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Lecture 5: DC-DC step-up conversion
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Fresh from finishing off buck conversion (see knowledge base entry), let us move
on to boost and buck-boost conversions.
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“Boost converter” is another name for “step-up converter”. Figure 1 shows the boost

converter circuit.
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Figure 1: A boost converter [Harll, Figure 6-

8(a)l.

Notice how the switch, diode
and inductor seem to have
been rotated counter-clockwise
in terms of their location, com-
pared to the buck converter,
while the output capacitor re-
mains “fixed”.

Like the buck converter, the
boost converter can operate in
CCM and DCM, but only CCM
will be discussed in this lec-
ture.

This example is related to a boost converter available on Amazon.com, shown
in Figure 2.



https://lo.unisa.edu.au/mod/glossary/view.php?id=3065179&mode=entry&hook=42453
https://www.amazon.com.au/Icstation-Voltage-Regulator-Step-Converter/dp/B01N9ZVXTR

Please rotate the potentiometer with

15 laps in clockwise direction before using.
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Figure 2: A commercially available Figure 3: Circuit diagram of a refer-
boost converter. ence boost converter design based on
the MT3608.

The converter uses the 1.2 MHz 28 V 2 A boost converter controller IC MT3608
from Aerosemi Technology Co., Ltd., which features an integrated 80 mQ
power MOSFET.

The converter circuit in Figure 2 is similar to the reference design in Fig-
ure 3.

Next, let us analyze the operation of the boost converter in CCM. The same as-
sumptions for analyzing the buck converter in Lecture 4 Sec. 2 apply here.

1.1. CCM analysis

Figure 4 shows the equivalent circuits for the cases when the switch is closed, and
when the switch is open.
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Figure 4: Equivalent circuits of the boost converter in Figure 1: (a) when switch is
closed, (b) when switch is open [Kaz16, Figure 3.1].

During time interval (0, DT], when the switch is closed,

¢ The diode is off.


https://www.olimex.com/Products/Breadboarding/BB-PWR-3608/resources/MT3608.pdf

* The voltage across the inductor is

diy,
=V =L—=—.
=M de
Integrating the above gives us the inductor current:

Vi
ip(6) = 11(0) = 2Lt o

VDT
—.

During time interval (DT, T], when the switch is open,

* The diode becomes forward-biased to carry the inductor current.

* The voltage across the inductor is
diy,
uL=Ww— o dt
Integrating the above gives us the inductor current:

(0~ 1,(0T) = =

— Ai; = iy (DT) — iy (T) =

Y, _pry
(Vo — WA —D)T
! |

Figure 5 summarizes graphically the idealized voltage and current waveforms of
the boost converter.
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Figure 5: Idealized CCM voltage and current waveforms of the boost converter
circuit in Figure 4 [Kaz16, Figure 3.2].



Either by equating (1) to (2), or by invoking the inductor volt-second balance prin-
ciple,

VDT = (p — V)(1 = D)T = V; = Vp(1 — D).
Vi Vi

The preceding equation shows that if D = 0 (i.e., switch stays open), V, = V.

* As D increases, 1 increases. The boost converter thus produces an output volt-
age that is greater than or equal to the input voltage.

* When D — 1, in theory, , — oo, but in practice, due to losses, 1, remains at a
finite albeit high value.

Substituting (3) and T = 1/f, into (1) and (2), we get

%D _ %D -D) _ (o — W)

Ai; = = =
L= fL fiL LV

(4)

As usual, we are also interested in the average inductor current I;. Since the
inductor is no longer connected to the load resistor (and output capacitor), I; no
longer equals the average load current. However, equating the input power to the
output power, we get

175 172
vl = 2 ,
FL=R TRO-D)?
175 Vi I
Iy, = I _ =9 (5)
R R(1-DZ? 1-D
where I, is the average output current.
The maximum and minimum values of i; are thus
AlL [ 1 D ]
1 = Jf — =V ,
AlL [ 1 D ]
L=l ——L =V _ ,
Lmin = I = = "\ RG=Dy ~ 2fL| (7)

For a maximum load resistance R; .4, the minimum inductance L,,;, for maintain-
ing a continuous i; can be obtained by solving
1 D

Iimin = Vi - = 0.
Imin = 1R nax(1—=D)2  2fiL

Ry D(1 — D)?
'.'Lmin — —Lma 2‘]2 5 (8)
More often though, instead of R;,,,.«, the desired (maximum) value of Ai; is used as
the design criterion. In other words, the required L is determined by solving (4):



L= D _ WD -D) _ V(o — W) 9)

JsAl JAiL SsVoAir,
While the inductor provides inertia to the current, the capacitor plays the same
role to the voltage.

