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ABSTRACT

This application note provides the digital implementa-
tion of a telecom input 36 VDC-76 VDC to output 12 VDC,
200W Quarter Brick DC/DC Brick Converter using the
Phase-Shifted Full-Bridge (PSFB) topology. This topol-
ogy combines the advantages of Pulse-Width
Modulation (PWM) control and resonant conversion.

The dsPIC33F “GS” family series of Digital Signal Con-
trollers (DSCs) was introduced by Microchip Technol-
ogy Inc., to digitally control Switched Mode Power
Converters. The dsPIC33F “GS” family of devices con-
sists of an architecture that combines the dedicated
Digital Signal Processor (DSP) and a microcontroller.
These devices support all of the prominent power con-
version technologies that are used today in the power
supply industry.

In addition, the dsPIC33F “GS” family of devices con-
trols the closed loop feedback, circuit protection, fault
management and reporting, soft start, and output volt-
age sequencing. A DSC-based Switched Mode Power
Supply (SMPS) design offers reduced component
count, high reliability and flexibility to have modular
construction to reuse the designs. Selection of periph-
erals such as the PWM module, Analog-to-Digital Con-
verter (ADC), Analog Comparator, Oscillator and
communication ports are critical to design a good
power supply. MATLAB® based simulation results are
compared to the actual test results and are discussed
in subsequent sections.

INTRODUCTION

Recently, Intermediate Bus Converters (IBCs) have
become popular in the telecom power supply industry.
Most telecom and data communication systems con-
tain ASIC, FPGAs and integrated high-end processors.
These systems require higher currents at multiple low-
level voltages with tight load regulations. Traditionally,
bulk power supplies deliver different load voltages. In
the conventional Distributed Power Architecture (DPA),
the front-end AC/DC power supply generates 24V/48V
and an individual isolated Brick Converter supports the
required low system voltages. These systems become
inefficient and costly where very low voltages are

required. In the Intermediate Bus Architecture (IBA),
the IBC generates 12V/5V. Further, these voltages are
stepped down to the required load voltages by Point of
Loads (PoLs).

In IBA, the high-density power converters, IBC and
PoLs are near to the load points, which bring consider-
able financial gains with the improved performance.
Because these converters are at the load points, PCB
design will be simpler with reduction in losses.

Electromagnetic Interference (EMI) is also consider-
ably reduced due to minimum routing length of high
current tracks. Due to the position of these converters,
the transient response is good and the system perfor-
mance is improved. Modern systems require voltage
sequencing, load sharing between the converters,
external communication and data logging.

Conventional Switched Mode Power Supplies are
designed with Analog PWM control to achieve the
required regulated outputs, and an additional microcon-
troller performs the data communication and load
sequencing. To maximize the advantages of IBC, the
converter must be designed with reduced component
count, higher efficiency, and density with lower cost.
These requirements can be achieved by integrating the
PWM controller, communication and load sharing with
the single intelligent controller. The dsPIC33F “GS” fam-
ily series of DSCs have combined these design features
in a single chip that is suitable for the bus converters.

Some of the topics covered in this application note
include:
« DC/DC power module basics

» Topology selection for the Quarter Brick DC/DC
Converter

* DSC placement choices and mode of control

» Hardware design for the isolated PSFB Quarter
Brick DC/DC Converter

« Planar magnetics design

« Digital PSFB Quarter Brick DC/DC Converter
design

« Digital control system design

« Digitally controlled load sharing

* MATLAB modeling

« Digital nonlinear control techniques

 Circuit schematics and laboratory test results

« Test demonstration
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FIGURE 1: DISTRIBUTED POWER ARCHITECTURE (DPA)
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QUARTER BRICK CONVERTER

The Distributed-Power Open Standards Alliance
(DOSA) defines the specifications for the single output
pin Quarter Brick DC/DC Converter. These specifica-
tions are applicable to all Quarter Bricks (unregulated,
semi-regulated and fully regulated) for an output
current range up to 50A.

The AC/DC converter output is 48V in the IBA. This
voltage is further stepped down to an intermediate volt-
age of 12V by an isolated IBC. This voltage is further
stepped down to the required low voltage using PoL.

DOSA Quarter Brick DC/DC converters are offered in
through-hole configurations only.

Some advantages of the Quarter Brick Converter are:

* Improved dynamic response

» Highest packaging density

» Improved converter efficiency

* Isolation near the load end

« Output voltage ripple below the required limit

DC/DC POWER MODULES BASICS

Before discussing the design aspects of the Quarter
Brick Converter, the following requirements should be
understood:

* Input Capacitance

« Output Capacitance

* Remote ON/OFF Control
* Ripple and Noise

* Remote Sense

» Forced Air Cooling

« Overvoltage

« Overcurrent

Input Capacitance

For DC/DC converters with tight output regulation
requirements, it is recommended to use an electrolytic
capacitor of 1 pF/W output power at the input to the
Quarter Brick Converter. In the Quarter Brick Converter
designs, these capacitors are external to the converter.

Output Capacitance

To meet the dynamic current requirements and the
output voltage regulations at the load end, additional
electrolytic capacitors must be added. As a design
guideline, in Quarter Brick Converter designs, 100 pF/A
to 200 pF/A of output current can be added and an effec-
tive lower Equivalent Series Resistance (ESR) can be
achieved by using a number of capacitors in parallel.

Remote ON/OFF Control

Remote ON/OFF control is used to enable or disable
the DC/DC converter through an external control sig-
nal. The most common method to enable or disable the
converter is from the primary side (input side). Because
the controller exists in the secondary side of the iso-
lated barrier, an isolation circuit must be used to trans-
fer the signal from the primary side to the secondary
side. This can be achieved using the opto-isolator,
which is illustrated in Figure 3.

FIGURE 3: REMOTE ON/OFF
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Ripple and Noise

The output of a rectifier consists of a DC component
and an AC component. The AC component, also
known as ripple, is undesirable and causes pulsations
in the rectifier output. Ripple is an artifact of the power
converter switching and filtering action, and has a fre-
qguency of some integral multiple of the power converter
operating switching frequency.

Noise occurs at multiples of the power converter
switching frequency, and is caused by a quick charge
and discharge of the small parasitic capacitances in the
power converter operations. Noise amplitude depends
highly on load impedance, filter components and the
measurement techniques.

Remote Sense

Remote sense can be used to compensate voltage
drop in the set voltage when long traces/wires are used
to connect the load. In applications where remote sens-
ing is not required, the sense pins can be connected to
the respective output pins.

© 2010 Microchip Technology Inc.
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Forced Air Cooling

To remove heat from the high density board mount
power supplies, forced air cooling is applied using a
fan.

Forced air cooling greatly reduces the required PCB
size and heat sink. However, installation of a fan
consumes additional power, causes acoustic noise and
also the maintenance requirements are significant.

In forced air cooling SMPS applications, reliability of
the converter highly depends on the fan. A temperature
sensing device is used to monitor the temperature and
shuts down the converter when the Quarter Brick
Converter exceeds the maximum operating
temperature.

Overvoltage

Overvoltage protection is required to protect the load
circuit from excessive rated voltage because of a
malfunction from the converter’s internal circuit. This
protection can be implemented by Latch mode or
Cycle-by-Cycle mode. In Latch mode, the circuit will be
in the OFF condition on the occurrence of overvoltage
fault until the input voltage is cycled. The system
automatically recovers in the Cycle-by-Cycle mode. If
faults still exist in the system, the system is turned OFF
and this cycle is repeated.

Overcurrent

Overcurrent protection prevents damaging the
converter from short circuit or overload conditions. In
Hiccup mode, the converter will be OFF when an
overcurrent or short circuit occurs, and will recover in
the specified time period. If the converter still sees the
fault, it will turn OFF the converter again and this cycle
repeats. In the Latch mode, the circuit is recovered only
after recycling the input power.

TOPOLOGY SELECTION

The bus converter specifications are standardized, and
are used or assembled as one of the components in the
final system. The user must consider the end-system
characteristics such as reliability, efficiency, foot prints
and cost. There is no universally accepted topology for
the bus converters. However, the following sections
describe a few topologies that are commonly used for
DC/DC converter applications with their pros and cons.

A fundamental distinction among the PWM switching
topologies is hard switching and soft switching/
resonant topologies. Typically, high frequency
switching power converters reduce the size and weight
of the converter by using small magnetics and filters.
This in turn increases the power density of the
converter. However, high frequency switching causes

higher switching losses while the switch turns ON or
OFF, which results in a reduction in the efficiency of the
converter.

Soft switching techniques are used to reduce the
switching losses of the PWM converter by controlling
the ON/OFF switching of the power devices. Soft
switching can be done using the Zero Voltage
Switching (ZVS) and Zero Current Switching (ZCS)
techniques. These soft switching techniques have
some design complexity and in turn, produce higher
efficiency at high-power levels.

Non-Isolated Forward Mode Buck
Converter

If the required output voltage is always less than the
specified input voltage, the Buck Converter can be
selected from the following three basic topologies:
Buck, Boost and Buck Boost.

The Buck topology can be implemented in the isolated
and non-isolated versions. As per the bus converter
specification requirement, isolated converter design is
selected for this application. In the Forward mode Buck
Converter, energy is transferred from the primary side
to the secondary side when the primary side switch is
turned ON. The output voltage can be controlled by
varying the duty cycle with respect to the input voltage
and load current. This is done with the feedback loop
from the output that controls the duty cycle of the
converter to maintain the regulated output.

FIGURE 4: NON-ISOLATED FORWARD
MODE BUCK CONVERTER
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Isolated Forward Converter

In the Forward Converter, the energy from the input to
the output is transferred when the switch Q1 is ON.
During this time, diode D1 is forward biased and diode
D2 is reverse biased. The power flow is from D1 and L1
to output. During the switch Q1 OFF time, the
transformer (T1) primary voltages reverse its polarity
due to change in primary current. This also forces the
secondary of T1 to reverse polarity. Now, the secondary
diode, D2 is forward biased and freewheels the energy
stored in the inductor during switch Q1 ON time. This
simple topology can be used for power levels of 100W.
Some of the commonly used variations in Forward

DS01335A-page 4
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Converter topologies are active Reset Forward
Converter, Two Transistor Forward or Double-ended
Forward Converter.

FIGURE 5: ISOLATED FORWARD

CONVERTER
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Push-Pull Converter

The Push-Pull Converter is a two transistor topology
that uses a tapped primary on the converter
transformer T1. The switches Q1 and Q2 conduct their
respective duty cycles and the current in the primary
changes, resulting in a bipolar secondary current
waveform. This converter is preferred in low input
voltage applications because the voltage stress is twice
the input voltage due to the tapped primary
transformer.

FIGURE 6: PUSH-PULL CONVERTER
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Half-Bridge Converter

Half-Bridge converters are also known as two switch
converters. Half the input voltage level is generated by
the two input capacitors, C1 and C2. The transformer
primary is switched alternatively between VIN' and
input return VIN™ such that the transformer primary sees
only half the input voltage (VIN/2). The input switches,
Q1 and Q2, measure the maximum input voltage, VIN
compared to 2 * VIN in the Push-Pull Converter. This
allows the Half-Bridge Converter to use higher power
levels.

FIGURE 7: HALF-BRIDGE CONVERTER

D1 L1 VouT+

Ayl

N

VIN- v

Full-Bridge Converter

The Full-Bridge Converter is configured using the four
switches: Q1, Q2, Q3 and Q4. The diagonal switches
Q1, Q4 and Q2, Q3 are switched ON simultaneously.
This provides full input voltage (VIN) across the primary
winding of the transformer. During each half cycle of
the converter, the diagonal switches Q1, Q4 and Q2,
Q3 are turned ON, and the polarity of the transformer
reverses in each half cycle. In the Full-Bridge
Converter, at a given power compared to the Half-
Bridge Converter, the switch current and primary
current will be half. This makes the Full-Bridge
Converter suitable for high-power levels.

