Section 7.4

CANONICAL CIRCUIT MODEL




Canonical Circuit Model

H(s)
1:M(D) - .

i s = Z.(s) Effective Z,(s)
Vg + \’)g(S) j(S)d(S) —_— low.pass - V+ 1’;(5’) s R
: [ilter

e(s)d(s)

™
D +d(s)
Power Control Load
input input
: : V(s)
Line-to-output transfer function: G, (s) = =M(D) H (s)

V,(5)

Control-to-output transfer function: G, (s) = :;(S; =e(s) M(D) H (s)
S
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Canonical Form of Basic Converters

Vet 7(5) C’) J(s)d(s) ﬁ CI= V+is)S R

Table 7.1. Canonical model parameters for the ideal buck, boost, and buck-boost converters

Converter M(D) L, e(s) Jj(s)
Vv 1%
Buck D L D> R
1 L sL 4
Boost D D’ W (1 E R) DFR
D L 1% DL v
Buck-boost - D7 7 (1 - ;)TR) “D°R
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Section 7.5

STATE SPACE AVERAGING




7.3: State Space Modeling of Buck Boost

i(0) O, D,
1T 14 :
i(1)
v (1) +) T L C== RS W
8 - —

state vector

i(1)

X(1) = W)
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input vector

v, (1)

u(r) = v,

89

Model nonidealities:

- MOSFET on-
resistance R,

+ Diode forward voltage
drop V,,

output vector

¥y =0 |
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Model in Subinterval 1

d(t) lg(t) Ron
i(t) _ . > AN\—
Ld d(t) = vg(tz) i(OR, ” +
vt v(t
¢ dt — R v (1) j) L C== RS W
i (1) =i(t)
Lol alio]_ |~ 1 Tiw], [10] [»®
0C| dt|v(r) 0 1 V(1) 00 vV,
~—~—————
dx(t
K Zg) A, x) B, u()
[i (t)] _ [1 O] i(1) N [0 0] v, (1)
'\g\,_a ——— v(t) —— VD
S’ ~——
y(@) C, X(1) E, u®
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State Space Model

Given: a PWM converter, operating in continuous conduction mode,
with two subintervals during each switching period.

During subinterval 1, when the switches are in position 1, the
converter reduces to a linear circuit that can be described by the
following state equations:

K di?(,’) =A,x(n)+ B, u()

y(1) = C,x(7) + E, u(r)

During subinterval 2, when the switches are in position 2, the
converter reduces to another linear circuit, that can be described by
the following state equations:

dx(r) _

KT A, X(f)"'Bz u(r)
v(r)=C,x(7) + E, u(r)
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State Space Averaging

The averaged (nonlinear) state equations:

d{x(1)),
K % =d) A+ d ) As) (x0), +(d@) By +d'0) By (),

(y®), = (d(z) C,+d) Cz) (x(0), + (d(z) E, +d(t) Ez) (u@),

The converter operates in equilibrium when the derivatives of all
elements of ( x(?) ), are zero. Hence, the converter quiescent

operating point is the solution of

0=AX+BU
Y=CX+EU

where A=DA,+D'A, and X = equilibrium (dc) state vector

B=DB,+D'B, U = equilibrium (dc) input vector
C=DC,+D'(C, Y = equilibrium (dc) output vector
E=DE,+D'E, D = equilibrium (dc) duty cycle
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DC Solution

DC state equations: 0]_ =Dl D ], b -p]|V
10 _p _1 V] 0 O vV,

R ) L |

1 va v |

1|= |DoO]| |+ loo] v

Corresponding equivalent circuit:

DR D'V,
1:D g
— O )
1 1 +

Q- VoK
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Linearization of Averaged State Space Equations

Let (x(0), =X+ with U|>>| @)
(u®), =U+a@) D >>|d(t)
(y), =Y +30 X|>>| %@

dt)=D+d(t) = d'@)=D-d@) Y |>>]§()

Substitute into averaged state equations
d(X+K(1))
K=

((D+d(t) | A, +(D-da) Az) (X+200))

+( D+d(t) B, + —d(t) BZ) U+u(t)
Y+y(t) ( D+d(z) D'—d(t) Cz) X+X(t)
+( D+d(t) —d(t) E ) U+u(t)
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AC Solution

Evaluate matrices in small-signal model:

J_vy] |V.-IR,+V,| |V,~V-IR, +V,
(A,-AZ)X+(BI—BZ)U_\ PR A =l
(C,-C))X+(E,-E,)U=]1]
Small-signal ac state equations:
IL O]i ity| |~DPR. D f(r)_+' D v(t) Vg—V—IRm+VD A0
0C|dilvry|~| _p _% ZOI . O I
s z(t) v (t) 0' -
(1 D 0Of1]. d(t
Lol=[Do]| |+ o | #1740
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Resulting AC Equations

Small-signal ac 1 440 _ py 5 _pR_ i)+ D o,(1) + (V.- V=IR,+V,) do)

equations, in dt
scalar form: C % -D' (1) - V(t) +1d(1)

[(O=Di(t)+1 J(z)

i)

O

Corresponding equivalent circuits:

input 4
eqn
inductor equation P(1) 1d () Diw| |
" DR, cf(t)(Vg— V+V,- IRO,,)
—rssn—a—( 3) ,
Y odin 7 capacitor
dt 1 ean a’ dav(t) v + (1)
Do (1) i D'y | q dr R

'\s‘(_:)/ D'i(n) l 1d(0) C o D R
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Section 14.1
AVERAGE SWITCH MODELING




Removing Switch Network

Power input

O

Time-invariant network
containing converter reactive elements

Load

R S v(t)

c &
I > —
. I i, (1)
v(:(v -
T | Switch network |
()| 5 Y R,
(Y ()
Cbnﬂletﬂv
input
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Averaged Switch Network

Power input

Load
Averaged time-invariant network
containing converter reactive elements

2
ON@) c

L
|1

_|_

R 5 (V@DTS
A i)
+ ey, - e
tf 1)1, iy U);-j
. Averaged |
w@) |5 switch network 3 1),
= (]
Control I d()
input
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Definition of Equivalent Sources

"
vi(t) § () T
B i(t) i\ (1)

P+ -

i)y, @) o[+ fz(r)évz(v Co= RS WY

0 __ Switch network

o
Q
|
o~
“""Ix“

The waveforms of the dependent

i\(2) generators are defined to be identical
to the actual terminal waveforms of the
(ir(0)r, switch network.

ih(1) »

The circuit is therefore electrical
0 0 identical to the original converter.

So far, no approximations have been
made.

THE UNIVERSITY OF

TENNESSEE [ §

KNOXVILLE




Switch Averaging

——t T80 \—p- :
T, i) Ik +

w0 O o[ ] vwo ¢ == RS v

__ Switch network

G, G, K +

o0, O oo, [T [H]eo, ey, cz= RS G0,

Averaged switch network
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Computation of Average Values

Vl(f) A Vz(v
L2 W
0 0
0 dT, T, t
i(1) a i\ (1)
L2 N
0 0
0 dT, T, t
L
— » 300
)y,

X ;

Average the waveforms of the
dependent sources:

(), =d@) (w®),
(i0), =d@® (i),

T

a0 oy, [

Flaw ooy, ooy, © ==

Averaged switch model
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Linearization of Model

I Vd(r)
v+ i O p(vewo)[F] [H]elivio) Qrdo c == rgv+w
v
L I;a(\t) D' 1
Vet 7(0) i) % Id(r) C == R S V+i)
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Averaged Switch Cells

i) ir(t) I, +_fi 1D L+ i,

v 4T = L O—
_|_ . . Vd

"o r S N OREAN s

By(1)  p— !2(9 11.1.1’1

i‘,:!(d V1+'ﬁ1 % 113 V2+i?\2

i) i i»(1) 1, +f1

" E||— Y 0

see also

Appendix 3
Averaged switch
modeling of a
CCM SEPIC
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Chapter 8
CONVERTER TRANSFER FUNCTIONS




Buck Boost Model

1:D L 7\ D' 1 Output
) TG0\ | + '

;fne ; - V + i

= | L) (V- Vdes) . i

P(s) Z,(3) 1d(s) g\é g\é 1d(s) C== ) RS Z,($)
. ¥ .

f f

Control input

cf(s)

v(s)

Dy(5)

Gol5) = Guss) = 3

d(s)=0 (S)

f)g(s) =0
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Buck-Boost Control-to-Output TF

1:D

ﬁg(.s') Cf

) 1d(s) QE g\?

D'l

. BB ()
1(s) "‘l +. *
(V,-V)des)
g\? Mrdw ==c o $r




Buck-Boost Control-to-Output TF




