ANALOG
DEVICES

AN-2579

The Design of the Inverting Buck/Boost Converter Topology

by Enrico Reineri

ABSTRACT

The inverting buck/boost converter topology is an often mysterious
and misunderstood category of DC-DC converters. This document
attempts to remove any misconception around the circuit by provid-
ing a step-by-step design procedure with equations, schematics,
simulations, and considerations to ensure that the circuit is properly
designed.

INTRODUCTION

The inverting buck/boost topology is useful for converting a positive
input to a negative output. It is an alternative to the Cuk topology
when a compact solution is desired. The inverting buck/boost top-
ology converts an input voltage to either a lower voltage (buck
mode) or higher voltage (boost mode). However, unlike the Cuk
topology, the inverting buck/boost converter produces more noise
at the output. Therefore, it generates more electromagnetic content.
The inverting buck/boost converter is often derived from the buck
converter by swapping output and ground references. Therefore, it
is often improperly labeled inverting as if it is the only topology that
can invert an input or inverting buck as if it is the only topology that
can invert and step down to a negative output. The reality is that the
inverting buck/boost topology, like the Cuk topology, can invert but it
can also step down or step up a voltage. The inverting buck/boost
converter can be asynchronous if a diode is used and synchronous
if the diode is replaced with a metal-oxide semiconductor field-effect
transistor (MOSFET), which provides higher efficiency. The invert-
ing buck/boost converter topology is generally used for applications
that require up to 150 W.

analog.com

OPERATION

The operation of the inverting buck/boost converter is shown in
Figure 1 and in Figure 2.
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Figure 1. On-Time State

During the on-time state, the MOSFET is on and the diode is off.
The inductor is energized by the input.
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Figure 2. Off-Time State
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During the off-time state, the MOSFET is off and the diode is on.
The inductor is de-energized by the load at the output.

The operation for Figure 1 and Figure 2 uses a diode, which
makes the circuit asynchronous. The diode can be replaced with a
MOSFET, which makes the circuit synchronous.
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DESIGN APPROACH

To properly design the inverting buck/boost converter, it is important
to consider the operation at each extreme of the input voltage:

high line (highest input voltage) and low line (lowest input volt-

age). Inductance and output capacitance are functions of several
parameters. This document describes the conditions that yield the
minimum inductance and minimum output capacitance to satisfy the
specifications for a target application. The process is sequential.
Therefore, designing across the input voltage range allows the
engineer to take into account all the critical parameters that allow
proper operation.

DESIGN SPECIFICATIONS

The specifications for the inverting buck/boost converter are as
follows:

Vinwax) = 72V

Vi) = 36 V
Vour=-48V

lour=2A

fs =350 kHz

Doyt 7r4(25%) = 500 mA
AVour ss(1%) =480 mv
WVour 7ra(1%) = 480 mV

analog.com

DESIGN OBJECTIVES

The objective of this document is to provide guidance through an
entire design cycle. For example, consider the targets listed in

the Design Specifications section for a specific application, such
as a telecommunication platform, where -48 V outputs are not
uncommon. It is assumed that a high voltage, high power, and high
efficiency solution is required. Because the output of the inverting
buck/boost converter is =48 V, the converter is in buck mode when
the input voltage is between +72 V and +48 V and it is in boost
mode when the input voltage is between +36 V and +48 V. Both
buck and boost modes are presented and repetition is intentional
for additional clarity. Some numbers are rounded up or down.
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BUCK MODE DESIGN PROCEDURE
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Figure 3. LTC3896 Inverting Buck/Boost Converter in Buck Mode (+72 V to -48 V Conversion)

Figure 4. Waveforms at Startup (Viy =72 V)

The following example uses the LTC3896 controller IC and shows
continuous conduction mode (CCM) operation in buck mode, which
is the condition when the output voltage is lower than the input
voltage. Figure 3 shows the circuit and Figure 4 shows the startup
at high line.

The output power is calculated as follows:
Pour = Vourl * loyr = |48 V| x2A=96 W (1)

The current through the inductor is the sum of the input current
through the top MOSFET and the output current through the bottom
MOSFET. Unlike the buck topology, which is rated by the output
current, the inverting buck/boost topology is rated by the peak
current through the MOSFET in an asynchronous converter or the
top MOSFET in the synchronous counterpart.

The average input current is the average current through the top
MOSFET.
96 W

Pour
IIN(MIN) = VINQMax) X T - TZVX095 = 1.404 A 2)

where n is the estimated efficiency in buck mode.

