LM5032 Interleaved Boost
Converter

Abstract

The LM5032 dual current mode PWM controller contains all
the features needed to control an interleaved boost converter.
The two outputs operate 180 degrees out of phase and have
separate current limit inputs for each channel. In addition to
a high input voltage range, the controller contains all the aux-
iliary features needed to control a complete converter.
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Introduction

A basic boost converter converts a DC voltage to a higher DC
voltage. Interleaving adds additional benefits such as re-
duced ripple currents in both the input and output circuits.
Higher efficiency is realized by splitting the output current into
two paths, substantially reducing I2R losses and inductor AC
losses. Figure 1 shows the basic interleaved boost topology.

When Q1 turns on, current ramps up in L1 with a slope de-
pending on the input voltage, storing energy in L1. D1 is off
during this time since the output voltage is greater than the
input voltage. Once Q1 turns off, D1 conducts delivering part
of its stored energy to the load and the output capacitor. Cur-
rent in L1 ramps down with a slope dependent on the differ-
ence between the input and output voltage. One half of a
switching period later, Q2 also turns on completing the same
cycle of events. Since both power channels are combined at
the output capacitor, the effective ripple frequency is twice
that of a conventional single channel boost regulator.
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FIGURE 1. Interleaved Boost Basic Diagram
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Modes of Operation

The mode of operation can be analyzed based on one chan-
nel. Since both power channels share current and because
both inductors are identical, each power channel behaves
identically. Based on the amount of energy that is delivered
to the load during each switching period, the boost converter
can be classified into continuous or discontinuous conduction
mode. If all the energy stored in the inductor is delivered to
the load during each switching cycle, the mode of operation
is classified as discontinuous conduction mode (DCM). In this
mode the inductor current ramps down to zero during the
switch off-time. If only part of the energy is delivered to the
load, then the converter is said to be operating in continuous
conduction mode (CCM). Figure 2 shows the inductor current
waveforms for both modes of operation.

The mode of operation is a fundamental factor in determining
the electrical characteristics of the converter. The character-
istics vary significantly from one mode to the other.
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FIGURE 2. Inductor Current (I, ) Waveforms

Continuous Versus Discontinuous
Mode

Both modes of operation have advantages and disadvan-
tages. The main disadvantages in using CCM is the inherent
stability problems caused by the right-half-plane zero in the
transfer function . However, the switch and output diode peak
currents are larger when the converter is operating in the
DCM mode. Larger peak currents necessitate using larger
current and power dissipation rated switches and diodes. Al-
so, the larger peak currents cause greater EMI/RFI problems.
Most modern designs use CCM because higher power den-
sities are possible. For these reasons, this design is based on
continuous conduction mode.

Selection of Boost Power Stage
Components

The interleaved boost converter design involves the selection
of the inductors, the input and output capacitors, the power
switches and the output diodes. Both the inductors and diodes
should be identical in both channels of an interleaved design.
In order to select these components, it is necessary to know

the duty cycle range and peak currents. Since the output
power is channeled through two power paths, a good starting
point is to design the power path components using half the
output power. Basically, the design starts with a single boost
converter operating at half the power. However, a trade-off
exists which will depend on the goals of the design. The de-
signer may use smaller components since currents are small-
er in each phase. Or, larger components may be selected to
minimize losses. Specifically, this design uses the criteria of
room temperature operation over the entire input voltage
range without the requirement of airflow. Obviously, there are
many trade-offs possible, such as requiring external airflow
which would allow the use of smaller components and more
power per watt.

Knowing the maximum and minimum input voltages, the out-
put voltage, and the voltage drops across the output diode
and switch, the maximum and minimum duty cycles are cal-
culated. Next, the average inductor current can be estimated
from the load current and duty cycle. Assuming the peak to
peak inductor current ripple to be a certain percentage of the
average inductor current, the peak inductor current can be
estimated. The inductor value is then calculated using the
ripple current, switching frequency, input voltage, and duty
cycle information. Finally, the boundary between CCM and
DCM is determined which will determine the minimum load
current.

Once the inductor value has been chosen and the peak cur-
rents have been calculated, the other components may be
selected. Selection of the input and output capacitors differ
from a single phase design because of the reduced ripple and
increased effective frequency.

