B 230,000 voks

W 345,000 vokts

B 500,000 voks

B 755,000 voks
High-vyoltage direct current




Voltage
source

Voltage
source

Power loss in power cords

S

J
Y
Power cord
A
A\

v Equivalent circuit

S

AAAY

7 R
Power cord resistances
N R

ANA—

Load
(motor, heater, etc)



Power loss estimate
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As a simple example, consider a 1 m long cord made of 1 mm diameter copper wire

=)

Material Resistivity p
(ohm m)

Copper 1.68x10-8

Aluminum 2.65x10®

Voltage drop along the cord, which is voltage loss, V- = I*R

D=1le-3m;
A=n*D?/4=7.85e-7m
[=1m

p =1.68e-8

R=p L/A=0.021 Ohm

To keep V- low, the current must be as low as possible.

However, the power delivered to the load must be high enough.
P=

V*I

Solution: increase the voltage in transmission lines.
This is the main reason why power grids use very high voltage levels.

L, m R, Ohm
1 0.02

10 10.2

100 |2




Magnetic circuits: mutual inductance

(1)
-~ —-
+ / :
~ D] t 1 V)

QI

N) turns N, turns

Current i/ induces magnetic fluxes ®@,, and ®,,. == In turn, ®, induces voltage v,

Total flux through coil 1: ®, =, + ©,.

AP, . . d P,
Voltage induced in coil 1: v1 = Ny T Voltage induced in coil 2: vz = N; 1t
Note that &, comes from coil 1. v, = N, AP, =(N, dq)_lz diy
Let us link v, fo i, dt diy / dt
dd . diy Voltage v, is induced by
Mutual inductance: M,; = N, diiz V2 = iM21E current i12

The "+" sign 1s here because the sign of v, depends on the direction of winding in coil 2



di
With current flowing only through L1: v, = £My, dtl

In general, when currents flow through both L1 and L2,
mutual inductance induces voltages in both coils:

R, el Ry

¥ ¥ v
diy diy diy di
v — 7.2 ) | v
" /L‘ ar t MG g i 2 [L?- dr “LM dt "2

s s \

Change + to — Changc +to - Change +to— Change + to —

if i} is CCW if i isCW if i s CW if i; 1s CCW

(a) Dots on same ends

R, o L i A o <2 R
diy diy diy di
v — L L )
5 =11 7 M= > 1 2 =L r - M= p7 S5

o / K @ o [ K
el \ "/ \

Change +to— Change —to + Change +to— Change —to +

if iy is CCW if i isCW if i 1s CW if i; 1s CCW

(b) Dots on opposite ends

Circuits containing mutual inductance are called magnetically-coupled circuits



Voltage transformers

"p" refers tQ
primary coil\ /Transformcr core
. IR
’U — N _p + T ' \
p P dt "s" refers to

c
—

secondary coil

_1i:/ .

I
I
Noi 02 US=N
I
I

S dt

S

- —————
-

\
" -
Magnetic flux—"



Transformer: a device to change the voltage level

Brimary QoMo Om(auual) Voltage across
o .
—i’ Changing flux secondary coil
P pattern
. + dd.  dd,

Vqltage across : ve = N, Frab NS7
primary coil d
' \_ (secondary flux /

Secondary (Z,, N.) comes from mutual
o inductance)

Transformer

®p and @, are the primary and the mutual magnetic fluxes; the coupling coeff.: k =@ _ /D,

If ®,=d_, (no loss in the transformer’s core), then

ve = Ng——=N =—XN ==
S S dt Sat Np P at nNp P
In ideal transformer, 1. = Ns, Power transfer in 1deal transformer: Py = Pyp; ;=N
’ — - —
> Np P therefore, the secondary current °S — ng P

Step-up: Np = 10; Ng = 1000; Output voltage, ec= 100*e, = 100 x input voltage

Step-down: Np = 1000; Ng = 10; Output voltage, eq= 0.01*e, = 0.01 x input voltage



Transformer types

€s

Steel core

k=




Power distribution lines

600 - 1?00 MW ul I

Muclear Plant

Coal Plant

Industrial Power Plant

=

=200 MW Hydro-Electric Plant

g

Extra High Voltage
265 to 275 kV
—Q (mostly AC, some HVDC)

 —

=150 MW

Medium Sized
Power Plant

=30 MW

110kV and up



Power distribution lines (cont.)

