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Chapter 3. Steady-State Equivalent Circuit
Modeling, Losses, and Efficiency

3.1. The dc transformer model

3.2. Inclusion of inductor copper loss

3.3. Construction of equivalent circuit model
3.4. How to obtain the input port of the model

3.5. Example: inclusion of semiconductor conduction
losses in the boost converter model

3.6. Summary of key points
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Ideal Transformer Model
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Simplifying Circuits With Ideal XF
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3.1. The dc transformer model

Basic equations of an ideal 1, !
. o — &
dc-dc converter: Switching
Power dd FPower
P’L_—P;'"’ (n = 100%) input Ve Shie ouput
VI=VI - converter =
i S L — o
C Nezav ‘ D
(ideal conversion ratio)
AT
IL n-t Control input
) I) = r\'r,t
These equations are valid in steady-state. During
transients, energy storage within filter elements may cause
Pm # Pmrr
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Equivalent circuits corresponding to
ideal dc-dc converter equations

P,=P,, V.I1.,=VI QV:M(D} v, J’H=M(D}f!

7

Dependent sources DC transfo,

Power

Power output

+
Paower

: v E]M[nu mow, | T v

inpur _% — el

Control input
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The DC transformer model

[ 1: M(D) !

Models basic properties of
ideal dc-dc converter:

Power . . Power
input Ve v aulpit
+ conversion of dc voltages

= - and currents, ideally with

100% efficiency

e
- conversion ratio M _ = dures
. — ~
controllable via duty cycle fa%io

Control inpur

« Solid line denotes ideal transformer model, capable of passing dc voltages
and currents

Time-invariant model (no switching) which can be solved to find dc
components of converter waveforms
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Example: use of the DC transformer model

system \L 3. Push source through transformer
MY D)R,

Switching
de-de . >
v sk MDY,

converter

4. Solve circuit

R

R+M*(D) R,
_

V=MD)V,
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3.2. Inclusion of inductor copper loss

Dc transformer model can be extended, to include converter nonidealities.

Example: inductor coppgr [oss (resistance of winding):
fen-:0g
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Analysis of nonideal boost converter

L R,
»—BEO——AA,

swilch in position 1 / \ swilch in position 2
V‘ T
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Nonideal Boost Converter

Circuit equations, switch in position 1

Inductor current and
capacitor voltage:

vi(t)=V,—i(t) R,

(%1
|
I
=
V"

idy==v(t)/ R

Small ripple approximation:

vin=V,—IR,
idn)=-V/R
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Circuit equations, switch in position 2

v)=V -ty R —v(t)=V,-IR -V
idh)=it)-vih/R=I-V/IR
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Inductor voltage and capacitor current waveforms

vl

Average inductor voltage: v, ~ IR,
, o ~— pr —|+—0DT —*
(v(n) = T I v (1)dt DT, DT,
=D(V.—IR)+D(V,~IR,-V) VR,V '
Inductor volt-second balance: i) I-vR
Average capacitor current: - '
(i0)=D(-VIR+D' (I-V/R)

Capacitor charge balance:
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Solution for output voltage _
Db

We now have two L A R/R=0

equations and two ” +

unknowns: ) ) sey BB =001
4 T -

0=V,—1R,-DV 35 -

0=DI-VIR 3 o R/ = 0.02

[}

Eliminate 7 and § <)
solve for V: 2 /R = D.05
Vv | 15
Sy4 _—_
M Y (l + DR)
<> 1 R /R=0.1
75 ) -
',\ = M-l dul ) 4 ; 0.5
p! R
o~ 0
0 , .2 ; :
= 7 D
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T= VY,

- =t

3.3. Construction of equivalent circuit model

Results of previous section (derived via inductor volt-sec balance and
capacitor charge balance):

Kvi Aruuhﬂ‘ IL |°g.P

y=0
@<f<->=0=_,1"—"£”" —S ki @ nde VN M‘m

|

DI

iew these as lobp and node equations of the equivalent circui}?
Reconstruct an equivalent circuit satisfyf ese equations /

T - =
T \+
], 2

-

T -

T~ -—!/
12

~on
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Inductor voltage equation

+ Derived via Kirchhoff’s voltage

law, to find the inductor voltage
uring each subinterval

+ Average inductor voltage then
set to zero

* This is a loop equation: the dc
components of voltage around
a loop containing the inductor

» IR, term: voltage across resistor
of value R, having current /

sum to zero
= D'Vterm: for now, leave as
dependent source
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Capacitor current equation

{.-‘i) =0=D1-VIR Node

f) VIR

+

« Derived via Kirchoff’'s current
law, to find the capacitor

current during each subinterval ¥
] DI Coz ¥ gR
« Average capacitor current then i

set to zero

() 4

+ This is a node equation: the dc
components of current flowing
into a node connected to the
capacitor sum to zero

* V/R term: current through load
resistor of value R having voltage V

= D'l term: for now, leave as
dependent source
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Complete equivalent circuit

The two circuits, drawn together: Hependant.sourcas aNd reneDmiens

R.’.
A -
v\(% /D DYV %]m v SR

The dependent sources are equivalent

'

+ sources have same coefficient

« reciprocal voltage/current
dependence
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Solution of equivalent circuit

T
v :: R
Refer all elements to transformer Solution for output voltage
secondary: using voltage divider formula:
R ID?
2 W—0 v
D1 V=t
- D
Vi Vv
220 &
i
_ M = 3 .
b + ~T5 M 'dek.t 7
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Solution for input (inductor) current

R, D'/'A/
Y
I ] B
7
!
v, T’ v R
V, V, 1
I= = =y
TTHE
DR
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Solution for converter efficiency

Bt b w3
P,=(V)()  (Cond. lome? Wy S
— p

Ll
P.=(WV) (DD O I Q\) ® sk

Ny
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Efficiency, for various values of R,
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3.4. How to obtain the input port of the model
——

Buck converter example —use procedure of previous section to
derive equivalent circuit

(Df =1, i i f

+
@145 2 1
V.L‘ C - Vc $R
Average inductor voltage and capacitor current:
{(v}=0=DV,-I,R, -V, {icy=0=1,-VJR
_—— —_—
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Construct equivalent circuit as usual

What happened to the transformer?
+ Need another equation
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A\AA _‘l 66.' A(ay-ym:) O\ i:\?d* ‘P:r'l’

Modeling the converter input port

Input current waveform i (r):

i(n
LA i (1) ﬂ:
—_— e
._> area =
DT I,
0
0 DT, I !

Dc component (average value) of i(1) is

f‘_=71=.- “‘:'_uff)d::f)f,_ -
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Input port equivalent circuit

=LA = To= DTL
1= T ‘[ i(t)dt=DI, 0‘)
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Complete equivalent circuit, buck converter

Input and output port equivalent circuits, drawn together:

. Iy R,
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3.5. Example: inclusion of semiconductor
conduction losses in the boost converter model

Fi

Boost converter example

r-
vi By

;f

Models of on-state semiconductor devices:
MOSFET: on-resistance

on
=

Diode: constant forward voltage V,, plus on-resistance R,
—— e

Insert these models into subinterval circuits
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Modeling of component conduction losses
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