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® Average Current/Voltage
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® Summary

i =11 +i=C1% + Cr 2

= (Cl + 02)%

'
=

Same equation as a single capacitor of value C; + C5

dv

dv __ d(vitwz)
dt

dt

vl ==, =
a G
I
A
1 G
Va| =
.
LG
4
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dv __ d(vitwva) _ dug 4 dvo
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I
_> Py
ill 2
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o
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1 1 -
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Capacitors combine just like conductances (i.e. parallel capacitors add).
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® Passive Components
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For the voltage to change abruptly
dv __ o
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e S dv
Capacitor: i = C' 7> 1
For the voltage to change abruptly 1 —
dv

g — 00 = 1 = 0. —
This never happens so ...

The voltage across a capacitor never changes instantaneously.
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® Summary

Capacitor: © = C % 1
For the voltage to change abruptly 1 —
dv

g — 00 = 1 = 0. —
This never happens so ...

The voltage across a capacitor never changes instantaneously.
Informal version: A capacitor “tries” to keep its voltage constant.
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Capacitor: ¢ = C % 1
For the voltage to change abruptly 1 —
dv

g — 00 = 1 = 0. —
This never happens so ...

The voltage across a capacitor never changes instantaneously.
Informal version: A capacitor “tries” to keep its voltage constant.

Inductor: v = L% I
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This never happens so ...

The voltage across a capacitor never changes instantaneously.
Informal version: A capacitor “tries” to keep its voltage constant.

ey — T di
Inductor: v = L I
For the current to change abruptly %
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For the voltage to change abruptly 1 —
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This never happens so ...

The voltage across a capacitor never changes instantaneously.
Informal version: A capacitor “tries” to keep its voltage constant.

ey — T di
Inductor: v = L I
For the current to change abruptly %
di

7 — 00 = U = 00.
This never happens so ...

The current through an inductor never changes instantaneously.
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® Summary

e S dv
Capacitor: 1 = C' 7> 1
For the voltage to change abruptly 1 —
dv __ S B
g — 00 = 1 = 0.

This never happens so ...

The voltage across a capacitor never changes instantaneously.
Informal version: A capacitor “tries” to keep its voltage constant.

ey — T di
Inductor: v = L I
For the current to change abruptly %
di

7 — 00 = U = 00.
This never happens so ...

The current through an inductor never changes instantaneously.
Informal version: An inductor “tries” to keep its current constant.
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1 b2 .0 1 t2 ~d . C v(t2)
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_C v(tz)
— ta—t1 Mv(tl)
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For a capacitor ¢ = C' %. Take the average of both sides:

1 b2 .4, 1 t2 ~dv 34 _C v(t2)
oo Ji, Wt = oo i, Cadt= 5, v(t1) dv

= o) = 29 (u(t2) — v(t))
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® Summary

For a capacitor ¢ = C' %. Take the average of both sides: I
4>_
1 2 P | t2 ~dv 34 C v(t2)
to—t1 Jt1 Zdt T to—1t1 Jt, Cd_qut_ to—11 ”U(tl) d/U % —
_ @ v(t2) .  C
T to—11 [U]v(tl) — ta—1tg (U(tQ) _ v(tl))
(1) If v(t1) = v(t2) then the average V(1)
current exactly equals zero.
t b
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For a capacitor ¢ = C' %. Take the average of both sides: I
4>_

1 2 P | t2 ~dv 34 C v(t2)
to—t1 Jt1 Zdt T to—1t1 Jt, Cﬁdt_ to—11 ”U(tl) d/U % —

- tQC—jtl [U]zgi; — tgc—jtl (/U(tQ) o v(tl))

(1) If v(t1) = v(t2) then the average
current exactly equals zero.

(2) If v is bounded then the average current
—>O&S(t2—t1) — OQ.

V()
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® Power and Energy

® Summary

For a capacitor ¢ = C' %. Take the average of both sides:

1 b2 .01 t2 ~dv 34 _C v(t2)
ot Ji, Mt = o i, Cadt= = v(t1) dv

- tQC—jtl [U]zgi; — tgc—jtl (/U(tQ) o v(tl))

(1) If v(t1) = v(t2) then the average
current exactly equals zero.

(2) If v is bounded then the average current
—>O&S(t2—t1) — OQ.

