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INTRODUCTION

Digital power supplies are used in a wide variety of
applications ranging from telecommunication power
supplies and base stations to air conditioners and other
home appliances. All of these applications predomi-
nantly use a Power Factor Correction (PFC) stage to
improve the input power factor, voltage regulation and
Total Harmonic Distortion (THD) of the input current.
Without such a PFC stage, the current drawn will have
significant harmonic contents due to the discontinuous
currents drawn over a short duration. This, in turn, will
result in increased network losses, radiated emission
and total harmonic distortion. At higher power levels,
these problems become more pronounced, thereby
reducing overall efficiency of the system.

The standard boost converter topology is the preferred
method for implementing the digital PFC. It operates the
converter in Continuous Conduction Mode (CCM),
thereby significantly reducing input current harmonics.
The application note AN1106, “Power Factor Correction
in Power Conversion Applications Using the dsPIC®
DSC”(DS01106), describes the digital implementation of
a single-stage PFC using a dsPIC® Digital Signal
Controller (DSC).

This application note focuses on the design of an
Interleaved Power Factor Correction (IPFC) converter.
It explains the digital implementation of the IPFC on a
16-bit fixed point dsPIC DSC, containing the theoretical
aspects of functioning, and MATLAB® modeling. This
application note also provides hardware design
guidelines and explains how to install and configure the
IPFC reference board. The IPFC reference design is
intended to aid the user in the rapid evaluation and
development of PFC using the dsPIC DSC.

The low-cost and high-performance capabilities of the
dsPIC DSC, combined with a wide variety of power
electronic peripherals, such as an Analog-to-Digital
Converter (ADC), Pulse-Width Modulator (PWM) and
Analog Comparator, help to simplify the digital design
and development of power-related applications.

Some advantages of using a digital implementation for
IPFC are:

» Easy implementation of sophisticated control
algorithms

» Flexible software modifications to meet specific
customer needs

» Simpler integration with other applications

The controller and hardware design guidelines and
techniques described here can be used to create well-
formed maintainable applications. The software
developed for the IPFC design is highly flexible, so it
can be customized and configured to meet the needs
of the specific application.

SIGNIFICANCE OF POWER FACTOR

To better understand Power Factor (PF), it is important
to know that power has two components:

* Real Power
« Reactive Power

Real Power is the power that is actually consumed and
registered on the electric meter at the consumers’ loca-
tion. It performs the actual work, such as creating heat,
light and motion. Real Power is expressed in kW and is
registered as kWH on an electric meter.

Reactive Power is required to maintain and sustain the
Electromagnetic Field (EMF) associated with the
industrial inductive loads. Reactive Power is measured
in kVAR.

The total required power capacity including the real and
the reactive components is known as Apparent Power,
expressed in kilovolt ampere (kVA).

Power Factor is a parameter that gives the amount of
real power used by any system in terms of the total
apparent power. Power Factor becomes an important
measurable quantity because it often results in signifi-
cant economic savings. Equation 1 defines the Power
Factor.

EQUATION 1:

Real Power

Power Factor = —————
Apparent Power

© 2009 Microchip Technology Inc.

DS01278A-page 1



AN1278

When this ratio deviates from one, the input contains
phase displacement and harmonic distortion or both,
and either one degrades the Power Factor. Thus, the
power considered as Reactive power in the system is
due to two reasons:

» Phase shift of current with respect to voltage,
resulting in displacement

» Harmonic content present in current, resulting in
distortion

These two factors define Displacement Factor and
Distortion Factor, respectively, which provide the
Power Factor as shown in Equation 2.

Most power conversion applications use the PFC stage
as the first stage in an AC-to-DC converter to improve
the displacement and distortion factors so that
minimum Apparent Power can be obtained from the
supply. To reduce the losses in a power line and a
power generator, minimum apparent power is
absorbed from the supply, resulting in the improvement
of power quality and overall efficiency of the system.
The basic function of the PFC stage is to make the
input current drawn from the system sinusoidal and in
phase with the input voltage.

EQUATION 2: DISPLACEMENT AND DISTORTION FACTOR

Power Factor = Displacement Factor x Distortion Factor

1 _ cosd

PowerFactor = cos¢~/\/

k_Y_J
Displacement
Factor

L+ (/1) + (/1) ..

J1+THD?

Distortion Factor

where:
cos¢ = Displacement factor of the voltage and current
THD = Total Harmonic Distortion

THD = \J(I,/ 1% + (I3 /1,) + ...

1; = Current drawn from the supply at fundamental frequency
1, = Current drawn from the supply at double the fundamental frequency and so on
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TOPOLOGICAL CONSIDERATIONS
OF TWO-PHASE IPFC

Figure 1 depicts the simplified block diagram of the two
stage IPFC system and its interface with a dsPIC DSC
device. This system is an AC-to-DC converter, which
converts the AC input supply voltage to a regulated DC
output voltage and maintains a high input PF. The IPFC
converter uses two boost converters, which are parallel
coupled and are 180° out of phase current controlled
with respect to each other.

A dsPIC DSC device is used to implement the control
algorithm. The following signals are input to the
dsPIC DSC and to the control algorithm (see Figure 1):

» Rectified input voltage (V¢)
 Rectified input current (1)
» DC bus voltage (Vp()

* MOSFET1 current (,,;)

* MOSFET2 current (Z,,,5)

The dsPIC DSC generates two PWM pulses: PWM1
and PWM2, which control the two IPFC converters.
The two individual converter switch currents (Z,,; and
1,,») are monitored to ensure equal sharing of the load
between the two stages.

The first stage in the IPFC system is an input rectifier,
which converts the alternating voltage at power fre-
quency into unidirectional voltage. This rectified volt-
age is fed to the PFC converter circuit to produce a
smooth and constant DC voltage to the load. The
choice of the control system depends upon the type of
the PFC converter used.

To determine the type of PFC converter to be used, the
three basic topologies are compared: buck, boost, and
buck-boost (see Figure 2). Table 1 shows the feature
differences among these three topologies. On compar-
ing the different topologies, the boost converter topol-
ogy is selected because it offers the following major
features:

» Continuous Conduction mode operation

* No crossover distortions

» Positive output voltage polarity

» Output voltage is higher than the input voltage
* Lower cost

Boost Topology

A boost topology PFC converter boosts the input volt-
age and shapes the inductor current similar to that of
the rectified AC voltage. The voltage rating of the power
switch is equal to the output voltage rating of the con-
verter. The basic boost converter circuit is shown in
Figure 3.

The boost topology PFC converter can be operated in
Continuous Conduction mode unlike other basic topol-
ogies, such as the buck converter or buck-boost con-
verter. This mode reduces harmonic content in the
input current. However, the operation in continuous
conduction region depends on the inductor value and
the amount of load on the system.

FIGURE 1: TWO-PHASE IPFC BLOCK DIAGRAM
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FIGURE 2: POWER CONVERSION TOPOLOGIES
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TABLE 1: COMPARISON OF DIFFERENT PFC TOPOLOGIES
Output Voltage Crossover .

Type of Converter Polarity Distortion Line Current Shape
Buck Positive Yes Always Discontinuous
Boost Positive No Continuous

Buck-Boost Negative No Always Continuous

Note:
Conduction mode.

Based upon load conditions and inductor value, boost converters can be operated in Continuous
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IPFC DIGITAL DESIGN

In general, the PFC offers the following advantages:

» Lower energy and distribution costs

» Reduced losses in the electrical system during
distribution

» Better voltage regulation

* Increased capacity to serve power requirements

The following are the limitations of a single-stage PFC

when compared to an IPFC converter:

» Current ripple cancellation is not possible

* Unequal sharing of load when two converters are
in parallel
» Large PFC inductor volume

The IPFC converter can overcome these limitations. It
contains two boost converters, which are parallel cou-
pled and are 180° out of phase current controlled with
respect to each other, as shown in Figure 3.

At the input side, the total input current (7, ) drawn from
the source equals the sum of the two inductor currents
(I;; and I;,). Because the ripple currents through the
two inductors are out of phase, they cancel each other
and reduce the total ripple current in the input side. At
a duty cycle of 50%, the best cancellation of ripple
currents is possible.

At the output side, current through the output capacitor
(Ic) equals the sum of the two diode currents (I/; and
Ip,) minus the output current (1, ,4p).

FIGURE 3: IPFC BOOST CONVERTER CIRCUIT
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FIGURE 4: IPFC SIGNALS
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Average Current Mode Control

The IPFC system uses the average current mode con-
trol method to meet the system requirements. The IPFC
system uses the average current mode control method
to meet the system requirements. For PFC, this control
method is used to regulate DC output voltage while
keeping the input current shape sinusoidal and in phase
with the input voltage.

The control method operates in Continuous Conduction
mode in most parts of the operating regions of the
converter. The operation is primarily based on the value
of the load current at any point and the selection of the
inductor.