FIGURE 8: FULL-BRIDGE CONVERTER
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However, the diagonal switches are hard switched
resulting in high turn ON and turn OFF switching
losses. These losses increase with frequency, which in
turn limits the frequency of the operation. To overcome
these losses, the PSFB converter is introduced. In this
topology, the switch turns ON after discharging the
voltage across the switch. This eliminates the turn ON
switching losses.

© 2010 Microchip Technology Inc.
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FIGURE 9: ZERO VOLTAGE
SWITCHING (ZVS)
VDs
ID
PWM
t

Synchronous Rectification

In synchronous rectification, the secondary diodes, D1
and D2 are replaced with MOSFETSs. This yields lower
rectification losses because a MOSFET will have
minimum DC losses compared to the Schottky
rectifiers. The forward DC losses of a Schottky rectifier
diode will be forward voltage drop multiplied by the
forward current. The power dissipation by a conducting
MOSFET will be RDs(oN) multiplied by the square of
the forward current. The loss comparison will be
significant at considerably higher current >15A and
lower output voltages.

FIGURE 10: FULL-BRIDGE CONVERTER
WITH SYNCHRONOUS

RECTIFICATIONS
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PWML

This configuration involves complexity and cost to an
extent because a gate drive circuit is required to control
the synchronous MOSFET. The efficiency of this
configuration can be further increased by designing the
complex gate drive signals, which are discussed in the
section “Digital Nonlinear Implementations”.

Many topologies are available and one of them can be
chosen depending on the given power level, efficiency
of the converter, input voltage variations, output voltage
levels, availability of the components, cost, reliability of
the design, and good performance characteristics.

With the discussed advantages for the topologies and
efficiency considerations, the PSFB topology was
selected for the Quarter Brick DC/DC Converter
design. The operation, design and performance of this
topology is discussed in following sections.

TABLE 1: TOPOLOGY COMPARISON
Topology No. of ?Dvlflilrt:;?s inthe | Stress Ié(:\\llitetlzr(])ésPrlmary Power Levels (Typical)
Forward converter 2 VIN 100w
Push-Pull converter 2 2*VIN 150w
Half-Bridge converter 2 VIN 200w
Full-Bridge converter 4 VIN ~ 200W
PSFB converter 4 VIN ~ 200W

DS01335A-page 6
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PRIMARY SIDE CONTROL VS.
SECONDARY SIDE CONTROL

After selecting the topologies based on the merits for
the given application, the next challenge faced by
designers is to position the controller either on the
primary or secondary side. The power converter
demands the galvanic isolation between
primary (input) and secondary (output load) due to
safety reasons. There should not be any direct
conductive path between the primary and secondary.

Isolation is required when signals are crossing from the
primary to the secondary and vice versa. The power
path isolation will be given by the high frequency
transformers. Gate drive signals can be routed through
optocouplers or gate drive transformers.

In the primary side controllers, the output feedback
signal is transferred from the secondary to the primary
using the optocouplers. These devices have limited
bandwidth, poor accuracy, and tend to degrade over
time and temperature.

Again, the transfer of signals from the primary to the
secondary or the secondary to the primary is
dependant on the features demanded by the
application. Figure 11, Figure 12 and Table 2 show the
comparison between the primary side controller and
the secondary side controller. The secondary side
controller is selected in this application.

L

FIGURE 11: SECONDARY SIDE CONTROL
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TABLE 2:

PRIMARY SIDE CONTROL VS. SECONDARY SIDE CONTROL

Primary Side dsPIC® DSC Control

Secondary Side dsPIC® DSC Control

Isolated feedback is required to regulate the output. A
linear optocoupler can be used to achieve the
regulation, which requires an auxiliary supply and an
amplifier in the secondary.

Isolated feedback is not required because the controller is
on the secondary.

Remote ON/OFF signal isolation is not required.

Remote ON/OFF signal isolation is required.

Isolation is required for communication signals.

Isolation is not required for communication signals.

Load sharing signal is transferred from the secondary to
the primary.

Load sharing isolation is not required because the
controller is in the secondary.

Overvoltage protection signal is transferred from the
secondary to the primary.

Isolation for overvoltage is not required because the
controller is in the secondary.

Frequency synchronization signal is transferred from the
secondary to the primary.

Isolation for frequency synchronization is not required
because the controller is in the secondary.

Input undervoltage and overvoltage can be measured
without isolation.

Isolation is required. However, in this application, the input
undervoltage or overvoltage protection is provided by the
NCP 1031 auxiliary converter controller.

Gate drive design for the primary side switches is
simple.

Gate drive is transferred from the secondary to the primary
either by using driver transformers or opto isolators.

FIGURE 12: PRIMARY SIDE CONTROL
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VOLTAGE MODE CONTROL (VMC) VS.
CURRENT MODE CONTROL (CMC)

The preference to implement VMC or CMC as the
feedback control method is based on application-
specific requirements. In VMC, change in load current
will have effect on the output voltage before the
feedback loop reacts and performs a duty cycle
correction. In CMC, change in load current is sensed
directly and corrects the loop before the outer voltage
loop reacts.

This cause and then react process in the VMC is slower
to respond than in the CMC for highly varying load
transients.

The fundamental difference between VMC and CMC is
that CMC requires accurate and high grade current
sensing. In VMC, output voltage regulation is
independent of the load current. Therefore, relatively
low grade current sensing is enough for overload
protection. This saves significant circuit complexity and
power losses.

TABLE 3: VMC AND CMC DIFFERENCES

FIGURE 14: CURRENT MODE
CONTROLLER (CMC)
|ttt l
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: Sl P |
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VMC CMC

Single feedback loop. Dual feedback loop.

Provides good noise Poor noise immunity.

margin.

Current measurement not | Current measurement

required for feedback. required.

Slope compensation not | Slope compensation

required. required, instability at
more than 50% duty
cycles.

Poor dynamic response. | Good dynamic response.

FIGURE 13: VOLTAGE MODE
CONTROLLER (VMC)
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HARDWARE DESIGN FOR THE
ISOLATED QUARTER BRICK DC/DC
CONVERTER

The average Current mode control PSFB topology with
secondary side controller was selected for this design.
The digital Quarter Brick DC/DC Converter design is
discussed in the following sections.

Phase-Shifted Full-Bridge (PSFB)
Converter Design

High switching frequency and high voltage stress on
the primary side transistors produce switching losses.
PSFB transformer isolated buck converter attains zero
voltage transition (ZVT) without increasing the
MOSFET's peak voltage stress.

In Figure 15, MOSFET (Q1-Q4), body diodes (D1-D4)
output  capacitance (Coss1-Coss4) leakage
inductance of the transformer are illustrated. Leakage
inductance causes the full-bridge switching network to
drive an effective inductive load, and results in ZVT on
the primary side switching devices.

The output voltage is controlled through a phase shift
between the two half-bridge. Both halves of the bridge
switch network operate with a 50% duty cycle and the
phase difference between the half-bridge switch
networks is controlled. A maximum duty cycle of 50%
ensures that the gate drive transformer and gate drive
circuit design will be simple.

The ZVT is load related and at some minimum load, the
ZVT will be lost. Linear output voltage control can be
achieved by controlling the phase shift between the
right leg and left leg of the bridge configuration.

In ZVT, the switches are turned ON when the voltage
seen by the switches are zero, resulting in no switch
ON losses. Phase shift control of a Full-Bridge
Converter can provide ZVT in the primary side which
results in lower primary side switching losses and lower
EMI losses.

© 2010 Microchip Technology Inc.
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intervals are

Operation of the PSFB converter and detailed primary
side waveforms with different time

illustrated in Figure 15.

PSFB CONVERTER WITH FULL WAVE SYNCHRONOUS RECTIFICATION-

OPERATIONAL WAVEFORMS

FIGURE 15:
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« Initial Conditions t0: Q1 = ON; Q4 = ON;
Q2 = OFF; Q3 = OFF

The PSFB converter operation is described with the
power transfer from primary side to secondary side with
the conduction of diagonal switches, Q1 and Q4. The
primary side current (IPRI) was conducting through the
switches, Q4 and Q1, but in this period, the full input
voltage VIN is across the primary side of the
transformer TX and VIN/N is across the secondary of
the transformer. The slope of the current is determined
by VIN, magnetizing inductance and the output
inductance.

e Time interval t0 to t1: Q1 =ON; Q4 = OFF,;
Q2 =OFF; Q3 = OFF

Switch Q4 is turned OFF and Switch Q1 remains ON,
the primary current continues to flow taking the Q4
switch output capacitor C4. This charges the
capacitor C4 to VIN from 0V, at the same time the
capacitor C3 of Switch Q3 is discharged because its
source voltage rises to input voltage VIN. This transition
puts Q3 with no drain to source voltage prior to turn ON
and ZVS can be observed. Therefore there will not be
any turn ON switching losses. During this transition
period, the primary voltage of the transformer
decreases from VIN to zero, and the primary no longer
supplies power to the output. Simultaneously, the
energy stored in the output inductor starts supplying
the decaying primary power.

e Time interval t1 to t2: Q1 = ON; Q3 = ON;
Q4 = OFF; Q2 =OFF; D3 = ON

After Q3 output capacitance is charged to full input
voltage VIN, the primary current free wheels through
switch Q1 and body diode D3 of switch Q3. The current
remains constant until the next transition occurs. Q3
can be turned ON any time after t1 and the current
shares between the body diode D3 and the switch Q3
channel.

e Time interval t2 to t3: Q3 = ON; Q1 = OFF;
Q4 = OFF; Q2 =OFF;

At time t2, Q1 is turned OFF, the primary current
continues to flow through the body diode, D1 of the
switch Q1. The direction of the current flow increases
the switch Q1 source to drain voltage, and voltage
across the switch Q2 decreases from high to lower
voltage. During this transition, the primary current
decays to zero. ZVS of the left leg switches depending
on the energy stored in the resonant inductor,
conduction losses in the primary switches and the
losses in the transformer winding. Because the left leg
transition depends on leakage energy stored in the
transformer, it may require an external series inductor
if the stored leakage energy is not enough for ZVS.
When Q2 is then turned ON in the next interval, voltage
VIN is applied across the primary in the reverse
direction.

e Time interval t3 to t4: Q3 = ON; Q2 = ON;
Q1 = OFF; Q4 = OFF;

In this time interval, both the diagonal switches Q3 and
Q2 are ON and input voltage VIN is applied across the
primary of transformer. The rate of rise of the current is
determined by the input voltage VIN, magnetizing
inductance and the output inductance. However, the
current flows at negative value as opposed to zero.
Now, the current flowing through the primary switches
is the magnetizing current along with the reflected
secondary current into the primary.

The input voltage, the transformer turns ratio and
output voltage determine the exact diagonal switch ON
time. After the switch-on time period of the diagonal
switches, Q3 is turned OFF at t4. One switching cycle
is completed when the switch Q3 is turned OFF and the
resonant transition to switch Q4 starts.

In the PSFB converter, the left leg transition requires
more time than the right leg transition to complete. The
maximum transition time occurs for the left leg at
minimum load current and maximum input voltage,
while minimum transition time occurs for the right leg at
maximum load current and minimum input voltage.

To achieve ZVT for all the switches, the leakage
inductor must store sufficient energy to charge and
discharge the output capacitance of the switches in the
allocated time. The energy stored in the inductor must
be greater than the capacitive energy required for the
transition.

HARDWARE DESIGN AND
SELECTION OF COMPONENTS

Selection of components for a quarter brick converter
design is critical to achieve high efficiency and high
density.