The average current through the top MOSFET during the on-time
state is equal to the average current through the inductor and the
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average current through the bottom MOSFET during the off-time
state.

Isw(avE) = 1Q1(AVE)[ON] = IL(AVE) = 1Q 2(AVE)[OFF] )
= IIN(MIN) + louT = 1404 A+ 2 A = 3.404 A

The maximum current ripple through the inductor is calculated as
follows:

Alp(max) = AIL(%) X IpavE) = 0.55 X 3.404 A
=1872A

“)

where 0.55 is equivalent to a 55% inductor current ripple. This
current swing is a function of the average current through the
inductor and, depending on current levels for the application and
inductor saturation currents, it typically ranges between 40% and
80%.

The top MOSFET used in the circuit is an Infineon Technologies
BSC520N15NS3, 150 V, 21 A transistor which has a maximum
Rps(on) of 52 mQ. An average of 3.404 A flows through it during
the on-time state. Therefore, the voltage drop across the device is
calculated as follows:

V1= IL(avE) X RpS(0N) = 3404 A X 52 mQ = 177 mV ©)
VIN(MAX)=VQ1=72V—177mV = 71823V (6)
The minimum duty cycle is as follows:

Vourl + Vg2
WVourl +Voz+ (Vinmax) —Vq1)

_ 48V +0.177V
T 48V +0.177V+71.823V

Dyin =

=0.401
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where V, is the voltage drop across the bottom BSC520N15NS3
MOSFET with 3.404 A of current through it.

1—Dpyy =1—0.401 = 0.599 8)
The period is as follows:

1 _ 1 _
Ts = 75 = 350kmz ~ 2857 1S (9)

On-time and off-time are calculated as follows:

toN(MIN) = DmIN X Ts = 0.401 X 2.857 ps = 1.147 s (10)

torF(Max) = (1 - Dpmin) X Ts = 0599 x 2.857 ps
= 1.710 ps

The minimum inductance can be calculated at high line, which is
when the voltage across the top MOSFET is largest, the duty cycle
is smallest and the on-time is smallest.

(VIN(MAX) - VQ]) XDMIN _ 71.823V x 0.401
fs X AIL(MAX) ~ 350kHz x 1.872 A

L=
(12)
=44 pH — 47 pH

A Wiirth Elektronik 7443634700, 47 uH, 12.2 mQ inductor is select-
ed.
The load resistance is calculated as follows:

Vour _ | —48V|

L=W— 7A =240 (13)

The minimum output capacitance for steady state at high line is
calculated as follows:

. [Vour| X toN(MIN) _ 48V x 1.147 ps
OUT = "R X AVoyrgg 240X 480mV

= 4.779 uF (14)
However, to compensate for any sudden increase or decrease of
load current at the output, additional capacitance is needed.

The inverting buck/boost converter has a unique feature called the
right half plane zero (RHPZ). It is part of its transfer function and it
limits the bandwidth of the converter. Its lower frequency occurs at
low line and maximum load, which results in the largest duty cycle
and the smallest load resistance. However, when the converter
operates in buck mode with the highest input voltage (smallest duty
cycle), the RHPZ moves to a higher frequency and it is located at;

2
; _RLx(1-Dyin)” _ 240x 05992
RHPZ = 2XmxLXDppy ~ 2 X X 47 pH x 0.401

(15)
= 72.7 kHz

To ensure the stability of the inverting buck/boost converter, it is
recommended to reduce its bandwidth to 25% to 33% of the RHPZ
location.

fe=7%fRHPZ = % X 72.7kHz = 18.1 kHz (16)

The minimum output capacitance for a 25% load transient and 1%
overshoot/undershoot is calculated with as follows:

analog.com

AIOUTTRA
2XmX froX AVOUTTRA

Cout 2

_ 500 mA
T 2xmx 18.1kHz X 480 mV

= 9.2 uF — 8 x 10 pF (nominal)  (17)
— 8 X 4.415 pF (effective)

Eight TDK C5750X7S2A106K230KB, 10 uF, 100 V, 2220 ceramic
capacitors, which derate to 4.415 uF at 48 V DC, are used in
parallel at the output to reduce the impedance. Unfortunately, due
to the output being -48 V, high-voltage capacitors must be select-
ed. In addition, the capacitors must provide a sufficient amount of
capacitance under bias. Therefore, eight relatively large ceramic
capacitors are used (2220). This choice is a tradeoff between
solution size and output ripple voltage. Using a hybrid solution,
such as electrolytic and ceramic capacitors, is also an option and
a single electrolytic capacitor in combination with a single ceramic
capacitor can be used. However, because electrolytic capacitors
feature a relatively high equivalent series resistance (ESR) and
equivalent series inductance (ESL), the hybrid option increases the
output ripple voltage at the switching frequency in the steady state.

