POWER ELECTRONICS
BUCK (onvElress EE 4‘?5/ S54¢5

This probiem is intended to familiarize you with one of the basic switching
dc-to-dc converters--the buck converter (Fig. 1), fundamentals of its operation,
assumptions usually made and practical limitations.
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Fig. 1 Buck Switching dc-to-dc Converter
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Switch S isAperiodica11y for interval DTs in position A and for interval
D'T, = (1-D) T, in position B, where f_ 8 1/T,  is the switching frequency and —_—

D is defined as switch duty ratio.

I. Let C =20 )
a. After a large number of cycles the inductor current becomes periodic and

the steady-state is established as shown in Fig. 2. From the fundamental
differential equations determine exactly the current levels I.I and I2
characterizing this steady state.

b. By assuming that R/L << fs in your answer to part {a) find the average
inductor current IL and determind an approximation to the inductor current
ripple AiL 8 IZ'II‘

c. Obtain an expression for the relative magnitude of the output voltage

"~ switching ripple aV/V.
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II. let C # 0.
2. Assuming that the output voltage switching ripple Ay is small compared

to its dc value V, derive an approximation for its relative magnitude
av/V. Hint: . assume that L sees only the dc component of v, that is
V, whereas C sees only the ac component of iL'

III. Find and compare the values of L required to make A%-= 0.0025 (or 0.25%) for

twé cases: (a) C =0 3 (b) C = 10 yF. Use the following parametars and
justify the approximations:

Vg=135V, V=75V, T = 50 ysec , R = 100 ohm.

IV. The ideal switch S in Fig. 1 is now realized by the transister, diode
configuration as shown in Fig. 3. Assume that the transisor can be
modelled in saturation by a constant voltage source Vs = 0.5V, and

diode by a constant voltage source VF = 1.0 V in its on state, while

I

they have infinite resistance in their off states. Assume also that the
converter: operates in the continuous conduction mode (inductor current
never falls to zero).
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Fig. 3 Practical Implementation of Buck Converter

auff\uf
a. Find an expression for voltage v = f (D, Voo Yy \@)

b. Find an.expression for the efficiency n-= fz (v, D, Vs, VF) and put
it in the form 7= f3 (Vo Vo, V) £, (V,V)

c. Using the results of part (a) and (b) calculate the efficiency n for
the following cases:

V =15Yy,Vv=75V; V =90V ,Vv=15V;V_ =15V, V=2.5V;

g g g
Based on these results, what range of power supply voltages are the most _
difficult to obtain in an efficient manner? Any suggestions for the i

improvement?__
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ProOBLEMS

2.1 Analysis and design of a buck—boost converter: A buck-hoost converter is illustrated in Fig. 2.28(a), and
a practical implementation using a transistor and diode is shown in Fig. 2.28(b).

(a) 1 Lz -J_ +
it)
v C R

T OE T
(b) 2 D,
oy |
v L C R

Fig. 2.28

(a) Find the dependence of the equilibrium output voltage V and inductor current I on the duty ratio D,
input veltage V;, and load resistance R. You may assume that the inductor current ripple and capacitor
voltage ripple are small.

(b) Plot your results of part (a) over the range 0 =D =1.
(¢} Dc design: for the specifications

V,=30V Ve —20V
R=40 £, =40 kiz

(i) Find D and /

(i) Calculate the value of L that will make the peak inductor current ripple 4i equal to ten percent
of the average inductor current 1. :

(iify Choose C such that the peak output voltage ripple Av is 0.1 V.

(d) Sketch the transistor drain current waveform ir(r) for your design of part (c). Include the effects of
inductor current tipple. What is the peak value of ir? Also sketch ir(f) for the case when L is decreased
such that Ai is 50% of /. What happens to the peak value of ir in this case?

(e) Sketch the diode current waveform ip {#) for the two cases of part (d).