Inductor Selection

Vout + Va - Vinuin

max =

Vour + Vg - Vion ™)

Vout + Va - Vinwmax)
min =

Vour + Vg - Viony ©)

Where Vg7 is the output voltage, Vy is the forward voltage
drop of the output diode, and V|, is the on stage voltage of
the switching MOSFET. Vyyax, is the maximum input volt-
age, and V) is the minimum input voltage.

The average inductor current (maximum) per phase can be
calculated knowing the output current, |5, remembering that
the current per phase is one-half the total current. This is the
origin of the 0.5 term in the numerator below.

0.5 X loyr
9 =T Dyax

MAX (3)
As a starting point assume the peak inductor current ripple
per phase, Al, to be a certain percentage of the average in-
ductor current calculated in equation (3). A good starting
value of Al, is about 40% or the output current which is 20%
of the individual phase current. Inductor ripple will also deter-
mine the minimum output current for continuous mode oper-
ation, so some iteration may be necessary in choosing this
parameter. The peak inductor current per phase is given by:

Al

lpEak = lL(avg) T+ >

“4)

Knowing the switching frequency, f the required inductance
value per phase can be selected using:
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(Vingwiny - Viony) X Dimax
fs X A||_ (5)

I—(MIN) =

At the boundary between CCM and DCM modes of operation,
the peak inductor current per phase, gk is the same as the
peak to peak inductor current ripple per phase, Al , as shown
in Figure 2. Therefore, the average inductor current at the
boundary is given by:

_ Alpeak
IL(z-lvg-critical) - 2 ( )
6
From equations (3) and (6)
| _ lour
PEAK = 7 ~
1 - DMAX (7)

The critical value of the inductance per phase to maintain the
converter in continuous mode related to output current is giv-
en by equations (5) and (7).

(Vingviny - Von) X Duax X (1 - Dvax)
Licrity =

fs X lour (8)

Knowing the minimum load current in a particular design L
can be chosen. Obviously, there are trade-offs between min-
imum load current, percent ripple, and inductor size. Increas-
ing the frequency helps in reducing inductor size.

Output Capacitor

In a boost converter, the output capacitor must be chosen to
withstand relatively high ripple current compared to an equiv-
alent power buck regulator. The high ripple current flows
through the equivalent series resistance (ESR) of the capac-
itor. ESR increases the capacitor temperature and increases
ripple voltage. First calculate the worst case duty cycle for
ripple which is usually the maximum duty cycle (refer to Figure
3for this value). Then read the y axis value or normalized rms
ripple in the output capacitor from Figure 3 using the two
phase graphs.
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FIGURE 3. Normalized Output Capacitor Ripple Current

Then, multiply the output current by this number to get the
actual RMS output capacitor ripple. Using the actual ripple,
the capacitor can be selected. The capacitor must be chosen
to withstand this RMS ripple current at extreme operating

conditions. Frequently several capacitors in parallel can be
selected. Next use equation (9) to determine the capacitance
necessary to insure a given voltage ripple. In this case the
ESR will be the dominate term which will determine the
capacitor’s value. Both conditions, RMS rating and ESR value
must be met. In equation (9), fs is double the frequency of an
individual phase, since both phases are combined at the out-
put capacitor.

loutmax) X (1 - Dwin)
AVoyr =

+ ESR
fs x Cour PEAK X ©)

It is interesting to observe from figure 3 the reduction in RMS
(and peak to peak) ripple by using a two phase converter vs.
a single phase solution. At 50% duty cycle, ripple is nearly
perfectly canceled, which occurs when V is twice Vg r.

Input Capacitor Selection

Because an inductor is in series with the input supply in a
boost converter, input capacitor selection is less severe than
the output capacitor. In a two-phase design, there is a further
reduction in input ripple due to ripple cancellation, allowing a
smaller input capacitor than in a single phase design. The in-
put ripple can be read from the graph in Figure 4. This graph
is normalized according to

Vin

IRIPPLE(Normalized) = T
L x fs (10)

where f is the switching frequency per phase.
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FIGURE 4. Normalized Input Capacitor Ripple Current

This normalization keeps the y axis of the graph in reasonable
limits and results in an easier to read graph. As in the output
capacitor case, determine the worst case duty cycle for a giv-
en design and read the normalized ripple current from the two-
phase graph. Then convert the normalized ripple current to
actual ripple current by multiplying by the normalization factor.
Then size the input capacitor to handle this rms ripple value.

