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ABSTRACT

This application note provides basic formulas that you need to design the power stage of an inverting
buck-boost converter. The premise is that the power switch is integrated in the IC and the rectification is
done by a diode (non-synchronous power stage). It provides all the formulas and considerations that you
need to select the external power components such as the inductor, the diode, and the input and output
capacitors. As the internal switch current capability is limited it will also provide an estimation to judge
whether the load current can meet the IC specification.

Preconditions for the design:

e Basic understanding of the functionality, refer to this TI Training

e Continous-Conduction-Mode (CCM) consideration

» Large signal consideration

* Integrated switch

» Non-synchronous converter

» Basic understanding of the DC Bias Effect of Ceramic Capacitors

Trademarks
All trademarks are the property of their respective owners.

1 Basic Configuration of the Power Stage

Figure 1 shows the simplified schematic of an inverting buck-boost power stage. This topology is a so-
called flyback topology where the energy is transferred to the output when switch S1 is open.
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Figure 1. Simplified Schematic of an Inverting Buck-Boost Stage
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The following waveforms describe the time characteristics of the necessary currents and voltages. These
values are considered in this application note.
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Figure 2. Simplified Waveforms of an Inverting Buck-Boost Stage
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In order to design each external component and to analyze the IC capabilities, the following parameters
must be prepared:

Table 1. Design Parameters

Description Parameter Unit
Input voltage range Vi(miny 10 Vi \%
Output voltage Vo \%
Maximum average output current lom A
Forward voltage drop of the rectifier diode Ve \%
Allowed inductor current ripple leyer) mA
Recommended Inductance Range (data sheet) L1 puH
Minimum switching current limit of internal switch S1 (data sheet) I sw)(min)iim) A
Switching frequency of the internal switch S1 (data sheet) fsw) MHz

As for all inductive converters one of the essential formulas is the steady state duty cycle. This can be
derived from the inductor volt-second balance and the capacitor charge balance. For a robust design it is
recommended to calculate the worst-case scenario. For the inverting buck-boost this means the
maximum duty cycle D present at the minimum input voltage. It is specified as:

D= —Vo + Vg
~ —Vo + V& + Vimin) 1)
Rearranging Equation 1 provides the DC conversion ratio V/ V;:
Vo _—D
V, 1-D @

2 Check the Internal Switch S1

In the first step it is important to evaluate if the internal switch S1 can withstand the output current
requirement of the application. The minimum switching current limit | sy minamy Of the internal switch S1 of
the chosen converter must be higher or equal to the maximum switching current |,y that is defined as:

Viminy + Ve = V.

lswm = (lom o)~ F 0y 4 (luaen)

Vi(min) 2 (3)
It is also possible to calculate the maximum output current |, that the converter can achieve by
rearranging Equation 3, as:

[ Vi(min)
| = (| 4 LDEP) ( )
oM (SW)(min)(lim) 2 Vl(min) T VF — VO (4)
The maximum voltage stress that the switch must withstand is Vs, and can be calculated with:
Viswm =Vim + Ve = Vo (5)

3 Select the Inductor

The next step is to select the required inductance. If the inductance range is not limited by the IC you can
estimate the required inductance based on the well-known differential equation:

Vv, D

l=——"
lyer fsw) (6)

The average inductor current |,y is calculated by:
lo
lwyavy = -5 @
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However, most of the converters are already optimized for specific inductance ranges which are described

in the data sheet. In this case, use the recommended value and calculate the inductor current ripple

l 1)) Which is a rearrangement of Equation 6:

Iy PPy = Vl(min)D
frsw L1 (8)

The maximum inductor current Iy, is the sum of the average component and the half of the peak-to-

peak inductor current ripple and is as well the maximum switch current shown in Equation 3.

| - - .\ lLa) PP)
wm = kswym = lLyave) > ©)

NOTE: The inductor must always have a higher current rating than Equation 3 as the inductance
decreases with increased current. As a general guideline, the saturation current of the
inductance shall be: Iy 2 1.2 X |4y

As soon as switch S1 opens the energy is transferred to the output.

This means that the output voltage flies back to the switching node and the voltage across the
inductance V ;) becomes the output voltage minus the voltage drop of the diode: V )y = Vo — V.

Vice versa, the maximum voltage V ;) is defined as the maximum output voltage minus the voltage drop
of the diode.

4 Select the Rectifier Diode
For selecting the appropriate diode, consider that it needs to withstand the following stress parameters:
1. Average current: Iy, = low
2. Maximum peak current: legy = lswym
3. Maximum DC reverse voltage: Vi = Vg = Vi
4. Power dissipation: Py = Iy X Vg
Generally, TI recommends using Schottky diodes for inductive low- to middle-power DC/DC converters.
This is due to the low forward voltage drop which leads to higher efficiency.

5 Select the Capacitors
In the inverting buck-boost topology, the input and the output currents are pulsed. The choice of the input
and output capacitances is therefore crucial to ensure stable performance. When choosing capacitors,
take into account that the capacitance of ceramic capacitors decreases with its applied voltage, also called
the DC Bias Effect.

