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How to Design a Boost Converter With the TPS61170

Jeff Falin PMP - DC/DC Low-Power Converters

Design Example

The following design example helps a user design a 12-V to 24-V power supply using the TPS61170

boost converter integrated circuit (IC). Figure 1 shows the power supply circuit.
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Figure 1. 12-V to 24-V Power Supply

Table 1 gives the performance specifications for the reference design.

Table 1. Performance Specifications for the Reference Design

PARAMETER | CONDITIONS | MIN| NOM| mAX[ UNIT
INPUT and AMBIENT CHARACTERISTICS
Vin Input voltage 11 12 13 \%
Fs Switching frequency 1.0 1.2 15 MHz
Ta Ambient temperature 60 °C
OUTPUT CHARACTERISTICS
Vour Output voltage 23 24 25 \%
Load regulation Viy =12V, 10 mA <l < 300 mA 1% AV/Al,
VeippLe Output voltage ripple lo =200 mA 50 mVpp
lo Output current 1 300 mA
n Efficiency lo =300 mA 92%
TRANSIENT RESPONSE
Altgan Load step 250 mA
Algan/At | Load slew rate 0.20 Alus
AVigan Vo undershoot 500 mV
Mathcad is a trademark of Parametric Technology Corporation.
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. DUTY CYCLE: Use data sheet (SLVS789) Equation 5 to estimate the maximum duty cycle, which
occurs at minimum input voltage. This value cannot exceed the IC's maximum duty cycle per the
datasheet.
\Y -V 24V - 11V
ouT IN(MIN) _ = 559%
Vour 24V )

Dmaxy =

. loutuaxy @nd liypc): First, use data sheet Equation 4 to determine whether the internally current-limited
TPS61170 can provide the desired output current.

At lourax) the current through the switch hits the switch's current limit, 1,,,. Expressed mathematically,
the maximum average (DC) input current, lypc.max, Plus 1/2 the peak-to-peak inductor ripple current,
IP, equals ILIM, S0 liypemax) = lum - 1p/2 at loyruax)- But, for stable power supply operation and to
minimize EMI, the I, must be no more than a fraction, Ky, = 20-40%, of l,ypc), SO Inpemaxy = lum = (Kino
X liyoc-maxy/2. Solving for liypcvax) 9IVeS liypemaxy = lum/ (1 + Kino/2) at loyraax)- ASsuming estimated
efficiency ney = 92% at Viyiyy = 11 V and K, = 0.4,

VIN X lum % Nest _ 11V x 0.96 A x 92% =337 mA
(1 +Kno/2) xVour (1 +0.4/2) x 24 @)

IOU T(max) —

Because the application does not require the maximum output current computed by Equation 2, simply
use data sheet Equation 6 to find I,y at the estimated efficiency and desired output current, loyr.

ooy =Vour X lour / (Vingmin X 0.92) = 24V x 0.3 A/ (11V x 0.92) = 0.71 A

. INDUCTOR: After solving data sheet Equation 3 for L , the designer substituted fs ., = 1 MHz, the
Schottky diode's forward voltage, Vf =0.5 V, Equation 3, Viywun = 11 V and I, = 0.4 x 0.6 A to find the
minimum L required to keep Ip = Kiyp X |y pe-

1

L >
Fs x ! + L x
Vour * Vi - Vinwiny  Vining
1
= 1 = 213 pH —> 22 pH
1 MHz x ( + - )x 04 x0.71A
24V+05V - 11V 11V ®)

The designer selected the closest standard value, which is 22 yH. When selecting an inductor, the two
additional key specifications are its DC resistance (DCR) and its current rating, which is the lower of
either its saturation current or its current for 40°C temperature rise. For this lower power converter,
choosing an inductor with DCR less than 200 mQ minimizes these losses. The inductor current rating
must be higher than lyype) + 1:/2=0.71 A+ (0.4 x 0.71 A) / 2 = 0.85 A. The designer selected SD6020-
220 from Cooper, capable of 0.9 A with 122-mQ DCR.

