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ABSTRACT
This document provides guidance on how to calculate the amount of output capacitance needed to meet
the transient and ripple requirements of a general buck converter design. D-CAPx modulators are used in
the example.
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Introduction
Since 2010, TI has introduced several generations of TPS53K-integrated FET converters with current
ratings ranging from 1.5 A to 40 A. This particular family of devices was created to target the enterprise
computing applications, therefore sharing the same competitive performance goals in terms of efficiency,
and thermal and transient response. Many considerations were taken to simplify the system design and
layout, and to reduce the overall bill of material (BOM).
Table 1 lists the TPS53K converter devices in terms of their applications.
Table 1. TPS53K Device Details
Part Number

Current
Rating

VIN Range

VOUT Range

Package Size and
Style

Control Topology

TPS53310

3A

2.9 V to 6 V

0.6 V to 4.2 V

3 × 3 QFN-16

Voltage mode control

TPS53311

3A

2.9 V to 6 V

0.6 V to 4.2 V

3 × 3 QFN-16

Voltage mode control

TPS53316

5A

2.9 V to 6 V

0.6 V to 5.5 V

3 × 3 QFN-16

Voltage mode control

TPS53321

5A

2.9 V to 6 V

0.6 V to 4.2 V

3 × 3 QFN-16

Voltage mode control

TPS53511

1.5 A

4.5 V to 18 V

0.75 V to 5 V

3 × 3 QFN-16

D-CAP2™

TPS53312

3A

4.5 V to 18 V

0.75 V to 5 V

3 × 3 QFN-16

D-CAP2

TPS53313

6A

4.5 V to 16 V

0.6 V to 10 V

4 × 4 QFN-24

Voltage mode control

TPS53314

6A

4.5 V to 25 V

0.6 V to 5.5 V

5 × 7 QFN-40

Voltage mode control

TPS53315

12 A

3 V to 15 V

0.6 V to 5.5 V

5 × 7 QFN-40

D-CAP™

TPS53318

8A

1.5 V to 22 V

0.6 V to 5.5 V

5 × 6 QFN-22

D-CAP

TPS53319

14 A

1.5 V to 22 V

0.6 V to 5.5 V

5 × 6 QFN-22

D-CAP

TPS53353

20 A

1.5 V to 15 V

0.6 V to 5.5 V

5 × 6 QFN-22

D-CAP

TPS53355

30 A

1.5 V to 15 V

0.6 V to 5.5 V

5 × 6 QFN-22

D-CAP

TPS53513

8A

1.5 V to 18 V

0.6 V to 5.5 V

3.5 × 4.5 QFN-28

D-CAP3™

TPS53515

12 A

1.5 V to 18 V

0.6 V to 5.5 V

3.5 × 4.5 QFN-28

D-CAP3

TPS53915

12 A

1.5 V to 18 V

0.6 V to 5.5 V

3.5 × 4.5 QFN-28

D-CAP3

TPS548A20

15 A

1.5 V to 20 V

0.6 V to 5.5 V

3.5 × 4.5 QFN-28

D-CAP3

TPS549A20

15 A

1.5 V to 20 V

0.6 V to 5.5 V

3.5 × 4.5 QFN-28

D-CAP3

TPS548B22

25 A

1.5 V to 18 V

0.6 V to 5.5 V

5 × 7 QFN-40

D-CAP3

TPS548D22

40 A

1.5 V to 16 V

0.6 V to 5.5 V

5 × 7 QFN-40

D-CAP3

TPS549D22

40 A

1.5 V to 16 V

0.6 V to 5.5 V

5 × 7 QFN-40

D-CAP3

TPS548D21

40 A

1.5 V to 16 V

0.6 V to 5.5 V

5 × 7 QFN-40

D-CAP3

In a typical D-CAPx converter design, there are three primary considerations for deciding the value of the
output capacitance: transient (which includes load step and slew rate of the load step), output ripple, and
stability. In applications where the load transient is stringent, the output capacitance is predominantly
driven by the transient requirement. Today, tight ripple specification is becoming critical in some high-end,
high-performance application-specific integrated circuit (ASIC) and field-programmable gate array (FPGA)
designs. The LC output power stage must be designed to meet the ripple criteria. For a D-CAPx-based
design, there is also a minimum capacitance requirement in terms of small signal stability. This
requirement is in place to prevent subharmonic, multiple-pulsing behavior in all D-CAPx modulators. Even
though the minimum capacitance requirement is critical in determining the final output capacitance value,
this application report does not intend to provide an in-depth analysis on this criterion. If interested, see
