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INDUCTOR AND CAPACITOR RESPONSE

As already mentioned before:

g

» the current lags the voltage by 90° in an inductor L joL _le TaC
o . — ——

» currents leads the voltage by 90 in a capacitor VL v,

Relation between voltages and currents can be summarized as:

-V _ Vi 2 90°
T jwL T wL ? @

Ic = jwCVge = c/.JCVCejTr/2
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Inductor current 4 7, and capacitor voltage v are commonly used state variable:  Figure 1 Phasor representation.

t
iL(t):iL(t1>+l/ opdt, >t
L 4

=z
1 t + + 1
vc(t)=vc(t1)+—/ icdt, t>t, w 3 W e
CJy ” "
v
i,

» inductor current is the response to applied inductor voltage /— /——

» capacitor voltage is the response to change in capacitor current ) — ¢ vty — f

t t
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Figure 2 Inductor and Capacitor response.
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INDUCTOR AND CAPACITOR - STEADY STATE

Steady state condition imply repetition of the waveforms
» u(t+T)=v(t)
> it +T) =1t

In case of an inductor this leads to:

1 t1+T
= vrdt =0
T/tl L

In the steady state average inductor voltage is zero

In case of a capacitor we have: Figure 3 Inductor response in steady state.

1 t1+T

= icdt=0
Ty, c

In the steady state average capacitor current is zero

These concepts will be frequently used for circuit analysis in the course

)

Figure 4 Capacitor response in steady state.
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MAGNETIC CIRCUITS - AMPERE’S LAW

Magnetic components are widely used in power electronics

1) = mean path length

Inductors and Transformers are typical components found in many

converters
— T |
Ampere’s Law
» acurrent-carrying conductor produces a magnetic field of
intensity H,[A/m] .
» the line integral of the magnetic field intensity H, equals the total Core: iy
enclosed current (@ )

Figure 5 Ampere’s Law: a) General formulation, b) Example.

56Hdlzzz'

For practical circuits, this normally can be written as:
> Hili =) Npim
k m
For circuit in Fig, 5 this becomes:

Hqly +Hglg = Nyiq

Right-hand rule can be used to determine the direction of H-field Figure 6 Right-hand rule: a) Generic case, b) Example.
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FLUX DENSITY (B), CONTINUITY OF FLUX

Flux density B is related to field intensity H through the medium where field exist:
B=pH [Wb/m*]=[T)]
The permeability 1« of a medium is defined as:

M= oty

where:
> Lo is the permeability of the air, p1 = 4 - 1077H/m
> L, is the relative permeability that may go up to several thousands

In case of saturation, incremental permeability 1A = A B/A H is much smaller

The magnetic flux ® through an area can be found as surface integral of the B-field

d):/ BdA
A

As the magnetic flux lines form closed loops, in-out net sum is zero

Continuity of flux imply:

o,

BdA=0 = ) ®,=0
k

closed loop
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Figure 7 B-Hrelation.
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Figure 8 Continuity of flux (KCL for magnetics)
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MAGNETIC RELUCTANCE

Ampere’s law and continuity of flux can be used to define the Reluctance

Z k kAk:

l
ZHklk*XHkMkAk 2 k kuk’;l

"

b Ag

This further yields:

8 gt =3 N

The magnetic Reluctance 9y, in the path of the magnetic lines is defined as:

NkAk

Uk

R, =
kT e Ay

We have:
) R =) Npim
k m
For simple circuit as on figure we have: PR = N3

Knowing R, and i,,, from circuit, flux can be calculated as:

b=
25 R
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Mean path length I

Cross-sectional
area A
1 Ni
Permeability R= T

Figure 9 Magnetic Reluctance.

