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Figure 1. Interleaved PFC Converter Control Using
the C2000 Microcontroller
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System Description

This document presents the implementation details of a digitally controlled 2-Phase Interleaved Power
Factor Correction (ILPFC) converter. A C2000 Piccolo-B control card and a 700W ILPFC EVM are used to
implement the complete system.

With various regulations limiting the input current harmonic content, especially with the IEC 61000-3-2
standard that defines the harmonic components that an electronic load may inject into the supply line, a
power factor correction (PFC) stage has become an integral part of most rectifier designs. The PFC stage
usually forms the front end of an isolated ac-dc rectifier system as shown in Figure 2.

PSFB
\, PFC front end DC-DC — Load
"""" converter

Figure 2. Isolated AC-DC Rectifier Block Diagram

The PFC converter provides power to non-linear loads from the AC mains while maintaining AC input
current of the same wave-shape and phase of that of the AC mains voltage. At the same time, the PFC
converter regulates its output DC voltage in order to provide a regulated high voltage bus to any
downstream DC-DC converter connected to its output. The downstream DC-DC converter is usually a
phase shifted full bridge (PSFB) converter which converts the high DC bus voltage from the PFC stage to
a lower voltage such as, +12V, or, an intermediate distribution voltage, typically closer to 48V. The phase
shifted full bridge (PSFB) stage provides the desired voltage translation and the high frequency isolation
for this offline rectifier system. This document focuses on the implementation detail of the PFC stage.
Specifically, it presents the hardware design and the corresponding software to control a 2-phase
interleaved power factor correction (ILPFC) front end.

This PFC EVM comes with a Piccolo-B control card. However, the controller resources used for the PFC
implementation shows that Piccolo EL can also be used to implement full control of the PFC stage.
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2 Introduction

The function of a PFC stage is to convert the AC mains voltage to a regulated DC bus voltage while
drawing a sine wave input current in phase with the AC input voltage. Typically, this is implemented using
a bridge rectifier followed by a boost PFC stage. A C2000 piccolo microcontroller with its on-chip PWM
and ADC modules is able to implement complete digital control of such interleaved PFC (ILPFC) system.

2.1 PFC Stage Implementation

Figure 3 illustrates a C2000 controller based interleaved PFC converter control system. The input AC
voltage is applied to the PFC converter through the input EMI filter, followed by an inrush current limit and
a bridge rectifier. The PFC stage consists of two interleaved boost converters each operating at 200kHz
and phase shifted by 180 deg.
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Figure 3. Interleaved PFC Converter Control Using the C2000 Microcontroller

Inductor L1, MOSFET switch Q1 and diode D1 together form one of the boost stages while, L2, Q2, and
D2 form the other boost stage. A capacitor Cb at the boost converter output acts as an energy reservoir
and this, in conjunction with closed loop PFC control, provides regulated dc voltage to the PFC load RL.

Figure 3 indicates all the interface signals needed for full control of this interleaved PFC converter using a
C2000 micro-controller (MCU). The MCU controls the hardware using four feedback signals and two PWM
outputs. The signals that are sensed and fed back to the MCU include, the line and neutral voltages
(Vin_L & Vin_N), the PFC input current(lrect), and the DC bus output voltage (Vbus). These sensed
signals are used to implement the voltage and current control loops for this IL PFC converter. For phase
current balancing two PFC switch currents (Isw1, Isw2) can also be monitored. However, this feature is
not implemented in this EVM
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The dc bus voltage Vbus, sensed through one of the ADC channels, is compared against the reference
bus voltage Vref. The error signal Ev is input to the voltage loop controller Gv which regulates the bus
voltage at the reference level so as minimize Ev. The voltage controller Gv has the form of a two pole two
zero (2P2Z) compensator. The output of Gv, denoted by the letter A in Figure 3, is proportional to the
amount of power transfer by the PFC converter. This output A is then multiplied by three parameters,
indicated by B, C and Km in Figure 3, in order to form the reference current command Iref for the PFC
current control loop. The signal indicated by B is the inverse of the square of the RMS input voltage which
also enables fast feed-forward control of the PFC system. The signal C is proportional to the rectified input
voltage, which modulates the voltage controller output A such that the PFC input current has the same
shape as that of the PFC input voltage. The parameter Km is the multiplier gain which is used to adjust
the range of Iref corresponding to the full input voltage range of the PFC converter. The output of the
multiplier block provides the reference signal Iref that is used for control of the total average inductor
current, i.e., the PFC input current. This reference current command Iref for the PFC current control loop is
compared against the sensed PFC input current li sensed through one ADC channel. The resulting current
error signal Ei is then input to the current loop controller Gc which generates the PFC duty ratio command
d such that the PFC input current tracks the reference current Iref.