The various advantages offered by the Average

Current Mode Control over other methods include:

+ Suitable for operation at higher power levels

* Less ripple current in the inductors

* Reduces EMI filter requirements

* Less RMS current will be drawn from the power
supply

» Continuous Conduction mode operation is
possible

FIGURE 5:

IPFC INPUT CURRENT WAVEFORM

To derive the sine shape for the average inductor
current, either a sinusoidal pattern can be generated in
software or the rectified voltage itself can be used as a
reference. Here, the rectified voltage is used to get the
necessary shape of inductor current. Tg is the total
PWM switching period, ¢, is the MOSFET conduction
time, and 7z is the time during which the MOSFET is
turned off. The control system controls the 7, time in
order to derive the necessary shape of the inductor
current (see Figure 5). Figure 6 shows the block
diagram of the digital average current mode control
scheme.
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FIGURE 6: AVERAGE CURRENT MODE CONTROL FOR IPFC
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Control Loops

The IPFC control system includes the following control
loops:

» Voltage Control Loop

* Current Control Loop

» Load Balance Control Loop

 Input and Output Voltage Decoupling Loop

VOLTAGE CONTROL LOOP

This is a PI controller and the outermost loop in the
control system. This loop regulates the output voltage
regardless of any variations in load current (/;,,,) and
the supply voltage (V,c). These are the inputs to the
voltage control loop:

» Reference DC voltage (Vpcrer)
+ DC bus voltage (V)

The output of the voltage control loop is a control
signal, which determines the reference current (I,crr)
for the current control loop.

The voltage control loop executes at a rate of 2 kHz and
the bandwidth of the voltage control loop is 10 Hz. The
bandwidth is selected such that the effect of the input
frequency ripple on the output DC voltage can be
minimized at 100 Hz or 120 Hz.

CURRENT CONTROL LOOP

This is a PI controller and the inner loop of the control
system. This loop corrects the error between these two
currents, which are the inputs to the current control
loop:

+ Reference current signal (I,crgr)
* Input current (Z,¢)

The output of the current control loop is a control signal,
which ensures that the input current (1) follows the
reference current (I;crer)-

The current control loop executes at a rate of 50 kHz
and its bandwidth is 4 kHz for a switching frequency of
100 kHz. The current control loop bandwidth and the
execution rate should be much faster than that of the
voltage control loop because it has to correctly track
the semisinusoidal waveform whose frequency is twice
the input frequency. The output of the current control
loop decides the duty cycle ‘D’ required to switch the
MOSFETs.

LOAD BALANCE CONTROL LOOP

The individual output voltage of each boost converter
may differ by a small value. This drift is possible
because of differences in the internal characteristics of
the MOSFETSs, internal resistances of the inductors,
capacitors and the diodes. Therefore, when the same
duty cycle is applied to both the MOSFETSs, it may
result in unequal sharing of the load between the two
boost converter stages. This necessitates the presence
of a load balance control loop that balances the cur-
rents in the two boost converter switches, which in turn
results in the equal sharing of load between the two
converters.

One of the inputs to the load balance control loop is
the difference between the two MOSFET currents
(Iyg1- 1)) Of the two boost converters. The other input,
which acts as a reference to this control loop, is tied to
zero. This control loop mainly corrects the difference
between the MOSFET currents and brings it close to
the reference input, which is zero. The output of the
load balance control loop will be a duty correction
term (AD), which is added to the main duty cycle ‘D’ to
get the duty cycle of the first boost converter, D;. The
AD term is subtracted from the main duty cycle ‘D’ to
determine the duty cycle of the second boost
converter, D,.

INPUT AND OUTPUT VOLTAGE DECOUPLING
LOOP

The IPFC also regulates the output DC voltage regard-
less of variations in the input voltage. This is achieved
by decoupling the system from the input voltage. The
output of the current error compensator derives the
final duty cycle value of the MOSFETs. It considers the
variations in the V- signal.

© 2009 Microchip Technology Inc.
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Digital Design of IPFC

In a dsPIC DSC-based application, the relevant analog
parameters are discretized. This enables for easier and
a more logical changeover from existing hardware to its
digital counterpart. Table 2 shows the various hardware
and software design parameters for the IPFC con-
verter.

TABLE 2: HARDWARE AND SOFTWARE DESIGN PARAMETERS
No. Design Parameter Symbol Value
Hardware Parameters
1 | Output power P 350 watt
2 |Input voltage range (rms) Vin 85V to 265V
3 | Input frequency range f 45 Hz to 66 Hz
4 | Output voltage Vpe 400V
5 | Output capacitance C 360 pF
6 |Inductance L;, L, 700 pH
7 | Switching frequency fs 100 kHz
Software Parameters
1 | Voltage control loop frequency SviLoop 2 kHz
2 | Current control loop frequency Jizoop 50 kHz
3 |Load balance control loop frequency S1BLoop 2 kHz
4 | Voltage feedforward loop frequency SFFLoop 50 kHz
5 | Average voltage calculation frequency fave 100 kHz
6 | Voltage loop bandwidth BWyLo0p 10 Hz
7 | Current loop bandwidth BWit00p 4 kHz
8 |Integral voltage loop bandwidth IBBWyo0p 25Hz
9 | Integral current loop bandwidth IBWir00p 1 kHz
10 |Load balance loop bandwidth BWiBLoop 200 Hz
DESIGN OF COMPENSATORS EQUATION 3:
All the compensators use digitally implemented Vax
Proportional-Integral (Pl) controllers. The following Ryax = 7
sections describe the process used to select the pro- max
portional and integral gains for the voltage, current and R _ 4y _ 35.08Q
load balance compensators. mars 12,544
Using the design parameters defined in Table 2, the o = 1
following parameters are calculated (see Equation 3): L L S
* Maximum resistance 1
+ Maximum conductance Onax = 35550 O 02Imho
where:
R,0x = Maximum resistance
G ,uax = Maximum conductance

DS01278A-page 10
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VOLTAGE ERROR COMPENSATOR

In the voltage error compensator, the input is the
difference in voltages and the output is the capacitor
current; therefore, the transfer function has a unit of
conductance. The transfer function is divided by the
maximum conductance (or multiplied by the maximum
resistance) in order to get the output in the range of -1
to +1, similar to per unit quantities.

The proportional gain for the voltage error compensator
is derived using the small signal model of the boost
converter (see Equation 4).

EQUATION 4:

G, = 2><7r><C><BWVL00p><R

max

G — 2><7t><Ga><IBWVL00p

sa

fVLoop

where:

G, = Proportional Gain for Voltage Error Compensator
G, = Integral Gain for Voltage Error Compensator
BWyy00p = Voltage Loop Bandwidth

IBW 04, = Integral Voltage Loop Bandwidth

f,/Lm,p = Voltage Control Loop Frequency

CURRENT ERROR COMPENSATOR

In the current error compensator, the input is the
difference in currents and the output is the inductor volt-
age and therefore, the transfer function has a unit of
resistance. This quantity is divided by a factor of maxi-
mum resistance (or multiplied by a factor of maximum
conductance) to get the output in the range of -1 to +1.

The Proportional Gain for the current error
compensator is derived using the small signal model of
the boost converter (see Equation 5).

EQUATION 5:

Loop % Omax

Ra = 2xmxLxBW,

R 2xmn xR, xIBW .,

sa

f]Loop

where:

R, = Proportional Gain for Current Error Compensator
Ry, = Integral Gain for Current Error Compensator
BWip00p = Current Loop Bandwidth

IBW100p = Integral Current Loop Bandwidth

JiLoop = Current Control Loop Frequency

LOAD BALANCE ERROR COMPENSATOR

Similar to the current error compensator, the load bal-
ance compensator is also designed by normalizing the
output to a range of -1 to +1.

The proportional gain for the load balance
compensator is derived using the small signal model of
the boost converter (see Equation 6).

EQUATION 6:

K, = 2><n><L><BWLBL00P><G

max

2xmnxK, X]BWLBLoop

K

T fLBLoop

where:

K, = Proportional Gain for Load Balance Error Compensator
K, = Integral Gain for Load Balance Error Compensator
BW/p1oop = Load Balance Loop Bandwidth

IBW;p100p = Integral Load Balance Loop Bandwidth
J1BLoop = LOad Balance Control Loop Frequency

AVERAGE VOLTAGE CALCULATION

The average value of the rectified input voltage is used
to derive the necessary shape of the sine wave. In
order to get the half sinusoidal wave shape (i.e., the
absolute value of the sine) for the input current, the
output of the voltage error compensator is multiplied
with a factor of |sinf|. The resulting value acts as a
reference term to the input of the current error
compensator. The |sinf| can be obtained either by cre-
ating a lookup table in software or can be extracted
from the inherent shape of 7, feedback of the rectified
AC voltage, which will have the sinusoidal shape.

In this application, the sine wave shape is obtained
using the feedback voltage V.. The instantaneous
input rectified voltage V- is given by Equation 7.

EQUATION 7:

Vic = V- |Sin0|

where:
V., = Peak Voltage of the half sine wave
V,4c = Rectified AC voltage

To get the shape of the waveform, regardless of the
magnitude of the input voltage, Equation 8 calculates
the value of |sin6)|.