Power Switches Selection

Each MOSFET should be selected based on several param-
eters. The drain-source breakdown should be greater than
the maximum input voltage plus some margin for ringing. The
Rps(on) value will determine conduction losses and must low
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enough to keep junction temperatures within specifications at
the maximum drain current condition. Gate to source and gate
to drain changes will contribute to AC losses. The thermal re-
sistance rating will determine heatsink and airflow require-
ments. A more detailed calculation for the power dissipated
in each MOSFET is given by:

louT(Max)
Puosrer = (m X Rosiony X D x 1.3 + Vinmax) X Qg x fs +

0.5 X Vinmax) X lout X fs X (tg + tF)
(1-D) (11)

The first term is the I12R term. The 1-D term in the denominator
relates the output current to inductor current. The 2 in the de-
nominator is necessary to get current per phase. The second
termis the AC gate charge loss term which depends on phase
frequency and the third term represents conduction switching
loss.

Output Diode Selection

The output diode selection is based on voltage and current
ratings, and reverse recovery time. The voltage rating should
be V47 plus some margin for ringing. Ve should be as low as
possible at the maximum output current specification to min-
imize conduction losses. Reverse recovery time t,, should be
as low as possible to minimize switching losses. Chose a
Schottky rectifier if voltage ratings permit, otherwise an ultra-
fast rectifier is required.

Compensation Components
Selection

Compensation is similar to an equivalent power single phase
boost regulator with the same inductor value. There is a right-
half-plane zero in the continuous conduction mode which will

influence loop bandwidth. A conservative approach is to in-
sure the loop gain crosses zero at lower than % the switching
(per phase) frequency. The frequency of the right-half-plane
zero is given by:

Rioap X (1 - DY Rioap X ViN®
fRHpPz = = >
2xmxL 2XTtXLXVOUT (12)
Prototype

A prototype was constructed using the LM5032 as the con-
troller. The design goal was an interleaved converter with high
efficiency and operation at full power without air or a heatsink
at room temperature environment. Power was designed
around a limit of about 14 amps of input current, allowing the
use of off the shelf surface mount inductors. Specifically, the
specifications are:

Viy = 12 to 45 volts

Vout = 48 volts

lout = 4.5 amps

VRippLE-ouT < 50 MV

Refer to Figure 5 for a complete schematic of the prototype.
The circuit is built around the LM5032, a 2 phase PWM con-
troller with separate inputs for current limit and compensation
for each channel. The separate inputs for the PWM compara-
tor are combined in this design since we are implementing a
two-phase, single output converter, not two independent con-
verters. The two current limit inputs are used, since this
insures current balance in each phase. Each output phase
drives its own power channel consisting of switching FETs Q1
and Q2, Inductors L2 and L3, and output dual diode D2. The
two power outputs are combined at the output capacitors
C15-C20. The IC is internally configured to drive its two out-
puts 180 degrees out of phase.
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A single feedback network consisting of error amplifier U4 and
associated passive components drives both comp inputs
which are tied together at the IC.

In order to reduce the sense resistor losses, a DC offset circuit
was constructed to offset the current sense inputs by 185 mV.
This allowed the use of lower value sense resistors in each
phase, reducing I2R losses. The circuit of Figure 6 illustrates
the DC offset circuit.
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FIGURE 6. Current Sense DC Offset Circuit
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Since U3 is already in use as the error amplifier reference, the
circuit only adds a few low current resistors. Resistors R23,
R10, and the current sense resistors form a voltage divider
from the 2 volt reference. With the values from Figure 1, the
DC offset is 0.185 volts, effectively reducing the current limit
threshold of 0.5 volts by that amount. As long as R23 is much
larger than R10 and with R10 much larger than the sense
resistors, the DC offset will not adversely interact with the ac-
tual sensed current waveform. More offset could be used,
consistent with compressing the actual current signal vs.
noise.

In order to further reduce losses, a switching bias supply was
constructed with adjustable controller U2, an LM5009. As can
be seen from the photograph of the actual prototype in Figure
7, this circuit is very small and offers a good solution for a bias
supply. If a linear regulator or zener diode were used, in would
be necessary to drop about 31 volts from the input supply at
Vin(max). With an overhead current of 500 mA, a loss of about
16 watts was avoided. Diode D3 prevents the error amplifier
from holding the comp pin of U1 high during startup, convert-
ing the error amplifier to a sink only configuration. The
LM5032 contains an internal 5K pull-up resistor.