the Design Advantage of D-CAP Control Topology blog.
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Design Specifications
In the following section, two calculations are covered. The first calculation is based on ripple specification
and the second one is based on transient specification of a converter design example.
Table 2 lists the converter design example specifications using the TPS548D22 device (detailed
information of this device is available on TI.com).
Table 2. Design Example Specifications
Parameter

Detailed Description

Specification

Unit

VIN

Input voltage

12

V

VOUT

Output voltage

1

V

VPP

Peak-to-peak output ripple voltage (FCCM)

10

mV

VOT

Transient overshoot – VOUT

+30

mV

VUT

VOUT – transient undershoot

–30

mV

ICC_MAX

Maximum load current

30

A

FSW

Switching frequency

650

kHz

di/dt

Slew rate of load transient

10

A/µs

ΔI

Load step of load transient

18

A

Based on VIN, VOUT, ICC_MAX, and FSW in Table 2, the output inductance value can be calculated fairly
quickly. Targeting 20% of ICC_MAX to be the inductor ripple current, the inductance value is calculated to be
0.24 µH. Equation 1 is used to calculate the output inductance value.
V OUT
V IN V OUT
u
LOUT
( V IN u FSW ) (I CC _ MAX u KIND )
where
•

KIND = 20%

(1)

Taking into consideration thermal and saturation current, core material, size, and availability, the final
inductor is chosen to be the 0.25 µH, DCR 0.615 mΩ, Wurth ferrite P/N 744309024. This inductor is rated
for 50-A thermal and 48-A saturation currents.
For a low-duty cycle (VIN – VOUT) >> VOUT D-CAPx-based converter design, the overshoot requirement
dominates the output capacitance value.
During load step-up: When the voltage across the inductor is large (VIN – VOUT for undershoot), it takes a
relatively shorter time for the inductor to make up the current step. Similarly, a smaller amount of deficit
energy is drained from the output capacitors. This is especially true if D-CAPx topology is used. The delay
from load step to PWM starts to respond, but is minimized due to the absence of the error amplifier.
During load step-down: When the voltage across the inductor is small (–VOUT for overshoot), it takes a
longer time to make up the current step. Therefore, a greater amount of excess energy is dumped into the
output capacitors.
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Equation 2 is derived based on energy conservation of the LC tank at two different operating current
points. Equation 2 can be used to estimate the worst-case capacitance needed for a given dynamic load
release.
2
1
1
1
1
2
L OUT I 22
L OUT I 12
C OUT(min_ over) V OUT V OT
C OUT(min_ over) VOUT
2
2
2
2
where
•
•
•
•
•
•

COUT(min_over) is the minimum output capacitance to meet the overshoot requirement.
LOUT is the output inductance value (0.25 µH).
I2 is the initial DC load current + half of the inductor ripple current.
I1 is the final DC load current + half of the inductor ripple current.
VOUT is the output voltage value (1 V).
VOT is the overshoot requirement (30 mV).

(2)

The minimum output capacitance to meet the overshoot requirement is 2640 µF. This application report
shows two examples; the first one is with all multilayer ceramic capacitors (MLCCs) and the second one
shows a combination of MLCC and POSCAP.
Equation 3 is used to calculate the steady state ripple.
VPP I RIPPLE u Zout _ eq (Fsw )
where
•
•
•

I RIPPLE

VPP is the ripple voltage specification 10 mV.
IRIPPLE is the inductor ripple current, calculated to be 5.64 A (see Equation 4).
Zout_eq (FSW) is the impedance of the output capacitor bank at switching frequency (Ω) (see Figure 1).

