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ABSTRACT

Peak current mode (PCM) control is widely used in buck controllers and converters due to its advantages as
good dynamic performance and easy compensation. TPS62933 is a peak current mode buck converter with 3.8-
to 30-V input voltage and max 3-A output current. To simplify the BOM and save the application design effort,
the internal compensation is integrated in the device. For common applications, the inductance and capacitance
range in the recommended table can be used to guide the component selection. The stability analysis and
design methods for special application designs with large or small output capacitance are explored in this
application note.

The method proposed in this application note can only be used as a reference material. Due to the simplification
in deduction and non-ideal factors in reality, the calculated results will differ from the bench test. Also, the
application design method for a converter with a feedforward capacitor is not included in this application note.
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1 Introduction

Peak current mode control is widely used in buck controllers and converters due to its advantages for good
dynamic performance and easy compensation. Most peak current mode converters have a COMP pin and
customers can implement type 2 or type 3 external compensation by adjusting external resistors and capacitors.
In recent years, internal compensation attracts more and more attention to reduce solution size and achieve
simple application design. The TPS62933 is a buck converter with an internally compensated peak current mode
that supports 3.8- to 30-V input voltage and maximum 3-A output current. The device has superior features like
low lq and a wide output voltage range. Compared to the conventional PCM devices, it does not need external
resistors or capacitors for compensation setting, but the stability restriction limits the range of inductance and
output capacitance.

For common applications, components can be selected based on the recommended table and implement

fast design for application. For special application design to choose large output capacitance or small output
capacitance, a stability design method is proposed in this application report. The application with a feedforward
capacitor is not included in the analysis.

2 Loop Response of Peak Current Mode Converter

Figure 2-1 shows the schematic of a PCM buck converter. A type 2 compensation is used to ensure the stability
of the converter.
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Figure 2-1. Simplified Schematic of PCM Buck Converter

The loop response model of PCM buck converters is introduced in the application report(@). Figure 2-2 shows the
bode plot.
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Figure 2-2. Bode Plot of PCM Buck Converter Open Loop Response
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In the loop response of PCM converters, the DC gain is affected by output current.

* fp1 EA, fp2 EA @Nd f7 gp are the frequencies of poles and zero generated by the type2 compensation
+ fp1 gais the initial pole at low frequency to boost DC gain for improving output voltage accuracy

+ f; gais a zero to enlarge bandwidth and boost phase margin

+ fpy ga is a high-frequency pole to increase gain margin and attenuate high frequency noise

In TPS62933, the DC gain, fp1_ga, fr2_ga, @and fz_ga are all determined by the device internal compensation
circuit, which is expressed as Equation 1 and Equation 2.

352000
IOUT (1)

Apc=

where

* lpyr is the output current of the converter

fp1_EA=1 .2Hz
fpz_EA=275kHZ

f =10.6kHz
Z EA (2)

* fz our and fp_our are zero and pole introduced by the output capacitor and load

For the application with all MLCC or small ESR output capacitors, fz oyt is at high-frequency range and has
limited effects on converter stability.

1
fz our" 55—~
— 21TMRgsRrC
esrCo 3)
; 3 1
P OUT™ 2m(Resr+Ro)Co

(4)

where

* Cg is the output capacitance
* REgsris the ESR of output capacitors
* Rg is the output resistor, which equals to Voyt / loyT-

fp ci is a pole introduced by the inside current loop and related with device slope compensation. Its expression
for TPS62933 is shown as Equation 5.

fo .= VINfsw
P 11(4356000L+V \-2V0)

®)
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3 Output Capacitance Upper Limit for Internally-Compensated PCM Buck Converter

1.

Limits for —20 dB/dec at gain crossover frequency

For system loop stability, a —20 dB/dec slope near crossover frequency is ideal for loop gain, since that can
normally bring sufficient phase margin().