EQUATION 8:

Vac

Vv

|sin0| =

© 2009 Microchip Technology Inc.
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For a full wave bridge rectifier output voltage, the peak
voltage can be expressed in terms of the average
voltage (see Equation 9).

EQUATION 9:
2V,
Vave = =
”Vavg
Vm = 5

Equation 10 is obtained by replacing the value of 7, in
Equation 8. It ensures that the current reference term is
multiplied by only the half of the sine wave shape and
remains unaffected by the magnitude of the voltage.

EQUATION 10:

2VAC
7V

avg

|sin@| =

Since the average value of the input voltage does not
vary widely, the average voltage can be calculated and
updated once in many cycles.

INPUT AND OUTPUT VOLTAGE DECOUPLING
CALCULATION

In the boost converter circuit, Vp is assumed to be
close to the base voltage (i.e., 400V). The following
equations are derived using Kirchhoff's laws (see
Equation 11).

EQUATION 11:

VAC7 VLf(Dd'VDC) =0

Dd = (VAcf L)/VDC
D =1-Dd = If(VAchL)/VDC

where:
V,4c = Input Rectified Voltage obtained from the ADC

V; = Inductor Voltage obtained from the current error
compensator

Vpc = Output DC Voltage obtained from ADC
D = Main Duty cycle
Dd = Duty cycle of a diode

Thus, it is evident that the effect of input voltage
variations is compensated by correcting the main duty
cycle (D), which is input to the load balance control
loop. The load balance compensator is used to
compute load correction term. Using the duty cycle (D)
and load correction term, the individual duty cycles for
the two boost converters are derived.

Equation 12 describes the final equations that result
from the decoupling control loop.

EQUATION 12:
Vyc="p)

Vbc
DI = D+AD

D =1-

D2 = D-AD

where:

D = Main duty cycle (D)

DI = Duty cycle of MOSFET 1 (D1)
D2 = Duty cycle of MOSFET 2 (D2)

Performance Improvement by
Interleaving Two PFCs

The inductor value is chosen depending on the
allowable ripple current in the system. In a single stage
PFC converter, for a given power level and the
switching frequency, the energy stored in the inductor
is calculated using Equation 13. The amount of ripple
current, Al, determines the value of the inductance ‘L.

EQUATION 13:

1,2
ESinglestage = zl‘]

In a two stage IPFC converter, for the same power level
and switching frequency, the energy stored in the
inductors is computed using Equation 14.

EQUATION 14:
Ernterteaved = %(M)(Qz - %QL)(Qz

Here, the inductance for each stage is 2L, because the
ripple current in each stage is half of that of the single
stage PFC converter. Because of the interleaving, the
ripples tend to cancel out and a better performance for
the same component size is obtained. This also results
in the lesser total line ripple current. Therefore, the
ripple current requirement of the individual stages are
reduced, which in turn, reduces the inductance
required for each of the stages.

DS01278A-page 12
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The ripple current (Al) is chosen such that it is twice that
of the selected value. Therefore, the energy stored in
the inductors is computed using Equation 15.

EQUATION 15:

E = Lw(d) Ll = e
Interleaved 2 2 2 Singlestage

Note: For a given ripple content on the AC line
current, the inductor size can be reduced
significantly by interleaving two boost
converters. Conversely, for a given
inductor size, the ripple currents can be
reduced significantly (see Equation 15).

TABLE 3:

FUNCTION USAGE IN SOFTWARE

Function Usage in Software

All the functions used in this application software are
developed using the C language. The numerical con-
stants and variables are defined in Q15 format or 1.15
format. Because the selected dsPIC DSC device is a
16-bit digital signal controller, if the gains or constants
exceed the range of 16 bits in the intermediate calcula-
tions, they are appropriately prescaled to a different for-
mat during computation and the end result is again
converted to the Q15 format by postscaling them.

Table 3 lists and describes the functions used in the
software (see Appendix A: “Source Code” for
additional information).

File Name Function Name

Description

Source Files

main.c main () Configures the operating frequency of the device.
Configures the auxiliary clock module.
Calls the functions for configuring ADC and PWM modules.
Checks the fault status.
adc_isr.c ADCP2Interrupt () Read values of currents and voltages.
Checks the fault condition.
Executes the various control loops, if fault doesn't exist.
Disables PWM outputs, if fault exists.
InitdsPIC.c Init ADC () Configures the ADC module.
Init PWM() Configure the PWM module.
Init IO() Configures 10 ports.
Init CMP () Configures Analog Comparator module.

vVars.c

Declaration and Initialization of all the global variables.

compensators.c

VoltageController ()

Executes the Pl compensator for the voltage error compensator.

CurrentController ()

Executes the Pl compensator for the current error compensator.

FeedForward ()

Provides the feedforward term and final duty cycle value.

AverageVoltageCalc ()

Calculates the average value of AC rectified voltage.

LoadBalance ()

Executes the load balance compensator for the two boost
converters.

Header Files

defines.h“)

Defines all the global function prototype and global parameters.

vars.h

Includes the supporting file for vars.c.

Defines all the extern global definitions.

Note 1: This file is updated based on the type of hardware components used, power level, control loop frequencies,
control loop bandwidth and other parameters. After these parameters are entered as per the design, the
remaining gains are automatically calculated and scaled by the software. For further details, refer to

Appendix A: “Source Code”.

© 2009 Microchip Technology Inc.
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Resource Usage in Software

Table 4 lists the resources utilized by the IPFC software
when developed on a dsPIC33FJ16GS504 device.

TABLE 4: RESOURCE USAGE IN SOFTWARE

Resource Components Value

Memory Program Memory/Flash 3500 bytes: ~21%
Data Memory/RAM 110 bytes: ~5%

MIPS/Instruction Cycle Current Loop ~ 130 cycles @ 50 kHz: 7 MIPS @ 40 MHz

Voltage Loop ~ 110 cycles @ 2 kHz: 0.3 MIPS @ 40 MHz
Averaging Loop 70 cycles @ 15 Hz: Negligible@ 40 MHz
Feed-forward Loop ~ 100 cycles @ 50 kHz: 5 MIPS @ 40 MHz
Load Balance Loop ~ 90 cycles @ 2 kHz: 0.2 MIPS @ 40 MHz
Overhead ~ 50 cycles at 50 kHz and ~ 2.5 MIPS at 40 MHz

Note: The entire code, in the worst case, would take on an average of < 15 MIPS = ~38%

FIGURE 7: STATE FLOW DIAGRAM OF DIGITAL IPFC
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MATLAB® MODELING

The control system design for the IPFC system is
accomplished using the MATLAB SIMULINK® model.
The various system gains and the parameter values of
the PI controllers and the compensators are derived
using this model. This section describes the MATLAB
modeling, design considerations for the IPFC system
and the design constraints.

Figure 8 shows the IPFC MATLAB model and Figure 9
shows the Digital Control System. Equation 16 lists
analytical expressions that describes the boost
converter circuit.

EQUATION 16: BOOST CONVERTER

The following are the basic power converter equations
for the boost converter:

Vg = Vyc=Pd-Vpc
Iy, = Ddl,
V... = fc
DC ~ sC
I, = 'L
AC L

The IC is calculated by applying the Kirchhoff’s current
law at point A (see Figure 8),

I =1n-1

C Load
where:
V,c = Input Rectified Voltage

V; = Inductor Voltage obtained from the current error
compensator

Vpc = Output DC Voltage obtained from ADC
D = Main Duty cycle

Dd = Duty cycle of a diode

Ip = Diode current

1,c = Rectified AC current

The IPFC circuit performs the following major tasks:

1. Ensures that the input current follows the input
supply voltage and assumes the same wave
shape as that of the voltage (Distortion Factor).

2. Makes the input current drawn from the system
sinusoidal and in phase with the input voltage
(Displacement Factor).

3. Maintains boost output voltage at a constant value
(usually 400V) under varying load conditions and
input voltage. Typically, sine wave input voltage to
the rectifier varies from 85V to 265V rms.

The main objective of the control system is to control
the inductor current (1,¢) in order to track the reference
signal (I,crer) (see Figure 6). This reference signal is
in phase with the rectified voltage and therefore, it
changes with time.

Typically, the rectified sine voltage has a frequency of
100-120 Hz and it contains higher order harmonics.
The reference current signal (/,czzr) Will also have the
same frequency. Therefore, for reliable command
tracking, the bandwidth required for current should be
at least 10 times the frequency of 1,cggp signal.

For a switching frequency of ~100 kHz, the control loop
bandwidth for current is chosen between 4000 Hz and
6000 Hz. The voltage loop bandwidth is chosen to be
10 Hz so that the current signal (100 or 120 Hz) does
not get distorted. The zero bandwidth or Integral Volt-
age Bandwidth selected here is one-fifth to one-fourth
of the voltage loop bandwidth.

Because the voltage and current loop bandwidths are
far apart, they do not affect each other and are dis-
jointed. So, approximate relations obtained from the
characteristic equations are very near to the actual
equations.

© 2009 Microchip Technology Inc.
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Input Voltage Feed-forward Compensator

As the voltage loop bandwidth is small, the voltage
feed-forward method is used to correct the input
voltage change. However, if diode duty cycle Dd is gen-
erated using V,- and Vp, the feed-forward is not
required.

