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•• Switching cell average model in continuous conduction Switching cell average model in continuous conduction 
mode (CCM)mode (CCM)

•• Switching cell average model in discontinuous Switching cell average model in discontinuous 
conduction mode (DCM): firstconduction mode (DCM): first--order modelorder model

PWM convertersPWM converters

Summary of the presentation 
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Basic DC-DC Converter topologies: 2°order
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Basic DC-DC Converter topologies: 4°order

ug

+
uo
+

-
DS

L1

i1 i2

Ro

+
uC

Co

L2C1

-
uS

+
uD

+

-
CukCuk

ug

+
uo

+

-

D

S
L1

i1 iD

Ro

+
uC

Co
L2

C1

-
uS

+ uD
+-

i2
SEPICSEPIC



Modeling approaches for switching converters 5/72

iDiDiLio

iSiLiSig

Ug+UoUoUgUon+ Uoff

UoUo-UgUoUoff

UgUgUg-UoUon

Buck-boostBoostBuck

a p

c

n

DS
L

+

-

Uon

is

+

-

Uoff

iD

iL

Commutation Cell for 2°order converters

22°° order converters can be order converters can be 
described by a unique described by a unique 
commutation cell:  commutation cell:  



Modeling approaches for switching converters 6/72

Averaging
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Average model: CCM

• Switching frequency ripples are neglected

• Only low-frequency dynamic is investigated 
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Average model: CCM
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Averaging approximation
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Averaging

•• Reactive element voltageReactive element voltage--current relations current relations 
remain valid also for average quantities;remain valid also for average quantities;

•• for inductors, the current variation in a switching for inductors, the current variation in a switching 
period can be calculated by integrating their period can be calculated by integrating their 
average voltage;average voltage;

•• for capacitors, the voltage variation in a for capacitors, the voltage variation in a 
switching period can be calculated by integrating switching period can be calculated by integrating 
their average current.their average current.
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Continuous conduction mode - CCM
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Switching cell average model: CCM
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Switching cell average model: CCM
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Switching cell average model: CCM

• The non-linear components (switch and diode) 
are replaced by controlled voltage and current 
generators representing the relations between 
average voltage and currents;

• These controlled voltage and current generators 
can be substituted by an ideal transformer with a 
suitable equivalent turn ratio.



Modeling approaches for switching converters 15/72

Buck average model: CCM
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Buck average model (alternative approach): CCM

D

S

ig iL

ug uD

+

-

+

-

Switching Switching 
cellcell

Independent variables: Independent variables: uugg, , iiLL

Dependent variables: Dependent variables: uuDD, , iigg

ug

+
uo

+

-

D
S L

iS iL

iD Ro



Modeling approaches for switching converters 17/72

Buck average model (alternative approach): CCM
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Buck average model: CCM
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Boost average model: CCM
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Boost average model (alternative approach): CCM

Switching Switching 
cellcell

Independent variables: Independent variables: uuoo, , iiLL
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Boost average model (alternative approach): CCM

++ Lid′

oud′
ou

Li

-

D
S

iL iD

uS uo

+

-

+

-

+

-

+

-

d’:1

ou

Li Di

Su



Modeling approaches for switching converters 22/72

Boost average model: CCM
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Buck-Boost average model: CCM
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Buck-Boost average model: CCM
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Buck-Boost equivalent average model: CCM
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Cuk average model: CCM

D
S

iS iD

uD

- +

-
uS

+
DS

CD

CS u
d
d

u
udu

udu ′
=⇒





=
′=

( )
( ) DS

21D

21S i
d
d

i
iidi

iidi
′

=⇒




+′=
+=

ug

+
uo
+

-
DS

L1

i1 i2

Ro

+
uC

Co

L2C1

-
uS

+
uD

+

-

Switching cellSwitching cell



Modeling approaches for switching converters 27/72

Cuk average model: CCM
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Cuk average model: CCM
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SEPIC average model: CCM
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SEPIC average model: CCM
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SEPIC average model: CCM
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Model perturbation

Generic voltage or current:Generic voltage or current: x̂Xx +=

Yx̂ŷXXYyx ++≈⋅

Xx̂ <<SmallSmall--signal approximation:signal approximation:

Examples:
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Product of variables:Product of variables:
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General switching cell: DC and small-signal model
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General switching cell: DC and small-signal model
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Buck switching cell: DC and small-signal model
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Buck DC and small-signal model
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Boost switching cell: DC and small-signal model
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Boost DC and small-signal model

DutyDuty--cycle to output voltage transfer function:cycle to output voltage transfer function:
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Boost small-signal model: CCM

1

0
t

Normalized output voltage response to a Normalized output voltage response to a 
dutyduty--cycle step change:cycle step change:

The output voltage initially The output voltage initially 
moves in the wrong directionmoves in the wrong direction
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Buck-Boost DC and small-signal model
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Buck-Boost DC and small-signal model

DutyDuty--cycle to output voltage transfer function:cycle to output voltage transfer function:
RHP zero
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Cuk DC and small-signal model
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Cuk DC and small-signal model
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SEPIC DC and small-signal model
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Discontinuous conduction mode - DCM

t

t

dTs

Ts

t

t

iL(t)

is(t)

id(t)

(d’Ts

Uon

-Uoff

uL(t)

L
U

m on
1 =

L
U

m off
2 −=−

Di

Si

Li

SoffSon TdudTu ′=

d
d

u
u

off

on ′
=

( ) 







+=′+=

off

on
on

S

2
Lpk

L u
u

1u
Lf2
d

dd
2

i
i

off

2
on

S

2
Lpk

D u
u

Lf2
d

d
2

i
i =′=

on
S

2
Lpk

S u
Lf2
d

d
2

i
i ==

At steady-state:

0uL =



Modeling approaches for switching converters 46/72

Discontinuous conduction mode - DCM
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•• The inductor current is always zero at the The inductor current is always zero at the 
beginning of each switching period;beginning of each switching period;

•• this loss of the memory effect justifies the this loss of the memory effect justifies the 
statement that the inductor current is no more a statement that the inductor current is no more a 
state variable;state variable;

•• switch and diode are replaced by non linear switch and diode are replaced by non linear 
controlled current generatorscontrolled current generators

First order average models - DCM
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First order average models - DCM
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Buck average model: DCM
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Buck small-signal model: DCM
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Buck small-signal model: DCM
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Boost small-signal model: DCM
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Buck-Boost small-signal model: DCM
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gfûg ogig

Sî
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Full order average models: DCM
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Full order average models: DCM
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Full order average models: DCM
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Full order average models: DCM
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Full order average models: DCM
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while the diode is replaced by a while the diode is replaced by a 
controlled voltage generatorcontrolled voltage generator
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Full order average models: DCM
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Example: boost in DCM
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Example: boost in DCM
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Example: boost in DCM

a) Full order model
b) First order model

10-1

[dB]

-60

-20

-30

-40

-50

( )
( ) dBud

ud

0G
jG ω

a)

b)

10-210-310-4

-10

100

[deg]

-180

-30

-60

-90

-120

( )ω∠ jGud

a)

b)

-150

10-1

sf
f10-210-310-4 100

sf
f

ControlControl--toto--output transfer functionoutput transfer function



Modeling approaches for switching converters 63/72

State-Space averaging (SSA): CCM
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State-Space averaging (SSA): CCM

Hp: linear ripple approximationHp: linear ripple approximation
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State-Space averaging (SSA): CCM

SteadySteady--state solution:state solution:
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Example: boost converter in CCM
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Example: boost converter in CCM
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Voltage conversion ratio:Voltage conversion ratio:
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Example: boost converter in CCM

SmallSmall--signal linear model:signal linear model:
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State-Space averaging (SSA): DCM

Applying moving Applying moving 
average operator:average operator:
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State-Space averaging (SSA): DCM

Example:Example: iiLL··qq11
t

iLpiL

d1Ts d2Ts d3Ts

L
Uon

L
Uoff−

t

1 q1

iLq1

Li

1L1L qiqi ≠

( )21
Lpk

L dd
2

i
i +=

21
2L

21

2
L2

Lpk
DL2

dd
1

qi

dd
d

id
2

i
iiq

+
=

+
===

21
1L

21

1
L1

Lpk
SL1 dd

1
qi

dd
d

id
2

i
iiq

+
=

+
===

Hp: linear ripple approximationHp: linear ripple approximation
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State-Space averaging (SSA): DCM
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State-Space averaging (SSA): DCM

If dIf d33 = 0, i.e. in CCM, we have:= 0, i.e. in CCM, we have:
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