5.1 Input Capacitors
The input capacitance is required to hold up the input voltage during the time when the energy is
decreasing in the inductor ((1 — D) / fsw,). If the input voltage drop shall not be bigger than Ve, the
minimum effective value for this capacitor C,,,,,can be estimated with:
Co = lLyave) * D

1= Fswy % Viery — (L ep) * ESRe)] (10)

Be aware that most converters already provide the minimum input capacitance requirements in the data
sheet.
Equation 10 implies that higher equivalent series resistance of the capacitor (ESR) increases the input
voltage drop. Tl recommends using low ESR capacitors (< 10 mQ), also referenced in Section 5.2.
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5.2 Output Capacitors
Since the output current is discontinuous as well, the output capacitor is required to supply the energy to
the load during the time when energy is increasing in the inductor (D / f,). If the converter is internally
compensated, use the recommended values of inductance and output capacitors in the data sheet.
Estimate the output voltage ripple Vypp With the following equation:
oD I I
Vopr) = ° “{ = (U)(PP)JX ESRco
If the converter is externally compensated, estimate the minimum required capacitance Cqy, at an
output voltage ripple requirement of Vo ep), given by:
IO X D
CO(min) = | |
o] (L1)(PP)
(12)
This formula implies that higher equivalent series resistance of the capacitor (ESR) increases the output
voltage drop. Tl recommends using low ESR capacitors (< 10 mQ), also refer to the following NOTE.
NOTE: In general, TI recommends using ceramic capacitors due to their low ESR (< 10 mQ).
However, ceramic capacitors have some disadvantages that must be considered thoroughly.
The following list emphasizes these disadvantages, for detailed information refer to Murata:
* Capacitance decreases with increased voltage (DC bias effect)
« Capacitance decreases with decreased voltage rating
e Capacitance decreases with decreased package size
« Capacitance decreases with increased temperature
5.3 Note About Discontinuous Conduction Mode (DCM)
In the presented inverting buck-boost power stage, the converter could enter DCM operation due to the
rectification diode D1 that only allows current to flow in one direction. If the load is so small that the
inductor ripple current reaches zero, the switching node voltage becomes negative and the diode is in
reverse direction. At this point for a certain time of the switching cycle, the converter will not provide
current to the output which leads to different calculations and considerations.
This application note does not intend to provide the procedure to design a DCM converter.
However, be aware that such topology can enter DCM when the load is sufficiently small. The critical
conduction current means the point when the converter enters DCM. This can be calculated by:
| < leyer * (1-D)
opem = —— 5 (13)
or
| . VP % (Ve = Vo)
OBEM = "2 x fow x L1) x (V, + Vi — Vo)? (14)
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6 Summary of all Equations and an Application Example
The following chapter makes an exemplary calculation of the discussed formulas. The TPS65131 device is
chosen for the consideration of the switch.
In the following tables all necessary parameters are shown as described in Table 1 and Table 2 will
summarize all equations and exemplary calculations.
Table 2. Application Example - Parameters With TPS65131
Description Parameter
Input voltage range Vimin =2.7V10Vy=55V;V,=33V
Output voltage Vo=-10V
Maximum average output current low = 100 mA
Forward voltage drop of the rectifier diode Ve=05V
Allowed inductor current ripple Use recommended inductance value L1 = 4.7 pH
Input voltage ripple Viep) = 5% of V) = 275 mV
Output voltage ripple Voee) = 0.1% of Vo = 10 mV
Equivalent Series Resistor (ESR) ESR¢ = ESR, =5 mQ
Minimum switching current limit of internal switch S1 | -18A
(datasheet) (SW)(min)(tim) = L+
Switching frequency of the internal switch S1 (datasheet) fow) = 1.25 MHz
Table 3. Inverting Buck-Boost Calculations
Parameter .
Description [#] Formula Example with TPS65131
Maximum Duty D = Vot Ve D= —(-10V) + 0.5V =0.795
Cycle —Vo + VE + Vimin) —(-10V) +05V+2.7V '
DC Conversion ﬁ) _ -D ﬁ) — - 0.795 = _3.878
Ratio vV, 1-D \ 1-0.795 '
; Vimin) + VF — V. — (=
Maximum Peak 1(min) F o lyeey 27V+05V - (-10V) 365 mA
| = (I X ——— )+ (—— = ) =
switch Current | '©vm = (low Vimin) )+ ( 2 ) lswm = (O.1A x 27V ) +(——) = 671 mA
. Vimi 27V
Maximum Output || _ (, L lyen I(min) _ 365 mA -
Current om = Uiswyminyim) + =5 )(—Vl(mm) TV —vg |lom ABA+==—) X 5=y o5V o 1o V)) 405 mA
Maximum Peak Y/ =V + Ve =V, - -
Switch Voltage (SW)M M F o Viewm =55V +05V-(-10V)=16V
VvV, D
Inductance L1= - Data sheet Recommendation: L1 = 4.7 pH
(LD(PP) Y(SW)
Average Inductor _ lo - 01A _
Current lw) (avy = 1-D Ity @av) = 1= 0795 0.488 A
Maximum _ _ lwa) ) _ mA _
Inductor Current liym = kswym = leave) + T lLym = 488 mA + 2 =671 mA
V.. .D 2.7V) % (0.795
Inductor Current _ _lgmin) | _ _(2.7V) x(0.7995) 365
X = — = = mA
Ripple ko er= LT (DR~ 125 MHz x 4.7 pH
Inductor
Saturation leaysay > 1.2 X lswym lL1ysayy > 805 MA
Current
Diode Forward
Current Irave) = lom leave) = 100 mA
Maximum Diode _ _
Peak Current lerm = kswm lerm = 671 MA
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Table 3. Inverting Buck-Boost Calculations (continued)
Parameter .
Description [#] Formula Example with TPS65131
Maximum Diode
DC Reverse Vim = Vo —Viu Vg =155V
Voltage
Minimum Input |~ _ liyave) X B Cri = (488 mA) x (0.795) =23 uF
Capacitance 1 = swy % Vipy — (lLyep) % ESRe)] | ™™ ™ 125 MHz x [(0.05) x (2.7 V) - (365 mA) x (8 mQ)]
IO xD X
Minimum Output | Cowmin = | I Comin = 100 mA 13%?2) 65 TA = 9.6 uF
Capacitance fisw) {VO(PP) -[%Jr%]x ESRco} 1.25 MHz x [0.001 x (=10 V) - 72008 + (23R x 5 mO)]
Output Voltage |y, = 7| oP + —IO +7|(L1)(PP) xESR, Requirement V, =10 mV
Ripple O(PP) f(SW)CO 1-D CcO q opPP) =
Critical V2 x (Ve =V, 27V2x(05V-(-10V
Conduction |l cwy < i % (Ve ~ Vo) - [1owem < TV 0. (£10V) = 37.4mA
Current (2 xfswx L1) x (V, + Vg — Vo) (2 % 1.25 MHz x 4.7 pH) x (2.7 V + 0.5 V = (=10 V))
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The presented calculations can be verified graphically with the Power Stage Designer Tool. The following
cutouts of this tool will show the results of the given example from Table 2.