For the safety reasons, the maximum duty cycle of the
MOSFET is limited to 90%. This means that the
minimum value for Dd is limited to 10%.

In a typical IPFC circuit, presence of a bulk capacitor
results in the slowing varying output voltage, which can
be assumed to be constant. For future implementation
improvements and to save processor MIPS, the calcu-
lation of 1/Vpc, needed for the MOSFET duty cycle
determination, can be done at a slow rate of 1 ms, since
VDC does not vary much during a 1 ms period,
whereas the control loop can be executed every 10 us
(100 kHz).

Lycrer should have the following properties:

* I crer Should be proportional to ¥ or [sin(6)|

» The diode current (I5(?)) should be proportional to
error in output voltage (Vpcrer - Vpc) so that the
error can be reduced to zero by controlling 7p(?).

* I, should follow the input rectified voltage wave.
The output voltage error that occurs due to
changes in the load needs to be corrected at a
slower rate in order to maintain the shape of the
1,¢- Therefore, the bandwidth for the voltage loop
is chosen to be 1/10 of the rectified sine wave
frequency. BWyy,,, is chosen to be 10-15 Hz.

By using Equation 10 and Equation 16, the following
equation is derived.

EQUATION 17:

Licrer = G- Vperpr—Vpe) - 1Sinbl - (n/2)

where:

1,crer = Capacitor Current Reference
Vpcrer = DC Bus Reference Voltage
Vpc = DC Bus Voltage

G = PI Controller Transfer Function Gain

Digital Design Considerations

The following aspects are considered while implementing
the solution in MATLAB:

¢ PID Controller

The modelling is performed using the zero order hold
function and a PID controller. The Zero order hold
implies that the value of the diode duty cycle (Dd) is
kept constant for one sampling period.

* Continuous to Discrete Transformation (c2d
MATLAB function):

A continuous system is converted to discrete system
using the c2d function available in MATLAB.
Equation 18 lists the continuous and discrete forms of
the various terms implied in the system’s model.

EQUATION 18:
Term in Continuous Terms in
Time Domain Discrete Time Domain
KP KP
-1
Iii Ki : Ts(z )
S 1 —271
-1
K, -T(z
K s d “( )
—1
1-z

Zero order hold with appropriate sampling time is
added to the SIMULINK model to drive the system.

* Quantizations

The ADC and PWM quantizers and saturation blocks
are implemented in SIMULINK.

¢ Bandwidth Selection

As a rule of thumb, the bandwidth should be at most
1/7th of the control loop frequency. The control loop
frequency is also limited by the switching frequency.

¢ Number Resolution

The product (Ki.T;) may become very small due to the
finite fixed point processor representation in the
DSC. This will lead to steady state errors. It may be
desirable to have a slower frequency for the outer
loop control execution to counteract this effect. This
will ensure that 7, is large enough to produce a finite
number every cycle.

DS01278A-page 18
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Design Constraints

The following are the design constraints:

1. Due to practical limits on the system
parameters, such as the duty cycle (i.e., D >
10%), the flat regions exists in the current wave
shape when the voltage is near zero. Therefore,
when the maximum turn-on time for a MOSFET
is clamped, and the input voltage (V,¢) is near
zero, it is impossible to boost the output voltage
to Vpc if the converter is operating in
Continuous Conduction mode.

For example, if 7;,(2) is 20V and V,, is 400V (i.e.,
gain is 20), the diode cannot be ON for more
than 5% (1/20%) of time in Continuous
Conduction mode. As the duty ratio is clamped
to 10%, the result is the non-ideal wave shape in
that region of operation.

2. Asthe bandwidth of V- is small, the correction
and stabilization of the system requires a long
time. To minimize the change in Vpc under
changing loads, the large value of C is selected.
If the load current can be measured using a
separate current sensor, its effects could be
decoupled. This is known as load feed-forward

FIGURE 10: I, AND V- AT 175W

or disturbance decoupling. So, instead of the
load causing a dip, and then the PI controller
taking a corrective action, the controller takes
this into account before the dip occurs. With this
method, the output capacitor size can be
reduced significantly.

3. A careful analysis yields that the voltage loop
bandwidth is also a function of duty ratio and it is
equal to (BWy .., Dd ™ 2) Hz. Therefore, as the
duty cycle changes, the bandwidth also
changes. It is maximum at the peak of the sine
wave and minimum near the zero crossings.

LABORATORY TEST RESULTS AND
WAVEFORMS

Figure 10 to Figure 15 show the waveforms for the 7,
Vycand Vpe at 1775W and 350W. This information aids
in validating the digital implementation on a dsPIC DSC
device.
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FIGURE 11:
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FIGURE 13:

I, AND V,- TRANSIENT FROM 350W TO 175W
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FIGURE 14: 175W TO 350W V', RESPONSE
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FIGURE 15: 350W TO 175W V', RESPONSE
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IPFC HARDWARE DESIGN

Note: For more information about manufactur-
ers’ part numbers and data sheets, refer to
the Bill of Materials (BOM), which is
included in the reference design archive
file (see Appendix A: “Source Code”).

This section provides the hardware details and design
guidelines. Figure 16 shows the block diagram of the
IPFC system. The major hardware building blocks,
shown in Figure 16, are discussed in this section. The
core part of the IPFC system is the boost converter
stage. The boost converter and various components of
the system are designed to ensure system robustness
and versatility.

FIGURE 16: IPFC SYSTEM BLOCK DIAGRAM
DC
AC Input . AC Boost Output
Power EMI Filter Rectifier Converter PLchv?/:r
Auxiliary Signal
Power @ Adaniation
Deb
A 0 dsPIC® DSC
o _J
FIGURE 17: EMI FILTER CIRCUIT
SWITCHI ~ FUSEI
N T\O
C
MoV, g L
L;
L O— _1 S \ AN c,
O— § R, Y 1
G O
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EMI Filter Block

The EMI filter located between the input terminals of
the main supply and the AC rectifier circuitry is a single
stage m quadruple type filter, which is designed to meet
the standards for conducted EMC. The input voltage
range of the EMI filter is 85-265 V. The output voltage
of the EMI filter will be in the range of 85-265 V.

The simplified schematic of the EMI filter circuit is shown
in Figure 17. L, is a dual-wound toroidal inductor. C; and
C,, connected to the ground (G) are Y2 class compliant
and meets the standards for the CATII overvoltage cate-
gory. The choke (L;) and the capacitors (C;, C,) filter the
common mode noise.

The choke (L;) offers a high impedance path to the in-
phase component of the common mode noise, while C,
and C, shunt the high-frequency component of the
noise to the ground. The differential mode noise is
filtered using C; and C,. The discharge resistor is used
when the circuit is plugged off. The varistor, MOV, and
a fuse provides overvoltage/overcurrent protection.

Note: The EMI/EMC filter value has been
chosen based on switching frequencies
and expected noise levels in the system.
This value may be changed based on the
final test results of EMI/EMC.

AC Rectifier Block

A diode bridge rectifies the input AC signal. It supports
the rated AC input voltage (85-265 V,) and the
specified power ratings. The rectifier block also
provides overcurrent protection using a Negative
Temperature Coefficient (NTC) thermistor.

Boost Converter Block

The boost converter contains IPFC stages and is fed
from the rectifier's output. The simplified schematic of
the boost converter circuit is shown in Figure 18. The
regulated output voltage of the converter is 400 V.

The converter contains two boost converter stages,
which are parallel coupled and are 180° out of phase
with respect to each other. This configuration enables
power balancing between the two wunits. The
dimensioning of the circuit components depends on the
specified input/output voltages, power ratings, their
accepted deviations and the available space on the
board layout. The dimensioning per stage is based on
the premise that at the maximum rated power, the
sharing between the twin stages is equal.

INDUCTOR SELECTION (L, and L;)

In addition to the parameters listed in the previous sec-
tion, designing the boost inductors (L, and L;) requires
consideration of one more aspect: minimum peak volt-
age available at the AC input terminals. The boost con-
verter also boosts the minimum peak voltage up to the
required output voltage while meeting the load power
requirements. The values of the inductor L,and L; are
computed using Equation 19, which are considered as
a first approximation of the inductance value.

EQUATION 19:
2
L, =L, = Vinimin nT(VOW Vinmin“/é\J
2 } ]%Poutimax Vaut
where:

V.

in_min
V,.: = Output DC voltage

T = Time period of the PWM switching
P

out_max

n = Efficiency

= Minimum input voltage

= Maximum output power

1% = Ratio of accepted peak to peak inductor current ripple
(typical value 20-40%)

For IPFC circuit, 1% is assumed to be 40% because
ripple cancellation is possible when the two stages are
180° out of phase with respect to each other. For the
minimum input voltage (85V), the required output
power is 350W at 400 Vp. Equation 18 uses these
values and determines the value of L, and Lj;.