Figure 2-2 shows the loop gain slope of the PCM converter changes from 0 to —20 dB/dec at the initial pole
frequency, fpq ga. At pole fp oyT, the loop gain slope changes to —40 dB/dec. With the compensation of zero
fz ea, the gain slope becomes —20 dB/dec and the gain curve crosses 0 dB with this slope. That could bring
sufficient phase margin for the converter.

Figure 3-1 (a) illustrates that the converter crossover frequency f. becomes lower with reduced pole
frequency fp our. If fc < fz Ea, the zero fz ga is out of crossover frequency and loop gain crosses 0 dB
with a —40 dB/dec slope. If these conditions occur, they may cause insufficient phase margin.

Situation with insufficient phase margin Situation with sufficient phase margin

Gain Gain

Apc -20dB/decade Aoc
-20dB/decade

-40dB/decade

f,_our increases
-20dB/decade

-40dB/decade ﬁ>
0dB fr1_ea fr_our chZ_EA\ Frequency 0dB fp1_ea fr_out fzEA Frequency

(@) (b)

Figure 3-1. Loop Gain of TPS62933 Converter With Zero f; ga (a) Out of Bandwidth (b) Inside Bandwidth

Equation 4 shows that pole fp oyt is inversely related with output capacitance Cqo. Reducing Cq can make
both fp oyt and f. increase. As shown in Figure 3-1 (b), after increasing the pole frequency fp ouT, fz EA
could be smaller than the crossover frequency f, and the loop gain crosses 0 dB with a —20 dB/dec slope.
These conditions could normally ensure converter phase margin.

Based on the previous analysis, use Equation 6 to calculate the limitation for —20 dB/dec slope at gain
crossover frequency:

f>f
1z EA (®)

As Equation 2 shows, f7 g is fixed at 10.6 kHz for TPS62933. To get the relation between output
capacitance C, and f, first calculate the relation between gain and frequency using Equation 7 and Equation
8.

201g(Apc)-201g(Ap out) _

=-20dB/decade
19(fp1_£a)-19(fP ouT) "
20I1g(A -0
9(A_our) =-40dB/decade
l9(fe out)-lg(fe) v

where

* Ap our is the loop gain at frequency fp out

4
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Equation 7 and Equation 8 can be simplified as:

_Apcfei Ea
Ap out= -
P OUT ©)

fo=fp out \/ Ap out = \/ fe outApcfr1 EA
(10)

With Equation 4, Equation 6, and Equation 10, the upper limit for output capacitance is calculated using
Equation 11.

Apcfr1 Ea
2mM(Resr*+Ro) fZ_EA2

(11)

Substituting parameters in Equation 1 and Equation 2, the upper limit for TPS62933 is:

5.98x10
loutResr*Vour

(12)
2. Limits for 45 degree phase margin

Normally for a buck converter, a 45 degree phase margin can be achieved with —20 dB/dec slope at gain
crossover frequency. But for a buck regulator with peak current-mode control, when a larger inductance is
used, the frequency of the inner current loop pole fp ; will be lower and bring more phase drop at the gain
crossover frequency. These conditions may cause a phase margin lower than 45 degrees, even with —20
dB/dec crossing. Therefore, the capacitance upper limit for a 45 degree phase margin is also deducted in
this section.

Figure 3-2 is a bode plot of a PCM buck converter with —20 dB/dec crossing. fz oyt and fpp g are normally
at very high frequency so their effects on phase margin at gain crossover frequency can be ignored at first.
Pole fp1_ga is at a very low frequency and brings about —90° phase drop at gain crossover frequency.

Gain
Adc

fp1_ea

fe_out

f2er  H0dB/dec

fcross

0dB fr.c Frequency

Figure 3-2. Bode Plot of PCM Buck Converter Open Loop Response

Next, calculate the phase margin using Equation 13. Equation 14 constitutes the limitation to make the
phase margin larger than 45 degrees.