*3 power Stage Designer™ Tool - Version 3.0 - Inverting Buck-Boost

(== |[&=]
File Topology Help
Design Values
D1
Minimum Input Voltage: 2.7 v + Qi
Maximum Input Voltage: 5.5 v J_ I l H
Output Voltage: -10) v
+
Output Current: _ 01l A
Switching Frequency: 1250) kHz = Ci L1 = Co
Diode Voltage Drop: 0.5 v
Inductor Current Ripple: 73] %
Recommended Value Calculated Values at Input Voltage: 270V
Calculated Inductance: 13.23 pH Period: 0.80 ps Input Power: 1.05 W Input Current: 039 A
Duty Cycle: 79.55 % Output Power: 1.00 W Current Ripple: 037 A
7478 %
TR VAU On-Time: 0.64 ps Diode Losses: 0.05 W
Choose Inductance: 4.7 pH
C Off-Time: 0.16 ps
Zero-Time: 0.00 ps Check TIDesigns™ Reference Design Library
Start WEBENCH® Desian
RHPZ: 178.11 kHz
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RMS Current FET Q1:  446.07 mA
Avg. Current FET Q1:  382.89 mA
AC Current FET Q1: 218.51 mA

Figure 3. Screenshot of Power Stage Designer Tool (Version 3.0)

Basic Calculation of an Inverting Buck-Boost Power Stage

SLVA721A—February 2017 —-Revised August 2017
Submit Documentation Feedback

Copyright © 2017, Texas Instruments Incorporated


http://www.ti.com
http://www.go-dsp.com/forms/techdoc/doc_feedback.htm?litnum=SLVA721A
http://www.ti.com/tool/POWERSTAGE-DESIGNER

13 TEXAS

INSTRUMENTS
www.ti.com Summary of all Equations and an Application Example
L Graph - Inductor L1 EI = @
270 671.67
138
= =
— 0.po o.go 1.50 240 E
- ]
= s
é % 335.84)
2 =
o =
£ g
£ 3
-10.50) | | | | | | 0.00 | | |
000 o RED 1 ED 2 LD
Time Scale [Ws] Time Seale [ps]
Min. Voltage Inductor L1: -10.50 vV Min. Current Inductor L1: 306.10 mA Input Voltage:
Max. Voltage Inductor L1: 270 Vv Max. Current Inductor L1:  671.67 mA 270 V

RMS Current Inductor L1:  500.15 mA
Avg. Current Inductor L1:  488.89 mA —

AC Current InductorL1:  105.53 mA 270 410 550

*% Graph - Diode D1

(== =]
B4 . - - 671.67
opo 0.po 1.50 280
> T
5 5
E 3 33584
o =
127 0.00)
0.00 D.éD 1.150 2.510
Tirne Scale [ps] Time Scale [us]
Min. Voltage Diode D1: 270 V Min. Current Diode D1: 306.10 mA Input Voltage:
Max. Voltage Diode D1: 0.50 v Max. Current Diode D1:  671.67 mA 270 vV
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Figure 4. Screenshot of Power Stage Designer Tool (Version 3.0)
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