V()

The average current through a capacitor is zero
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® Summary

For a capacitor ¢ = C' %. Take the average of both sides: I
4>_
1 2 P | t2 ~dv 34 C v(t2)
to—t1 Jt1 Zdt T to—1t1 Jt, Cd_rgdt_ to—11 ”U(tl) d/U V ——
. © v(t2) . C
T to—11 [U]v(tl) — ta—1tg (U(tQ) _ v(tl))
(1) If v(t1) = v(t2) then the average V(1)

current exactly equals zero.
(2) If v is bounded then the average current
—>O&S(t2—t1) — OQ.

4 h t

The average current through a capacitor is zero and, likewise, the average
voltage across an inductor is zero.
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@ Average Current/Voltage
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® Power and Energy

® Summary

Average Current/Voltage

For a capacitor ¢ = C' %. Take the average of both sides:

4>_
1 2 P | t2 ~dv 34 C v(t2)
to—t1 Jt1 Zdt T to—1t1 Jt, Cd_rgdt_ to—11 ”U(tl) d/U V
_ @ v(t2) .  C
T to—t Mv(tl) T to—t1 (U(t2) - ’U(tl))
(1) If v(t1) = v(t2) then the average V(1)
current exactly equals zero.
(2) If v is bounded then the average current
—>O&S(t2—t1)—>0@. ; ; t
1 2

The average current through a capacitor is zero and, likewise, the average
voltage across an inductor is zero. The circuit symbols remind you of this.
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® Passive Components
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Inductors
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® Summary

For a capacitor ¢ = C' %. Take the average of both sides: I

1 b2 .01 t2 ~dv 34 _C v(t2)
oty J, 10t = = ) O dt = 5= v(t1) dv 1

- tQC—jt]_ [U]zgi; — tQC—jtl (/U(tQ) o v(tl))

(1) If v(t1) = v(t2) then the average V(1)
current exactly equals zero.

(2) If v is bounded then the average current
—>O&S(t2—t1) — OQ.

4 h t

The average current through a capacitor is zero and, likewise, the average
voltage across an inductor is zero. The circuit symbols remind you of this.

“Average” can either be over an exact number of periods of a repetitive
waveform or else the long-term average (provided v and ¢ remain
bounded).

“v is bounded” means |v| always stays less than a predefined maximum
value.
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® Buck Converter

® Power and Energy

® Summary

A buck converter converts a high
voltage, V/, into a lower one, Y .

The switch, S, closes for a fraction a
of the time. a is the duty cycle and

1

3

in this example.
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® Buck Converter

® Power and Energy

® Summary

A buck converter converts a high
voltage, V/, into a lower one, Y .

The switch, S, closes for a fraction a
of the time. a is the duty cycle and
1

s 5 in this example.

When S is closed, x = v, and a
current 727, flows.
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® Buck Converter

® Power and Energy

® Summary

A buck converter converts a high
voltage, V/, into a lower one, Y .

The switch, S, closes for a fraction a
of the time. a is the duty cycle and
1

s 5 in this example.

When S is closed, x = v, and a
current 727, flows.

When S opens, the current 77, cannot
change instantly and so it must
flow through the diode (we
assume the diode is ideal).
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® Buck Converter
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® Summary

A buck converter converts a high
voltage, V/, into a lower one, Y .

The switch, .S, closes for a fraction a
of the time. a is the duty cycle and
.1

s 5 in this example.

When S is closed, x = v, and a
current 727, flows.

When S opens, the current 77, cannot

change instantly and so it must
flow through the diode (we
assume the diode is ideal).

The average value of x is al/ = the average value of y must also be a V.
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® Buck Converter
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® Summary

A buck converter converts a high
voltage, V/, into a lower one, Y .

The switch, .S, closes for a fraction a
of the time. a is the duty cycle and
.1

s 5 in this example.

When S is closed, x = v, and a
current 727, flows.

When S opens, the current 77, cannot

change instantly and so it must
flow through the diode (we
assume the diode is ideal).

The average value of x is al/ = the average value of y must also be a V.

The average current through R is %

C' must be zero, the average current ¢;, must also be

S0, since the average current through

aV.
=
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® Passive Components
® Series and Parallel
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@ Series and Parallel
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@ Current/Voltage Continuity
@ Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary

A buck converter converts a high
voltage, V/, into a lower one, Y .

The switch, .S, closes for a fraction a
of the time. a is the duty cycle and
.1

s 5 in this example.

When S is closed, x = v, and a
current 727, flows.

When S opens, the current 77, cannot
change instantly and so it must
flow through the diode (we
assume the diode is ideal).