EQUATION 20: INDUCTANCE

CALCULATION
2 31
Lo— . - (85)70.9(100%x107) (400—85&)
2 3 40 350 400
100 2
L2 = L3 = 649.49 mH

The choice of inductance often depends upon the
trade-off between the inductor value and the output
current — a low inductance value results in a higher
output current and a higher inductance value results in
lower output current. If the smallest available value for
the inductor is chosen, the MOSFET and output
capacitor will have to support a higher current and
voltages. Based on the result provided by Equation 20,
an inductance of 700 pH is chosen for each boost
stage.

DS01278A-page 24
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FIGURE 18: INTERLEAVED BOOST CONVERTER CIRCUIT
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MOSFET SELECTION DIODE SELECTION (D1 AND D2)

The selection of the MOSFETs (Q1 and Q3) depends
on the specified output voltage of the IPFC system and
the maximum current that will pass through it (i.e., the
inductor current). The output voltage (V,,,) must be
lower than Vpg rating of the MOSFET, while the
inductor current (7;; and I;,) should be lower than the
drain current (Ip) rating of the MOSFET. The inductor
current can be computed using Equation 21.

EQUATION 21:
P
out_max
P s )
L2 L3 ViniminrI 2
where:

Pout_max = Maximum output power
Vip min = Minimum input voltage

n = Efficiency

I, 113 = Inductance peak current

Equation 22 shows the
calculation.

inductance peak current

EQUATION 22: INDUCTANCE CURRENT

CALCULATION

350 40
Sp 30 40
> |, 100

o =113 = 5709 2

I, = 1,5 = 3.88A

The selection of the diodes (D; and D) depends on
the reverse recovery time (z,.) and reverse voltage
value (Vzgryp)- The reverse recovery time determines
the switch losses, which become significant at higher
commutation frequencies. Because the losses in com-
mutation are proportional with the time spent for each
commutation, the reverse recovery time should be as
small as possible. The diodes D; and D,, having
minimum reverse recovery time, are selected. The
reverse voltage rating of the selected diodes is higher
than the output voltage of the IPFC.

The efficiency of the IPFC denotes the acceptable
overall losses. Total power loss also includes losses
due to the power semiconductors (i.e., losses in switch-
ing and conduction). Equation 23 computes the power
loss for the given specifications.

EQUATION 23:
PL = Pout (FTn)

P; = Power loss

where:

n = Efficiency

P,,, = Output Power

The selection of the power semiconductors, such as
the diodes and MOSFETSs, also depends on the basic
characteristics of the semiconductor device (i.e.,
voltages and currents Characteristics) and the other
features that indicates the losses in conduction or
commutation (e.g., reverse recovery time of the diodes
and the drain source resistance of MOSFETSs).

© 2009 Microchip Technology Inc.
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Equation 22 expresses an approximation of the total
semiconductor acceptable losses as being half of the
total losses of the IPFC drive.

EQUATION 24:

where:
Py semi = Semiconductor power loss

P; = Power loss

CAPACITOR SELECTION (Cy)

The selection of the output bulk capacitor (Cy) depends
on the acceptable output voltage ripple and the
minimum holdup time considered for brown-out
conditions. The holdup time (#,,;4,,) is assumed to be
15 ms, which is equivalent of power mains’ one semi-
period power loss. The capacitance value can be
computed using Equation 25.

EQUATION 25:
2-P, -t
_ out ‘“hold
C6 = » ; 5
out ( autimin)
where:
Vout min = Acceptable output voltage ripple during holdup

conditions
thol14 = Holdup time

The Effective Series Resistance (ESR) of the capacitor
also affects the output voltage ripple. Therefore, the
capacitor with the lowest possible ESR is
recommended. The ESR of the capacitor can be
lowered by coupling two capacitors in parallel if the
board layout dimensions permits. The resultant
capacitance of the parallel configuration should be
equivalent to the capacitance, C4 However, the
paralleling of the capacitors also results in division of
total current ripple. Therefore, it lowers the current
ripple specification per capacitor. Equation 26
computes the power loss for the given specifications.

EQUATION 26: CAPACITOR CALCULATION

_ 2350 15¢°

Cy 5
400 — (350)

= 280 puF

For this reference design, two 180 yF capacitors were
selected and are coupled in parallel.

DIODE SELECTION (D;)

To limit the start-up inrush current, the diode D; should
support the charging of the bulk capacitor current and
the reverse voltage, which is equal to the output voltage

(Vour)-

V..t = Output Voltage
FIGURE 19: MOSFET DRIVER CIRCUIT
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Signal Adaptation Block

The signal adaptation block consists of all the electric
circuitry (active and passive), which interfaces the
dsPIC DSC to the power electronics circuitry, such as
MOSFET gate signals, analog currents and voltages,
filters, and voltage dividers.

MOSFET GATE SIGNAL

The Microchip driver, MCP1403, drives the MOSFET
gate signals: GATE1 and GATE2 (see Figure).
PWM1H and PWM1L are the output ports of the dsPIC
DSC device. When the base of the bipolar transistor
(Q6) connected to PWM1H is high, the a1 input of
MCP1403 is low. Therefore, the output (a1) is driven
high (connected to GATE 1), and it opens the MOSFET
transistor Q1 (see Figure 18). The GATEZ2 operation is
similar to the GATE1 operation.

The signals acquisition includes the voltages and
currents measurements. The IPFC system uses the
following methods for signal measurement and scaling:

Current Measurement Techniques:

¢ Shunt Current Measurement
¢ Current Transformer Measurement

Voltage Measurement Techniques:

» Resistive Divisor Voltage Measurement

SHUNT CURRENT MEASUREMENT

This method measures the total current flowing into the
system. In this method, the shunt (R,) is connected
between the two boost stages and the input voltage
rectifier. The load current passes through it.

The voltage drop on the shunt resistance is very small.
It is amplified by differential amplifier and fed to the
analog channel of the ADC. The schematic is built
around Microchip’s MCP6022 rail-to-rail input/output
Op amp, as shown in Figure 5, where I;,,; designates
the total current flowing to the load.

Equation 27 computes the cut-off frequency for the
differential mode low-pass filter formed by the RC
combination Ry3, Ry, and Cys.

EQUATION 27:

1
2.1 (RystRyy) - Cig

Szap =

For this circuit, R,3 and R, are chosen as 100 Ohms
each and C;4 is chosen as 330 pF. Equation 28
computes the cut-off frequency for the given component
values.

EQUATION 28:

1
27 (100+100)-333 x 10 2

Szap =

fsap = 2.5 MHz

The gain (k) of the circuit, shown in Figure 16, is
computed using Equation 29.

EQUATION 29:
i = a0 _ Rap
Ryg Ry
with the premise that:
Rao _Ra
Rz Ryg

The gain is chosen such that the output voltage on the
analog pin of dsPIC DSC has sufficient tolerance under
overcurrent condition and it is set in the range of OV to
3.3V. Equation 30 can be used to compute the output
voltage.

EQUATION 30:

VADCJ)eak -

k R

.ILoadfmax s

Where,

[Load max PI(;uti—max : ﬁ (1 + %)
B in_max M 2
where:
Vapc peak = Maximum voltage on ADC pin
T10ad max = Maximum load current
Pyt max = Maximum output power

Py max = Maximum input power

Equation 31 computes the cut-off frequency for the
output low-pass filter formed by the RC combination
R41 and C17.

EQUATION 31:

1

Fsan = 5w, C

© 2009 Microchip Technology Inc.
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The common mode resistors and capacitors should be
matched as close as possible. The resistors should
have a tolerance of 1% or better, while the capacitors
should have a tolerance of 5% or better. For more infor-
mation, refer to application note AN894 “Motor Control
Sensor Feedback Circuit” (DS00894).

EQUATION 32:

40
L. _350~[2[1+100
oad_max 85 . (09)

Ne——

Considering the shunt resistance and amplifier circuit,
the gain and the output voltage is computed using
Equation 33.

EQUATION 33:

-3
Vape peak = 32776 -10¢ 7= 2.5V

2
]L<)ad7max = 7.76A
FIGURE 20: SHUNT CURRENT MEASUREMENT CIRCUIT
I1oad Rs=Ry 11 oad

Ryp Ry Analog Channel
aAAY  EiAYAY —
Ry3 Rss
ey I AANN—
T Cs N = Ci7
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Ry R
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? Ry
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CURRENT TRANSFORMER MEASUREMENT

This method uses a current transformer (CT) to
measure the current. It is mounted at the lower side of
the switching leg, between the MOSFET transistors
and ground (see Figure 18).

This method does not require the amplifier circuitry and
offers certain advantages, such as galvanic isolation
and cost reduction.

Figure 21 shows the simplified schematic of the current
measurement method. The current, IQI, denotes the
current flowing through one of the boost converter legs.

The selection of the CT depends on the number of turns
(N) of the secondary of the transformer and the external
current sense resistor (R7). The parameters N and Rrare
chosen such that the resulting voltage at the analog pin of
the dsPIC DSC has enough tolerance against the
overcurrent condition and the voltage is set in the range of
0V to 3.3V. Equation 34 determines the resulting voltage.
After the successive iterations, the appropriate values for
N and Ry can be determined.