PM=1 80+PhaseP17EA (fcross) +PhasePfOUT(fcross)+PhaserEA(fcross)+Phasepici (fcross) (13)

PM=90+tan'1 <ffcross )+tan-1 (?ross) +tan-1 <fcross> >45

P_OUT Z_EA P_ci
(14)
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Calculate gain crossover frequency f...ss Using Equation 15, Equation 16 and Equation 17, based on Figure
3-2.

201g(Apc)-2019(Ap ouT) _

=-20dB/decade
19(fp1_ea)-19(fp_ouT) (15)
201 .
9(Re our)209(Az ) _ 4048 decade
I9(fe out)-19(fz a) (16)
201 .
9(AzE)0 _ 0 i/decade
g (fZ_EA)'Ig (fcross) 17)

Derive fy0ss Using equation Equation 18:

. Apcfp1 eafe out
cross ™ f
Z EA (18)

Substituting Equation 1, Equation 2, and Equation 4 into Equation 18, f.ss is expressed with:

6.35
(loutResr+Vour)Co (19)

fCTOSS=

Substituting Equation 2, Equation 4, Equation 5, and Equation 19 into Equation 14 and ignoring ESR
impacts, the upper limit for output capacitance for phase margin restriction is calculated using the following
example equation:

(50* (111936*I0UT - 4460544))/(441013* IOUT *VOUT* (422400/ IOUT + (8954880000/ IOUT +
178421760000/ IOUT ~2 + (2500* VIN "2* fsw ~2)/(24649* (4356000*L + VIN - 2* VOUT)"2) - (3180000%*
VIN *fsw)/(157*(4356000*L + VIN - 2* VOUT)) + (84480000* VIN * fsw)/(157* IOUT *(4356000*L +
VIN - 2* VOUT)) - (267632640000* VIN * fsw)/(8321* IOUT ~2*(4356000*L + VIN - 2* VOUT)) +
(10560000* VIN "2* fsw "~2)/(1306397* IOUT *(4356000*L + VIN - 2* VOUT)"2) + (11151360000* VIN
2% fsw ~2)/(69239041* IOUT ~2* (4356000*L + VIN - 2* VOUT)"2) + 112360000)"(1/2) - (50* VIN *
fsw)/(157* (4356000*L + VIN - 2* VOUT)) - (105600* VIN * fsw)/(8321* IOUT *(4356000*L + VIN - 2%
VOUT)) + 10600))

Since the expression for output capacitance upper limit with phase margin restriction is very complicated, an
example of how to use Microsoft® Excel® or MATLAB® for the calculation is introduced in Appendix A.

6

Stability Analysis and Design of Internally-Compensated Peak Current Mode SLUAAG4 — FEBRUARY 2022
TPS62933 - Part I: How to Select the Output Capacitor Submit Document Feedback
Copyright © 2022 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/SLUAAG4
https://www.ti.com/feedbackform/techdocfeedback?litnum=SLUAAG4&partnum=TPS62933

I} TEXAS
INSTRUMENTS
www.ti.com Output Capacitance Lower Limit for Internally-Compensated PCM Buck Converter

4 Output Capacitance Lower Limit for Internally-Compensated PCM Buck Converter

The chosen capacitance, Cq, cannot be too small. An output capacitance that is too small could cause worse
load-transient performance and loop instability at the same time. Normally for a peak current-mode converter,
the lower limit with loop stability is much smaller than the limit with the load-transient performance restriction. So
the only method to derive the lower limit through load-transient restriction is introduced in this section.

To calculate the lower limit for output capacitance for a specified Voyt overshoot and undershoot in load
transient, see the Output Capacitor Selection section in the TPS62933 3.8-V to 30-V, 3-A Synchronous Buck
Converter in SOT583 Package data sheet(!).