The average value of x is al/ = the average value of y must also be a V.

The average current through R is %

C' must be zero, the average current ¢;, must also be

S0, since the average current through

aV.
=

C% =17, —1tr = if C islarge, then the variations in y will be very small.
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® Summary

[Do not memorize this circuit]

A buck converter converts a high
voltage, V/, into a lower one, Y .

The switch, .S, closes for a fraction a
of the time. a is the duty cycle and
1

Is 5 in this example.

When S is closed, x = v, and a
current 727, flows.

When S opens, the current 77, cannot

change instantly and so it must
flow through the diode (we
assume the diode is ideal).

The average value of x is al/ = the average value of y must also be a V.

The average current through R is %

C' must be zero, the average current ¢;, must also be

S0, since the average current through

aV.
=

C% =17, —1tr = if C islarge, then the variations in y will be very small.
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® Capacitors
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@ Inductors

® Passive Components
® Series and Parallel
Inductors

@ Series and Parallel
Capacitors

@ Current/Voltage Continuity
@ Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary

Electrical power absorbed by any component at the instant ¢ is v(t) x i(t).
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® Capacitors

® Types of Capacitor

Electrical power absorbed by any component at the instant ¢ is v(t) x i(t).

- - t S
& s So total energy absorbed between times t1 and ty is 1V = ftitl v1 dt.

® Passive Components
® Series and Parallel
Inductors

@ Series and Parallel
Capacitors

@ Current/Voltage Continuity
@ Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary
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® Capacitors
® Types of Capacitor
@ Inductors

® Passive Components
® Series and Parallel
Inductors

@ Series and Parallel
Capacitors

@ Current/Voltage Continuity
@ Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary

Electrical power absorbed by any component at the instant ¢ is v(t) x i(t).
So total energy absorbed between times t1 and ty is 1V = f tti ¢ vt dt.

For a capacitor ¢ = C’%, o) Ji

W = Cffitl OLCwT
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® Summary

Electrical power absorbed by any component at the instant ¢ is v(t) x i(t).

So total energy absorbed between times t1 and ty is 1V = f tti ¢ vt dt.

For a capacitor 7 = C’dt, ]

12> v v(t2)
W=C [2, viidi= C [ty V4 |
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® Buck Converter

® Power and Energy

® Summary

Electrical power absorbed by any component at the instant ¢ is v(t) x i(t).

So total energy absorbed between times t1 and ty is 1V = f tti ¢ vt dt.

For a capacitor 7 = C’dt, ]

W=C[2, vivdi= c [y

—u(ty) Y 1
v(t2)
-~

v(t1)
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® Capacitors
® Types of Capacitor
@ Inductors

® Passive Components
® Series and Parallel
Inductors

@ Series and Parallel
Capacitors

@ Current/Voltage Continuity
@ Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary

Electrical power absorbed by any component at the instant ¢ is v(t) x i(t).

So total energy absorbed between times t1 and ty is 1V = f tti ¢ vt dt.

For a capacitor 7 = C’dt, ]

12> v v(t2)
W=C [2, viidi= C [ty V4 |

= C [32]1)= 3C (02(t2) - 0?(10)
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® Capacitors
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@ Inductors

® Passive Components
® Series and Parallel
Inductors

@ Series and Parallel
Capacitors

@ Current/Voltage Continuity
@ Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary

Electrical power absorbed by any component at the instant ¢ is v(t) x i(t).

So total energy absorbed between times t1 and ty is 1V = f tti ¢ vt dt.

For a capacitor 7 = C’dt,

12> v v(t2)
W:Cft:tlfu%dt C[ 7 "y

— € [37]4) = 30 (2 () — *(t0))

If v(t1) = v(t2) then there has been no
nett energy absorbed: all the energy
absorbed when the voltage rises is
returned to the circuit when it falls.

V()
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® Capacitors
® Types of Capacitor
@ Inductors

® Passive Components
® Series and Parallel
Inductors

@ Series and Parallel
Capacitors

@ Current/Voltage Continuity
@ Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary

Electrical power absorbed by any component at the instant ¢ is v(t) x i(t).

So total energy absorbed between times t1 and ty is 1V = f tti ¢ vt dt.

For a capacitor 7 = C’dt,

12> v v(t2)
W:Cft:tlfu%dt C[ 7 "y

— € [37]4) = 30 (2 () — *(t0))

If v(t1) = v(t2) then there has been no
nett energy absorbed: all the energy
absorbed when the voltage rises is
returned to the circuit when it falls.