EQUATION 34:
14 _ [Qlimax R
ADC_peak — — ' OT
P
out_max
I = 2—f<1 .»,.%) =7 =7
01 _max Vinimax N 2 L1 L2

where:
V4pC _peak = Maximum voltage on ADC pin
191 max = Current through one of the boost converter leg
Pout max = Maximum output power

Typically, the higher the number of turns (N), the better.
An increase in the number of turns decreases the
power loss due to Ry and increases the volt-time
product value. The product, ¥ * ¢ us, represents the
time integral of the series voltages drops on the CT
secondary, including the voltage drop on the current
sense resistor. Exceeding this product would lead to
the CT core saturation, which eventually leads to wrong
current measurements. This is overcome by using the
reset circuit formed by R; and C; during the off-time of
the MOSFET commutation. It counterbalances the on-
time V' * ¢ ys. Although, the balancing will not be perfect,
it will ensure that the saturation does not occur.

Equation 35 computes the cut-off frequency for the CT
output low-pass filter formed by the RC combination
R;3and Cy,. Itfilters any sudden spikes that may occur
during switching.

EQUATION 35:

_ 1
Tsan = 2-m-Ri3-Cyy

CT Output Voltage Calculation

Equation 36 computes the output voltage of the CT.
The terminating resistance (R7) is chosen as 27Q and
the number of turns (N) ratio is 125.

EQUATION 36:

_ 3.88

VADCJE!Z/{ = m27= 0.831V

FIGURE 21: CT CURRENT MEASUREMENT
Dy R
13 Analog Channel
@ AMA na:t;é anne
CT
H §R12 T Cro
RT=R14
TX2 "
Ios - Cy
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RESISTIVE DIVISOR VOLTAGE
MEASUREMENT

The DC bus voltage and AC bus voltage required for
the control algorithm are scaled using the voltage
divisor shown in Figure 22.

In Figure 22, V,cy and V,; are connected to the
alternative input power lines, so that the peak input
voltage is rectified using D;, and D;;. The resistive divi-
sor formed by R;5 and R;; scales down the power line
peak voltage to the ADC input voltage level, which is in
the range of OV to 3.3V. Equation 37 computes the gain
of the voltage division.

EQUATION 37:

FIGURE 22:

The capacitor C is used for the signal filtering, but its
presence in the circuit is not mandatory. Similarly, the
presence of the diode D; is not mandatory. The diode
Dj; provides protection if the voltage provided to an
analog pin of the dsPIC DSC exceeds 3.3V.

At the maximum input voltage, V pc peqr is computed
using Equation 38. For this circuit, R3; and R3; are
chosen as 400 kQ and 3 kQ respectively.

EQUATION 38:

V. 2 =265 /2= 373.65

in_peak =,

in_max

3

VunC peak = 3755 37365 = 278V

where:

Vin_peak = Peak input voltage

Vapc peak = Maximum voltage on ADC pin
Vupc pear = Peak voltage on ADC pin

VOLTAGE DIVISORS - AC VOLTAGE SENSE

3.3V

Analog Channel

Vact Dio
Vicu Dy
——AAN
R3s5

—

§R37 S C15

Auxiliary Power Supply Block

The auxiliary power supply is used to drive two
voltages:12V and 3.3V. It uses a TNY276P with
Flyback topology and can handle input voltages in the
universal range.
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© 2009 Microchip Technology Inc.



AN1278

IPFC INSTALLATION AND
CONFIGURATION

Overview of the IPFC Reference Design

The IPFC Reference Design is intended to aid the user
in the rapid evaluation and development of Power
Factor Correction (PFC) using the dsPIC DSC.

This flexible and cost-effective tool can be configured in
different ways for use with Microchip’s specialized
Switching Mode Power Supply (SMPS) Digital Signal
Controllers. The IPFC reference design supports the
dsPIC33F motor control device family. It offers a
mounting option to connect either a 28-pin SOIC device
or a generic 100-pin Plug-In Module (PIM).

The system has two PFC boost circuits to control the
power factor. The main components of the system are
shown in Figure 1. The rated continuous output current
from the system is 1A (rms). This allows up to approxi-
mately 350W output when running from an 85 V. to
265 ¥V, single-phase input voltage at a maximum
ambient temperature of 30°C (85F).

For more details, refer to Appendix C: “Electrical
Specifications”. Before using the IPFC system,
carefully read the “IPFC Hardware Design” section.

KEY FEATURES
The key features of the IPFC Reference Design are:

» Devices Supported:

- 44-pin to 100-pin dsPIC33FJXXXGSX04 PIM
(MA330020) with a dsPIC33F Motor Control
device (U9) socket

- dsPIC33FJ06GS202 Motor Control device in
28-pin QFN-S package (U3) Footprint

» User Interfaces:

- LED indicators to indicate the following Fault
conditions

- DC bus over-current fault (D14)

- DC bus over-voltage fault (D17)

- AC input over-voltage fault (D20)

- AC input under-voltage fault (D22)
- VDD Missing Fault (D24)

» LED indicators for Power Supply detection
- 12V (D33)
- DC bus (D13)

* Power ON/OFF switch (SW1)

* Minimum load ON/OFF switch (SW2)

* Push button (SW4)

* Push button (SW5)

» Push button (RESET)

* AC inlet connector (J1)

» Output connector (J2)

» Fan connector (FA1/JP11)

» Power supplies output connector (J12)

» Expansion connector (J5)

* RJ-11 connector for programming a dsPIC DSC
device (J4), non-isolated

* ICSP™ connector for programming a dsPIC DSC
device (J3), non-isolated

» Shunt jumper for internal/external power supply
selection (J6)

» Shunt jumper for connecting/disconnecting the
- DC bus over-current fault (J7)
- DC bus over-voltage fault (J8)
- AC input over-voltage fault (J9)
- AC input under-voltage fault (J10)
- VDD missing fault (J11)

Power Factor Corrector:

* Implemented using two boost circuits in parallel
(interleaved)

* Maximum output power: 350W at 400 V-

* Maximum input voltage: 85-265 V.

» Current feedback circuitry

* V,c input voltage sensing

» Zero-crossing detection

» DC bus sensing

» DC bus overcurrent protection

» DC bus overvoltage protection

* V,c input undervoltage protection

* V,c input overvoltage protection

Built-In power supplies

* 12V power supply

« 3.3V power supply
Additional Protection Circuitry
» 250 V,/10A fuse

* In-rush current limiter

* EMI filter

Figure 23 shows a photograph of the IPFC Reference
Design Board with key areas highlighted.

© 2009 Microchip Technology Inc.
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FIGURE 23:

Getting Started
CONNECTING THE SYSTEM

Caution 1: When using the IPFC system, the user
should be aware of the operating pro-
cedures outlined below and ensure
that they are followed. Failure to do so
may result in damage to the system.
Microchip is not liable for any damage
resulting from such procedures.

2: Only suitably qualified persons should
connect, operate, or service this unit.

It is recommended that cables used for the power
connections be terminated with blue or red insulated
crimp terminals. If crimp terminals are not used, care
should be taken to ensure that stray strands of wire do
not short to adjacent terminals or the enclosure. If pos-
sible, all wires should be stripped and tinned with sol-
der before connecting to the IPFC reference design
terminals.

IPFC REFERENCE DESIGN BOARD

T
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F
1
&
T e
Pt
[ ]
[ ]
&
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]
ENEAERE;

7 -
o
)
o
ra 7]
: Eﬂﬂd
: =

MiZRocHIP
INTERLEAVED PFC
User intetfaceazion

For the AC mains supply input, standard double-
insulated, 3-core flex cable should be used with a
minimum current rating of 10A (1 mm? 18 AWG). A
computer power cable can also be used.

Note: The system is designed for installation
category Il. Therefore, the incoming mains
cable should be wired into a standard

non-locking 2-pin + ground type plug.

The recommended output cable size is 1.0 to 1.5 mm?
(18-16 AWG) and should have a 600V rating. This
cable should also be double insulated or have a
protective ground screen. Access to the terminal
screws is provided via holes in the lid of the enclosure.
A slotted screwdriver should be used.

Caution: The user should only access the power
terminals when the system is fully

discharged.

The system connections are shown in Table 5 and
Figure 24.
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FIGURE 24: IPFC REFERENCE DESIGN BOARD CONNECTORS
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TABLE 5: IPFC REFERENCE DESIGN BOARD CONNECTORS

Number Connection Name Type

1 Live (Fused) Input

2 Neutral Input

3 Earth Ground Input

4 DC BUS (+) Output

5 DC BUS (-) Output

6 RJ-11 connector for programming a dsPIC® DSC device, non-isolated Output/Input
7 ICSP™ connector for programming a dsPIC DSC device, non-isolated Output/Input
8 Fault Selection Headers Faults

9 Expansion Connector Output/Input
10 External Power Supplies Connector Input/Power
1" Fan Connector Output

12 Power Supply Selection Shunt Jumper Power
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INTERCONNECTING THE HARDWARE

The recommended connection sequence is listed
below. The user should ensure that the following
sequence is met before connecting the system to the
mains.