2

Aloyt K
K (1-D)(1+K)+ o (2-D)

Co>
© fswAVoyr

(20)

where

« D =Vpyr/ VN, duty cycle of steady state

* AVgyr is targeted output voltage change for load transient
* Alpyr is output current change in load transient

+ Kis the ripple ratio of the inductor current (Al / loyt max)

If the Co lower limit calculated from Equation 20 is bigger than the upper limit from Equation 12, there is no
available output capacitance range with limitation. A feedforward capacitor must be used to increase phase
margin at this condition, which is introduced in the Stability Analysis and Design of Internally-Compensated Peak
Current Mode TPS62933 - Part II: How to Select the Feedforward Capacitor application note.
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5 Design Example and Experimental Validation for TPS62933

Figure 5-1 illustrates the conclusion of the application design method.

(~ Get parameters needed

(bOperating parameters: ViN, Vour, lout, fsw, REsr

» Output current change in load transient: Alout

» Targeted output voltage change for load transient: AVour

v

[Application design method for TPS62933

(" Get output capacitance upper limit

( When selecting large output capacitor:

» Calculate Co upper limit with (12) for —20 dB/dec crossing
» Calculate Co upper limit for 45 degree phase margin

.

v

/" Get output capacitance lower limit

(Calculate the limits:

» Calculate Co low limit based on dynamic restriction: Equation (20)

L\

Figure 5-1. TPS62933 Application Design Flow Chart

y Components chosen

Take the typical application as an example: Vi, =24 V, Vot =5V, gyt = 3 A, fsyw = 1200 kHz.

Based on the inductor selection method introduced in the data sheet, choose an inductance of 3.3 uH for the

application.

Here the upper limit of output capacitance is verified. The Cq upper limit of 119.6 yF is obtained with Equation 12
for —20 dB/dec crossing and also Cq upper limit of 131 pF for 45 degree phase margin restriction.

Note here the calculated Cq is the effective value.

The example is validated on the EVM. The C3216X5R1V226M160AC (22 uF) and CGA5L1X7R1H106K160AC
(10 yF) are selected here as Cn. When biased at 5V, the effective of C3216X5R1V226M160AC is about 13.2 yF

and the effective of CGA5L1X7R1H106K160AC is about 9.4 uF.
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The upper output capacitance limit is verified with choosing Co = 8 x 22 pF. The effective capacitance is about
105.6 uF and slightly lower than the upper limit of 119.6 yF. Figure 5-2 shows the phase margin is 45.827
degrees.

Mag [B/A] (dB) | Phase [B-A] (deg)
100.000 200.000 —
80.000 160.000
60.000 120.000
e e e e A | v
40.000 —= ( ™ 80.000
L |
20.000 T / Nipn 40.000
0.000  fryem —] 7 0.000
-20.000 s -40.000
-40.000 N iy -80.000
-60.000 -120.000
-80.000 -160.000
-100.000 y . -200.000 L
100 1k 10k 100 k 1M
I Il
Data [ m1 M2 M2 - M1
Frequency 14.27 kHz 220.44 kHz 206.16 kHz
Magnitude -0.000 dB -32.979dB -32.979 dB
Phase 45.827 deg -0.003 deg -45.830 deg

Figure 5-2. Bode Plot for Output Capacitance Lower Limit Validation

The test results in Figure 5-2 show the effectiveness of the proposed method. See more validation results in
Appendix A.

6 Summary

This application note presents a method for selecting an output capacitor for an internally-compensated peak
current mode converter, TPS62933. The limitation for output capacitance is derived based on restriction of loop
stability and load transient performance. In conclusion, the proposed methods are validated on the EVM.
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A Validation and Calculating the Output Capacitance Upper Limit

This appendix contains the table of validation results for the methods proposed in this document and examples
using Excel or MATLAB to calculate the output capacitance upper limit.