Consideration of the capacitance value, C, i |
. D 0
comes into play when we relax the small- > >
ripple approximation and consider the out- © D w.
C
+
CorYe R

put voltage ripple, denoted AVj.

The equivalent circuit of the boost con- . § V
verter’s output stage in Figure 6 — taking + o
into account the capacitor’s ESR — and the f'e < v
current/voltage waveforms in Figure 7 serve o _
as the basis for our analysis.

Figure 6: Equivalent circuit of the
When the diode is off, the capacitor dis- poost converter’s output stage, tak-

charges through the resistor, with current jng into account the capacitor’s
that is 15/R on average. ESR, denoted 1. [Kaz16, Figure 3.6].

When the diode is on, the capacitor charges
from the inductor current which peaks at
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Figure 7: For analyzing voltage ripple: ip is diode current, i is capacitor current,
vc 1s the capacitor voltage, vy = vc + v, 1S the output voltage [Kaz16, Figure 3.7].



Let us relate the capacitor voltage to the capacitor current given by

. dv L dv
lC=Cd—tC=>lD—lo= d_tc

T
— / (i —ip)dt = CAV,
t=DT
— (I — Ip)(1 — D)T = CAV:

— (11_0 —IO)(l—D)=fSCAVC

D
VD
20~ _ f.CAV,
R
where
A‘/C ~ AI/O — ILmaer. (10)

Above, the current integral is approximated based on the plot of i- in Figure 7.
Rearranging the preceding equation, we get an expression for the required capac-
itance:

D

C=———.
JsRAVC/ Vo

(11)

1.2. CCM design considerations

The design considerations for the boost converter is similar to those for the buck
converter in Lecture 4 Sec. 2.2, except consideration of the capacitor voltage over-
shoot (see Lecture 4 Eq. (13)) does not apply. Thus, we proceed to an example.

Example 2

This example was heavily expanded from [Harll, EXAMPLE 6-5]. A boost
converter is required to have an output voltage of 8 V and to supply a load
current of 1 A. The input voltage varies from 2.7 to 6 V. A control circuit ad-
justs the duty cycle to keep the output voltage constant. Suppose a switching
frequency of 200 kHz is selected.

1. Determine a value for the inductor such that the variation in inductor cur-
rent is no more than 40% of the average inductor current for all values of
113

2. Determine a value of an ideal capacitor such that the output voltage ripple
1s no more than 2 percent.

3. Determine the maximum capacitor ESR for a 2 percent ripple.

Use the inductor and capacitor values in Appendix A.

Solution: Known values are 1 =8 V,R = 1;5/1 = 8 Q, f, = 2 X 10° Hz. Notice
there is a range of input voltages, and correspondingly there is a range of
inductor and capacitor values.




1. For each value of V4, we can calculate D, I; and Ai;. Based on the require-
ment that Ai; < kI; (k = 0.4), Eq. (9) tells us what the minimum L should
be for any value of V4, 1.e.,

D _ Y% (1_E)=R_‘52(1_E)
fAiL kI Vo) [fkVg

L turns out to be a cubic function of V5.

x10°

15
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v, (V)
We can plot L against 1} as above, and pick the maximum L for our answer,

but we all know from high-school calculus that is equivalent to differenti-
ating L by V; and picking the value of L that corresponds to the point where

dL _ RVi(21p —3V) _ o d’L _ 2R(Vp —3V)

— , - < 0.
dVz fikV5 dv;® fikVs
: . dL
When V; = 21p/3 = 5.3 V (within the range of 2.7 to 6 V), v = 0 and
g

2
L ) . . .
% < 0, hence the value of L corresponding to ¥f = 5.3 V is the desired
T
inductor value:
= RWZ

kG
Picking the closest larger value from Appendix A, L should be 15 uH.
2. For the required AV-/V, = 0.02, Eq. (11) gives

(1 = E) = 14.81 uH. (12)
o

D _Ww-k

C= = ,
SsRAVe/Vo — fsRAVe

which is a monotonically decreasing affine function of V4.