The maximum ripple current through the inductor, shown in Figure
5, is calculated as follows:

vpx At ([Vourl +Vg2) X torF(Max
Al (Max) = — =( QL) (MAX)

(18)

_ (4BV+0177V) X 171045 _ | 5eo s

F7uH

Figure 5. Inductor Ripple Current (Viy=72V)

The current through the inductor is the sum of the input current
through the top MOSFET and the output current through the bottom
MOSFET.

The peak current through the top MOSFET, inductor, and bottom
MOSFET is calculated by the following:

1
Isw(PEAK) = IIN(MIN) T louT + 5 AIL(MAX)

___ Pour
VIN(MAX) X7

__ 9%6W 1 _
=77Vx095 t2A+ X 1753A=4280A

+1ouT + % X ML (MAx) (19)

The current through the top MOSFET has a trapezoidal shape and
its RMS value is calculated by the following:

AIZ
L(MAX)
—iz | XDmin

19 1(MAX)[RMS] = J(Igw(AVE) +

2
= \/<(3.4o4 A+ %) X 0.401 = 2.180 A
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The RMS current for the bottom MOSFET can be calculated in the
same way using Equation 20 but replacing Dyyy with 1 = Dy

The RMS current is the root mean square of the input DC and AC
currents multiplied by the duty cycle.

The output ripple voltage is a combination of two terms.
AVoyr = AVe+ AVESR (21)

The first term is produced by the capacitive component of the
output capacitor.

1
xloyT X t
Tour * fout X toN(MIN)

X 2A X 1.147 ps = 65.0 mV

AVemax) =
o (22)
= 3532 4F

The second term is produced by the resistive component of the
output capacitor, the ESR.

loyt
1-Dyin

AVESRz( +%X AIL(MAx))XESR

(23)

_(2A .1 B
= (g&55 + 7 X 1753 A) x 358 u = 1.5 mV

where 358 pQ is the combined ESR at the switching frequency of
the output capacitors.

Combining the terms gives the total output ripple voltage, which is
shown in Figure 6.

AVourmax)= AVemax)t AVESRMAX) (24)
=65.0mV+ 1.5 mV = 66.5 mV

Either the first term or the second term can dominate over the other.
If AV dominates over AVesg, the output looks triangular.

If AVegg dominates over AV, the output looks trapezoidal.

analog.com

In this case, AV is larger than AVggg. Therefore, the output looks
triangular.

Figure 6. Output Ripple Voltage (Viy =72 V)

The RMS output ripple current through the capacitor has a trapezoi-
dal shape.

[ DyIN [0.401

Therefore, a set of eight capacitors with a combined RMS current
rating of at least 1.638 A must be selected.

The overshoot/undershoot at high line is shown in Figure 7 and it is
estimated by the following:

_ Alourrgy
AVOUTTRA T2XTmX fC X COUT

500 mA

= IXmxX181kHz X 3532 F — 124mV

Figure 7. Load Regulationfor2A — 2.5 A—-2A (Viy=T72V)
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BOOST MODE DESIGN PROCEDURE
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Figure 8. LTC3896 Inverting Buck/Boost Converter in Boost Mode (+36 V to -48 V Conversion)

Figure 9. Waveforms at Startup (Vjy =36 V)

The following example uses the LTC3896 controller IC and shows
CCM operation in boost mode which is the condition when the
output voltage is higher than the input voltage. Figure 8 shows the
circuit and Figure 9 shows the startup at low line.

The output power is calculated as follows:

Poyr = [Vourl X loyr = | —48V|x 2A =96 W (27)
The current through the inductor is the sum of the input current
through the top MOSFET and the output current through the bottom
MOSFET.

The average input current is the average current through the top
MOSFET.

Pour _ 96w

VX7 =~ 36Vx095 (28)

=2.807A

IIN(MAX) =
where n is the estimated efficiency in boost mode.