Specifications

« Input voltage: VIN = 36 VDC-76 VDC
« Output voltage: Vo = 12V

» Rated output current: IORATED = 17A
e Maximum output current: lo= 20A

¢ Output power: Po = 200W
 Estimated efficiency: 95%

« Switching frequency of the converter:
Fsw = 150 kHz

« Switching period of the converter:
TP =1/150 kHz = 6.66 Us

e Chosen duty cycle: D =43.4%
* Full duty cycle: DMAX = 2 * 43.4% = 86.8%
 Input power pin = 214.75W

© 2010 Microchip Technology Inc.
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EQUATION 1: TURN ON TIME

TurnOnTime = 6.66;15><i—35-.'51 = 2.89us

PSFB MOSFET Selection

EQUATION 2:

Input line current at 36V

I::‘IN
lave = g = 5.9A

Maximum Line Current at 36V

_ lave _ 59 _
Ivax = Dyuax = 0868 - 6.87A

Line rms current at 36V
lrms = Imax X #D = 6.40A

Switch rms current at 36V

— D _
lsrms = IMAXXJ; = 453A

Because the maximum input voltage is 76 VDc, select
a MOSFET voltage rating that is higher than 76V and
the current rating higher than IMAX at 36 VDC.

The device selected is Renesas HAT2173 (LFPAK),
and has VDs 100V, Ib 25A, Rbs(oN) 0.015E.

RDs(oN) HOT can be calculated either from the graphs
provided in the data sheet or by using the empirical
formula shown in Equation 3.

EQUATION 3:  RDs(oN) EMPIRICAL
FORMULA

EQUATION 4:

Conduction losses of the MOSFET at 48V:

2
PCOND = I"srRms X RDS(ON)HOT = 0.171W

where:
| eus = Switch rms current

Conduction losses of all the four PSFB
MOSFETs = 0.687W

EQUATION 5:  SWITCHING LOSSES OF
MOSFET

_1 _
Pow = EXV|NX|SRMSXTF><FSW = 0.05W

where:
Tg = Fall time of the MOSFET = 5.7ns

Switching losses of all the four PSFB
MOSFETs = 0.21W

RDS(ON) HOT =
Roson) @25 * [1+0.0075* (Tyax-Tam B)]

Rogony HOT = 0.02625E

where:

Ros(oN) at 25 = 0.015E

Maximum junction temperature, Tyax = 125°C
Ambient temperature, Tayg = 25°C

In the ZVT, MOSFETs have only turn OFF switching
losses.

EQUATION 6: MOSFET GATE CHARGE
LOSS

MOSFETGateChargelLosses = Qg X FgyX Vpp

= 0.126W

where:

For all the four PSFB MOSFETs = 0.504W
Bias voltage to the gate drive, VDD = 12V
MOSFET total gate charge QG = 70 ns

Synchronous MOSFET Selection

The ability of the MOSFET channel to conduct current
in the reverse direction makes it possible to use a
MOSFET where a fast diode or Schottky diode is used.
In the fast diodes, junction contact potential limits to
reduce the forward voltage drop of diodes. Schottky
diodes will have reduced junction potential compared
to the fast diode. In the MOSFETSs, the conduction
losses will be Rygony * I2s The on-resistance can be
decreased by using parallel MOSFETSs; this will reduce
the losses further significantly.

DS01335A-page 12
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When full wave center tapped winding is used in the
transformer secondary side, the MOSFET voltage
stress is twice the output voltage, as shown in
Equation 7.

EQUATION 7. MOSFET VOLTAGE STRESS
MOSFETVoltageStress = 2x (Vg + Vegr + Vprop)
=2x(12+0.6+0.2)
= 256V

where:
Secondary MOSFET Drop, VFET = 0.6V
Total Trace Drops, VDRoOP = 0.2V

This is the minimum voltage stress, seen by the
MOSFET when the lower input voltage is 36V. For the
maximum input voltage of 76V, the stress is as shown
in Equation 8.

EQUATION 8:

MOSFET Voltage Sress @ 76V = 76 x -23%9 = 54.04V

The device selected is Renesas HAT2173 (LFPAK).

Transformer Design

DESIGN CONSIDERATIONS FOR RESONANT
TANK CIRCUIT ELEMENTS

Design of resonant tank is critical to achieve ZVT.
Resonant capacitor (CR) and resonant Inductor (LR)
forms resonant tank. A factor of 4/3 is multiplied to the
Output Capacitance of MOSFET (Coss) to
accommodate the increase in capacitance with
voltage, and a factor of two is also multiplied because
two output capacitances (Coss) will come in parallel in
each resonant transition.

EQUATION 9:

TotalResonantCapacitance, Cg = g'x 2x Cqggt Cry

8
3% Coss* Crx
1.387nF

where:

Coss = Output capacitance of the MOSFET
= 5.20E-10F

Ctx = Transformer capacitance (neglected)
1

2n,/Lgx Cg

LrR= Transformer leakage inductance + Additional
leakage inductance

ResonantTankFrequency, Fr =

where:

The maximum transition cannot exceed one-fourth of
the resonant period to gain the ZVT.

EQUATION 10: TTRANSMAX

A — _T
MaximumTransitionTime, T, cuax = 5 /(Lr- CR)

The capacitive energy required to complete the
transition, ECR is shown in Equation 11.

EQUATION 11:

1 2
Ecr = EXCRX(VINMAX)
where:

VIN MAX = maximum input voltage

The energy stored in the resonant inductor LR must be
greater than the energy required to charge and
discharge the Coss of the MOSFET and transformer
capacitance CTx of the leg transition within the
maximum transition time.

The energy stored in the resonant inductor (LR), is as
shown in Equation 12.

EQUATION 12: ENERGY STORED IN THE
RESONANT INDUCTOR (LR)

1
Er~= éxLRXIZPRl

The slope of the primary current during transition is as
shown in Equation 13.

EQUATION 13:

Ve _ _ler
Lr  Trrans

MaximumPrimaryCurrent, lpg, = :::—Sx lo
= 6.8A

where:
1o = Output current
NP = TX primary turns =5
Ns= TX secondary turns = 2
VP = Input voltage = 32.5V
Fsw = Converter switching frequency
Tp = Switching period = UFg,
Resonant transition estimated TTRaNS = 0.15* Tp

© 2010 Microchip Technology Inc.
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EQUATION 14:  Trgans

- Lr
Trrans = 2Xlpg % VA

Two transitions per period. Hence, multiplied with 2.

EQUATION 15: Lg,

L. = TTRANSXi?’_
R 2 lpRi

Lg = 2.3uH

The energy stored in the inductor, ELR must be greater
than the capacitive energy, ECR, which is required for
the transition to occur within the allocated transition
time.

EQUATION 16:

1 2 1 2
ELr>Ecr = 5 X LrXIprimin> 5 X CrX V INMAX

V,0)°

R

lprimin> |CrX = 0.83A

Magnetics Design

Magnetics design also plays a crucial role in achieving
high efficiency and density. In the Quarter Brick DC/DC
Converter design, planar magnetics are used to gain
high efficiency and density.

DESIGN OF PLANAR MAGNETICS

Planar magnetics are becoming popular in the high
density power supply designs where the winding height
is the thickness of the PCB. Planar magnetics design
can be constructed stand-alone with a stacked layer
design or as a small multi-layer PCB or integrated into
a multi-layer board of the power supply.

The advantages of planar magnetics are:

* Low leakage inductance

* Very low profile

» Excellent repeatability of performance
« Economical assembly

* Mechanical integrity

« Superior thermal characteristics

Planar E cores offer excellent thermal resistance.
Under normal operating conditions, it is less than 50%
as compared to the conventional wire wound
magnetics with the same effective core volume, VE.
This is caused by the improved surface to the volume
ratio. This results in better cooling capability and can
handle higher power densities, while the temperature is
within the acceptable limits.

The magnetic cross section area must be large to
minimize the number of turns that are required for the
given application. Ensure that the core covers the
winding that is laid on the PCB. Such design types
reduce the EMI, heat dissipation and allow small height
cores. Copper losses can be reduced by selecting the
round center leg core because this reduces the length
of turns.

The Planar Magnetics design procedure is the same as
that of the wire wound magnetics design:

Select the optimum core cross-section.

Select the optimum core window height.

Iterate turns versus duty cycle.

Iterate the core loss.

Iterate the copper loss (Cu).

Evaluate the thermal methods.

Estimate the temperature rise.

What is the cost trade-off versus the number of
layers.

9. Does the mechanical design fit the envelope
and pad layout?

10. Fit within core window height.

11. Is the size sufficient for power loss and thermal
solution?

© No gk wDdNE

Full-Bridge Planar Transformer Design

The two considerations for secondary rectifications are
Full  Wave Center Tapped (FWCT) rectifier
configuration and Full Wave Current Doubler rectifier
configurations. It is observed that the FWCT rectifier
makes optimum use of board space and efficiency
goals. Preliminary testing has validated this
conclusion.

A further optimization goal is to offer a broad operating
frequency from 125 kHz to 200 kHz to provide wide
latitude for customers to optimize efficiency.

The input voltage range is 36 VDC-76 VDC nominal with
extended VINMIN OF 32.5 VDc.

Analysis of the transformer design begins with the
given input parameters:

¢ VIN = 36V
* Frequency = 150 kHz
« TP =6.667 x 10°®

The intended output voltage was meant to supply a
typical bus voltage for distributed power applications
and the output voltage. Vo = 12.00V and the maximum
output load current, o = 25A

No substitute exists for the necessary work to perform
calculations sufficient to evaluate a particular core size,
turns, and core and copper losses. These must be
iterated for each design. One of the design
considerations is to maximize the duty cycle, but the
limitation of resolution offered by integer turns will
quickly lead to the turn ratio of NP =5 and Ns = 2.

DS01335A-page 14
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In the design of the magnetics, users must select the
minimum number of turns. There is a cost or penalty to
placing real-world turns on a magnetic structure such
as, resistance, voltage drop and power loss. Therefore,
use the least number of integer turns possible.

Thereafter, a reasonable assessment for turn ratio,
duty cycle, peak flux density, and core loss can be done
until a satisfactory point is reached for the designer.

The duty cycle (more than each half-period) to produce
the desired output is as follows:

¢ TON =2.89 us
« D=TON/TP =0.434

Over a full period, the duty cycle is 86.8% at a VIN of
36 Vbc.

In this design, the following regulation drops are used:
» Secondary MOSFET drop, VFET Sec = 0.1V

 Total trace drops, VDROP = 0.2V

* Primary MOSFET drop, VFET PRI = 0.6V

EQUATION 17:
Ng
Vg = {(\4 N~ VEETPRD X Np ~VEETSEC _VDROP} x2D
= 12.03V

The iteration method is followed again to select the
core size from the available cores.

The selected core has the following magnetic
parameters:

« Ac = 0.45 cm?

* LE=3.09cm

« VE=1.57cm®

FIGURE 16: PLANAR TRANSFORMER

21.00 mm
¢ (0.83") ’

Champs Technologies
MCHP-045-V31-1

14.90 mm
(0.59”)

¢ 16.90” )
(0.67 mm)
3
)
S Ag -
£ 58
o 6w
> v
y

This core shape is a tooled core and is available from
the Champs Technologies. In general, a power material
in the frequency range of interest must be considered.
Materials such as 2M, 3H from Nicera™, the PC95
from TDK™, or the 3C96, 3C95 from Ferroxcube™ are
the most recommended options. The peak-to-peak and
rms flux densities arising from this core choice are
shown in Equation 18.

EQUATION 18:

(V;n X ton) X 10°
Bpkpk = Np X Ac

Boxpk = 4.624 x 10°Gauss

ton g2
5 B -%x (VN Xton) X 10 dT
RMS = 1 Tp I 2xNpx Ag
o
Brys = 2.153x 10°Gauss

© 2010 Microchip Technology Inc.
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The power loss density is calculated using the

parameters shown in Table 4.

TABLE 4: FIT PARAMETERS TO CALCULATE THE POWER LOSS DENSITY

Material f (kHz) Cm X y Ct2 Ctl Ct0
3C92 20-100 26.500 1.19 2.65 2.68E-04 5.43E-02 3.75
100-200 0.349 1.59 2.67 1.51E-04 3.05E-02 2.55

200-400 1.19E-04 2.24 2.66 2.08E-04 4.37E-02 3.29

3C96 20-100 5.120 1.34 2.66 5.48E-04 1.10E-01 6.56
100-200 8.27E-02 1.72 2.80 1.83E-04 3.66E-02 2.83

200-400 9.17E-05 2.22 2.46 2.33E-04 4.72E-02 3.39

3F35 400-1000 1.23E-08 2.95 2.94 1.38E-04 2.41E-02 2.03

Note:  Source — New ER Cores for Planar Converters, Ferroxcube™ Publication 939828800911, Sept. 2002.