30057620

FIGURE 7. Photographs of the Prototype

Referring to the left photograph in Figure 7, the two power
inductors occupy the top part of the left photograph, with rec-
tification accomplished with the common cathode Schottky
diode located just below the inductors. The LM5032 PWM
controller is located in the lower left portion of the board. On
the bottom side of the board the bias supply is located near
the upper right, with the two switching FETs at center right.
The error amplifier is located near the top left of the board. No
heat-sinking other than the copper in the PCB is used. A four
layer board was used for compactness of design and heat
dissipation properties.
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FIGURE 8. Efficiency
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FIGURE 9. Output Ripple

Bill of Materials

Referring to the plots in Figure 8taken atthe DCM/CM bound-
ary, efficiencies range from 95% to 98% up to the full 4 amps
of output current, and over a 3.5:1 input voltage range. The
very low current region where overhead bias currents domi-
nate does have less efficiency, but this is true of all regulators.
These plots illustrate the possibility of building a compact,
high power boost converter without sacrificing excellent effi-
ciency.

Input and output ripple reduction are some of the benefits of
an interleaved converter. Since the output ripple is double the
frequency of the individual phases and at a lower RMS current
value, the designer has the choice of smaller output capaci-
tors with the same ripple as a single phase converter, or using
larger capacitors to achieve even lower output ripple. Effec-
tive ripple is a function of duty cycle. Figure 3 and Figure 4
illustrates the input and output ripple currents vs. duty cycle
relationships. Figure 9 shows the output ripple of the proto-
type which is less than the 50mV target. Since ripple reduction
is a function of duty cycle, the degree of ripple overlap is also
a function of duty cycle. There is near perfect cancellation of
ripple at 50% duty cycle. This opens the intriguing possibility
of building a converter with little to no output ripple if the de-
signer can limit Vin to the proper value for 50% duty cycle. In
the more general case, ripple is reduced by as much as 50%
compared to an equivalent power single phase converter.
Likewise, inductor selection is flexible with the two phase de-
sign. One-half the single phase inductor value can be chosen,
which will make each inductor smaller, but results in the same
ripple currents as the single phase design. Or the inductors
can remain the same value as in the single phase design,
reducing the ripple by one-half. The proper trade-offs will de-
pend on the overall design goal. Attention to ESR require-
ments will keep capacitors within temperature ratings and the
output voltage ripple within specifications.

TABLE 1.
Qty Parts Value Description Part Number Manufacturer
7 C1, C2, C3, C4, 2.2 yF CAP CER 2.2 pF 50V X7R 10% 1210 |C3225X7R1H225K TDK
C17,C18,C19
8 |[C5,C6,C10,C12, 0.1 pF CAP CER .10 pF 100V X7R 10% 0805 |C2012X7R2A104K TDK
C21, C22, C23,
C25
2 C7,C8 0.01 pF CAP CERM .01 pF 10% 50V X7R 0805 |08055C103KAT2A AVX
1 C9 22 yF CAP CER 22 pF 10V 10% X7R 1210 GRMB32ER71A226KE20L MURATA
3 C11,C13,C14 100 pF CAP CER 100 pF 50V C0OG 5% 0805 C2012C0G1H101J TDK
2 C15,C16 150 pF CAP 150 pF 63V ELECT FK SMD EEV-FK1J151Q PANASONIC
1 C20 0.1 yF CAP CER .1 yF 100V X7R 10% 1206 | C3216X7R2A104K TDK
1 C24 470 pF CAP CER 470 pF 50V 5% COG 0805 GRM2165C1H471JA01D MURATA
1 D1 ZHCS506TA |DIODE SCHOTTKY 60V 0.5A SOT-23 |ZHCS506TA ZETEX
1 D2 MBRB1560 [SCHOTTKY 15 AMP 60 VOLT DUAL MBRB1560CT/31 VISHAY
D2PAK
1 D3 CMHD4448 |HIGH SPEED SWITCHING DIODE CMHD4448 CENTRAL SEMI
4 J1,J2, 43, J4 I/0 TERM SCREW VERT SNAP-IN PC MNT | 7693 KEYSTONE
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Qty Parts Value Description Part Number Manufacturer

