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Adjust The Output Of An Inverting Buck-Boost Regulator Without Level Shifting

by Hrag Kasparian, Texas Instruments, Santa Clara, Calif. and David Baba, Texas Instruments, Phoenix, Ariz.

Switching power applications sometimes require external adjustment of the output voltage setpoint; one
example is an organic light-emitting diode module in vehicles. A common way to adjust the setpoint is to use a
microcontroller to generate a variable voltage through either a digital-to-analog converter or an averaged
pulse-width modulation signal.

Implementing such a scheme is straightforward when the dc control voltage, input voltage, output voltage and
regulator share the same reference—typically the system ground reference (GND). But things get interesting
when trying to adjust the output of an inverting buck-boost regulator, where the output voltage is negative and
the regulator GND reference is not the same as the system GND.

Typically, a level-shifting circuit is required to accommodate the different ground references, which adds several
extra components to the circuit. However, under certain operating conditions, the level shifter can be eliminated
and a very simple and straightforward voltage-adjustment scheme can be applied as we propose here.

In this article, we'll present this scheme, derive the equations that describe its operation and then apply them in
an application example. That example will also provide us with the basis for discussing the limitations of this
voltage-adjustment method.

But to begin, we’ll look at a buck regulator example where regulator and system ground are the same and
explain how output voltage is typically adjusted with a very simple circuit. Then, we’ll describe how a current
mirror is typically applied in the case of an inverting buck-boost regulator to provide the needed level shifting of
the control voltage.

Output Voltage Adjustment Of A Regulator

Fig. 1 shows a typical implementation of how to adjust the output voltage of a buck converter using a control
voltage (Vcnti). For illustrative purposes, assuming that the minimum Vcnt is equal to the feedback voltage of the
regulator, setting the top feedback resistor (RreT) and the bottom feedback resistor (Rrss) will obtain the
highest preferred output voltage level.
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Fig. 1. Typical implementation of an output voltage adjustment for a buck converter.

A control voltage equal to the feedback voltage (Vrs) achieves the highest output voltage because there is no
current being injected into the feedback node; thus, Rret and Rres set the output voltage. No current flows
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through the feedback injection resistor (Rin;) given the zero voltage potential across it. When increasing Vent
above the feedback voltage, current flows into the feedback node through Rinj. The highest Venti corresponds to
the lowest output voltage setpoint.

Equation 1 calculates the current injected (Iinj) into the feedback node through the Rin;j:

\Y% -V
Iin' — cntl. . ref (1)
) Rm]

The voltage reduction is the amount of voltage difference between the preferred Vout max and Vout min
setpoints as a result of Iinj, as shown by equation 2:

VouT,eq = linj X RrBT (2)

The Vout level represents the absolute value of the inverting buck-boost regulator’s output voltage, which is a
function of the Vcntl, as expressed in equation 3:

Vout = Vrer X (1 + REBT

R BB) ~ VOUTyeq (3)

where Vre = Vrefr, which is the internal reference voltage of the regulator.

Adjusting the output voltage of an inverting buck-boost regulator with a ground-referenced Vcnti often entails
the use of a level-shifting scheme to translate the ground-referenced dc voltage to a dc voltage that is
referenced to the negative output voltage, i.e., a regulator (device) GND. Fig. 2 illustrates a typical application
of such a scheme using a simple current-mirror circuit.
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Fig. 2. Adjusting the output voltage of an inverting buck-boost regulator using a current mirror
(Note: R1 = R3).

As Fig. 2 shows, implementing a current mirror involves using matched-pair bipolar junction transistors along
with a few additional resistors. Equation 4 calculates Iinj, which is then applied to equations 2 and 3 in the same
manner as described above to determine the adjusted output voltage:
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L. = Ventl—Vbe (4)
1nj R;+R,

However, there is an alternative that doesn’t require the additional components of the current mirror. Fig. 3
shows a very simple scheme using a Vcntl referenced to system GND (0 V). This method uses only a single
injection resistor that connects directly to the feedback node, just as for the buck regulator. Here, current is
again injected into the feedback node; however, a different set of equations govern the performance.

Besides reducing the number of parts, this injection-resistor method has an additional advantage: the output is
able to scale below the regulator’s reference to negative voltage levels slightly below 0 V.
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Fig. 3. Inverting buck-boost regulator Vout adjustment with a simple injection resistor.

Deriving Equations For Vout Adjustment With Injection Resistor

Let’s calculate the output voltage adjustment for this simple method.

Looking at Fig. 3, you can see that when Ventt > Vrs, Iinj is flowing into the feedback node. Equation 5 shows the
current flowing through Rrsg:

IRpp = IRgpr Tt linj (5)
Equation 6 expresses Vout as

Vout = Vrer + (IRggr X Rrpr) (6)
Rearranging equation 5 yields equation 7:

IRppr = IRppp ~ linj (7)

Substituting equation 7 into equation 6 yields the absolute value of the output voltage setpoint shown in
equation 8, where Irree equals Vrer divided by Rree and Vout is an absolute value:

Vre
Vout = Vrer + ( L— Iinj) X Rppr (8)

RFBB

The current Iinj through Rinj is dependent upon the voltage across it, as shown in Equation 9:
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— Vout—Vref+Ventl
linj = T Ry (9)

Substituting ILinj from equation 9 into equation 8 and simplifying yields equation 10:

R. .
Vout = 4|1+ =

Vent
Ry | X Viet( — 7 Rini \ (10)
ReoeX(1+7,00) (“*regr)
Application Example

Fig. 4 shows a schematic of an inverting buck-boost regulator with an operating input voltage range of 9 V to
18 V, and an adjustable output voltage of -7.5 V to -12 V capable of sourcing 5 A of current to the load. The
Ventl used to adjust the output will be 0 V to 5 V. Table 1 shows the application example parameters.
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Fig. 4. Inverting buck-boost regulator schematic implementing the Iinj Vour control using the Rinj or
optional current-mirror method.