. FEEDBACK RESISTORS: Use data sheet Equation 2 to size the feedback resistors for the required
output voltage. Although the data sheet recommends 10 kQ as an optimum value for R2, larger or
smaller values can be used at the risk of noise being injected into FB or higher current lost through the
FB resistors, respectively. After first trying 10 kQ, the designer selected R2 = 10.5 kQ so that R1
computes close to a standard resistor value:

24

V,
R1=R2 x OUT 4| =105kQ x | —="
1.229 V

—_— -1]1=195kQ —196 kQ
1.229V

(4)
. SCHOTTKY DIODE: Even with an ideal printed-circuit board layout containing short traces to minimize
stray inductance and capacitance, the switching node of the boost converter may exhibit ringing up to
30% higher than the output voltage. Therefore, the designer selected a 30-V-rated diode to
accommodate such ringing. The designer also selected a diode with a thermal rating that is high
enough to accommodate its power dissipation, which is approximately Pppope) = lour X Vi = 300 mA x
0.5V =150 mWw.

. OUTPUT CAPACITORS: Use data sheet Equation 12 and the transient specification to size the output
capacitance.

Assuming a ceramic output capacitor with negligible ESR and output ripple specification Vg;pp e = 50
mVpp, data sheet Equation 12 indicates that the minimum output capacitance be
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(Vour = Vin) * lour _ (24 V - 12 V) x 0.300 A -3 F

C =
OUT = Vour xFs x Veppe 24V x 1.0 MHz x 50 mV 5)

If a large ESR capacitor is used, then there is additional output ripple equal t0 Vgppie £sr = lour X ESR.
To meet the load transient specification and assuming a control loop bandwidth fg,, = 30 kHz,
Equation 6 gives

AlTRAN — 250 mA =26 uF
21 x fgy x AVomay 2 x % x 30 kHz x 500 mV " ©)

Cour =

The loop bandwidth assumption of 30 kHz may have to be modified later. The designer selected C2 =
2 x 2.2 uF, 50-V output capacitors (Figure 1).

7. COMPENSATING THE CONTROL LOOP: Data sheet equations 7 through 11 can be combined to
give a simple mathematical model of the power supply's small signal control loop, G+(s).

s s
*+ - x-——
_ 1229V Vin_ % Rour X( 2X“szj ( 2XanRHPZJ

G+ (s) x Ggp x6 MQ x
Vour Vour x Rsense x 2 s s
1+ x| 1+—
2 xm x fpy 2xm x fpo
Where
fp2 = 2 = 2 =905 Hz
2n x Royr x C2 2rn x 80Q x 2 x 22 uF
R L N2 2
fanpg=—oUT_ [ Vin Vo 80Q (121 a5y,
2n x L Vout 2n x 22 uH 24
o1 = 1
P17 27 x6MQ x C3
1
fZ = @@
21 x R3 x C3 W)

Ge, is the amplifier transconductance and can be found in the data sheet electrical specifications table
and Royr = Vourflour- For current mode boost power supplies, the inductor is not part of the control
loop, and the output capacitor sets the dominant pole, f;,. If the RHPZ is high enough in frequency
(i.e., L is not too large), simply setting the compensation zero, f, equal to the dominant pole, fy,,
stabilizes the loop. Assuming R3 = 10 kQ per the data sheet recommendation and Rggyse = 200 mQ,
its approximate maximum value, setting f, = f,, gives C3 = 17.6 nF which is replaced by the standard
value of 15 nF. Figure 2 shows the Mathcad™ gain and phase of the power stage, G(s), with s =j x 2
x 17 % f.
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Figure 2. Total Loop Gain and Phase With R3 = 10 kQ and C3 = 15 nF

Although the loop is stable with almost 90 degrees of phase margin and small signal control loop
bandwidth, fg,, of 20 kHz, components R3 and C3 are not optimized to give the highest bandwidth,
and therefore the smallest output capacitance to meet the load transient requirement. In fact,
maximizing the loop bandwidth using this method requires iteratively increasing R3 and/or decreasing
C3 to meet the load transient specification.