In & certain application, an unregulated dc input voltage can vary between 18 and 36 V. It is desired to
produce a regulated output of 28 V to supply a 2 A load. Hence, a converter is needed that is capable of
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Fig. 2.29

both increasing and decreasing the voitage. Since the input and output voltages are both positive, converters
that invert the voltage polarity (such as the basic buck-boost converter) are not suited for this application.
One converter that is capable of performing the required function is the nonisolated SEPIC (single-ended
primary inductance converter) shown in Fig. 2.29. This converter has a conversion ratio M (D) that can both
buck and boost the voltage, but the voltage polarity is not inverted. In the normal converter operating mode,
the transistor conducts during the first subinterval (0=¢=<DT.), and the diode conducts during the second
subinterval (DT, =:=T,). You may assume that all elements are ideal.
(a) Derive expressions for the dc components of each capacitor voltage and inductor current, as functions
of the duty cycle D, the input voltage V,, and the load resistance R.
(b} A control circuit automatically adjusts the converter duty cycle D, to maintain a constant output voltage
of V=28 V. The input voltage slowly varies over the range 18 V=V, =36 V. The load current is
constant and equal to 2 A, Over what range will the duty cycle D vary? Over what range will the

input inductor current dc component [, vary?
For the SEPIC of Problem 2.2,

input voltage V,; and the load resistance R.

/(a) Derive expressions for each inductor current ripple and capacitor voltage ripple. Express these quan-
tities as functions of the switching period T; the component values Ly, Ly, C;, Cy; the duty cycle D, the

(b} Sketch the waveforms of the transistor voltage vps{f) and transistor current ip(f), and give expressions

for their peak values.

2.4 The switches in the converter of Fig. 2.30 operate synchronously: each is in position 1 for 0 <= DT, and
in position 2 for DT, = f=T,. Derive an expression for the voltage conversion ratio M (D)= V/V,. Sketch

M{D) vs. D.

Fig. 2.30

2.5 The switches in the converter of Fig. 2.31 operate synchronously: each is in position 1 for 0 = ¢=DT,, and
in position 2 for DT, =i =T, Derive an expression for the voltage conversion ratio M (D) =V /V,. Sketch

M{D) vs. D.

Fig. 2.31

2,6 For the converter of
ripple Avc.

2.7 For the converter of
I, as a function of }

2.8 For the converter of
ripple dve.

2.9 To reduce the switc
consisting of induct
to meet regulations
assume that all indu
small.

Fig. 2.32

(a) Sketch the frar -
(b) Derive analytic
(c) Derive analytic

capacitor volta
(d) Given the follc

Input voltage
Output voltage
Switching freq
Load resistanct
Select values f
component ch
Extra credit probk

and (i) the peak-to-
Do not make the sr
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T. BucCk—BOOST CoNVERTER

Power Electronics

1. A small 1.5 volt solar array is to be used to power a 5 volt, 1 ampere load.

It has been decided to use a buck-boost converter in this application. A

suitable transistor is found with an on-resistance of 35 mQ2 , and a Schottky

diode is found with a forward voltage drop of 0.5 volts.

.]. sl D 1318
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| v ComducTiony MEDE
—— . SVlts

COMTINUSO S

a) Derive an equivalent circuit which models the dc properties of this converter.

Include transistor and diode conduction losses, as well as inductor copper

loss, but neglect all other sources of converter inefficiency.

w-.'—_. o

b} How large can the inductor winding resistance be and still allow this T

converter to operate at 70X efficiency? At what duty ratio will the converter

then operate?

¢) Plot the converter output voltage and efficiency over the range 0<b=1 for

‘the value of induector winding resistance selected in part b).
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duty cycle D. This model can be easily manipulated and solved using familiar techniques of conventional
circuit analysis. _ i

2. The model can be refined to account for loss elements such as inductor winding resistance and semicon-
ductor on-resistances and forward voltage drops. The refined model predicts the voltages, currents, and
efficiency of practical nonideal converters.

3. In general, the dc equivalent circuit for a converter can be derived from the inducior voit-second balance
and capacitor charge balance equations. Equivalent circuits are constructed whose loop and node equations
coincide with the volt-second and charge balance equations. In converters having a pulsating input current,
an additional equation is needed to model the converter input port; this equation may be obtained by
averaging the converter input current.

REFERENCES

[11 R. D. MmbLesrook, “A Continzous Model for the Tapped-Inductor Boost Converter,” JEEE Power Elec-
tronics Specialists Conference, 1975 Record, pp. 63-79, June 1975.

[27 S. M. Cuk, “Modeling, Analysis, and Design of Switching Converters,” Ph.D. thesis, California Institute of
Technology, November 1976.