3 J5, J6, J7 TP TEST POINT PC MULTI PURPOSE 5012 KEYSTONE
WHT

1 L1 330 pH INDUCTOR 330 pyH LEADFREE SDR0503-331KL BOURNS

2 L2, L3 15 pH INDUCTOR 15 pH, 2.3mOHM, 28A RMS [ SER2807H-153KL COILCRAFT

2 Q1, Q2 SUD50N06-9L [ N-CHANNEL MOSFETs N-CH 60V 50A | SUD50N06-09L-E3 VISHAY

1 R1 160k RES 160K OHM 1/8W 1% 0805 SMD [ CRCWO0805160KFKEA VISHAY

10 R12, R13, R14, 0.11 RES .11 OHM 1/2W 1% 1206 SMD RL1632R-R110-F SUSUMU

R15, R16, R17,
R18, R19, R20,
R21

1 R2 110k RES 110K OHM 1/8W 1% 0805 SMD  [CRCWO0805110KFKEA VISHAY

2 R23, R24 10.0k RES 10.0K OHM 1/8W 1% 0805 SMD [CRCWO080510KOFKEA VISHAY

1 R25 4.75k RES 4.75K OHM 1/8W 1% 0805 SMD |CRCWO08054K75FKEA VISHAY

1 R26 30.1k RES 30.1K OHM 1/8W 1% 0805 SMD [CRCWO080530K1FKEA VISHAY

1 R27 10 RES 10.0 OHM 1/8W 1% 0805 SMD CRCWO080510ROFKEA VISHAY

1 R28 24.9k RES 24.9K OHM 1/8W 1% 0805 SMD |CRCWO080524K9FKEA VISHAY

1 R29 1.10k RES ANTI-SULFUR 1.1K OHM 1% 0805 | ERJ-S06F1101V PANASONIC

1 R3 22.1k RES 22.1K OHM 1/8W 1% 0805 SMD [CRCWO080522K1FKEA VISHAY

1 R4 7.32k RES 7.32K OHM 1/8W 1% 0805 SMD |CRCWO08057K32FKEA VISHAY

1 R5 4.02 RES 4.02K OHM 1/8W 1% 0805 SMD |CRCWO08054K02FKEA VISHAY

1 R6 17.4k RES 17.4K OHM 1/8W 1% 0805 SMD |CRCWO080517K4FKEA VISHAY

3 R7, R10, R11 1.00k RES 1.00K OHM 1/8W 1% 0805 SMD |CRCWO08051K00FKEA VISHAY

2 R8, R22 2.00k RES 2.00K OHM 1/8W 1% 0805 SMD |CRCWO08052K00FKEA VISHAY

2 R9, R30 69.8k RES 69.8K OHM 1/8W 1% 0805 SMD |CRCWO080569K8FKEA VISHAY

1 U1 LM5032 DUAL INTERLEAVED CM LM5032-MTC NATIONAL SEMI
CONTROLLER

1 u2 LM5009 100V STEP DOWN SWITCHING LM5009MM NATIONAL SEMI
REGULATOR

1 U3 LM4040 MICROPOWER SHUNT VOLTAGE LM4040DIM3-2.0 NATIONAL SEMI
REFERENCE

1 U4 LM8261 OP-AMP RR I/0 HIGH CURRENT LM8261M5 NATIONAL SEMI
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LIABILITY WHATSOEVER, AND NATIONAL DISCLAIMS ANY EXPRESS OR IMPLIED WARRANTY RELATING TO THE SALE
AND/OR USE OF NATIONAL PRODUCTS INCLUDING LIABILITY OR WARRANTIES RELATING TO FITNESS FOR A PARTICULAR
PURPOSE, MERCHANTABILITY, OR INFRINGEMENT OF ANY PATENT, COPYRIGHT OR OTHER INTELLECTUAL PROPERTY
RIGHT.

LIFE SUPPORT POLICY

NATIONAL’S PRODUCTS ARE NOT AUTHORIZED FOR USE AS CRITICAL COMPONENTS IN LIFE SUPPORT DEVICES OR
SYSTEMS WITHOUT THE EXPRESS PRIOR WRITTEN APPROVAL OF THE CHIEF EXECUTIVE OFFICER AND GENERAL
COUNSEL OF NATIONAL SEMICONDUCTOR CORPORATION. As used herein:

Life support devices or systems are devices which (a) are intended for surgical implant into the body, or (b) support or sustain life and
whose failure to perform when properly used in accordance with instructions for use provided in the labeling can be reasonably expected
to result in a significant injury to the user. A critical component is any component in a life support device or system whose failure to perform
can be reasonably expected to cause the failure of the life support device or system or to affect its safety or effectiveness.
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