For the maximum value of C, pick the minimum V;, which is 1} = 2.7V, and
the capacitor value turns out to be C = 20.7 uF. Picking the closest larger
value from Appendix A, C should be 22 uF.

3. Using Eq. (11), we can calculate AV, and given AV, = rVj (r = 0.02), we can
then use Eq. (10) to calculate 1o = (AVy — AVp)/I1max fOr each V7, where

Ai 1 D —RV3 + RV,V2 +2f.LV3
Imex = I+ =5 =V N e
2 R(1-D) ' 2f.L 2f.RLV,V;




A Tt is important to keep L as is in the expression above, rather than sub-
situting (12) into the expression above, since we picked a different value
than what (12) gives us. The same applies to C below.

Continuing,

_ Al — AV _ o Vi 2fsRLVo Vi
e=—"F——=|rMo~— 1=~ 3 2 3
Itmax JsRC o /I\=RV? + RVp V2 + 2f,LV;

_ <2LVo) -V + (p — rfiRCVp)V;
"¢ )RR - 20

which is a rational function of V;, as plotted below.
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The plot above shows that 7 is minimum when ¥} is minimum @i.e., Vf =
2.7 V), therefore 7> = 2.89 mQ.

2. Buck-boost converter

The buck-boost converter, as the name implies, can step down or step up the input

voltage.
i ip Figure 8 shows the buck-boost converter
> circuit.
_ ¢ i ™
v, —— & vas — Notice how the diode and inductor have
I L C R, § Vo swapped positions, compared to the buck
T *  converter in Lecture 4 Figure 7, while

Figure 8: A buck-boost converter [Kaz16, “fixed”.
Figure 4-1(a)].

Also notice the direction of the diode
1s inverted, compared to the boost con-

verter in Figure 1.

the switch and output capacitor remain



Figure 9 shows an alternative version of - ; D2
the buck-boost converter, which consists WV —e" e
of a buck converter and a boost converter - -
. . Input D1 s2 o Load
1n series. c
Vo e +

The higher number of components of

this version means the earlier version is Figure 9: An alternative version of the
more economical/practical. buck-boost converter

Example 3

This example is related to a buck-
boost converter available on Amazon.com,
shown in Figure 10.

The converter uses the 400 kHz 60 V
4 A buck-boost converter controller IC
XL.6009 from XLSEMI (note XL.6019 1s
the newer version), which features an in-
tegrated depletion-mode N-MOSFET.

Figure 10: A commercially avail-
able buck-boost converter.

2.1. CCM analysis

Figure 11 shows the equivalent circuits for the cases when the switch is closed,
and when the switch is open.

is iD
(_

& 0O— o/c o/c —— O
1L¢ —vD+l +vg — WL l
V) — L Vi CT RLg\io V) — L V_L CT

R. §\70
A

Figure 11: Equivalent circuits of the buck-boost converter in Figure 8: (a) when
switch is closed, (b) when switch is open [Kaz16, Figure 4.1]. Note the polarity of
.

During the time interval (0, DT], when the switch is closed,


https://blog.uk.tdk-lambda.com/uk/2020/10/21/how-do-non-isolated-buck-boost-and-buck-boost-converters-differ/
https://www.amazon.com/Adjustable-Converter-Automatic-Regulator-1-25-35V/dp/B08FY6QQP3/ref=pd_di_sccai_1
https://datasheetspdf.com/pdf/775384/XLSEMI/XL6009/1
http://www.xlsemi.com/datasheet/XL6019%20datasheet-English.pdf

* The diode is reverse-biased at vp = -V} — V},.

* The voltage across the inductor is

di,
UL:W:LE.

Integrating the above gives us the inductor current:

Vi
i (1) —ip(0) = Tlt (13)

VDT

During the time interval (DT, T|, when the switch is open,

* The diode becomes forward-biased to carry the inductor current, when i; starts
falling, causing v; to become negative.
* The voltage across the inductor is
diy,
=—-lp=L——.
UL 0] dt
Integrating the above gives us the inductor current:
Vo(t — DT)
L
(1 — D)T (14)
T :

ig(t) — i,(DT) = —

— Ai; = iy (DT) — iy(T) =

Figure 12 summarizes graphically the idealized voltage and current waveforms of
the buck-boost converter. Note the average switch current Ig is a fraction D of the
average inductor current I;, i.e., I = DI;.
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Figure 12: Idealized CCM voltage and current waveforms of the buck-boost con-
verter circuit in Figure 11 [Kaz16, Figure 4.2].