Note:  Before making any connection verify that
the system is not powered and is fully
discharged. The system is completely
discharged when the LED D13 is OFF.

To set up the system, complete the following steps:
1. Connect the load to the DC BUS (+) and DC
BUS (-) output terminals.

2. Make sure that the power cord is disconnected
from the AC mains before connecting it to the
IPFC reference design AC input connector.

3. Connect the power cord to the Interleaved AC
inlet.

4. Connect the power cord to the mains.

Power-up Sequence

To power-up the IPFC system, complete the following

steps:

1. Connect the power cable to the AC mains.

2.  Turn-on the incoming AC supply by sliding the
switch SW1 to the ON position.

3. Check the status of the D13 and D33 LEDs. The
unit is powered when these LEDs are ON.

Power-down Sequence

To disconnect the power supply to the IPFC system,
complete the following steps:

1. Turn off the incoming AC supply by sliding the
switch SW1 to the OFF position.

2. Wait until the red DC bus LED indicator (D13)
turns OFF. This can take a maximum of 5
minutes.

3. Disconnect the power cord from mains.

PROGRAMMING/DEBUGGING AN
APPLICATION CODE

The MPLAB® ICD 2, MPLAB IDC 3, PICkit™ 3 and
MPLAB REAL ICE™ in-circuit emulator may be used
along with MPLAB IDE to debug your software. MPLAB
IDE is the free integrated development environment
available from Microchip’s web site. MPLAB IDE allows
these two devices, which are supported on the IPFC
Reference Design, to be used as an in-circuit debugger
as well as a programmer:

+ dsPIC33FJ06GS202
+ dsPIC33FJ16GS504
In-circuit debugging allows you to run, examine, and
modify your program for the device embedded in the

IPFC system hardware. This greatly assists you in
debugging your firmware and hardware together.

Special software interacts with the MPLAB IDE
application to run, stop, and single-step through pro-
grams. Breakpoints can be set and the processor can
be reset. Once the processor is stopped, the register’s
contents can be examined and modified.

For more information on how to use MPLAB IDE, refer
to the following documentation:

« “MPLAB® IDE User’s Guide” (DS51519)

« “MPLAB® IDE Quick Start Guide” (DS51281)

- MPLAB® IDE Help File

Note: The programming connectors used for
connecting the MPLAB programmers/
debuggers are not isolated. The user
should use an isolation method, such as

an isolated USB HUB.

SETTING UP AN APPLICATION FOR DEBUG

Complete the following steps to prepare the application
for debug:

1. Launch MPLAB IDE, and then open the applica-
tion project. The related workspace will be open.
For information on projects and workspaces,
see the MPLAB IDE documentation mentioned
at the beginning of this section.

2. Select Project>Build All to build the application
code. The build’s progress will be visible in the
Build tab of the Output window.

3. Select Debugger>Select Tool>"Your Preferred
Tool”. MPLAB IDE will change to add your tool
debug features.

4. Select Debugger>Program to program the
application code into the dsPIC33F DSC device.
The debug programming progress will be visible
in the Debugging tool tab of the Output
window.

PROGRAMMING AN APPLICATION

When the program is successfully debugged and
running, the next step is to program the device for
standalone operation in the finished design. When
doing this, the resources reserved for debug are
released for use by the application. To program the
application, use the following steps:

1. Disable your tool as a debug tool by selecting
Debugger>Select Tool>None.

2. Select your tool as the programmer by selecting
Programmer>Select Programmer menu.

3. Select Programmer>Program.

Now the application code will run independently.

DS01278A-page 34
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Running the Demonstration Software

To run the demonstration, complete the following steps:

1. On the IPFC Reference Design Board, make
sure that the shunt jumper J6 is mounted.

2. Make sure that the dsPIC33FJ16GS504 PIM
(MA330020) is mounted on the IPFC Reference
Design Board.

3. Connect the load to the DC BUS (+) and DC
BUS (-). For details, refer to “Connecting the
System”.

4. Power-on the IPFC reference design board,
applying only 50V AC. For details, refer to
“Power-up Sequence”.

5. Open the IPFC demonstration software by
double-clicking the . mcw file.

6. After the MPLAB IDE work-bench is open, Com-
pile the project. Build the project using the “Build
All” option from the “Project” drop-down menu.
(see Figure 25).

FIGURE 25: COMPILING CODE IN

MPLAB® IDE

View Debugger Programmer Tools Config
Project Wizard. ..

Mew...

Open...

Close »
Set Active Project 4

Clean

Expaort Makefile

Make F10

Build Configuration r
Build Options... 3

Sawve Project

Save Project As...

Add Files to Project...

Add Mew File to Project...

Remove File From Project »

Select Language Toolsuite. ..
Set Language Tool Locations...
Version Control...

7. Select the programmer from the “Programmer”
drop down menu. In this case select the MPLAB
REAL ICE or any of the other shown options.
(see Figure 26).

FIGURE 26:

PROGRAMMER SECTION IN
MPLAB® IDE

Tools Configure Window Help

Select Programmer ¥ MNone

Program 2MPLAB ICD 2
Verify
Read

4pICkit 2
Blank Chedk all S MPLAB BM 3

Erase Flash Device

v & REAL ICE

Abort QOperation

Settings...

FIGURE 27: PROGRAMMING OPTIONS
IN MPLAB® IDE
View Project Debugger Tools Con

Select Programmer  #

Verify
Read

Blank Chedk All
Erase Flash Device

Abort Operation

Settings...

8. Connect the programming tool to the IPFC
Reference Design Board using the RJ-11
connector, and then program the device using
Programmer>Program. Next, disconnect the
debugger from the board (see Figure 27).

Note: The programming connectors used for
connecting the MPLAB programmers/
debuggers are not isolated. User should
use an isolation method, such as an
isolated USB HUB.

9. Remove the programmer/debugger.
10. Increase the input voltage to the desired value
within the input range of 85-265V AC.

The IPFC Reference Design Board should now be up
and running.

© 2009 Microchip Technology Inc.
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CONCLUSION

This application note presents the novel method of
Interleaved Power Factor Correction (IPFC) using the
dsPIC DSC. It explains in detail the digital design and
implementation of an IPFC converter including the
hardware consideration and MATLAB simulations.

This unique approach can be used to design and
integrate other downstream converters following the
IPFC stage. The power control-related peripherals,
such as ADC, PWM, and Analog Comparators can be
used for the other converter stages as well.

The modular design of the software makes it easier to
append other functions necessary to meet the needs of
the specific application. The dsPIC DSC devices, with
their high processing power and peripheral-rich
platform, are well suited for development of such
complex applications on a single chip. Multiple control
loops running with different timing requirements can be
executed using the variety of DSP instructions. In
addition, the Data Monitor and Control Interface
(DMCI) feature available in the MPLAB Integrated
Development Environment (IDE) can be used to control
and display the application variables while the
application is running. This aids in observing various
signals during the software development phase.

Microchip has various resources to assist you in
developing this integrated application. For more details
on the IPFC Reference Design, please contact your
local Microchip Sales office.

REFERENCES

The following application notes have been published by
Microchip Technology Inc., which describe the use of
dsPIC DSC devices for power conversion applications:

* AN1106 “Power Factor Correction in Power
Conversion Applications Using the dsPIC® DSC”
(DS01106)

* AN1208 “Integrated Power Factor Correction

(PFC) and Sensorless Field Oriented Control

(FOC) System” (DS01208)
These documents are available for download from the
Microchip web site (www.microchip.com).
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APPENDIX A: SOURCE CODE

Software License Agreement

The software supplied herewith by Microchip Technology Incorporated (the “Company”) is intended and supplied to you, the
Company'’s customer, for use solely and exclusively with products manufactured by the Company.

The software is owned by the Company and/or its supplier, and is protected under applicable copyright laws. All rights are reserved.
Any use in violation of the foregoing restrictions may subject the user to criminal sanctions under applicable laws, as well as to civil
liability for the breach of the terms and conditions of this license.

THIS SOFTWARE IS PROVIDED IN AN “AS IS” CONDITION. NO WARRANTIES, WHETHER EXPRESS, IMPLIED OR STATU-
TORY, INCLUDING, BUT NOT LIMITED TO, IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICU-
LAR PURPOSE APPLY TO THIS SOFTWARE. THE COMPANY SHALL NOT, IN ANY CIRCUMSTANCES, BE LIABLE FOR
SPECIAL, INCIDENTAL OR CONSEQUENTIAL DAMAGES, FOR ANY REASON WHATSOEVER.