Core loss density can be approximated by the formula
shown in Equation 19. The core constants are made
available by Ferroxcube™. In this design:

« Temp =50°C

¢ Frequency = 150000 Hz

« B=BRMs* 10 = 0.2153 Tesla

e x=1.72

« y=2.80

« Ct2=1.83*10*

+ Ctl1=3.66*107

» Ct0=2.83

« Cm=8.27*102

EQUATION 19: CORE LOSS DENSITY

Core Loss Density Pcore

X
C,xFreq x B x (Cto—Ctleemp+ Ctszempz)

1000
P = 1.307 x 10° mW/Cm3

CorelLoss = P x Vg x 10°°

CoreLoss = 2.052W

One of the benefits of using planar construction is the
opportunity to utilize 2 oz., 3 oz., and 4 oz. copper
weight, which results in very thin copper. The impact is
that skin depth and proximity loss factors are usually
considerably reduced versus using wire wound mag-
netic structures. The copper losses are calculated
using DC Resistance (DCR).

The secondary rms current in each half of the center
tapped winding is shown in Equation 20.

EQUATION 20: SECONDARY RMS
CURRENT

lsec = lox /D

lec = 16.47A

Primary rms current is calculated as shown in
Equation 21:

EQUATION 21: PRIMARY RMS CURRENT

Ng
lpgl = IO><A/2D><W3

lpg = 9:317A

The DCR values are computed from the CAD
drawings:

e Secondary DCR: SecDCR = 0.0023E
e Primary DCR: PriDCR = 0.025E

Secondary copper loss is multiplied by two because it
is a center tapped winding.

EQUATION 22:

Sec Loss= 2* 12 * Sec DCR= 1.248W
Pri_Loss= I%pg* Pri_DCR= 2.17W
Total_Loss= Sec_Loss+ Pri_Loss+ CoreLoss
Total_Loss= 5.466W

DS01335A-page 16
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The stacking of
arrangement is shown in Table 5.

the main

transformer layers

Planar Output Inductor Design

The output inductor serves the following functions:

TABLE 5: STACKING LAYERS FOR  Stores the energy during the OFF period to keep
PLANAR TRANSFORMER the output current flowing continuously to the
- load.
Layers Winding Cu(\/(\)/i'?ht « Smooths out and average the output voltage
i ripple to an acceptable level.
Primary |Secl Sec2
Layer 1 Sec2 2
Layer 2 2
Layer 3 Secl 2
Layer 4 2
Layer 5 |Primary 4
Layer 6 4
Layer 7 Secl 2
Layer 8 2
Layer 9 |Primary 2
Layer 10 3
Layer 11 Sec2 3
Layer 12 2
Layer 13 |Primary 4
Layer 14 4
Layer 15 Secl 2
Layer 16 2
Layer 17 Sec2 2
Layer 18 2
Turns 5 2 2
FIGURE 17: FULL-BRIDGE CONVERTER WITH CENTER TAPPED FULL WAVE SYNCHRONOUS
RECTIFIER
Q1 /- Q3 /-
Ly RS
— — I____lx__| /,jI—\QG
LL
| * | Lyl VPK2
IPRI | * | LO
VPRI |
| *
| co VO
| § - (FD T
—
on 4 (I L— == == A 1yl
Q2 l: Q il Q5
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The duty cycle (more than each half-period) to produce
the desired output is as follows:

» Switch turn ON time, TON = 2.89 us
 Total Switching period, TP = 6.667us
e Duty cycle, D = TON/TP = 0.434

Over a full period the duty cycle is 86.8% at
VINMIN 36 VDC.

EQUATION 23:

N

_ )
Vo = |(ViN~VEETPRI * NP‘V

V, x 2D

FETSEC™ "DROP

Vg = 12,03V

In the case of output inductor, consider the choice of
inductance value at the maximum off time. This occurs
in PWM regulated DC-DC converters at the maximum
input voltage, VIN MAX = 76V, and the feedback loop
adjusts the switch ON time accordingly.

TONMIN = 1.415 ps
The duty cycle is as follows:
D_MIN = TONMIN/TP = 1.3689 ps

The peak voltage at the transformer secondary is as
shown in Equation 24.

EQUATION 24:

= )
VPK2 - (VINMAX_VFETPRI) X NP_VFETSEC_VDROP

Vpyy = 28.26V

Maximum output load current, o = 25A. A ripple cur-
rent of 25% of the total output current is considered in
this design.

EQUATION 25:

Iain = 10%0.25 = 65A

EQUATION 26: OUTPUT INDUCTANCE
(LomIN)

(Vpk2—Vo) X Tonmin
Lomin = = 3.54uH

IMIN

In this design, the core window height and its adequacy
in terms of accommodating the 18 layer PCB stack is to
be assessed since the windings/turns for the inductor
are also embedded.

FIGURE 18: PLANAR OUTPUT
INDUCTOR
18.35 mm
<—(0.72")—>
Champs Technologies g .
MCHP1825-V31-1 S s
ﬁ =3
15.0 mm
< (0.59") >
A
;c?
S £5
£ —1 |Se
€ T}
3
[¢)]
A 4

This core is also a tooled core as the main
transformer, TX1. It is available from Champs
Technologies as PN MCHP1825-V31-1. Materials such
as 7H from Nicera™, the PC95 from TDK™, or the
3C94, 3C92 from Ferroxcube™ are the recommended
choices.

* Core cross section, Ac=0.4 cm?

« Core path length, LCORE = 3.09 cm

« Rated output current: IRATED = 17A

» Defined saturation current: ISAT = 20A

The process of inductor design involves iterating the
number of turns possible and solving for a core air gap.
The air gap is checked for operating the flux below
maximum rated flux in the core material at the two
operating current values that is rated current and
saturation current.

In this design, if the 18 layers are available, these
layers can be split into balanced integer turns. This is a
practical method and the number of turns Nt = 6.

In this design, a fringing flux factor assumption of 15%
is done that is FFF = 1.15.

The iterative process begins by calculating the air gap
equation. The air gap is calculated using Equation 27.

EQUATION 27:

2
0.4 x 1 x Nt™x x 10
={ Ac x FFF

I‘OMIN

LGAP

= 0.058cm

L
— —GAP _ .
Leapin = >4 - 0.023inch

DS01335A-page 18
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EQUATION 28: OPERATING FLUX DENSITY
AT DEFINED SATURATION
CURRENT

_ 04xmx Ntxlgag

B =
be I‘GAP

Bpe = 2598 x 10°Gauss

EQUATION 29: OPERATING FLUX DENSITY
AT RATED CURRENT

0.4 x X Nt X IgaTED

BRATED -

I‘GAP

3
Bratep = 2208 10°Gauss

The BDC and BRATED values are conservative
compared to the commercially rated devices. Typical
BmAX values are 3000 Gauss at 100°C.

The required AL value is calculated, as shown in
Equation 30.

EQUATION 30: A, VALUE

Loy % 10°

Nt

A= = 98.32mH

This is helpful for instructing the core manufacturer for
gapping instructions. The inductor traces are designed
using a CAD package and are integrated into the PCB
layout package. The CAD package facilitates the
calculation of trace resistance for each layer. The
calculated DCR values DCRRATED = 3.5 * 10~3E,

Copper loss is computed at the DC values of rated and
saturation-defined currents, as shown in Equation 31.

EQUATION 31:

_ 2
CUpgsssat = (Isat)” X DCRgaTep
CuLossSAT = 1.4W

EQUATION 32:

_ 2
CuLOSSRATED - (lRATED) ><DCRRATED

CUpossraTED = 1.012W

One of the design goals is to make it universal for other
lower and higher power implementations of the digital
converter and to keep the overall efficiency high. It fits
comfortably with its footprint in the PCB. However, we
consider that a smaller core and footprint optimization
is quite possible.

Planar Drive Transformer Design

To drive each leg (high side and low side) of the gates,
the high side/low side driver, or low side driver with
isolated drive transformer is required. A minimum of
500 VDc isolation is required in the drive transformer
from the high side to low side winding. Because the
gate drive is derived from secondary side controller,
primary to secondary 2500 VDc isolation is required.

The following critical parameters must be controlled
while designing the gate drive transformer:

» Leakage inductance
* Winding capacitance

A high leakage inductance and capacitance causes an
undesirable gate signal in the secondary, such as
phase shift, timing error, overshoot and noise. Winding
capacitance results when the design has a higher
number of turns. Leakage inductance results when the
turns are not laid uniformly. Because planar magnetics
are used in this application, these parameters may not
be a problem. Since the absolute number of turns
required is low and the primary and secondary side
high/low drive windings can be interleaved to minimize
leakage without increasing the overall capacitance.

Typical gate drive transformers are designed with
ferrite cores to reduce cost and to operate them at high
frequencies. Ferrite is a special material that comprises
high electrical resistivity and can be magnetized quickly
with minor hysteresis losses. Because of its high
resistance, eddy currents are also minimal at high
frequency.

Selection of Core Materials and Core

Selection of core material depends on the frequency of
the operation. 3F3 from Ferroxcube™ is one of the best
options for the operating frequencies below 500 kHz.
The power loss levels of gate drive transformers is
usually not a problem and thus Ferroxcube RM4/ILP is
selected. The magnetic parameters of Ferroxcube
RM4/ILP are as follows:

« Ac=0.113 cm?
e Lm=1.73cm

e AL=1200 nH

e WEFF =1140

One of the primary goals of the design is to embed all
the magnetics as part of the overall PCB design of the
main power stage. A small size core geometry is
selected, that has sufficient window height to
accommodate the overall PCB thickness and also
gives reasonable window width to accommodate the
PCB trace width that comprises the turns. The
resulting “footprint” or core cut-out required of the RM4/
ILP was found to be acceptable.

© 2010 Microchip Technology Inc.
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We will iterate the primary turns to arrive at a suitable
peak flux density and magnetizing current using the
formula shown in Equation 33.

EQUATION 33:

. - (Vi X Top) x 10°
P Bpkpk X Ac

In the application, VIN = 12V as set by the bias supply.
The operating frequency for main power processing is
selected as 150 kHz. The result is the gate drive
transformer operates at the same frequency.

The duty cycle is also determined by the power stage.
The basic input parameters, Tp and TON are set.

Iterating for primary turns, Np = 10.

The peak-to-peak flux density can be achieved as
shown in Equation 34:

EQUATION 34: PEAK-TO-PEAK FLUX
DENSITY

(VX Top) x 10°
Bpkpk = Np X Ac

Boxpk = 3.069x 10°Gauss

The peak flux density is shown in Equation 35, which
yields a volt-ps rating of (VIN * ToN) = 37.7. This is well
below the typical saturation curves for 3F3 of 3000
Gauss at 85°C operational ambient temperature.
However, potential saturation is not a design concern.

EQUATION 35: PEAK FLUX DENSITY

. (VX Top) x 10°
PK™  2xNpxAg

Bpk = 1.534x 10°Gauss

The RMS flux density is calculated as shown in
Equation 36.

EQUATION 36: RMS FLUX DENSITY

Ton 82
2 (VX Ton) X 10
Brms = 7% I[ 2xNpx A | PT
le)

Brus = 1.363 x 10°Gauss

results in mW of core loss.

The peak and RMS flux densities can be pushed
higher. However, a reasonably low value of magnetiz-
ing current has been maintained such that the driver is
not loaded much.

EQUATION 37: CALCULATION OF
MAGNETIZING
INDUCTANCE

LA, = Nox A x 107
LA, = 12x 10 *Henry

Or, 2 -8
04xmX U X (Np)" X Acx 10
Ly = 3
m

Ly = 9.57x 10" Henry

Conversely, the inductance minimum will be
between ~70 pH.