By separating the power stage and error amplifier components from data sheet equations 7 through
11, the designer can directly size R3 and C3 for a given fg,, without an interactive, trial and error
process. Gy, gives the power stage small signal transfer function.

s
1-— =
Rour x (Vin) o ( 2 xm x fRHsz < H
s

2 xmx fp o)

Equation 8 ignores the ESR zero, f,, because low ESR ceramic output capacitors produce a zero at
frequencies above interest. If tantalum or aluminum electrolytic output capacitors are used, then an
additional zero created by the output capacitor and ESR must be included in equation 8 in the form
fesr = 1+s/(2xTTXESR*C2). The simplest way to handle this potentially low frequency zero is to cancel
it with a pole by connecting an appropriately sized capacitor from COMP to ground. Usually, the stray
board capacitance or an actual capacitor in the 10pF range is used to produce a high frequency pole
that roles off the loop gain following the RHPZ. But, if this capacitance, C6 on the EVM, is sized such
that ESR x C2 # R3 x C6, assuming C6 << C3, then the ESR zero's effect will be nullified and the
design method in this application note is still applicable. In rare cases, f;csg might be low enough in
frequency to cancel f,, and eliminate the need for R3 and C3. In all cases, a 0.1uF-10uF ceramic
output capacitor in parallel with the large high ESR output capacitor is recommended to reduce the
output ripple.

He(s) models the inductor current sampling effect as well as the slope compensation (Sg) effect on the
small signal response.

Gpw (8) = e(s)

2 x Rsense x Vour 1+

1

s x K“SEJ x (1 - D) - 0.5}
SN 32

+
fsw (r x fsw)’ 9)

Where the natural and externally added slopes are

He(s) =

1+
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_ Vour *VF - VN

Sy = x Rgense
L (10)
42000A
S. = —  F
= (1-D)

(11)

With Rg,r = 24 V/0.300 A = 80 Q and Rgense = 200 mQ, Figure 2 shows the Mathcad™ gain and phase
of the power stage, Gpy(S), with s =jx 2 x 11 x f.
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Figure 3. Power Stage Gain and Phase

To prevent switching noise or gain fluctuations due to changes in nonmeasured parameters from causing
small signal instability, conventional wisdom recommends that the crossover frequency, f,,, be kept below
the lower Fgyyny/5 = 200 kHz or fgp,/3 = 45.3 kHz. In section 6, the designer chose f,,, = 30 kHz.
Therefore, the compensation gain, K.qye, and power stage gain at the crossover frequency must be zero,
or Keowp(faw) + 20109(Gpy(faw)) = 0, s0 Keoup(faw) = -20l0g(Gpy(few) = —8 dB as illustrated by the orange
dashed line in Figure 2. Using Type Il compensation and finding Ggama= 400 umho in the data sheet,
Equation 12 computes the value of R3 to give Koue(faw) = —15 dB, rounded up to the closest standard

value.
Keowme(fc) -9dB
20dB 20dB
R3 = _10 - 10 =173 kQ >17.4KO
R2 105 kQ
Gea X — % 400 umho x —— oot
R2 + R1 196 kQ + 10.5 kQ 12)

From Equation 7, the designer set f, ~= f5,,/10 = 3 kHz for maximum phase boost at the crossover point
and solved for C3. The answer was rounded down to the closest standard value.

L L = 3.04 nF — 2700 pF

C3 = =
21 x R3 x f5 21 x 17.4 kQ x 3 kHz (13)

Figure 4 shows the Mathcad™ plot of T(S) = Gpy(S) X Hea(S)
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Figure 4. Total Loop Gain and Phase With R3 = 17.4 kQ and C3 = 2700 pF

Figure 5 shows the loop gain and phase as measured on a Venable Gain Phase Analyzer. The measured
faw is closer to 40 kHz, slightly higher than the designed and simulated 30 kHz. The phase margin is
slightly above 60° as expected.
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Figure 5. Measured Loop Gain and Phase
Figure 6 shows the transient response for a 250-mA load step. The AV g,y droop of 400 mV is well below

the 500 mV specification. This performance is not unexpected due to the over-sized output capacitance
and wider than designed loop bandwidth.
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Figure 6. Load Transient Response

Figure 7 shows the efficiency.
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Figure 7. Efficiency

Figure 8 shows the load regulation, which is well within the 1% specification
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Load Regulation
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Figure 8. Load Regulation

Figure 9 shows typical operating waveforms.

Figure 9. Operation Including Vgppp e at V,y =12 V and 15,;=200 mA
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The preceding design steps are applicable to any current-mode, control-based boost converter.
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