Either by equating (13) to (14), or by invoking the inductor volt-second balance
principle,
ViDT = V(1 — D)T.

v _ v D _ W
S D (15)
If D < 0.5, then 1 < V} (buck), but if D > 0.5, then 1, > V} (boost).
Substituting (15) and T = 1/f; into (13) and (14), we get
. _ WD _Ww@-D) Vivo
Ai; = = = : (16)
TR AL LG+ W)

As usual, we are also interested in the average inductor current I;. Equating the
input power to the output power, and since I = DI, (see the plot of ig in Figure 12),

we have ,

% V5
WIS = ? — IL = DWR
VD _ Io

I (17)

“RO-DZ 1-D



The maximum and minimum values of i; are thus

Aif, [ 1 1
1 =1 — =VD , 18
Lmax L+ D) W _R(l—D)2+2f9L_ ( )
Air [ 1 1 ]
Ipmin = Ip — —£ = VD — . 19

For a maximum load resistance R;,, .., the minimum inductance L,;, for maintain-
ing a continuous i; can be obtained by solving

1 1
RLmax(1 - D)z 2st B

It min = VID 0.

R(1 — D)?
cLpin = ——————. (20)
2fs
More often though, instead of R, .4, the desired (maximum) value of Ai; is used

as the design criterion. In other words, the required L is determined by solving
(16):

L _VWD _%(1-D)_ W%

= — = . 21
FAL - AL RARL(G R e

While the inductor provides inertia to the current, the capacitor plays the same
role to the voltage.

Consideration of the capacitance value, C, , 1

comes into play when we relax the small- Ip N ich—

ripple approximation and consider the out- C Ve Ip4—
put voltage ripple, denoted AVj. __+

The equivalent circuit of the boost con- %L RL§ Vo
verter’s output stage in Figure 13 — tak- -

ing into account the capacitor’s ESR — and . o> URC

the current/voltage waveforms in Figure 14 1L *
serve as the basis for our analysis. . | +

When the diode is off, ip = ic + ip = Figure 13: Equivalent circuit of the
0 = ic = —ip, 1.e., the capacitor dis- buck-boost converter’s output stage,
charges through the resistor, with current taking into account the capacitor’s
that is —Io = —V,/R on average. ESR, denoted 7.

When the diode is on, the capacitor charges
from the inductor current which peaks at

I Lmax-

Let us relate the capacitor voltage to the capacitor current given by



/ | . dvc T dUC
DM AiL1 ~—___ = o lc_c_dt = ip—ipg=C——

T
t=DT

— (I; — Ip)(1 = D)T = CAV

— (1225~ o) 1 - D) = fical:

1—-D
> VoD
0 > oY _
DT T t — g = sCAK
i A where
A
\— -y li=lo AVe = AV — I maxlc (22)
/ AQ Above, the current integral is approx-
DM _ imated based on the plot of ic in Fig-
0 DT T + ure 14. Rearranging the preceding
_AQ equation, we get an expression for the re-
, v v quired capacitance:
Figure 14: For analyzing voltage ripple: C = D _ (23)
ip is diode current, i- is capacitor cur- JsRAVe/ Vo

rent [Kaz16, Figure 4.7].
Notice how (23) 1s the same as (11).

2.2. CCM design considerations

The design considerations for the boost converter is similar to those for the buck
converter in Lecture 4 Sec. 2.2, except consideration of the capacitor voltage over-
shoot (see Lecture 4 Eq. (13)) does not apply. Thus, we proceed to an example.

Example 4

This example was adapted from [Har1l, EXAMPLE 6-6]. A buck-boost con-
verter has the following parameters: 1} = 24 V, R = 5 Q, L = 20 uH, f, =
100 kHz.

1. Determine the duty cycle to achieve 1, =8 V.

2. Determine whether the converter is operating in CCM.

3. Neglecting capacitor ESR, determine the minimum capacitor value to keep
the output voltage ripple to at most 2 percent. Use the capacitor values in
Appendix A.

Solution:

__Ww _
1. From (15), D = T 0.25.




1 1

RA—DY 2fL| = 0.6333 A. So the converter is

2.From (19), I; i, = ViD
operating in CCM.

3.Given AV/Vp = Alp/Vp = 0.02, from (23), C =
Appendix A, we can pick C = 33 uF.