[3]1 R.D. MmbLesrook and S. M. Cuk, “Modeling and Analysis Methods for De-to-De Switching Converters,”
IEEE International Semiconductor Power Converter Conference, 1977 Record, pp. 90-111.

PROBLEMS

3.1 The inductor of a buck-boost converter has winding resistance R;. All other losses can be ignored.
(a) Derive an expression for the nonideal voltage conversion ratio V/V,.
(b) Plot your result of part (a) over the range 0 =D =<1, for R;/R =10, 0.01, and 0.05.

3.2 The inductor of a buck-boost converter has winding resistance R;. All other losses can be ignored. Derive
an equivalent circuit model for this converter. Your model should explicitly show the input port of the
converter, and should contain two d¢ transformers.

To reduce the switching harmonics present in the input current of a certain buck converter, an input filter
is added as shown in Fig, 3.30. Inductors L and L, contain winding resistances R,, and Ry, respectively. The
MOSFET has on-resistancé R..,, and the diode forward voltage drop can be modeled by a constant voltage
Vp plus a resistor Rp. All other losses can be ignored.

(a) Derive a complete equivalent circnit model for this circuit.
(b)) Solve your model to find the output voltage V.
(¢) Derive an expression for the efficiency. Manipulate your éxpression into a form similar to Eq. (3.35).

3.4 A 1.5 V battery is to be used to power a 5 V, 1 A load. It has been decided to use a buck—~boost converter
in this application. A suitable transistor is found with an on-resistance of 35 mf2, and a Schottky diode is

L, Ry,
—-—:->—f'6'!$'6'\ AN

hH

AON ¢ =

Fig. 3.30.

Fig. 3.31.
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(a) 10A
. vg 110 pl— > .

® 10A

Fig. 3.33.

(a) Derive equivalent circuit models for both converters, which medel the converter input and output ports
as well as the transistor conduction loss.

(b) Determine the duty cycles that cause the converters to operate with the specified conditions.
-{c) Compare the transistor conduction losses and efficiencies of the two approaches, and conclude which

” converter is better suited to the specified application.
It is desired to interface a 300 V battery to a 400 V, 10 A load using a dc—dc converter. Two possible
> approaches, using boost and buck-boost converters, are illustrated in Fig. 3.33. Using the assumptions
described above (before Problem 3.5), determine the efficiency and power loss of each approach. Which

converter is better for this application?
3.7 A buck converter is operated from the rectified 230 V ac mains, such that the converter dc input voltage is

V, =325+ 20%

A control circuit automatically adjusts the converter duty cycle D, to maintain a censtant dc output voltage
of V=240 V dc. The dc load current f can vary over a 10:1 range:

I0A=i=1A

The MOSFET has an on-resistance of 0.8 {2, The diode conduction loss can be modeled by a (.7 V source
in series with a 0.2 £2 resistor. All other losses can be neglected.

(a) Derive an equivalent circuit that models the converter input and output ports, as well as the loss
elements described above.

(b} Given the range of variation of V, and I described above, over what range will the duty cycle vary?
(c) At what operating point (i.¢., at what value of V, and /) is the converter power loss the largest? What
is the value of the efficiency at this operating point? '
3.8 In the Cuk converter of Fig, 3.34, the MOSFET has on-resistance R, and the diode has a constant forward
voltage drop V. All other losses can be neglected.
(a) Derive an equivalent circuit model for this converter. Suggestion: if you don’t know how to handle
some of the terms in your dc equations, then temporarily leave them as dependent sources. A more

Fig. 3.34.

physical re

the model.
(b) Derive ana
(¢) For Vp=0
(d) For Vp=0

R =0.05.
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e /-\\
+ PROBLEMS !
L e 43

In Problems 4.1 to 4.6, the input voltage V, is dc and positive with the polarity shown. Specify how to implement

the switches using a minimal number of diodes and transistors, such that the converter operates over the entire

range of duty cycles 0 =D =1, The switch states should vary as shown in Fig. 4.56. You may assume that the

inductor current ripples and capacitor voltage ripples are small. Vg

Switch 4
position
2
4.4
|
0 DT, T,
Fig. 4.56
For each problem, do the following: VoA
4

(a) Realize the switches using SPST ideal switches, and explicitly define the voltage and current of each
switch.