V OUT
( V IN u FSW )

u

V IN

(3)

V OUT
L1

(4)

ESR1

ESR2

C1

C2

ESL1

ESR3

C3

ESL2

Figure 1. Output Capacitor Combinations
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For the purpose of this exercise, both 2-element and 3-element models are used to represent the output
capacitors. Therefore, Equation 5, Equation 6, Equation 7, and Equation 8 are used to find the equivalent
output impedance value of the capacitor bank.
1
z1 (FSW , j) ESR1
2S u ESL1 u FSW u j
(2S u C1 u FSW u j)
(5)

1
(2S u C2 u FSW u j)

z2(FSW , j) ESR2

z3(FSW , j)

2.1

(6)

1
(2S u C3 u FSW u j)

ESR3

| Z out _ eq (FSW )|

2S u ESL2 u FSW u j

§ 1
1
¨
© | z1| | z2 |

1 ·
¸
| z3 | ¹

(7)
1

(8)

Example 1
45 × 100 µF 0805 MLCC (2.5 V, X7R, 60% capacitance derating on both DC and AC) is needed to fulfil
the overshoot requirement of 30 mV. Using the previous equations, the output impedance at a switching
frequency of 650 kHz can be derived as 0.10 mΩ. Using Equation 3, the output ripple voltage is easily
calculated to be 1 mV, which is well within the 10 mV peak-to-peak ripple specification (see Table 2).

2.2

Example 2
5 × 100 µF (same as previous) + 5 × 470 µF POSCAP (2.5 V, 6 mΩ ESR) is needed to fulfil the overshoot
requirement of 30 mV. Using the same methodology and equations, the output impedance at a switching
frequency of 650 kHz can be calculated to be 0.6 mΩ. Using Equation 3, the output ripple voltage is easily
calculated to be 3.67 mV, which is also within the 10-mV peak-to-peak ripple specification.
Now that the design can meet the steady state ripple and 18-A load step-down overshoot requirement, we
can understand the transient requirement of the load step-up case. Figure 2 shows how D-CAPx topology
works in a load transient case.
t0 t1
ILoad

ILOUT

VOUT

SW

Time (ms)

Figure 2. Load Transient Response of D-CAPx Converter
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For any load step-up transient, there are two key elements. One element is the load step size and the
other is the load slew rate. The output power stage (LC) must be designed to meet the transient
requirement. During the load step, the D-CAPx-based converter reacts with reduced off-time response
(until the minimum off time is reached) while maintaining the constant on time. The output undershoot is
impacted by loop response time, output inductance, capacitance, and minimum off time (if the valley
current limit is employed). During the load release, the output overshoot is mainly dominated by output
inductance and capacitance. There could also be some extra delay due to the timing of the load release
versus the onset of the on-time timer. The worst-case delay could be expected to be 1 × TON (Duty Cycle x
1 / FSW). In a D-CAPx-based converter design, the overshoot response generally dominates the output LC
stage design. Because the transient response is commonly specified symmetrically around the Vout set
point, if the converter is designed to meet the overshoot specification, that same LC stage is expected to
meet the undershoot specification.
Equation 2, the overshoot capacitance, was derived based on the principle of energy balance and
conservation in the previous section. The capacitance is the result of the worst-case scenario, assuming
the load transient change rate (di/dt slew rate) is infinite. However, the load transient slew rate is generally
finite and can vary from mA to A per µs. So how does the slew rate of the load transient impact the
amount of required output capacitance needed? In the real-world system and PCB design, the load
(microprocessors, ASIC, or FPGAs) is located further away from the bulk capacitors and surrounded by
high-frequency decoupling MLCC capacitors. Figure 3 shows this arrangement.
LO
VA

+

LB

RB

VB

uP or DSP
with decoupling

ESR

VIN

+

CHF

VIN

ESL

±

Load Current

Q

Hyst.
Comp.