D
m = 25 ,L{F From
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A. Standard inductor and capacitor values

The following tables were sourced from RFCafe.com.

‘ Standard Inductor Values from RFCafe.com

1.0 10 100

1000
1.1 11 110 1100
1.2 12 120 1200
1.3 13 130 1300
1.5 15 150 1500
1.6 16 160 1600
1.8 18 180 1800
2.0 20 200 2000
2.2 22 220 2200
2.4 24 240 2400
2.7 27 270 2700
3.0 30 300 3000
3.3 33 330 3300
3.6 36 360 3600
3.9 39 390 3900
4.3 43 430 4300
4.7 47 470 4700
5.1 51 510 5100
5.6 56 560 5600
6.2 62 620 6200
6.8 68 680 6800
7.5 75 750 7500
8.2 82 820 8200
8.7 87 870 8700

9.1 91 910 9100


https://ebookcentral.proquest.com/lib/unisa/detail.action?docID=6120974
https://doi.org/10.1002/9781119009597
https://www.rfcafe.com
https://www.rfcafe.com/references/electrical/inductor-values.htm

CAPACITOR COLOR CODE

Aignificant Drecimnl Veltage
Culur igure Multiplier Tolerance Rating
Black 0 1
Erown 1 10 15 100 wolts
Red z 100 2% 200 volts
Orangs @ 1,000 3% 300 volta
Fellow 4 10,000 47 400 volts
Grasn & Pl [ 500 walts
Blue = 1000000 %% 300 wolte CERAMIC Wﬁﬂﬁ:‘m WDL_'
Violet ki 10,0040, (30 Teh T00 wolta Hignifican H: ‘Cowinchet
Gray 8§ 100,000,000 5% 800 volts P el - L
White & 1,000, 04040, 600 %% B wvalts Black 0 1 =30 =44 [
Gold 0.1 5 1000 valts Brown 1 10 * 1 *0 1lguf —30
=Silver 001 108 TG volts. Rad 3 100 = 8 —&i
No Color % B0 walts Orange 8 1,000 pal =150
Lw 4 — 300
Gr 3 £ 5 x0.bgul —330
Blue —im0
WVialat —TED
d {:) q Liray ] 041 bl T k. 30
y White 8 0.1 10 Eldpef 350 50

firsh significant Rgure
wscand wgnificant figure ——— decimal multiplier
RMA T.dok S00-valt. & 20% toleromce only

tamporal wollialant
it sk ™ [ capachancs belaranes

second significart Rigun *y
third gignidcant fgurs I

first significant figurs

—
'I!'Ilt N’urﬂr :llmb vn.- Hals
B Dameriptlan
decimal multipliar ark el = . wers temp, ewell,
roltege roing wlarace e R T e
EMA &-dat
Old Capacitor Color Code Chart Old Ceramic Axial Lead Capacitor Color Code Chart

These are the most commonly available capacitor values.
Tolerances are highly dependent on dielectric and package type.

1000 1000 10,000
1.1 11 110 1100
1.2 12 120 1200
1.3 13 130 1300
1.5 15 150 1500 0.015 0.15 1.5 15 150 1500
1.6 16 160 1600
1.8 18 180 1800
2.0 20 200 2000
2.2 22 220 2200 0.022 0.22 2.2 22 220 2200
2.4 24 240 2400
2.7 27 270 2700
3.0 30 300 3000
3.3 33 330 3300 0.033 0.33 3.3 33 330 3300
3.6 36 360 3600
3.9 39 390 3900
4.3 43 430 4300
4.7 47 470 4700 0.047 0.47 4.7 47 470 4700
5.1 51 510 5100
5.6 56 560 5600
6.2 62 620 6200
6.8 68 680 6800 0.068 0.68 6.8 68 680 6800
7.5 75 750 7500
8.2 82 820 8200

9.1 91 910 9100


https://www.rfcafe.com/references/electrical/capacitor-values.htm

16V

25V

50V

100V

600V

1000V

Common Capacitor Working Voltages (DC), by Capacitor Type

Mylar Mylar
Ceramic Electrolytic Tantalum (Polyester) (Metal Film)
10V 10V

16V

25V
35V
50V
63V
100V
160V

250V
350V

450V

16V
20V
25V
35V
50V

50V
100V
200V
250V
400V 400V
630V


https://www.rfcafe.com/references/electrical/capacitor-values.htm
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