All of the software covered in this application note is
available as a single WinZip archive file. This archive
can be downloaded from the Microchip corporate Web
site at:

www.microchip.com
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APPENDIX B: SYMBOL GLOSSARY
TABLE B-1:  SYMBOLS AND DESCRIPTIONS

Symbol Description
Vic Rectified AC Voltage
Ve Rectified AC Current
Vbe DC Bus Voltage
VDCREF DC Bus Reference Voltage
LicrREF Capacitor Current Reference
Ryax Maximum Resistance
Vinax Maximum Voltage
Lax Maximum Current
Cmax Maximum Conductance
Ga Proportional Gain for Voltage Error Compensator
Gsa Integral Gain for Voltage Error Compensator
BWyoop Voltage Loop Bandwidth
IBBWy10p Integral Voltage Loop Bandwidth
SvLoop Voltage Control Loop Frequency
Ra Proportional Gain for Current Error Compensator
Rsa Integral Gain for Current Error Compensator
BWito0p Current Loop Bandwidth
IBW i 00p Integral Current Loop Bandwidth
SiLoop Current Control Loop Frequency
Ka Proportional Gain for Load Balance Error Compensator
Ksa Integral Gain for Load Balance Error Compensator
BWiBLoop Load Balance Loop Bandwidth
IBW B .oop Integral Load Balance Loop Bandwidth
JLBLoop Load Balance Control Loop Frequency
Vave Average Value of the Rectified Input Voltage
143 Inductor Voltage obtained from the current error compensator
D Main Duty cycle
DI Duty Cycle of MOSFET1
D2 Duty Cycle of MOSFET2
Dd Main Duty cycle
DD Correction in Duty Cycle
Eginglestage Energy stored in a single stage PFC converter
Esericaved Energy stored in a IPFC converter
K; Proportional Gain
K, Integral Gain
Vin_min Minimum input voltage
Vout Output DC voltage
T Time period of the PWM switching
Pout max Maximum output power
h Efficiency
1% Ratio of accepted peak to peak inductor current ripple (typical value 20-40%)
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TABLE B-1:  SYMBOLS AND DESCRIPTIONS (CONTINUED)

Symbol Description
thold Holdup time
b Reverse recovery time
VRRM Reverse voltage value
Vout min Minimum output voltage
ESR Effective series resistance
VaDC peak Maximum voltage on ADC pin
T Time period of the PWM switching
Pout max Maximum output power
h Efficiency
1% Ratio of accepted peak-to-peak inductor current ripple (typical value 20-40%)
thold Holdup time
ty Reverse recovery time
VerrM Reverse voltage value
Vout min Minimum output voltage
ESR Effective series resistance
VaDC peak Maximum voltage on ADC pin
Vin peak Input Peak Voltage
Vin_max Maximum Input Voltage
10 1max Current flowing through Boost Converter Leg
L Effective Boost Inductance
C Effective Boost Capacitance
Ly MOSFET1 current
Ly MOSFET2 current
VERR Voltage Error
IcaprEF Capacitor Current Reference
IINDREF Inductor Current Reference
Igrr Current Error
Vinp Inductor Current
Vi Inductor Voltage obtained from the current error compensator
Ic Current through Output Capacitor
Ip Diode Current
ton ON time of the MOSFET
loFF OFF time of the MOSFET
VDCREF Reference DC Voltage
Vbe Sensed DC Voltage
11 pud Load Current
Troad max Maximum Load Current
LycrEF Reference current signal
Vin Peak voltage of half sine wave
Vave Average voltage
143 Inductor voltage

© 2009 Microchip Technology Inc.
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APPENDIX C: ELECTRICAL
SPECIFICATIONS

The IPFC Reference Design was tested at a maximum
power of 350W with resistive and a three-phase

inverter type load.

TABLE C-1: ELECTRICAL SPECIFICATIONS
Typical Values at Typical Values at
Parameter Minimum Jﬁ%’;@%‘,ﬁf:: ¢ 45301/’;1%')2?:: ¢ Maximum
350W Output 350W Output

Input Voltage 85V, ¢ 120 Vyc 230 V¢ 265 V¢
Input Current — 3.17A 1.6A 8A
Input Power — 380W 368W 400W
Output Voltage — 400 Vpc 2% 400 Vpc = 2% 420 Vpe
Output Current — 0.87A 0.87A 2A
Output Power — 350W 350W 350W
Heatsink at 25°C — 70°c() 4gec(V) 75°Cc(2)
Ambient Temperature

ITHD — 3% 5% —
Power Factor — 0.998 0.992 —
Efficiency — 92% 95% —

Note 1: When using a heatsink with a thermal resistance of 6°C/W, the heatsink temperature stabilizes at this value
for continuous operation.

2: The temperature was measured on the heatsink after one hour of operation at a minimum input voltage of
85 V¢ and maximum output power of 350W at 400 V. No fan was utilized. If the user requires full duty
cycle operation under these conditions, an external fan is recommended to keep the heatsink temperature
below 75°C.

DS01278A-page 40 © 2009 Microchip Technology Inc.



AN1278

SCHEMATICS AND BOARD LAYOUT

APPENDIX D

IPFC REFERENCE DESIGN SCHEMATIC (SHEET 1 OF 3)

FIGURE D-1
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IPFC REFERENCE DESIGN SCHEMATIC (SHEET 2 OF 3)

FIGURE D-2
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IPFC REFERENCE DESIGN SCHEMATIC (SHEET 3 OF 3)

FIGURE D-3
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IPFC REFERENCE DESIGN BOARD LAYOUT (TOP)
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Note the following details of the code protection feature on Microchip devices:

. Microchip products meet the specification contained in their particular Microchip Data Sheet.

. Microchip believes that its family of products is one of the most secure families of its kind on the market today, when used in the

intended manner and under normal conditions.

. There are dishonest and possibly illegal methods used to breach the code protection feature. All of these methods, to our
knowledge, require using the Microchip products in a manner outside the operating specifications contained in Microchip’s Data
Sheets. Most likely, the person doing so is engaged in theft of intellectual property.

. Microchip is willing to work with the customer who is concerned about the integrity of their code.

. Neither Microchip nor any other semiconductor manufacturer can guarantee the security of their code. Code protection does not

mean that we are guaranteeing the product as “unbreakable.”

Code protection is constantly evolving. We at Microchip are committed to continuously improving the code protection features of our
products. Attempts to break Microchip’s code protection feature may be a violation of the Digital Millennium Copyright Act. If such acts
allow unauthorized access to your software or other copyrighted work, you may have a right to sue for relief under that Act.

Information contained in this publication regarding device
applications and the like is provided only for your convenience
and may be superseded by updates. It is your responsibility to
ensure that your application meets with your specifications.
MICROCHIP MAKES NO REPRESENTATIONS OR
WARRANTIES OF ANY KIND WHETHER EXPRESS OR
IMPLIED, WRITTEN OR ORAL, STATUTORY OR
OTHERWISE, RELATED TO THE INFORMATION,
INCLUDING BUT NOT LIMITED TO ITS CONDITION,
QUALITY, PERFORMANCE, MERCHANTABILITY OR
FITNESS FOR PURPOSE. Microchip disclaims all liability
arising from this information and its use. Use of Microchip
devices in life support and/or safety applications is entirely at
the buyer’s risk, and the buyer agrees to defend, indemnify and
hold harmless Microchip from any and all damages, claims,
suits, or expenses resulting from such use. No licenses are
conveyed, implicitly or otherwise, under any Microchip
intellectual property rights.

QUALITY MANAGEMENT SYSTEM
CERTIFIED BY DNV

=—1S0/TS 16949:2002 —

Trademarks

The Microchip name and logo, the Microchip logo, dsPIC,
KeeLoq, KeeLoa logo, MPLAB, PIC, PICmicro, PICSTART,
rfPIC and UNI/O are registered trademarks of Microchip
Technology Incorporated in the U.S.A. and other countries.

FilterLab, Hampshire, HI-TECH C, Linear Active Thermistor,
MXDEV, MXLAB, SEEVAL and The Embedded Control
Solutions Company are registered trademarks of Microchip
Technology Incorporated in the U.S.A.

Analog-for-the-Digital Age, Application Maestro, CodeGuard,
dsPICDEM, dsPICDEM.net, dsPICworks, dsSPEAK, ECAN,
ECONOMONITOR, FanSense, HI-TIDE, In-Circuit Serial
Programming, ICSP, ICEPIC, Mindi, MiWi, MPASM, MPLAB
Certified logo, MPLIB, MPLINK, mTouch, nanoWatt XLP,
Omniscient Code Generation, PICC, PICC-18, PICkit,
PICDEM, PICDEM.net, PICtail, PIC32 logo, REAL ICE, rfLAB,
Select Mode, Total Endurance, TSHARC, WiperlLock and
ZENA are trademarks of Microchip Technology Incorporated
in the U.S.A. and other countries.

SQTP is a service mark of Microchip Technology Incorporated
in the U.S.A.

All other trademarks mentioned herein are property of their
respective companies.

© 2009, Microchip Technology Incorporated, Printed in the
U.S.A., All Rights Reserved.

Q Printed on recycled paper.

Microchip received ISO/TS-16949:2002 certification for its worldwide
headquarters, design and wafer fabrication facilities in Chandler and
Tempe, Arizona; Gresham, Oregon and design centers in California
and India. The Company’s quality system processes and procedures
are for its PIC® MCUs and dsPIC® DSCs, KEELOQ® code hopping
devices, Serial EEPROMSs, microperipherals, nonvolatile memory and
analog products. In addition, Microchip’s quality system for the design
and manufacture of development systems is ISO 9001:2000 certified.
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