CDIE

or

CO
Driver

DIE

±
±
+

Q
+
±

Figure 3. Real-World Output Capacitor Arrangement[2]
The general rule to go by is that if the load transient slew rate is less than or equal to the inductor current
charge and discharge slew rate (per switching cycle), then the output voltage change is within the steady
state ripple, and therefore as long as the ripple requirement is met, no additional output capacitance is
needed.
In the case of an extremely high-load transient slew rate, use Equation 2 to estimate the amount of
capacitance needed.
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If the load transient slew rate falls in-between, use Equation 9 and Equation 10 to estimate the
capacitance needed[1][2][3].
___
tO
tO
t
ESL1
) ´ (1 - O ) ´ KL
+ ESR1 +
+ (ESR1 +
tO
2 ´ CO 1
2 ´ CO 1
m ´ ts
N1 =
VOT LB
- RB
tO
DI

æ
t
ESR12 ´ CO 1 m ´ t S ö
m ´ tS
1 é m ´ tS
1 ù
ú
´ê
- O + ç ESR1 +
+
´
÷ ´ KL +
2 ê CO 1 CO 1 èç
m ´ tS
4 ´ CO 1 ø÷
CO 1 KL ú
ë
û
N2 =
VOT
- RB
DI

(9)

(10)

where
• m: For worst-case, step-down transient (in the example), m = 1 – D (D = Vout / Vin). For worst-case,
step-up transient, m = D
• KL: Ratio of inductor ripple current and load step transient, IRIPPLE / ΔI
• CO1: Individual output bulk capacitor, such as the one derived from the previous calculation, 470 µF,
2.5 V
• ESR1: Individual output bulk capacitor, such as the one derived from the previous calculation, 6 mΩ
• ESL1: Individual output bulk capacitor, such as the one derived from the previous calculation, 1.2 nH
• tS: Switching frequency, 1 / Fsw, (where Fsw = 650 kHz)
• RB: Trace impedance in Figure 3. In this example, we assume RB 1µΩ (negligible)
Equation 9 is derived for the extreme value of output voltage transient (overshoot) where it includes the
effect of output capacitor and supply-path parasitics. Equation 10 is based on resistive components, such
as the ESR, trace resistance, output capacitor, inductor, and the converter characteristics, including the
switching frequency and type of control. In this application note, we focus on the calculation obtained
using Equation 10. For more detailed derivation and explanations on how Equation 9 and Equation 10 are
obtained, used, and characterized, see Section 3.
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By using Equation 10, we can calculate the total output capacitance to be 2060 µF, assuming an ideal
trace impedance of 1µΩ (RB). Because Equation 10 is derived based on the ideal control method/topology
which incurs no delay; in case of load release, the high side is immediately turned off when the load
release occurs. Because this application note is mainly written for DCAPx modulators, a slight adjustment
is necessary to include the effect of delays. Figure 4 shows the delay effects of a DCAPx modulator. Two
delays are commonly found in DCAPx control; one is the comparator delay (tDEL) and the other is on time
delay. In any DCAPx control, the on time is always constant. If the load release occurs during the very
beginning of the on time, the on time must complete its preprogrammed duration before being turned off.
The additional charge increases the peak voltage by –Qextra / Co_total. For the TPS548D22 family of
devices, the comparator delay time is about 100 ns and tON can be calculated by Equation 11, which is
128 ns.

Figure 4. Constant on Time With Delays[3]
tON = (VOUT / VIN) × TS
QDEL = (tON + tDEL) × ΔI
ΔV = QDEL / 2060 µF

(11)
(12)
(13)

By employing Equation 11, Equation 12, and Equation 13 we derived the additional output voltage due to
the control topology to be 2 mV. To simplify the calculation, we deduct the 2 mV from the transient voltage
allowance, and the new transient voltage deviation is 28 mV. Using Equation 10 again, we can calculate
the output capacitance to be 2210 µF. The total output capacitor needed to meet the transient requirement
is 4 × 470 µF (POSCAP) + 6 × 100 µF (MLCC).
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