Table A-1. Validation of Inductance Limit and Capacitance Upper Limit

Vin (V) Vour (V) | fsw(kHz) | Lchoose(MH) High Limit Co(uF) Without Cy Cchoose(HF) PMpench
24 5 500 6.8 106 7 x 22 yF 45.034
(Ceffective: 92.4 YF)
24 5 1200 3.3 119.6 8 x 22 uF 45.827
(Ceffective: 105.6 WF)
24 12 500 12 40.7 7 x 22 yF 46.153
(Cefrective: 34.475 UF)

Note
For Vout = 12-V application, if Cq is bigger than the high limit, add the feedforward capacitor C¢ to the
boost phase margin. For Ci selection, see Stability Analysis and Design of Internally-Compensated
Peak Current Mode TPS62933 - Part II: How to Select the Feedforward Capacitor application note.

If Microsoft Excel is used to calculate the output capacitance upper limit, first input parameters using the
following format:

A B (= D E F

1 VIN VouT 1ouT fsw L Cout Upper Limit
2 12 5 3 5.00E+05 6.80E-06
3

» Change the variable name of value A2-E2 to the name A1-E1.

VIN e fe 12
A B C D E F
1 |VIN VOUT 10UT fsw L Cout Upper Limit
2 | 12_| 5 3 5.00E+05 6.80E-06
3

* Input the following equation in F2. Input “=” first, then copy and paste the expression of output capacitance
upper limit for 45 degree phase margin:

(50* (111936*I0UT - 4460544))/(441013* IOUT *VOUT* (422400/ IOUT + (8954880000/ IOUT +
178421760000/ IOUT "2 + (2500* VIN "2* fsw "2)/(24649* (4356000*L + VIN - 2* VOUT)"2) - (3180000*
VIN *fsw)/(157*(4356000*L + VIN - 2* VOUT)) + (84480000* VIN * fsw)/(157* IOUT *(4356000*L +
VIN - 2% VOUT)) - (267632640000* VIN * fsw)/(8321* IOUT "2*(4356000*L + VIN - 2* VOUT)) +
(10560000* VIN "2* fsw "2)/(1306397* IOUT *(4356000*L + VIN - 2* VOUT)"2) + (11151360000* VIN
~2* fsw ~2)/(69239041* IOUT ~2*(4356000*L + VIN - 2* VOUT)"2) + 112360000)"(1/2) - (50* VIN *

fsw)/(157* (4356000*L + VIN - 2* VOUT)) - (105600* VIN * fsw)/(8321* IOUT *(4356000*L + VIN - 2*
VOUT)) + 10600))

A B £ D E F
1 |VIN VOuUT 10UT fsw L Cout Upper Limit
12 5 3 5.00E+05 6.80E-06 8.53334E-05

* Now the output capacitance upper limit for 45 degree phase margin can be calculated with Excel.
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If MATLAB is used, implement the following code (as an example):

VIN=12;

VOUT=5;

I0UT=3;

fsw=500e3;

L=6.8e-6;

Cout_upper=(50*(111936*I0UT - 4460544))/(441013* IOUT *VOUT* (422400/ IOUT + (8954880000/ IOUT +
178421760000/ IOUT "2 + (2500* VIN "2* fsw "2)/(24649* (4356000*L + VIN - 2* VOUT)"2) - (3180000*
VIN *fsw)/(157* (4356000*L + VIN - 2* VOUT)) + (84480000* VIN * fsw)/(157* IOUT * (4356000*L +
VIN - 2* VOUT)) - (267632640000* VIN * fsw)/(8321* IOUT "2*(4356000*L + VIN - 2* VOUT)) +
(10560000* VIN ~2* fsw "2)/(1306397* IOUT * (4356000*L + VIN - 2* VOUT)"2) + (11151360000* VIN "2%*
fsw ~2)/(69239041* IOUT "2* (4356000*L + VIN - 2* VOUT)"2) + 112360000)"(1/2) - (50* VIN * fsw)/

(157*(4356000*L + VIN - 2* VOUT)) - (105600* VIN * fsw)/(8321* IOUT * (4356000*L + VIN - 2* VOUT)) +
10600))
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