The average current through the top MOSFET during the on-time
state is equal to the average current through the inductor and the
average current through the bottom MOSFET during the off-time
state.
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Isw(aVE) = IQ1(AVE)[ON] = IL(AVE) = 10 2(AVE)[OFF]

2
=IIN(MAX)+10UT=2'807A+2A=4'807A ( g)

The maximum current ripple through the inductor is calculated as
follows:

Al (max) = AL(%) X I (avE) = 0.55 x 4.807 A

= 2.644 A (30)

The top MOSFET used in the circuit is an Infineon Technologies
BSC520N15NS3, 150 V, 21 A transistor which has a maximum
Ros(on) of 52 mQ. An average of 4.807 A flows through it during the
on-time. Therefore, the voltage drop across the device is as follows:

Vo1=1ILavE)* Rps(oN) = 4807 Ax 52 mQ = 250 mV (31)

VIN(MIN) —V(Q@1=36V—250mV = 35750V (32)
The maximum duty cycle is as follows:
IVourl + Vo2
Dmax = ¢
Vourl +Voz+ (Vin@n) = Vo1) (33)
48V +0.250 V = 0574

T 28V+0.250V +35.750V

where V is the voltage drop across the bottom BSC520N15NS3
MOSFET with 4.807 A of current through it.

1—Dpax=1-0574=0426 (34)

The period is as follows:

Tg=t =L _ =2857

S=Fs = 350kmz ~ 2807 HS (35)
Rev. 0|7 of 17
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On-time and off-time are as follows:

toN(MAX) = DMax X Ts = 0.574 x 2.857 ps = 1.641 s (36)
torFMIN) = (1 — Dyax) X Ts = 0.426 X 2.857 pis a)
=1.216 s
The minimum inductance can be calculated at low line, which is
when the voltage across the top MOSFET is smallest, the duty
cycle is largest and the on-time is largest.
L (V1N(M1N) - VQJ) XDMAX _ 35750V x 0.574

= fs X AIL(MAX) ~ 350 kHz x 2.644 A

(38)
=222 uH — 47 pH
A Wiirth Elektronik 7443634700, 47 pH, 12.2 mQ inductor is
imposed to satisfy the inductance requirement for the high line
condition.
The load resistance is as follows:
vV —
L= 1o = 15 = 200 39

The minimum output capacitance for steady state at low line is as
follows:

. Vourl xton(max) _ 48V x 1.641 ps

T 24 0Xx480mV

Cour R XAV
L ouT (40)

= 6.838 uF

However, to compensate for any sudden increase or decrease of
load current at the output, additional capacitance is needed.

The inverting buck/boost converter features an RHPZ. It is part of
its transfer function and it limits the bandwidth of the converter.
Its lower frequency occurs at low line and maximum load, which
results in the largest duty cycle and the smallest load resistance.

2
f _ R x(1-Dyax)”  240x0.426%
RHPZ = 2XmXLXDpyax  2ZXmx 47 pH X 0.574

(41)
= 25.6 kHz

To ensure the stability of the inverting buck/boost converter, it is
recommended to reduce its bandwidth to 25% to 33% of the RHPZ
location.

fo= %X fRHPz = % X 25.6 kHz = 6.4 kHz (42)

The minimum output capacitance for a 25% load transient and 1%
overshoot/undershoot is given by the following;

s AlouTrra _ 500 mA
OUT = 27X X fo % AVouTppy 2 X T X 64KHz X 480 mV

(43)
= 26.0 uF — 8 x 10 pF (nominal) — 8 X 4.415 pF (effective)

analog.com

Eight TDK C5750X7S2A106K230KB, 10 pF, 100 V, 2220 ceramic
capacitors, which derate to 4.415 pF at 48 V, are used at the
output.

Therefore, an effective capacitance of 35.32 yF is selected to
satisfy the low line condition.

The minimum ripple current through the inductor, shown in Figure
10, is given by the following:

_vpxat_ (Vourl +Vg2) x torr(miny
AlpMiny =——T1— = L

_ (4BV+0.250V) x 121615 _ 4 yy0 s

47 uH

Figure 10. Inductor Ripple Current (V;y =36 V)

The current through the inductor is the sum of the input current
through the top MOSFET and the output current through the bottom
MOSFET.