(b) Express the on-state current and off-siate voltage of each SPST switch in terms of the converter
inductor currents, capacitor voltages, and/or input source voltage.

(c) Solve the converter to determine the inductor currents and capacitor voltages, as in Chapter 2. :

(d) Determine the polarities of the switch on-state cusrents and off-state voltages. Do the polarities vary _
with duty cycle? 2

(e} State how each switch can be realized using transistors andfor diodes, and whether the realization
requires single-quadrant, cutrent-bidirectional two-guadrant, voltage-bidirectional two-quadrant, of
four-guadrant switches. -
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13¢ The Discontinnous Conduction Mode

_I_ i(t)

Fig. 5.21.

{b) The load resistance is disconnected (R —» o), and the converter is operated with duty cycle 0.5. Sketch
the inductor current waveform.

53 An vnregulated dc input voltage V, varies over the range 35 V=V, =70 V. A buck converter reduces
this voltage to 28 V; a feedback loop varies the duty cycle as necessary such that the converter output,
voltage is always equal to 28 V. The load power varies over the range 10 W =< P, = 1000 W. The e;lementf,. ]
values are: :

L=22 uH C=470 uF =75 kHz

Losses may be igrored.
(a) Over what range of V, and load current does the converter operate in CCM?
(b) Determine the maximum and minimum values of the steady-state transistor duty cycle.

5.4 The transistors in the converter of Fig, 5.22 are driven by the same gate drive signal, so that they mumn cmki
and off in synchronism with duty cycle D. ) _ =

Fig. 5.22,

(a) Determine the conditions under which this converter operates in the discontinuous conduction *|
as a function of the steady-state duty ratioc D and the dimensionless parameter K = 2 L /RT,. )

(b) What happens to your answer to part (a) for D <0.5?
(¢} Derive an expression for the dc conversion ratic M (D, K). Sketch M vs. D for X = 10 and for X =0. '. :
over the range 0=D=1. )
DCM meoede boundary analysis of the Cuk converter of Fig. 5.23. The capacitor voltage ripples are smali :
{a) Sketch the diode current waveform for CCM operation. Find its peak valur_:, in terms of the np?l
magnitudes Ai;y, Aip,, and the dc components J; and I, of the two inductor currents #;; (f) and iz (1§
respectively.
(b) Derive an expression for the conditions under which the Cuk converter operates in the discontinue ‘:
conduction mode. Express your result in the form K <K, (D), and give formulas for K and K. (D
DCM conversion ratio analysis of the Cuk converter of Fig. 5.23. 4
(a) Suppose that the converter operates at the boundary between CCM and DCM, with the follo i}
element and parameter values:

Fig. 5.23.

Sketch the diode

magnitades of the
(b) Suppose next that

of parameter and

(¢} Sketch the diode ¢
in the discontinue

5.7 DCM mode boundary
{a) Sketch the diode
magnitudes 4iy,
respectively.
{b) Derive an express
tion mode. Expre
58 DCM conversion ratio

(a) Suppose that the
element and para

Fig. 524




«d with duty cycle 0.5. Sketch

V. A buck converter reduces
ich that the converter output
:Pras =< 1000 W. The element

- ICM?

stor duty cycle.

e signal, so that they turn on

scontinuous conduction mode,
ameter K=2L/RT,.

D for K =10 and for K=0.1,
sitor voltage ripples are small.
value, in terms of the ripple

actor currents iy () and iz (),

- gperates in the discontinuous
e formulas for X and K, (D).

ind DCM, with the following

Fig. 5.23.

(b)

{c)

Fig, 5,24

*

The Discontinuous Conduction Mode

: I t VYa - L.
L 1 11 2 1y
GO 1] Y6 +
i
C, b
v, ® —”E 0, D, G I= R3SV

D=04 =100 kHz
V,=120V  R=1002

Li=54uH  L,=27 uH
Ci=47 uF  Cp=100 uF

131

Sketch the diode current waveform iy (¢), and the inductor current waveforms /, () and i, (¢). Label the
magnitudes of the ripples and dc components of these waveforms.

Suppose next that the converter operates in the discontinuous conduction mode, with a different choice
of parameter and element values. Derive an analytical expression for the dc conversion ratio M (D, K).