Lyin = 0.75L,Henry

Ly = 6.699x 10 Henry

The magnetizing current is thus reasonable for this
application, and is shown in Equation 38:

EQUATION 38:
. VinxTon
di = L
di = 0.362A

Assuming the worst case, the distributed capacitance
is shown as follows:

Cp = 50x 10 “Farad

Any ringing on the gate drive waveforms due to the
transformer will possess a frequency of 2.3 MHz.

EQUATION 39:

1
Fo =
R 2xmx(JLyxCp)

Fr = 23MHz

DS01335A-page 20
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In this design, the selection of track width or trace width
was fairly conservative. Given the RMA4/ILP core
window width of 2.03 mm (80 mils), and an allowable
PCB width accommodated inside this core
of 1.63 mm (64 mils), and a further conservative
assumption of trace-to-trace clearance of 0.3 mm (12
mils), we can either place 2T/layer of 0.39 mm (15 mil)
width or 3T/layer of 0.18 mm (7 mils) width. If 4 oz.
copper was used per layer the 0.18mm trace width
would result in too much “under-etch” in the fabrication.
We had ~14 layers dictated by the power stage and the
resulting PCB thickness of 3.5-3.8 mm could be easily
accommodated by the RM4/ILP core window height.
Hence, itis easier to select 2T/layer. This selection also
allowed three opportunities for an interleave to occur
between the primary and each secondary drive
winding. A choice of 3T/layer may have resulted in an
imbalance and with less opportunity for interleave.

Current Sense Transformer Design

The current sense transformer selected is a
conventional stand-alone magnetic device. The
decision was made earlier to have a 1:100 current
transformation ratio. Therefore, it is difficult to
implement this device as an embedded structure.

We repeat some aspects of the TX1 main transformer
design such as switching frequency.

EQUATION 40:

Foy = 150% 10°HZ

T, = 6.667x 10 °Sec

The transformation ratio, Nc = Ns/Np = 100
Maximum rated current, IMAX = 10A

Therefore, secondary RMS current is computed as
shown in Equation 41:

EQUATION 41: SECONDARY RMS

CURRENT
| _ 'rmspRIM
RMSSECY = ™\ _

lrmssecy = 0.093A

EQUATION 42:

Ton = 289% 10 °Sec

Te
Torr = 5 ~Ton

Torr = 4433x 107 Sec

The core used on this part = E5.3/2.7/2-3C96
The core parameters are as follows:

e LM=1.25cm
« AC =0.0263 cm?
« VE=0.0333 cm3

The nominal current sense termination resistor
value: RB = 10.0E.

EQUATION 43:

|
_ MAX
Veksecy = Ng X Rg

Vpksecy = 1V

Therefore, the rating is 0.1 V/amp.

EQUATION 44:

8
B = (Vpksecy X Ton) X 10
PR Ngx Ac

Bpk = 109.886Gauss

It is considered that the peak flux density is very low
and it is fine. Usually, the current to voltage gain is this
low in most switched mode converters. The current
ramp signal at the current sense (CS) input for most
analog controllers is <1V so always select a low value
termination resistor. In this case, the voltage gain is
conditioned with differential op amps prior to sending it
to the input ADC of the dsPIC® DSC.

It is helpful to know that higher current to voltage gains
are possible simply by selecting higher value
termination resistors. The only limitation will be a
ceiling imposed by the saturation of the ferrite core.

The volt-uys rating of the CH-1005 Champs
Technologies is 58V-ps. In this design, if a termination
impedance of 100Q is selected, a 10V signal amplitude
is gained. The current transformer reproduces the
current wave shape until it is not saturated, that is as
long as it is performing as a transformer. In this design,
a maximum ON time of 5.8 ps can be permitted.

© 2010 Microchip Technology Inc.

DS01335A-page 21



AN1335

The rated maximum flux is shown in Equation 45. EQUATION 46: RMS FLUX DENSITY
. ton 8.2
EQUATION 45: 5 2 _[ (Vpkseey X Ton) X 10
= |=x p
. (58 107 x 108 RMS T : 2xNgx Ac
RATED — NSX AC

B = 51.159Gauss
3 RMS
Bratep = 2.205x 10" Gauss

The BpPK is rated as 2200 Gauss peak for 100°C

operation unipolar excursion. The RMS flux density is
calculated as shown in Equation 46.

EQUATION 47:

X 2
ChxF'x (BRMS)yx (CtO—Ctleemp +Cypx Temp )
1000

CoreLossDensity, P =
P = 0.048 mwicm®

where setting up core loss coefficients:
Cm=8.27 * 10-2

x=1.72

y=2.80

Temp = 30

Ctl = 3.66 * 10-2

Ct2=1.83*10-4

Ct0=2.83

F=15%10°

CoreLoss = P x Vg x 107

CorelLoss = 1.592 x 10 °W

Core loss is about zero or negligible.
Secondary SecDCR = 6.6E.
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EQUATION 48:

Secloss = (Igyssecy)” X SeCDCR

= 0.057wW

Priloss = (Igysprim)’ X PFiDCR

= 0.173W

TotalLoss = Secloss+ Priloss + Coreloss

= 0.23W
where:
Secloss = Secondary copper losses
Priloss = Primary copper losses
PriDCR = 0.002E
SecDCR = 6.6E

Total loss for this device at maximum ratings is less
than 1/4W.

Calculate the inductance value for the selected 3C96
material.

EQUATION 49:
Ly = (N9®x A x107°

Ly = 3x10° ~3mH

where:
Ns = 100
AL =300 nH

EQUATION 50:
Lyin = LaL X0.75

2.25mH
Minimum secondary inductance = 2.25 mH.

X, = 2xnxfxLlyn

212x 10°E

FIGURE 19: CURRENT TRANSFORMER
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Effective termination impedance is as shown in
Equation 51:

EQUATION 51:

X _XLxRb
EFF © X, +Rb

Xepp = 9.953E

Deviation from ideal is < 0.1%.

Planar Auxiliary Power Supply
Transformer Design

The digital DC/DC converter requires auxiliary power
supply. The dsPIC DSC requires 3.3V and the gate
drivers require 12V.

The dsPIC DSC must have power supplied to it prior to
start-up of the power converter. The scheme to
accomplish this is to utilize an analog converter for
start-up and also for continuous operation. This avoids
possible glitches or uncontrolled operation events
during abnormal operation or unanticipated transient
conditions. The analog controller requires a boot strap
supply once it has gone through soft-start.

© 2010 Microchip Technology Inc.
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The dsPIC DSC requires 3.3V. A linear regulator is
inserted prior to 3.3V so that the headroom required at
one output is 4V. The 3.3V output voltage before
regulator VO1 = 4V.

* Load current, I3 3, = 0.3A

« 12V output voltage before regulator, V02 = 12V

* Load current, I,y = 0.4A

 Total output power = 6W

» Consider an overall efficiency of 80%

¢ Input power = 7.5W

Consider minimum input voltage, VINMIN = 32V. The
converter is designed to operate at a maximum duty

cycle, D = 40%. The nominal operating frequency, Fsw
of the IC is 250 kHz.

EQUATION 52:

Foy = 250x 10°Hz

Total period, TP =4 ps
On period, TON = 1.6 ps

EQUATION 53:
_ I nputPower
Averagecurrent, [y = Minimuml nputVoltage
_ 75W _
= oV - 0.234A

Peak current of a Discontinuous mode Flyback
Converter, IPPK is shown in Equation 54.

EQUATION 54:

IAVE
lppi = 2% ~5F = L17A

Primary rms current, IRMSPRIM is shown in Equation 55:

EQUATION 55:
| = | X M = 0.427A
ruserl = lpek X [35p = O
EQUATION 56:
V x D
Primarylnductancel, = —NMIN"—
Fsw* Ippk
_ _32x04 _
= Z0000x 117 A>ouH

EQUATION 57:
2x1
PeakSecondaryCurrent, lg~px = %7
s
2x0.1 _
06 3.33A
Ds
SecondaryRMSCurrent, lggus = 3% lscpk
= 1.489A

where:
Short circuit current: Iscbc = 1A
Secondary duty cycle: Ds= 0.6

The turns ratio for 12V and 3.3V output is shown in
Equation 58.

EQUATION 58:

Np _ Vin—(ppk X Rpson))] X D
Ne~ (Vour* Vipp) X (08—D)

N
—P =260
NSlZ

Np
NG 7.828

where:
Voltage drop on the diode, VFD1 = 0.7V
RDS(ON) = 4E

A quick check of the available standard core structures
indicates that there was a distinct possibility to use a
standard size RM-4 core.

An important feature of this core for this design is, it
consists of a core window with nominal 4.3 mm that
clears the 4.0 mm PCB thickness. The overall height of
this core is 7.8 mm so it is <10 mm height of the DC/DC
Converter mechanical height.

The RM-4 core parameters are:
« AE =0.145 cm?

* ICORE = 1.73 cm

* p=2000

« VE=0.25cm3

DS01335A-page 24
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FIGURE 20: AUXILIARY PLANAR

TRANSFORMER

15.51 mm
(0.61")

Inner Layer Top Points

The footprint (length x width) of the device is not greater
than that of a stand-alone magnetic device. The
footprint shown above has been further reduced in the
final implementation and the entire bias converter has
been implemented as part of the embedded design.

EQUATION 59:

8
Neo = Vinmin X Ton % 10 - 16T
PRI Bmax X Ag

where:
BMmAX = 2200Gauss

The required center post air gap based on the formula
is shown in Equation 60:

EQUATION 60:

2 -8
0.4x7X (Npg))” X Agx 10
Loap = L, X FFF

Lgap = 0.012cm

L _ LGAP
GAPIN — 254

3.
Loapiy = 4591 107°in

The AL value is calculated as shown in Equation 61.

EQUATION 61:

Lpx10°

(Npg))?

A = 164.063nH

L

The flux density is calculated as shown in Equation 62.

EQUATION 62:

0.4X 71X Npg X Ippk
Bpk =

LGAP

Bpx = 1.959x 10°Gauss

BPK is lesser than BsAT limitation of 3000 Gauss
at 85°C. The required maximum output power for DCM
operation, factoring in efficiency is shown in
Equation 63.

EQUATION 63:

_1 2
Po = EXLPXUPPK) X Faw

Po = 7.46W

The peak AC flux density is calculated as shown in
Equation 64:

EQUATION 64:

. (VX Top) x 10°
PKAC — NPRI % AE

Bpkac = 248X 10°Gauss

The RMS flux density is calculated as shown in
Equation 65.

EQUATION 65:
Ton 8.2
_ 1 (VX Ton) X 10
Brms = 7% I{ 2% Npg < Ag | 9P
o]
Brus = 771.454Gauss

The core loss equation parameters are used for
Ferroxcube “3C92" material at 40°C rise in
temperature.

© 2010 Microchip Technology Inc.
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EQUATION 66:
— BRMS
10000
f = 25% 10°Hz
Temp = 40°C

The operating coefficients are:
CM=9.17 x 107

EQUATION 67: CORE LOSS DENSITY
FORMULA

10— Crp) X Temp + C;, X Temp2
1000

P = Cfoxx Byx(c
P = 303.063 mW/cm®
where:
Ct2=2.33*10"
Ct1=4.72*102
Ct0 = 3.39

X=2.22

y=2.46

CorelLoss = Px Vg, x 107

CoreLoss = 0.076W

A calculated core loss value of 76 mW is acceptable
and a good reason to use ferrite for the core material.

The CAD package is used in the PCB trace design to
calculate the trace DCR for the primary and secondary
DC resistance.

* DCRsEc = 0.023E

» DCRPRI = 0.088E

EQUATION 68:

_(,2 2
ppperLoss = (IRMSPRI x DCRPRI) +(IRMSSECX DCRgeq

CopperLoss = 0.067W

The overall loss is shown in Equation 69.