The peak current through the top MOSFET, inductor, and bottom
MOSFET is given by the following:

1
Isw(pEAK) = IIN(MAX) + TouT + 3 X AIL(MIN)

Pour 1
=0T __ 4 ur+ixal 45
Vinauny < +1ouT 7 X AL (45)

96 W

_ 1 _
—m+2A+7X1.248A—5.431A

The current through the top MOSFET has a trapezoidal shape and
its RMS value is given by the following:

2
Al
Iq1max)[RMS] = \/ (Ifw ave) t ngguv)

) XDyax

(46)
2
= \/<(4.807 A)Z + %) X 0.574 = 3.653 A

The RMS current for the bottom MOSFET can be calculated in the
same way by using Equation 46 but replacing Dyax with 1 = Dyax.

The RMS current is the root mean square of the input DC and AC
currents multiplied by the duty cycle.

The output ripple voltage is a combination of two terms.
AVoyr = AVe+ AVESR (47)

The first term is produced by the capacitive component of the
output capacitor.

AVemax) = ﬁ X IoyT X toN(MAX) )

_ 1 _
= 353oyF X 2AX1641ps=929mV
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The second term is produced by the resistive component of the
output capacitor.

lout
AVEsr = (1 —Dyax *

24,1 _
(m+7x 1.248 A) x 358 uQ = 1.9 mV

2 X AIL(MIN)) x ESR
(49)

where 358 pQ is the combined ESR at the switching frequency of
the output capacitors.

Combining the terms gives the total output ripple voltage, which is
shown in Figure 11.

AVour(Max) = AVemax)+ AVESRMAX) (50)
=929mV+ 1.9 mV = 94.8 mV

Either the first term or the second term can dominate over the other.
If AV dominates over AVEgg, the output looks triangular.
If AVegg dominates over AV, the output looks trapezoidal.

In this case, AV is larger than AVggg. Therefore, the output looks
triangular.

Figure 11. Output Ripple Voltage (Vy = 36 V)

analog.com

The RMS output ripple current through the capacitor has a trapezoi-
dal shape.

Dmax 0.574
Icout[RMS] = loUT x\[T= Dy 1z = 2 A%\ 0426
(51)

=2323A

Therefore, a set of eight capacitors with a combined RMS current
rating of at least 2.323 A must be selected.

The overshoot/undershoot at low line is shown in Figure 12 and it is
estimated by the following:

AlouTrpy 500 mA

AVOUTTRA = Zxmx fox Coyr ~ 2 XX 6.4 kHz X 3532 iF

=352mV

“'H!\‘\W\\H\WWW‘ "
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Figure 12. Load Regulationfor2A— 2.5A— 2 A (Vjy=36 V)
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LTPOWERCAD

If an LTpowerCAD model for an IC in the inverting buck/boost con-
figuration is available, the software helps the designer to produce
a design, and tuning of the circuit that meet the requirements
listed in the Design Specifications section. Based on the desired

used for the compensator to achieve an appropriate dynamic load

crossover, the software suggests a resistor/capacitor combination
[ LToowerCAD II V2.7.5 - LTC3896 36-T2V 48V 24 350kHz.ltpc

file Help Resources

MaxVin:| 140V

Min Vin alv

Min Vout:| -60|V
Sugg. Max Isw:| 1000 A

Vin max:| 72V

Ta 25 °C
Max. Height mm
Output Rail 1
Vout1 -48 v
lout1 2 A
analog.com

Key
User Entry :
Calculated :
Part Spacs

Min Sw. Freq. 50/ kHz
Max Sw. Freq. 900 kHz

- Design Specs ——————————————
Vin min 36V
Vin nom 48 v

Switching Freq:| 347 kz

Cin Total IRMS 2856 A
CinTotal PLoss  0.283 W

Feedback
Sug.Rtl  140kQ
RO 140k0
cifl PF

Sug Rb1 237k

Rb1 2370
Cfit1 pF

Cthi Rth
|ITH
VOuT- Cthpi

Compensation
Cth1 7500 pF

Rth1  118kQ
Cihp1 pF
Sw. Freq.

Desired Fsw 347 kHz

Sug. Rfreq 536 k0
Rfreq 536k

ActFsw 347 kHz
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LTC3896 - Synchronous Inverting Regulator

Vinfnorm) 48V ..I.U_inﬂ Input Bulk _|(Ei
T MFR, UNITED CHEN
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1

regulation response. However, LTpowerCAD models are not always
available. At the time of the writing of this document, the LTC3896
is supported in LTpowerCAD. Figure 13 and Figure 14 show an
example for the LTC3896 design discussed in this document.