®

Figure 10 Magnetic-Electric Analogy.
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FARADAY’S LAW, LENZ’S LAW, SELF-INDUCTANCE

For a stationary coil, convention indicates positive voltage where positive current enters, while for a chosen current direction, right-hand rule

indicates positive flux direction

Faraday’s Law relates a time varying flux linkage of the coil N ® to induced voltage:

dN®) 4o
@ Na

e=+
Lenz’s Law states that the currentinduced in a circuit due to a change or a motion inamag-

netic field is so directed as to oppose the change in flux and to exert a mechanical force
opposing the motion. Self-inductance of the coil is defined as:

Lz?:N‘b:Li

From Faraday’s law we have for stationary coil:

_ o, di dL _ . di
e LﬁJrzﬂ_Ldt
Considering PR = Ni we have:
_NNi_N?
L=%ow "

Coilinductance is a property of magnetic circuit and independent of ¢
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Figure 11 a) Flux direction and voltage polarity; b)
Lenz’s Law.
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Figure 12 Self-inductance L
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TRANSFORMER WITH LOSSLESS CORE (l)

A transformer consist of two or more coils that are magnetically coupled.

Total flux in coils 1and 2 is given, respectively:

i iy i
=0+ =0+ Lo e
Q1 =0+, Qo= -0+ Py = T = A
B g i — /
where ®;1, ;5 are the leakage fluxes. The flux @ links the two coils and is given by: P B — 1 {opeteta S
o Nyiy — Nyiy _ Nyip, @ ®
Re R Figure 13  a) Cross Section; b) B-H characteristic.

with 2R being reluctance of the core, and 7,,, magnetizing current:
. . 2 .
Gy =01 — R0
m 1 Nl 2
The leakage fluxes are given with:

Niiy P, = Noto
R’ 27 Ry,

with PR;1, PR being Reluctances of the leakage paths

No matter how good is transformer design, certain portion of flux will leak outside the core
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TRANSFORMER WITH LOSSLESS CORE (ll)
The voltages v, v at the transformer terminals are given by:
o dd s e e
vy = Ryig + Ny dtl , =—Raiz — N2 dt2 . m E: fou saf - 7@
where R1, Ro account for the ohmic losses in the windings. Further development yields: ~ ***** — = [remteta N
. A ™ ®
L. Nt di N1 dip, _ . N3 dip  N1N3 diy, Figure14 a)Cross Section; b) B-H characteristic
ve= Rt e R d v2 = —Raby — T Y TR
We can simplify this by considering o i B In i.:im sz Rz i .
Lm e e vy
o= Midim g dim g NP ND NS . _}{ :
VTR dt o Tmde e T R TRy TR Ry
Resulting in: ) )
di digp diy i % < e
vy = Rlll + Lll dtl + Lm dt - Rlzl + Lll dt +e1 "_1 ‘-l M N2 ‘_2 "—2
= —Roig — le% + eg ®)
Figure 15 Equivalent circuits of a transformer

. di
= —Roig — Ll275 N,

This is the base for the transformer equivalent circuit
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IDEAL VERSUS REAL TRANSFORMER

Ideal transformer circuit is result of several simplifications

» Ry = Ry = 0-perfect conductors used for windings

»R.=0=>pu=00=1L,, =00
»R1=Rpp=0=L;1 =Lip=0=>P3 =P;5=0 T

With these simplifications, transformer equivalent circuit reduces to ideal transformer: @

_ N N V1 _ U2
V1 = €1, Ugfegfﬁlelfﬁlvl:m—m

In case of a real core with hysteresis characteristics, core losses are present

Core losses are modelled by equivalent resistance R,,, in series or parallel to L, Figure 16  Equivalent circuits of a transformer
The total leakage inductance seen from one side, can be written as: W Ry e R
v e Ny * Ny 3 v2
' ' Nl 2 ' 1.0 R '
Litotar = Lin + Lig = Lig = (57 )" Li2 ; - -
N2 (a)
i R In Ly Ry P

Similarly, winding resistance can be reflected from the secondary side: ¢ s ) . —

' N1 2 - - . -
Ry = <7N2 )" R N

. . PR Fi 17 a) Core lossinc,; b) Reflected to prim.
The total leakage inductance is often specified in p.u. of the transformer apparent power ‘gure ) Cor : ) pr

E P F L EE-365 Power Electronics Laboratory



	Review
	Inductor and Capacitor Response
	Inductor and Capacitor - Steady State
	Magnetic Circuits - Ampere's Law
	Flux Density (B), Continuity of Flux
	Magnetic Reluctance
	Faraday's Law, Lenz's Law, Self-Inductance
	Transformer with Lossless Core (I)
	Transformer with Lossless Core (II)
	Ideal versus real Transformer