Low antagi
| 50 kV
jeoosl

!'.:|t1ar Network =3 MW

Distribution Grid

up to
=150 MW
) L‘J

i @ @ @ @ substations
@@@@|

City
Power Plant

=2 MW

)

Industrial
“ Customers

? .
[+

Farm = 400 kW

N Gl

>l il i

Solar Farm

i1y

Wind Farm



Other applications of transformers

Impedance matching

Np 7 |
Input 1mpedance Z\ = e4/lg Zour = a% Zin
Np Output impedance Zq r=¢p/lp ,
e Ip a is the turn ratio: a = N¢/N,
S
R, R, 8=l
MWy AWy
n 512 ) i 512 Q)
Vg®1zov F:[q v, f\)lzov —*QHE F:EQ
= = e
8 () 4 8 ()
Poor matching @ ® Perfect matching
Z; 5o =8 Ohm * 82 =512 Ohm
‘ | | L B
s L )
H —| TV input . .
% TV antenna — TV input matching

300 Q:75 Q _
75 ()



Other applications of transformers

Isolation
Lmes\
40.000 V
s o N S
)
N
p
P = 400 =
N, . Voltmeter

O C

FIG. 21.11

Isolating a high-voltage line from the point of measurement.



Non-ideal transformer equivalent circuit

[
R, I, I\ I, R
+ _-' f¢ * j‘r
i m P
P
E, 1T~C, RLf% L. % N, ‘ ‘ N, C. T~ E. §RL
o | 5

Ideal transformer
The resistances Rp and Rs are simply the dc resistance of the primary and
secondary windings, respectively.

The leakage flux, which does not pass through the 2™ coil, i.e. the loss in the
system, 1s represented by an inductance Lp in the primary circuit and an
inductance Ls in the secondary circuit.

The resistance Rc and inductance L, represent the loss due to hysteresis in the
steel core.

The capacitances Cp and Cs are the lumped capacitances of the primary

and secondary circuits, respectively, and Cw represents the equivalent

lumped capacitances between the windings of the transformer.



Non-ideal transformer simplified equivalent circuit

N,
GZT:’D
o—— AW —T T —o
R, L, N, N L, R,

p 5 E

ES§RL

Q |

Ideal transformer

The total resistance and inductive reactance of the primary circuit

= = 2
RE‘[llliTﬂlE‘Ilt — Re — Rp + a RS

5 - i
‘)(equiﬁ.'alent = )Le — j‘p + a }Ls

; Ny _ Do
R, a’R, X, aX, a@= N, R, . @ = N,
oA AT TO0 = o
+ + -
. N N N, N
Ve @ E, g E E, §R£ Vi ¥ @ avy g g §RI Vi
- —
B - - R.=a’R; -
L o o

Ideal transformer

(a)

Ideal transformer

®)



Electronic "transformer": boost converter

Switch that closes

-~ when shutter opens

Flash

Thévenin model
of battery
g L T I
, R=4Q | L Diode 7
| AN ; o— N ——F—
I
| * |
| 4V = | A =~ C tube
Lnals | ”
I
1 p— / = 5
TR e ) Wi VM e.? MMM RS l [
Electronic switch

The electronic switch alternates between open
and closed approximately 10,000 times per second.
(In some units, you can hear a high-pitched whistle
resulting from incidental conversion of some of the
energy to acoustic form.) While the electronic switch
is closed, the battery causes the current in the in-
ductor to build up. Then when the switch opens, the
inductor forces current to flow through the diode,
charging the capacitor. (Recall that the current in
an inductor cannot change instantaneously.) Current

can flow through the diode only in the direction of
the arrow. Thus, the diode allows charge to flow
into the capacitor when the electronic switch is open
and prevents charge from flowing off the capacitor
when the electronic switch is closed. Thus, the charge
stored on the capacitor increases each time the elec-
tronic switch opens. Eventually, the voltage on the
capacitor reaches several hundred volts. When the
camera shutter is opened, another switch is closed,
allowing the capacitor to discharge through the flash
tube.