The energy stored in a capacitor is %002

V()
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® Capacitors
® Types of Capacitor
@ Inductors

® Passive Components
® Series and Parallel
Inductors

@ Series and Parallel
Capacitors

@ Current/Voltage Continuity
@ Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary

Electrical power absorbed by any component at the instant ¢ is v(t) x i(t).

So total energy absorbed between times t1 and ty is 1V = f tti ¢ vt dt.

For a capacitor i = C'42

dt S I
12> v v(t2
W=C[2, vidi= Cf_(()t) Y
=C [%?ﬂ]iﬁifi: 30 (v¥(t2) — v?(t1))

If v(t1) = v(t2) then there has been no
nett energy absorbed: all the energy
absorbed when the voltage rises is
returned to the circuit when it falls.

V()

1 h t

The energy stored in a capacitor is 2 Cv? and likewise in an inductor £ Li?.
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® Capacitors
® Types of Capacitor
@ Inductors

® Passive Components
® Series and Parallel
Inductors

@ Series and Parallel
Capacitors

@ Current/Voltage Continuity
@ Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary

Electrical power absorbed by any component at the instant ¢ is v(t) x i(t).

So total energy absorbed between times t1 and ty is 1V = f tti ¢ vt dt.

For a capacitor 7 = C’dt, ]

v(t2)
C fomo(ty) v 1

%C <’02(t2) — U2(t1))

If v(t1) = v(t2) then there has been no
nett energy absorbed: all the energy
absorbed when the voltage rises is
returned to the circuit when it falls.

W=0C [2, v®dt=

v(t2)
o[-

v(t1)

V()

1 h t

The energy stored in a capacitor is 2 Cv? and likewise in an inductor £ Li?.

If v and 7 remain bounded, then the average power absorbed by a
capacitor or inductor is always zero.
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® Capacitors ’
e Types of Capacitor o Z — C @
@ Inductors dt

® Passive Components
® Series and Parallel
Inductors

@ Series and Parallel
Capacitors

o parallel capacitors add in value

@ Current/Voltage Continuity
@ Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary
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® Summary

e Capacitor:

— (dv
o 1=C%
o parallel capacitors add in value

o average 7 IS zero, v never changes instantaneously.
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® Summary

e Capacitor:

o i:C%

o parallel capacitors add in value

o average 7 IS zero, v never changes instantaneously.

o average power absorbed is zero
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® Summary

e Capacitor:

o i:C%

o parallel capacitors add in value

o average 7 IS zero, v never changes instantaneously.

o average power absorbed is zero

e Inductor:

__ 7 de
o v=Lg
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® Buck Converter
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® Summary

e Capacitor:

o i:C%

o parallel capacitors add in value

o average 7 IS zero, v never changes instantaneously.

o average power absorbed is zero

e Inductor:

__ 7 de
o v=Lg

o series inductors add in value (like resistors)
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® Summary

e Capacitor:
o dv
o 1=0C%

o parallel capacitors add in value

o average 7 IS zero, v never changes instantaneously.

o average power absorbed is zero

e Inductor:

__ 7 de
o v=Lg

o series inductors add in value (like resistors)

o average v is zero, ¢ never changes instantaneously.

: E1.1 Analysis of Circuits (2017-10110)

Capacitors and Inductors: 9 —-12/12 :



-1

9: Capacitors and Inductors

Summary

® Capacitors
® Types of Capacitor
@ Inductors

® Passive Components
® Series and Parallel
Inductors

@ Series and Parallel
Capacitors

@ Current/Voltage Continuity
@ Average Current/Voltage
® Buck Converter

® Power and Energy

® Summary

e Capacitor:

o i:C%

o parallel capacitors add in value

o average 7 IS zero, v never changes instantaneously.
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e Inductor:

__ 7 de
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o average v is zero, ¢ never changes instantaneously.

o average power absorbed is zero
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@ Average Current/Voltage
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® Summary

e Capacitor:

o i:C%

o parallel capacitors add in value

o average 7 IS zero, v never changes instantaneously.

o average power absorbed is zero

e Inductor:

__ 7 de
o v=Lg

o series inductors add in value (like resistors)

o average v is zero, ¢ never changes instantaneously.

o average power absorbed is zero

For further details see Hayt Ch 7 or Irwin Ch 6.
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