CHIN =

Project Name:
Date:

Designer:

Figure 13. LTpowerCAD Setup for the LTC3896 (First Tab Features Design)
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Figure 14. LTpowerCAD Setup for the LTC3896 (Third Tab Features Compensation)

LTSPICE

LTspice models are available for a majority of Analog Devices,

Inc., switch-mode power supplies (SMPSs) and they are useful

for a first approximation in the time and the frequency domains.
Setting up the converter directly in LTspice can lead to recursive
and time-consuming simulations. An LTspice simulation allows ap-
proximate bandwidth of the converter. A parametric sweep of the
resistor/capacitor combination used for the compensator at specific
input and output conditions can be performed to further tune the
loop.

COMPENSATION

Unless internally compensated, most inverting buck/boost circuits
require external compensation. This translates to a compensator
that typically includes an operational transconductance amplifier
(OTA), current-mode control (CMC) and Type Il compensation.
Whether through software or mathematics, the end goal of compen-
sation is to select a resistor/capacitor pair which produces a zero
that allows acceptable stability over the input voltage range.

If neither LTpowerCAD nor LTspice can be used, mathematics is the
only option.

When it comes to compensation, the recommended approach is to
calculate the lowest location of the RHPZ which occurs at low line.

2
/ R x(1-Dymax)” 240 x0426%
RHPZ = XX L X Dpax 2 XmX 47 pH X 0.574

(53)
= 25.6 kHz

analog.com

Next, assume a crossover around ¥ of the RHPZ.
fe =% X fRpz = +% 25.6 kKHz = 6.4 kHz (54)
Then, place a zero at 10% to 30% of the potential crossover.

fzEA(TARGET) = 0.3 X f¢ = 0.3 X 6.4 kHz (55)
= 1.92 kHz

Finally, select the values of R¢ and C¢ to insert the zero for the
error amplifier.

_ 1 — 1
f2EA(ACTUAL) = XX Rg X C¢ — 2Xm X 118 KA X 7.5 oF

(56)
= 1.798 kHz

Although not always necessary, a pole can be placed to cancel the
RHPZ of the zero produced by the output capacitors or to suppress
noise.

The final choice for the location of the zero is made at low line
where the bandwidth is smallest. A Bode plot can reveal whether
the R and C combination is optimal. After testing the LTC3896 at
the bench, the optimal choice of R¢ is 18.2 kQ and C¢ remained
7.5 nF. Therefore, the zero at 1.166 kHz is near 18% of the initial
estimated bandwidth (6.4 kHz) or near 20% of the actual bandwidth
(5.779 kHz).
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NOTES

The following is a series of observations that the designer must
consider before building the inverting buck/boost circuit;

» The inductance is calculated at high line, whereas the capaci-
tance at the output is calculated at low line.

» The maximum ripple current through the inductor occurs at high
line, whereas the maximum ripple voltage at the output occurs at
low line.

» The circuit is designed at each extreme of the input voltage
range. To meet current and voltage ripple requirements, use a 47
uH inductor and 35.32 pF of effective capacitance at the output.

» Itis customary to add a small high-frequency capacitor from the
positive input to the negative output to compensate for the top
MOSFET switching.

» If the design is asynchronous, the voltage drop across the
bottom MOSFET, V, can be replaced by Vp, the equivalent
drop across the diode for a specific average current.

analog.com
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TEST DATA

This section presents results for the LTC3896 inverting buck/boost circuit captured at the bench at low line and high line. R7, D1, and R8 are
not added to the printed circuit board (PCB).
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Figure 15. Startup, VIN =+36V, VOUT =-48V, Iou'r =1.5A Figure 18. Staﬂup, VIN =472V, VOUT =-48V, IOUT =15A
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Figure 16. Steady State, Viy=+36 V, Voyr=-48 V, loyr=2A Figure 19. Steady State, Viy=+72V, Voyr=-48 V, loyr=2A
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Figure 17. Load Regulation, Viy =+36 V Voyr=-48 V, loyr =2 A (DC) + 0.5 A Figure 20. Load Regulation, Viy = +72 V, Voyr=-48 V, Ioyr =2 A (DC) + 0.5 A
(AC) (AC)
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2 Parameter Valve 2 Parameter Value