EQUATION 69:

TotalLoss = CuLoss+ CoreLoss
0.142

TotalLoss

The only efficiency penalty in using a digital controller
is the bias supply converted efficiency of 80%. All
converters will share approximately the same FET
driver loss.

The only further penalty is the footprint or space
occupied by the bias supply within the available outline
package of the converter itself. The main advantage as
discussed at the outset is that the controller is “always
on”, that is, it supplies power in a controlled fashion and
rides out abnormalities and transients that might at the
least require a hiccup start-up for an analog controller.
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DESIGNING A DIGITAL QUARTER
BRICK CONVERTER

The Quarter Brick DC/DC Converter was designed
using the dsPIC33FJ16GS502. The design analysis is
described in the following sections.

What is a Digitally Controlled Power
Supply?

A digital power supply can be broadly divided into
power control and power management. Power control
is relatively a new trend when compared to power
management.

Power management is data communication,
monitoring, data logging, power supply protection, and
sequencing of the outputs. This is not real time
because the switching frequencies of the converters
are higher than the power management functions.

Power control is defined as the flow of power in the
converter and it is controlled from one PWM cycle to
another PWM cycle. Power control is performed with
both the DSCs and analog controllers without much
variation in the design.

Advantages of DSC

In modern SMPS applications, power conversion is
only part of the total system solution. In addition, many
other requirements and features are required to make
the system more reliable. These features can be
realized using a DSC and are as follows:

« Improved level of portability to other converter
topologies

« Adaptive and predictive control mechanism to
achieve high efficiency and improved dynamic
response

» Software implementation of the protections to
reduce the component count

* Improved scalability

 Active load balancing in the parallel connected
systems

« Improved overall system reliability and stability

» System performance monitoring capability

» Real time algorithms for the regulation of power
converters

 Less susceptibility to parameter variations from
thermal effects and aging

FIGURE 21: REAL WORLD SIGNAL
CHAIN: DIGITAL POWER

SUPPLY

Analog Hardware Digital Signal Controller (DSC)

DIGITAL PHASE-SHIFTED FULL-
BRIDGE (PSFB) DESIGN

In the digital power supply design, the power train is
same as the analog power converter design. The
difference exists in the way it is controlled in the digital
domain. The analog signals such as voltage and
current are digitized by using the ADC, and fed to the
DSC. These feedback signals are processed with the
digital compensator and modulate the PWM gate drive
to get the desired control on the output.

Few critical peripherals that are used in digital power
supply are listed below:

« PWM generator

« ADC

* Analog comparator

PWM Generator

The PWM generator must have the ability to generate
high operating frequencies with good resolution,
dynamically control PWM parameters such as duty
cycle, period, and phase, and to synchronously control
all PWMs, fault handling capability, and CPU load
staggering to execute multiple control loops.

The PWM resolution determines the smallest
correction to be done on the PWM time base.

EQUATION 70:

PWMClockFrequency
DesiredPWMFrequency

PWMResolution =

EQUATION 71:

PWMClockFrequency )

BitResolution = Ing(Desi redPWMFrequency.

© 2010 Microchip Technology Inc.
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EXAMPLE 1:

PWM Clock Frequency = 60 MHz
Desired PWM Frequency = 500 kHz
PWM Resolution = 120 = One part in 120
Bit Resolution = log, (120) ~ 7 bits

EXAMPLE 2:

PWM Clock Frequency = 1000 MHz
Desired PWM Frequency = 500 kHz

PWM Resolution = 2000 = One part in 2000
Bit Resolution = log, (2000) ~ 11 bits

A resolution of 11 bits indicates that the user can
have 2048 different steps from zero to full power of the
converter. This gives finer granularity in control of the
duty cycle when compared to the seven bits resolution
where only 128 steps are available for control.

Analog-to-Digital Converter (ADC)

All the real world feedback signals are continuous
signals, and should be digitized to process in the DSC.
A built-in ADC performs this process. ADC requires a
voltage signal that is to be provided as an input. The
input signals are scaled down to the ADC reference
voltage. These voltages are typically 3.3V and 5V.

FIGURE 22: ANALOG-TO-DIGITAL
CONVERTER (ADC)
—————— T
AN1 |

|

! |

|

L MUX) Sar| [ Data || A0C
rinpu Core|" | Format .
| | Buffers
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: |
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Sample and Hold Circuit,

In digital SMPS applications, higher bit resolutions and
higher speed are the two characteristics that determine
the ADC selection.

The ADC resolution indicates the number of discrete
values it can produce over the range of analog values,
hence the resolution is expressed in bits.

EQUATION 72:
ADCResolution = —g_FuIIScaIiVoIta €
2
where:
n = Number of bits in the ADC

EXAMPLE 3: CALCULATING THE ADC
RESOLUTION
Example A:

ADC full voltage = 3.3V
Number of bitsinan ADC = 10
Therefore, ADC resolution = 3.22mV

Another parameter to be considered is the sample and
conversion time (time taken by ADC to sample an
analog signal and to deliver the equivalent digital
value). Usually, the conversion time is specified in
million samples per second (Msps). For example, if the
conversion time is specified as 2 Msps, the ADC can
convert two million samples in one second. Hence, the
sample and conversion time is 0.5 ps.

The conversion speed plays an important role to
replicate the sampled signal. As per Nyquist criterion,
the sampling frequency must be greater than twice the
bandwidth of the input signal (Nyquist frequency). As a
guideline in SMPS applications, sampling of the analog
signal at a frequency greater than 10x of the signal
bandwidth is required to maintain fidelity.

Analog Comparator

Most of the DSCs consists of an analog comparator as
a built-in peripheral which enhances the performance
of SMPS applications. Analog comparator can be used
in cycle-by-cycle control method to improve the
response time of the converter and also in the fault
protection applications.

ADC and PWM Resolution in SMPS
Applications

Usually, analog controllers provide fine resolution to
position the output voltage. The output voltage can be
adjusted to any arbitrary value, and is only limited by
loop gain and noise levels. However, a DSC consists of
a finite set of discrete levels, because the quantizing
elements, ADC and PWM generator exist in the digital
control loop. Therefore, the quantization of ADC and
PWM generator is critical to both static and dynamic
performance of switched mode power supplies.

DS01335A-page 28
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The ADC resolution must be lower than the permitted
output voltage variation to achieve the specified output
voltage regulation. The required ADC resolution is
shown in Equation 73.

EQUATION 73:

Vmaxan V.
Nap = Int IogZ(— x —2=
A/D { Vrer AV,

where:

VMAX A/D = ADC full range voltage in this
application
VRer =Reference voltage

NAa/D = Number of bits in ADC

\o = Signal to be measured (output voltage)

AVo = Allowed output voltage variation

Int[ ] = Denotes taking the upper rounded integer

EXAMPLE 4: ADC Resolution
VMAX A/D = 3.3V
Vo =12V

AVO =1% of 12V = 120 mV

VREF = 2.6V which is 80% of the ADC full range
voltage

Na/D = 7, (therefore, a 7-bit ADC can be used)

ADC resolution can also be expressed as follows:

ADC LSB << (MRer/\VO) * AVO

The digital PWM produces an integer number of duty
values (it produces a discrete set of output voltage
values). If the desired output value does not belong to
any of these discrete values, the feedback controller
switches among two or more discrete values of the duty
ratio. In digital control system, this is called as limit
cycle and it is not desirable.

Limit cycling can be avoided by selecting the change in
output voltage caused by one LSB change in the duty
ratio has to be smaller than the analog equivalent of the
LSB of ADC. For a buck type forward regulator, NPwm
is shown in Equation 74.

EQUATION 74:
Neva > = Nyp + 10g Vref
1: e D:I
where:

NPwM = Number of bits in a PWM controller
D = Duty ratio

To generalize, NPwMm must be minimum of one bit
more than NA /D.

Note:  To have a stable output, that is without
limit cycling, the down stream quantizer of

the ADC should have higher resolution.

TABLE 6: SWITCHING FREQUENCIES OF THE CONVERTER
Signal Name Description Type of Signal dSRF;LC;(iPCiC Frggggt?gﬂc’f
PWM1H,PWMI1L |Left Leg Gate Drive PWM Output PWM1H,PWM1L 150 kHz
PWM2H,PWM2L | Right Leg Gate Drive PWM Output PWM2H,PWM2L 150 kHz
PWM3H,PWM3L | Synchronous Rectifier Gate Drive PWM Output PWM3H,PWM3L 150 kHz
— Control Loop Frequency — — 75 kHz

© 2010 Microchip Technology Inc.
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TABLE 7: DSC PERIPHERALS MAPPED
TO PSFB CONVERTER
Pin Peripheral Description

1 AN2 Load share

2 AN3 Temp

3 CMP2C Output overvoltage
4 RP10 TX secondary voltage
5 Vss Ground

6 CMP4A TX overcurrent

7 RP2 EXT SYNCI1

8 PGD2 Programming

9 PGC2 Programming

10 VDD Bias supply +ve

11 RB8 CoM1

12 RB15 COM2

13 RB5 Remote ON/OFF
14 SCL1 COomM4

15 SDAl COM3

16 Vss Ground

17 VVbDcore VDD core

18 PWM3H Sync gate drive

19 PWM3L Sync gate drive

20 PWM2H PSFB gate drive
21 PWM2L PSFB gate drive
22 PWM1H PSFB gate drive
23 PWM1L PSFB gate drive
24 Avss Ground

25 AvDD Bias supply +ve

26 MCLR Master clear

27 ANO TX current

28 AN1 12V output

DS01335A-page 30
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FIGURE 23: dsPIC® DSC RESOURCES FOR THE QUARTER BRICK CONVERTER
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DIGITAL CONTROL SYSTEM DESIGN

Digital control system design is a process of selecting
the difference equation or Z-domain transfer function
for the controller to achieve good closed loop response.
Parameters such as settling time, output overshoot,
rise time, control loop frequency and bandwidth must
be considered to achieve acceptable performance.

The denominator polynomial of transfer function
provides the roots of the equation. These roots are the
poles of the transfer function. This equation is called
the characteristic equation.

The nature of roots of the characteristic equation
provides an indication of the time response. The
system stability can be determined by finding the roots
of the characteristic equation and its location. The
system is considered to be stable if the roots of the
characteristic equation are located in left half of
the ‘'S’ plane. This causes the output response due to
bounded input to decrease to zero as the time
approaches infinity.

In the quarter brick converter design, the controller is
designed in the continuous time domain and then
converted to an equivalent digital controller. This
approach is called digital re-design approach or digital
design through emulation.

Digital Average Current Mode Control
Technique

Digital current mode control is a new approach for
improving the dynamic performance of high frequency
switched mode PWM converters, and is used in this
design. In this method, DSC performs the entire control
strategy in software. The current mode control (CMC)
strategy consists of two control loops. The inner current
loop subtracts a scaled version of the inductor current
from the current reference. The current error is further
processed with the PID or Pl compensator and the
result is appropriately converted into duty or phase.
Any dynamic changes in the output load current directly
modifies the duty or phase of the converter. The outer
loop subtracts the scaled output voltage from a
reference and the error is processed using the PID or
Pl compensator. The output of the voltage loop
compensator provides the current reference for the
inner loop. Current and voltage compensators allow
tuning of the inner and outer loops to ensure converter
stability and to achieve the desired transient response.

FIGURE 24 AVERAGE CURRENT MODE CONTROL
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Deriving the Characteristic Equation for
the Current Mode Control (CMC)

Let us take a simple buck converter to derive the
characteristic equation.

FIGURE 25: BUCK CONVERTER
I—»
-« D*VIN — -—\V—Pp
Fay | o
Y — W
o Buck Inductor
- = ESR
( :ﬁ/ Output le o
U0 Hﬂ/ Capacitor Ve Load
o

Based on Figure 25, and applying Kirchhoff's laws
results in the expressions and equations shown in
Equation 75.