Sketch the diode current waveform i (£}, and the inductor current waveforms ¢, () and i; (¢}, for operation

in the discontinuous conduction mode,

5.7 DCM mode boundary analysis of the SEPIC of Fig. 5.24

{a}) Sketch the diode current waveformn for CCM operation. Find its peak value, in terms of the ripple
. magnitudes Ai;,, Ai;,, and the de components [, and 7, of the two inductor currents iy, (¥} and i, (¥),

respectively.

element and parameter values:
D=04 f:=100 kHz
V, =120V R=1012
L,=50 pH L,=75 uH
C, =47 uF C; =200 uF

L;

]l
1
Cl

v, —-l E o,

(b} Derive an expression for the conditions under which the SEPIC operates in the discontinuous conduc-
tion mode. Express your result in the form K <K, (D), and give formulas for K and K (D).

5.8 DCM conversion ratio analysis of the SEPIC of Fig. 5.24.
(a) Suppose that the converter operates at the boundary between CCM and DCM, with the following
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FoRwarD CONVERTOL Hwt

Steady-state analysis of the forward comverter

T 1Nzl Ng Dll -;5%%5\; | i
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The forward converter is a modification of the buck converter which
incorporates am isolation transformer. It is often used in off-line
applications. '

' Assume that the three-winding transformer can be modelled by a

mutual inductance Ly and an ideal three-winding transformer, as below:

o . ;
o . N ingt W N ,,
Lnl * :‘: . . {Es + §
-2 v Z3lE -
- .-y -—_ |
< Nl 'U'.L 0
i,?

Thus, the converter effectively contains two inductors: L and Ly -
Ly is always operated in discontinuous conduction mode, while L wusually

operates in continuous conduction mode. Hence, the switch conduction

sequence is:

interval: D Tg DTs D3Ts

e i S e e e e v A Wl A e ] T e e W M e o e o am o o w we

conducting switches:} Q;,Dy Dy,Dy I3




2.

P

Determine the dc conversion ratio V/Vg
It is desired to use this converter in the following off-line application:

Vg = 150 volts 'Fs= 25kiz
v =5 volts

Pout = 150 watts

Use n] =ny = 10 n3.

Determine the duty ratio Dj, and the value of L for which the

peak-to-average current ripple 4 i is 10% of the average inductor current
I,.

Sketch the waveforms for iy(t), wy(t), i(t), and Vy(t) . Label salient

. features.

What are the transistor voltage and current stresses?
Over what range of duty ratios (Dl) do the volt-seconds on Ly balance to

zero? How is your answer changed when mn) # ny?
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EE410PE MIDTERM

Qo meb8) PROBLEM 1. ,
* a) Using the voltage-current equation for an inductor, show that the average voltage per
switching period, T, across an inductor in a PWM converter operating in steady state is
Zero.

!
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(15 mis} PROBLEM 2.
For the following, express your results in terms of the relevant known quantities V,,, D, T,
and the component valves Ly, Ly, C;, C3 and R.

Determine for the PWM converter of Fig. 1 (known as the SEPIC converter) operating in
steady-state in the continuous conduction mode (CCM) the following:
(3) a) the peak current experienced by the transistor
(5} b)  the peak voltage experienced by the transistor. Be sure to take into consideration the vol-
~ tage ripple on C; but neglect the ripple on C.
(5\ ¢) Using your results of a) and b), sketch the waveform of the transistor current for two
switching cycles and below it, clearly showing the timing relationship, sketch the

waveform of the transistor (collector-emitter) voltage. Label salient features on your
sketch, such as the values at the top and bottom of slopes and the time scale.
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P

Qs mocks) PROBLEM 3.

Derive an equivalent circuit model of the PWM boost converter of Fig. 2, which models the
DC properties of the converter operating in the continuous conduction mode (CCM). Your
model should take into consideration the non-ideality of the transistor switch, Q, which is
to be modelled as a (small-valued) finite resistance rop, in its ON state, and a finite resis-

tance rorp ( >>> roy ) in its OFF state. All other components may be assumed to be
ideal. _

;
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Q'i ok PROBLEM 4,
Derive an expression for the peak-to-peak output voltage ripple for the buck converter of
Fig. 3 for operation in the continuous conduction mode (CCM). Be sure to express your
answer in terms of all relevant krown quantities.
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