DC2447AILTC3896 T Jrm 53K DC2447A/ILTC3896 1 [ Us ekt
Vin=36-72V Vout=-48V fsw=350kHz lout(DC)=2A 1 Repe 69.55mV pkpk Vin=36-72V Vout=-48V fsw=350kHz lout(DC)=2A 1 |Rpe 58.68mV pkok
45 -200 1 Freq @Gain=0 | 5779kHz s -200 1 Freq @Gain=0 | 11.3kHz
1 Phase Margn  67.53 Deg 1 Phase Margn  68.3 Deg
* ~160 1 Gain @ Fsw/2  |-19.86dB 60 ~160 1 Gan @ Fsw/2 | -2421dB
1 Freq @ Phase=0" | 36.86kHz 1 Freq @ Phase=0" | 59.13kHz
=120 1 Gain Margin 105548 45 =120 1 Gain Margin 140448
-80 30 -80
? 2
g 0 3 g w
s -] s " -0 9
-8 - -0 --80 -
Rc=18.2k Cc=7 5nF Rc=18.2k Cc=7.5nF
=27 =120 -120
% ~-160 60 ~1680
— %VGM — %VPM —JNGM — TVPM
45 --200 75 --200
100 1k 10k 100k ™ 100 Tk 10k 100k ™
Frequency (Hz) § Frequency (Hz) g
Figure 21. Loop Analysis, Viy = +36 V, Voyr =48 V, loyr = 2 A Figure 23. Loop Analysis, Viy = +72'V, Voyr =48 V, loyr = 2 A
&
:
i

Figure 22. Thermal Analysis, Viy = +36 V, Voyr = =48 V, loyr = 2 A (No Air Figure 24. Thermal Analysis, Viy = +72 V, Voyr = =48 V, loyr = 2 A (No Air
Flow) Flow)
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CONSIDERATIONS
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Figure 25. R9 Is Used for AC Injection to Generate Bode Plots

The following considerations must be made when designing an
inverting buck/boost converter:

» Proper components selection. The voltage rating for the in-
put/output capacitors must be appropriate to compensate for
the bias applied to them. The voltage rating for the MOSFETs
must be at least Vjygax) + [Vourl. For an asynchronous design,
the current rating for the diode must be at least lsyyax) and the
voltage rating for the diode must be at least Viyyax) * |{/0UT| to
allow operation in reverse mode. The inductor must be selected
to avoid saturation and rated with a current above the peak
inductor current.

» Enabling and level shifting. Unless the inverting buck/boost
converter is always enabled, level shifting the enable pin is
necessary and schemes can be introduced to address the issue.
Varieties of options are available and a simple circuit with only

one binary junction transistor (BJT) of the PNP type or one MOS-

FET of the positive channel (PMOS) type and three resistors
accomplish the task. In some cases, level shifting is taken care
of internally, such as in the case of the LTC3896 IC.

» Input capacitance. The RMS current that appears at the input
of the converter and the RMS current through the top MOSFET
have the same shape. They are also close in magnitude. The
RMS current value calculated for the top MOSFET helps in the
process of selecting the right combination of input capacitors
to avoid excessive component stress. An LTspice simulation
at maximum RMS current can reveal the actual RMS current
spread across each capacitor as a function of its own impe-
dance.

analog.com

» Switching frequency. Choosing the optimal switching frequency
helps to achieve the right balance between conduction losses
and switching losses while trading off smaller or larger induc-
tance with smaller or larger output capacitance.

» Compensation. The RHPZ reduces the bandwidth of the convert-
er and compensation must be tuned at low line in boost mode.

If a model of the converter is available in LTpowerCAD, the
tuning process can be faster. If not, zeros and poles for the
compensator are placed mathematically and load regulation can
be verified in LTspice. If the output capacitors are entirely of

the ceramic type, it is not necessary to add a high-frequency
capacitor to cancel the zero produced by the output capacitors
and its combined ESR.

» Loop analysis. Phase margin (PM) and gain margin (GM) must
be verified across the line from high to nominal to low to
maintain about 60° of PM and at least -6 dB of GM both at
Y2 the switching frequency and where the phase crosses 0°
(LTpowerCAD, in the third tab for compensation of the LTC3896,
tries to enforce -6 dB and -8 dB, respectively, when the GM
figures are not met). Bode plots must be captured similarly to
a buck converter, as shown in Figure 25, by usinga 10 Q to
49.9 Q resistor. However, for the inverting buck/boost converter,
because its output is negative, the AC injection into the feedback
of the IC must be done across a resistor placed below R2
(near 0 V). The grounds of the input probes of the frequency
response analyzer must float with respect to the input power
supply and system ground. A cheater plug is sufficient to address
the floating requirement. However, in this case, because the
output is =48 V, a 10:1 attenuation is required to avoid damaging
the inputs of the frequency response analyzers, which typically
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do not tolerate more than about +15 V. Therefore, the cheater
plug can be avoided and high voltage differential probes with
attenuation can be used.