EQUATION 75:

A e =1 -lo
(B) VO = DXVIN_VL

_VL_ VL _ VL _VL
© A= X, 2nfL  JoL  sL

_ _ IC _ IC _ IC
@) Vo =lecxX = 7042 = 356 7 ¢

The current compensator proportional gain is denoted
as RA, and it has a dimension of resistance. The value
of RA can be determined from the system characteristic
equation. Higher value of RA implies higher current
loop bandwidth. With the current mode control, the ‘D’
term performance in the voltage PID can be achieved.

EQUATION 76:
Vx = VotV

Vy = Vg+sLl = Ryx[(1%) =1 1+ [Vy—sLI,]

(E) _ [Rax(1.%)]
L= Ry +sL

The current reference (IL*) is generated using the outer
voltage loop.

[IL* = (Vo* - Vo) * G] (because current loop performs the
function of differential gain in the voltage loop, the outer
voltage loop will have only proportional and integral
gain).

From the physical capacitor system, IC = IL - l0. In the
equation, lo is made as constant and analyzed the
relation between Vo and Vo*. Therefore, IL = sCVo.

EQUATION 77:

B 10* = Vo Vo)< (Ke+ )
L o (0] P g

I, ﬁ%) = [(Vo*) = Vo X [KP+(%H

The Equation 77 is rearranged to find Vo*/Vo and is
shown in Equation 78.

EQUATION 78:
V_oﬂi _ [pr RA+(%):|
Vo szLC+(sC>< Rp) + (Kp X RA)+(%) X Ry

© 2010 Microchip Technology Inc.
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The denominator [sch + sCRa + KPRa + (Ki/s)Ra]
denotes the characteristic equation. The denominator
should have three roots known as three poles or three
bandwidths, f1 > f2 > f3 (units of Hz) of the controller.
These roots correspond to current loop bandwidth (f1),
proportional voltage loop bandwidth (f2) and integral
voltage loop bandwidth (f3). These roots should be
selected based on the system specifications. f1, f2 and
3 should be separated with a factor minimum of three
between them. This ensures that any parameter
variation (L and C) due to manufacturing tolerance or
inductor saturation will not affect the stability of the
system.

The f3 determines the settling time (Ts), that is the
output voltage of the converter takes to settle
within 98% of Vo* for a step change in load. Ts should
be selected less than the specification settling time.

Ts = 4/2nf3

The f2 determines the ability of the controller to track
changes in Vo*. If Vo* varies, Vo can track Vo*
variations up to a frequency 2 Hz.

The f1 exists only to make the system non-oscillatory or
resonant at frequencies greater than f2.

The gains Kp, Ki and RA can be determined once f1, f2
and f3 are selected. The characteristic equation:

SLC + S?CRa + sKP Ra+ Ki Ra= 0is a cubic
equation.
Because ‘s’ is -2nfl(wl), -2nf2 (02) and -2nf3 (03),
which are the roots of the characteristic equation and
should make the equation equal to zero after
substituting for ‘s’. The three unknown coefficients Kp,

Ki and RA can be obtained by solving the following
three equations shown in Equation 79:

EQUATION 79:

®;CRy + ,KpRy + KRy = —03LC

©2CRy + 0,KpR, + KRy = —@3LC

®3CR, + 05KpR, + KRy = —03L.C

This can be solved by using the matrix method shown
in Equation 80.

EQUATION 80:
2 3
0, O CRa -0, LC
mzz o, 1% KpRa| = —mZBLC
KR
(o32 0N A —m33LC

The matrix shown in Equation 80 is made equivalent to
A *Y = B for simplicity purpose.

EQUATION 81:

Y1l N
Y =|y2 = A xB

Y3
Yl=CRaand RA= Y1/C
Y2 = Krp Ra and KpP = Y2/RA
Y3 =KiRaand K, = Y3/Ra

Finding the Gains

Substituting the actual design parameters used in the
PSFB converter to have the Kp, Ki, RA gains.

« Transformer turns ratio = 5:2

¢ Primary input voltage, VIN = 76V

* Nominal primary input voltage, VNOM = 48V

The maximum primary input current is selected as
9.75A and is reflected to the secondary because the

controller exists on the secondary side of the isolation
barrier.

The base value of the current INBASE is 24.38A and the
base value of the voltage VNBASE is 14.2V. All the
voltage and current quantities are referenced with the
base values INBASE and VNBASE.

Transformer secondary voltage is:

* VINS = VIN/turns ratio = 30.4V

e Output inductor L = 3.4e0 Henry

» DC resistance of the inductor and tracks is
considered as DCR = 0.05E

« Output capacitance, C = 4576e°F (4400 pF
external to converter)

« Equivalent series resistance of the capacitor,
ESR = 0.0012E

» Switching frequency of the converter,
Fsw = 150000 Hz

« Control loop frequency Ts is 1/2 of the Fsw that is:

1

Ts= ¢ /2

* Integral voltage BW, f3=-1000*2 *rt

« Proportional voltage BW, f2=-2000*2 * &t

« Proportional current loop BW, f1 =-4000*2 * &t

The characteristic equation is solved using the above
three bandwidths.

* RA=0.1495

* Kp =57.5037

» Ki=2.0646e + 005
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FIGURE 26: CONTROL LOOP COMPENSATOR DESIGN BLOCK DIAGRAM
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Scaling Typically, the feedback 10-bit value (0 -1023) is brought

The gains calculated previously are based on real units
(volts, amps, and so on). The dsPIC DSC consists of a
fixed point processor and the values in the processor
comprise linear relationship with the actual physical
quantities they represent.

The gains calculated are in real units, and cannot be
directly applied to these scaled values (representation
of physical quantities). Therefore, for the consistency
these gains must be scaled.

The scaling feedback section and the prescalar section
provide general concepts of scaling.

The basic idea behind scaling is the quantities that are
to be added or subtracted should have the same scale.
Scaling does not affect the structure of the control
system block diagram. Scaling only affects the software
representation of various quantities used in the
software.

Scaling Feedback

To properly scale the PID gains, it is imperative to
understand the feedback gain calculation. The
feedback can be represented in various formats.
Fractional format (Q15) is a very convenient
representation.

Fractional format allows easy migration of code from
one design to another with different ratings where most
of the changes that exist only in the coefficients and are
defined in the header file.

To use the available 16 bits in the processor, the Q15
format is most convenient as it allows signed
operations and full utilization of the available bits
(maximum resolution). Other formats can also be used,
but resolution is lost in the process. Q15 allows using
the fractional multiply MAC and MPY operation of the
dsPIC DSC effectively.

The feedback signal (typically voltage or current) is
usually from a 10-bit ADC. Based on the potential
divider or amplifier in the feedback circuitry, actual
voltage and current is scaled.

to +32767 range by multiplying with 32. This format is
also known as Q15 format: Q15(m) where -1<m<1 and
is defined as (int) (m * 32767).

These formulae will have some error as 21° = 32768 is
required, but due to finite resolution of 15 bits, only
+32767 is used. From a control perspective, for most
systems these hardly introduce any significant error. In
this format, +32767 correspond to +3.3V and O
corresponds to OV.

Prescalar

As most physical quantities are represented as Q15
format for easy multiplication with gains, the gains must
also be represented in fractional format. If the value of
gain (G * VNBASE/INBASE) is between -1 and +1, it can
be easily represented as fractional format.

Multiplication can then be performed using fractional
multiply functions such as MAC or using builtin mul
functions and shifting appropriately. For example,
z=(__builtin mulss(x,y) >>15) results in
z = Q15(fx,fy), where all x, y, and z are in Q15 format
(fx and fy are the fractions that are represented by x
and y).

In many cases, the gain terms are greater than unity.
Because 16-bit fixed point is a limitation, a prescalar
may be used to bring the gain term within the £ range.

In this application, voltage loop proportional gain Kp
value is higher than one. Therefore, it is normalized
using the defined current, voltage base values with the
pre scalar 32. For simplifying the calculations, the
voltage integral gain (Ki) is also scaled with 32, that
means if a prescalar is used for P term in a control
block, it must also be used for the ‘I’ and ‘D’ term in the
control block since all the terms are added together.

To prevent the number overflows, PID output and ‘I’
output must be saturated to +32767.

The saturation limits for the PID output must be set at
1/32 of the original £32767 to account for the prescalar.
Therefore, saturation limits are set at £1023. Finally,
after saturation, the output must be post scaled by five
to bring it to proper scale again.

© 2010 Microchip Technology Inc.
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Gain Scaling

The voltage compensator input is in voltage
dimensions and the output is in current dimensions, the
voltage loop coefficients dimensions will be in mho
(Siemens).

New value voltage loop proportional gain K after nor-
malizing and scaling will be (Kp * VNBASE)/(INBASE *
prescalar) that is 1.04.

New value voltage loop integral gain, Ki after
normalizing and scaling will be Ki * Ts * VNBASE/
(INBASE * prescalar) = 0.0501.

The current compensator input is in current dimensions
and the output is in voltage dimensions, the current
loop coefficients dimensions will be in Q.

New value current loop Integral gain, RA after
normalizing is [(RA/VINS) * INBASE] = 0.1495.

A few more contributors for the Phase/Duty control, are
voltage decouple term and DCR compensation term.
These are discussed below.

Because at steady state (VL = 0), the average output of
switching action will be equal to Vo. A contribution of
Vo can be applied towards VX (the desired voltage at
primary of the transformer).

Vo information is available in the software, so the
voltage decouple term can be easily calculated. This
will improve the dynamic performance and make the
design of control system easier. Pl output performs
only small changes to correct for load and line
variations and most of the variation in PHASE/DUTY is
contributed by Vo.

The voltage decouple term after scaling will be
VNBASE/VINS.

The other parameters that need to be addressed are
the resistance drops in the traces and magnetic wind-
ing resistance drop which may cause the current loop
to function less than ideal. The dimension of gain of the
current loop is in ohms. The physical resistance may
interfere with the control action. If this resistance is
known and measured during the design stage, then this
resistance drop in the software can be compensated.

The DC resistance compensation term after scaling will
be (DCR/VINS) * INBASE.

The input quantity should be in fractional format (this
must be ensured in code). Then, the output current
quantity will automatically be in the correct fractional
guantity. This essentially solves the objective of scaling.
The same logic applies to any control block.

By considering the input and output units and scale of
each block to be implemented in software, the proper
scaled values can be arrived.

LOAD SHARING

In the traditional analog controller, regulation of the
converter is achieved by a simple PWM controller, and
load sharing of the converter is achieved by an addi-
tional load sharing controller/equivalent amplifier cir-
cuit. Recently, high end systems are calling for logging
of converter parameters, which requires a microcon-
troller to communicate to the external world. Therefore,
each converter needs a PWM controller, a load sharing
controller, and a Microcontroller to meet the desired
specifications.

In the recent past, cost of the DSCs has reduced dras-
tically and are highly attractive for use by power supply
designers in their applications. Digital controllers are
immune to component variations and have the ability to
execute sophisticated nonlinear control algorithms,
which are not common or unknown in analog controlled
power systems.

Apart from closing the control loop digitally, the DSC
can perform fault management and communicate with
the external applications which is becoming more and
more significant in server applications. Digitally con-
trolled power systems also offer advantages where
very high precision, flexibility and intelligence are
required.

For the overcurrent protection or short circuit protection
of the converters, load current or load equivalent cur-
rent will be measured and the same will be used for the
load sharing between the converters. Therefore, an
additional circuitry/additional controller is not required
in the case of a digitally controlled power supply com-
pared to its analog counterpart for load sharing. This
reduces overall cost as the component count is lower
and easier to implement by adding a few lines of code
to the stand-alone converter design.