Table 1. Application example parameters.

Parameter Value Units
Input voltage range 9to 18 \Y,
Output voltage range -7.5t0 -12 Y
Output current 5 A
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Vot range Oto5 \
Switching frequency 400 kHz
Vref 1 \Y,

The following steps show how to select the values in Fig. 4 for the feedback circuit components, using absolute
values for the voltages.

In order to determine the correct values for Rrss, RreT and Rinj, first set Rres to 1 kQ as a starting point, and
then, through algebraic manipulation, solve for the two remaining variables, RrsT and Rinj.

Using equation 10, subtract Voutmin from Voutmax, @s shown in equations 11 and 12:

Rini V, _ Rini \Y/
Voutmax — Voutymin = 1+ = X Vief| — <N tlmin - 1+ = X Veer| — CNtlmax
- " Rrgp X (1 + Rinj. ) (1 4 Rinj ) Regp X (1 4 Rinj ) (1 4 Rinj )
FBB Rrpr Rrpr FBB ReBT Repr
(11)
Equation 11 simplifies to
(Vcntlmax_vcntlmin)
VOutmaX - Voutmin - (1+ Rjnj ) (12)
RFBT
Solving equation 12 for Rinj yields equation 13:
Ventl —Ventl;
Rini = (—ma" min _ 1) X R 13
inj Voutmax_voutmin FBT (13)

Using equation 10 once again and expressing it in terms of equation 13 for Rinj yields equation 14:

VcntlmaX - Vcntlmin
v =1+ <V0utmax - Voutmin B 1) * Regr <V _ Vcntlmin
outmax — [ ant] — Vcntl . -| ref [ Vcnt] _ Vcnt] ] _|
( max min __ 1) X RFBT ( max min __ 1) X RFBT
R X I 14+ VOlltmax — Voutmin | I 1+ Voutmax - Voutmin I
FBB |l Rppr Jl |l Repr Jl
(14)

Solving equation 14 for RrsT yields equation 15:
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R _ (VOUtmax >(chlmax_VI‘<3f><Vcnt1ma)() x [RFBB] (15)
FBT —
(Voutmin +Vcntlmax_voutmax) Vref

Evaluating equation 15 yields an RreT value of 110 kQ.

To solve for Rinj, once again using equation 10 and expressing it in terms of Voutmax with its corresponding
Ventimin €xpression, yields equation 16:

Rinj Ventl;
Voutmaxy = |{ 11 7 Ry | X Vref Tinnlln (16)
RFBBX(1+RFBT) (1+RFBT)
Solving equation 16 for Rj,; yields equation 17:
RFBTX A\ -V f—V |
Rm] — ( outmax re cnt! mm) (17)

R \
Vrefx(l"' FBT _ OUtmax)
RFBB  Vref

Evaluating equation 17 yields Rinj = 12.22 kQ.

Rees, RreT and Rinj are now set, providing an output voltage level of =12 V when V¢ equals 0 V and -7.5 V
when Veng equals 5 V.

Limitations

The red line in Fig. 5 shows the actual adjustable output voltage range (absolute) for a varying Vent from 0 V to
10 V using the values suggested in the previous application example.
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Fig. 5. Visualization of the output voltage range for an inverting buck-boost regulator as a
function of Ve swept from 0 V to 10 V (Ress = 1 k2, Rest = 110 k2 and Riny = 12.22 kQ2).
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Fig. 5 includes conceptual curves that describe how Vout is affected by increasing or decreasing RreT and Rinj.
Note how it is possible to adjust the slope of Vout for a given Venti using different values of Rinj and Rrsr. If there
is a limit on the maximum value of RrsT, the only option is to increase the dynamic range of Venti.

As a general rule, the dynamic range of the adjustable output voltage is approximately equal to the dynamic
range of Vcntl. If the maximum value of RrsT or Vcntl is limited for a given desired dynamic voltage range, then
we recommend employing a level-shifted current injection scheme, as depicted in Fig. 2.

Summary

The typical method for adjusting the output voltage of an inverting buck-boost regulator uses complex level-
shifting schemes that require additional components. The simple, injection-resistor method described in this
article adjusts the output voltage using a single resistor, without the need for additional components.
Calculating values for RreT, RFeB and Rinj is not so trivial, however.

In this article, we provided a logical approach and guidance on how to mathematically set up and reduce the
equations for solving the circuit, and selecting component values to meet a given specification. We also
discussed limitations of the injection-resistor method and provided further guidance on how to attain wider
output voltage adjustment ranges.
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For more on power supply configuration methods, see the How2Power Design Guide, locate the Design Area
category and select “"Board-level Power Management.”
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