Capacitors between positive input and negative output. One or
more capacitors can be placed across input and output to com-
pensate for the high-frequency switching of the top MOSFET.
Typically, the amount of capacitance is small. For dynamic load
regulation, the capacitance can be increased in value which
helps reducing the output voltage deviations (undershoot/over-
shoot) that occur when output loading changes abruptly. The
value of capacitance must be a small fraction of the output
capacitance. The voltage rating of the capacitors must be larger
than Vinwax) + [Vout| @nd derating must be considered, espe-
cially for high-voltage applications.

Output capacitance. Mathematically, increasing output capaci-
tance reduces the output ripple voltage but it also reduces the
loop bandwidth. Therefore, overloading an output rail with capac-
itance is not recommended because it can be counterproductive.
For accurate calculations and results, DC bias must be consid-
ered. For more accurate results, AC bias can be introduced (AC
bias is the output ripple voltage, which is added to the output
regulated voltage). DC and AC biases add by superposition.
Load regulation. The ability of the inverting buck/boost converter
to regulate the output when a sudden load change occurs can be
tested by appending a MOSFET at the output of the circuit. The
drain must be connected to the system ground, the source must
be connected to the negative output and the gate can be pulsed
with a function generator that must float with respect to the input
power supply and system ground. A cheater plug is sufficient to
solve the floating requirement.

Filtering. Additional output filtering may be necessary to clean up
the electromagnetic content produced by switching at the output,
which is coupled with the inevitable existence of ESL, especially
when electrolytic capacitors are introduced and high voltages
are required at the output. Additional LC filters influence the
stability and operation of the switcher. Three-terminal capacitors
are useful and powerful options. They provide low impedance at
the switching frequency and suppress noise as well as reducing
layout space. However, their voltage rating is relatively low so
they are not suited for medium to high voltage applications.
Tuning the switching frequency to match the lowest output impe-
dance provides the optimal output ripple voltage solution.
Output voltage clamping. If necessary, the output can be clamp-
ed by a Schottky diode which avoids excessive positive excur-
sion between negative output and ground during startup. The
diode must be placed between the nodes with the anode on the
negative side and the cathode on the ground side.

analog.com

» Power delivery limitations. Although the converter delivers full

power at high line, in some cases, load current must be reduced
to avoid excessive peak current at the switching node, which
can damage the MOSFETs, especially for monolithic solutions.
Controllers such as the LTC3896 are less constrained by current
peaks because they allow flexibility in choosing MOSFETs that
are external to the IC.

Probing. It is important to probe signals such as switching nodes
and output rails by using proper techniques. A pair of twisted
wires terminating at a probe connector such as the Tektronix
131-0258-00 shown in Figure 26 can be mated with a passive
voltage probe. The setup helps in reducing the amount of un-
wanted parasitic inductance that can magnify voltage spikes
and ringing during transient events. This setup also reduces

the amount of mechanical stress across components such as
capacitors. Other alternatives that can be considered, if space
allows, are shown in Figure 27 and include SubMiniature Version
A (SMA) and U.FL connectors that can be mated with Bayonet
Neill-Concelman (BNC) connectors directly at the oscilloscope
inputs.

& OO
G ~ v (,/

_Z
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Figure 27. SMA, U.FL, and BNC Connectors

Layout. Some PCBs host buck converters and can be reconfig-
ured to work as inverting buck/boost converters. However, in
some cases, reconfiguring the buck converter output to the
ground plane and the ground plane to the negative output
causes abnormal and erratic behavior at the bench, which is
undesirable because it can be confusing and time-consuming.
The best approach is to create a layout tailored specifically for
the inverting buck/boost topology rather than adapting a PCB
with a buck converter. This is for the best performance and low
noise operation. Component placement must also be considered
to reduce the amount of stray capacitance or inductance. The
importance of a good layout must never be underestimated.
Figure 28 shows the layout for the standard DC2447A demo
board.
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Figure 28. Layout for the DC2447A Demo Board that Hosts the LTC3896 Controller
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