Digital Load Sharing Implementation

Basic operation of the analog and digital load sharing
concept is the same; however, implementation is com-
pletely different. In the digital implementation, the ADC
will sample the continuous signals of output voltage
and output current. The sampling frequency of the
output voltage and output current signal is user config-
urable. The PID compensator design calculations are
performed in the Interrupt Service Routine (ISR) and
are updated based on the control loop frequency.
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In the dual load sharing implementation, for additional
current, error information is added and this combined
data will be given to the PWM module to generate
appropriate phase/duty cycle. The PID compensator
design will be same as the standalone individual
converter. The load sharing compensator depends on
the expected dynamic performance and this depends
on the bandwidth of the current feedback. The current
loop compensator forces the steady state error, (dIL)
between individual converter currents IL1, IL2 and
average current (IAVE) to zero.

Typically, temperature is a criteria for stress on the
components and the junction temperature bandwidth is
around 5 ms (about 30 Hz). Therefore, it is sufficient to
use ~500 Hz bandwidth current data and the current
share loop can have a bandwidth of ~100 Hz. Here, the
DSC allows output voltage regulation by designing the
voltage/current loop compensator and load current
sharing by load current loop compensator design.
Effectively, both the output voltage regulation and the

load sharing will be done with the single controller and
this results in fewer components, less complexity and
increased reliability. Poor noise immunity is a
disadvantage of this design.

Load sharing loop proportional gain, IKp will
be 2nfL = 0.0021

Load sharing loop integral gain, IKi will be 2nrfsg
IKI = 0.3356, where f5 (25 Hz) is the zero of the PI.

New value voltage loop proportional gain, IKI after
normalizing and scaling w ill be as shown below:

IKP * INBASE/VNBASE * prescaler2 * 1.25 = 0.0734

New value voltage loop proportional gain, IKI after
normalizing and scaling will be as follows:

IKI * INBASE/VNBASE * prescaler2 * TSLOADSHARE =
0.0092

In this application, the load sharing sampling time
(Ts LOADSHARE) is selected as 1 kHz.

FIGURE 27: SINGLE WIRE LOAD SHARE COMPENSATOR DESIGN BLOCK DIAGRAM
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MATLAB MODELING

The .mfile is used to generate the coefficients that are
used in the MATLAB model (.mdl). This file also
generates the scaled values to be used in the software.
The generated values are in fractional format. In
software, the coefficients must be represented as
Q15(x), where ‘X’ is a fractional value.

For more detailed calculations, refer to the MATLAB
(-m) file in the PSFB_MATLAB file. For the MATLAB
Simulink block diagram, refer to the MATLAB (.md1l)
file.

The following Bode plots (Figure 29 through Figure 31)
are generated from the MATLAB (.m) file. Each plot is
used to describe the behavior of the system.

The disturbance rejection plot is defined as: 1(S)/VO(S).

The transfer function 10(s)/Vo(s) (with Vo*(s) = 0) is
called as dynamic stiffness or disturbance rejection.
This plot explains us for a unit amplitude distortion in
Vo, the amount of load needed as a function of
frequency. The system needs to be as robust as
possible so that the output does not change under load.

The higher this absolute figure of merit, the
stiffer (better) the power supply output will be. The
minimum is 35 db in this application, which will
correlate to 56A (20logl = 35 dB) at approximately 1300
Hz of load producing 1.0V ripple on the output voltage.

FIGURE 28: MATLAB® DIGITAL IMPLEMENTATION FOR THE PSFB CONVERTER
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FIGURE 29: DISTURBANCE REJECTION PLOT
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The loop gain voltage plot illustrated in Figure 30 is
used to calculate the phase and gain margin. In the
plot, the phase margin (difference between 180° and
the phase angle where the gain curve crosses 0 db) is
50°. To prevent the system from being conditionally
unstable, it is imperative that the gain plot drops below
0 db when the phase reaches 180°.

FIGURE 30: LOOP GAIN PLOT

The blue curve is for the analog implementation and
the green curve is for the digital implementation.

It is generally recommended to have a phase margin of
at least 40° to allow for parameter variations. The gain
margin is the difference between gain curve at 0 db and
where the phase curve hits 180°. The gain margin
(where the green line on the phase plot reaches 180°)
is -20 db.
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Figure 31 illustrates the closed loop Bode plot. The
point where the gain crosses -3 db or -45° in phase is
usually denoted as the bandwidth. In this system, the
bandwidth of the voltage loop is
approximately 2700 Hz (17000 rad/s), which is closely
matched by the Bode plot.

FIGURE 31: CLOSED LOOP PLOT
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SOFTWARE IMPLEMENTATION

The Quarter Brick DC/DC Converter is controlled using
the dsPIC33FJ16GS502 device. This device controls
the power flow in the converter, fault protection, soft
start, remote ON/OFF functionality, external
communication, adaptive control for the synchronous
MOSFET's and single wire load sharing.

Note: For more information on this device, refer
to the “dsPIC33FJ06GS101/X02 and
dsPIC33FJ16GSX02/X04 Data Sheet”
(DS70318).

For information on the peripherals, refer to
Section 43. “High-Speed PWM"
(DS70323), Section 44. “High-Speed 10-
Bit Analog-to-Digital Converter (ADC)”
(DS70321), and Section 45. “High-
Speed Analog Comparator” (DS70296)
in the “dsPIC33F/PIC24H Family
Reference Manual”.

These documents are available from the
Microchip website (www.microchip.com).

Description of Software Functional
Blocks

The source files and header files describe the functions
used in the software.

Source Files

Main CMC.c

Functions present in this file are:
main ()

Configures the operating frequency of the
device.

Configures the auxiliary clock module.

Calls functions for configuring GP1O, ADC and
PWM modules.

Checks for fault status.
ADCPlInterrupt ()

Read values of currents and voltages.

Check for any fault condition.

If fault does not exist, execute the control loop.

If fault exists, disable PWM outputs.
INTlInterrupt ()

Remote ON/OFF functionality.
TlInterrupt ()

Averaging the PID output.

Over current limit selection.

Over temperature fault.

Init CMC.c

Functions present in this file are:
init_ PSFBDrive ()

Configure the primary MOSFET’s PWM module.
init_ SYNCRECTDrive ()

Configure the synchronous MOSFET's PWM
module.

init ADC()
Configure the ADC module.
InitRemoteON OFF ()

Configure the System state for remote ON/OFF
functionality.

init Timerl ()

Configure Timerl.

Variables CMC.c

Declarations and Initialization of all the global
variables.

Compensator CMC.c

DigitalCompensator (void)

Function to execute the voltage PI compensator
and current P compensator.

LoadshareCompensator (void)

Function to execute the load share PI
compensator.

delay.s

_Delay to get ms delay.
_Delay Us to get ps delay.
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Header Files

dsp.h
Define CMC.h Standard library file for all DSP related operations.
This file has all the global function prototype definitions

delay.h

and global parameter definitions.

This is the file where all the modifications must be done
based on the requirements of hardware components,
power level, control loop bandwidth and other
parameters. They are given below for reference.

Presentable delay definition in ms and ps.

Variables CMC.h

Supporting file for variables CMC.c and contains all
the external global definitions.

FIGURE 32: SOFTWARE FLOW CONTROL CMC WITH LOAD SHARING
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Digital Nonlinear Implementations

DSCs allow implementing customized configurations to
gain performance improvements of the SMPS.

Adaptive Control to Improve the
Efficiency

Achieving ultra high efficiency specifications in power
supply designs require unique configuration of PWM.
This can be achieved by using external hardware or
with software in digital controllers. In the PSFB
converter, the software is designed to get the efficiency
benefit at higher specified input voltages.

Most of the DC/DC converters (part of AC/DC
converter/Brick DC/DC converter) are designed using
the isolation transformer for user safety and is also
imposed by regulatory bodies. These power supplies
are designed primary with push-pull, half-bridge, full-
bridge and PSFB, in the secondary with synchronous
MOSFET configurations to gain high efficiency.

To avoid cross conduction, there will be a defined dead
band and during this period neither of the synchronous
MOSFET’s conduct so, the current will take the path of
MOSFET body diode. These MOSFET body diodes
has high forward drop compared to the RDS(ON) of the
MOSFET, that is, VF * | >> IRMS2 * RDS(ON). Therefore,
the losses are higher and the efficiency is less.
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FIGURE 33: FULL-BRIDGE CONVERTER WITH CONVENTIONAL SYNCHRONOUS MOSFET
GATE DRIVES
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During this period, there will be circulating currents in the Primary side MOSFET'’s.
These circulating currents are prominent at higher input voltages

© 2010 Microchip Technology Inc. DS01335A-page 45



AN1335

These problems can be overcome by unique
configuration of PWM gate drive of the synchronous
MOSFETSs.

To control the output voltage of the converter with
variation of input voltage, the duty cycle/phase is
controlled. At high input voltages, the energy transfer
from primary side to secondary side will be in small
portions of the total period (zero states will exist). Due
to the presence of inductors in secondary side of the
converter, current continues to flow through the
transformer coils through the MOSFET’s channel or
through MOSFET body diodes. Due to reflection of
current from secondary to primary, there will be a
circulating current during the zero states in the primary
and particularly this will be predominant at higher input
voltage than the nominal input voltages of the input
voltage range.

Losses occurring during zero state of the primary side
of the transformer can be avoided by overlapping the
PWM gate drive of the synchronous MOSFETs. This
method solves the problems which cause losses during
zero states of the transformer.
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FIGURE 34: FULL-BRIDGE CONVERTER WITH OVERLAP OF SYNCHRONOUS MOSFET GATE
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MOSFET body diode conduction in the primary side of
the transformer is stopped so there are no reflected
currents from the secondary side. The secondary side
coils conduct in a way that there are no circulating
currents in the primary side, effectively cancellation of
currents. If a center tapped configuration is used in the
secondary side of the transformer, the two coils cancel
the flux and no flux is linked to the primary side
because of the cancellation of currents. In case of
“synchronous current doubler configuration” in the
secondary side, both the synchronous MOSFETS are
ON and the current does not pass in secondary side
coil of the transformer, and therefore there is no
reflected current in the primary side of the converter.
This drastically reduces the circulating current losses in
primary side body diodes of the MOSFETSs.

« In the case of center tapped transformer
secondary configuration, instead of one
synchronous MOSFET and one coil of the center
tapped transformer, two synchronous MOSFETS
and two transformer coils conduct simultaneously.
Therefore, the secondary current will have only
half the effective resistance, and the losses are
reduced by half compared to when only one
synchronous MOSFET is ON.

« In the conventional switching methodology,
intentional dead time is introduced between the
two synchronous MOSFETS and typically this
may be 10% of switching period based on the
designs. During this dead time, the high
secondary current flows through the high forward
drop body MOSFET and cause losses. By
configuring the overlap of the PWM gate drive of
the synchronous MOSFET, the high secondary
currents flow through the channel of the MOSFET.
In this instance there will be only RDS(ON) losses
that are very less compared to the losses incurred
by the MOSFET body diodes in the dead time.

Overcurrent Protection Implementation

A current transformer is located in the primary side of
the converter and the output of the current transformer
also varies with the line conditions. To have the specific
current limit across the line voltages, the compensator
final output is averaged over a period of 10 ms. The
compensator final output provides the line voltage
variation data. This data is used as a modifier to
change the current limit setting.

PRINTED CIRCUIT BOARD (PCB)

In the Quarter Brick DC/DC Converter design, an 18-
layer PCB is used to achieve the standard quarter
brick dimensions. The PCB tracks routing is a chal-
lenging task in the quarter brick converter design. The
PCB layers are described in Table 8.

TABLE 8: Stacking of PCB Layers
PCB _
Layer PCB Layer Description
1 Top layer traces, magnetic winding and

component assembly.

Analog GND, magnetics and primary,

and secondary side Cu pours.

olg|hlwiN

Analog GND, +3.3V, magnetics and
primary, and secondary side Cu pours.

7 Analog GND, gate drive traces,
magnetics and primary, and secondary
side Cu pours.

8 Analog GND, magnetics and primary,
9 and secondary side Cu pours.
10

11 Analog GND, DIG GND, magnetics and
primary, and secondary side Cu pours.

12 Analog GND, DIG GND, gate drive
traces, magnetics and primary, and
secondary side Cu pours.

1