In addition to implementing the voltage and current loop controllers, C2000 MCU also uses the sensed
line and neutral voltage signals to determine the polarity of the input voltage (+ve & —ve half cycle) and
calculates the rectified input voltage, the RMS input voltage, RMS input power and the input line
frequency. All these time critical functions are implemented in a fast sampling loop enabled by the C2000
Micro-controller high speed CPU, interrupts, on chip 12-bit ADC module and high frequency PWM
modules. A detailed description of the software algorithm is provided in the following chapters.

2.2 IL PFC Electrical Specifications
Following lists the key highlights of the C2000 IL PFC EVM:
* Input Voltage (AC Line): 100V (Min) to 260V (Max), 47~63Hz
* Rated Output Voltage 390Vdc
* Rated Output Power 700 Watts @220V input, 550W@110V input
* Full Load efficiency: 97% @220V input
» Power factor at 50% or greater load — 0.98 (Min)
e Input Power Monitoring
PWM frequency 200kHz
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3 Software Overview
3.1 Software Control Flow
The CCS project for C2000 ILPFC mostly makes use of the “C-background/ASM-ISR” framework. The
main fast ISR (100kHz) runs in assembly environment. A slower ISR (10kHz) is also run from C
environment. This slow ISR is made interruptible by the fast ISR.
C Environment Assembly
[[_1sR [] 100tz
(TSR] towe ,
, |
Initialization EIN
28x Device level Vrms, Pin, Frequency
Peripheral level
System level y y
ISR, ADC II Line Cycle Polarity Detect,
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Communications, Monitor & update y
Controller update parameters Soft-Start
[ ext 1]
Figure 4. IL PFC Software Flow Diagram
The CCS project uses C-code as the main supporting program for the application, and is responsible for
all system management tasks, monitoring, decision making, intelligence, and host interaction. The
assembly code is strictly limited to the fast Interrupt Service Routine (ISR), which runs all the critical
control code. Typically this includes reading ADC values, input line cycle polarity detect, sensed line volt
rectification, control calculations, and PWM updates. The slower ISR in the C environment calculates the
RMS input voltage, RMS input current, RMS input power and frequency of the input line voltage. Figure 4
depicts the general software flow for this project.
The key framework C files used in this project are:
InterleavedPFC-Main.c — this file is used to initialize, run, and manage the application. InterleavedPFC-
Devlnit_F2803x.c — this file is used for 2803x controller initialization. A 2803x control card is provided with
the IL PFC EVM. This file is responsible for a one time initialization and configuration of the F280xx
device, and includes functions such as setting up the clocks, PLL, GPIO, etc.
The fast ISR consists of a single file:
InterleavedPFC-DPL-ISR.asm — this file contains all time critical “control type” code. This file has an
initialization section (one time execute) and a run-time section which executes at half the rate (100kHz) as
the PWM time-base(200kHz) used to trigger it.
The slow ISR consists of a single file:
SineAnalyzer.h — this file contains code for calculating the RMS voltage, RMS input current, RMS input
power and frequency of the input line voltage. This file has an initialization section (one time execute) and
a run-time section which executes at 10kHz rate.
The Power Library functions (modules) are “called” from the fast ISR framework.
TIDU249-April 2014 Two-Phase Interleaved PFC Converter w/ Power Metering Test Results 5
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Library modules may have both a C and an assembly component. In this project, seven library modules
are used. The C and corresponding assembly module names are:

Table 1. Library Modules

C configure function

ASM initialization macro

ASM run-time macro

PWM_2ch_UpDwnCnt_Cnf.c

PWMDRV_2ch_UpDwnCnt_INIT n

PWMDRV_2ch_UpDwnCnt n

ADC_SOC_Cnf.c

ADCDRV_1ch_INIT m,n,p,q

ADCDRV_1ch m,n,p,q

PFC_InvRmsSqr_INIT n

PFC_ InvRmsSqr n

MATH_EMAVG_INIT n

MATH_EMAVG n

PFC_ICMD_INIT n

PFC_ICMD n

CNTL_2P2Z_INIT n

CNTL_2P2Z n

The modules can also be represented graphically as shown in Figure 5.
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Figure 5. C2000 ILPFC Software Modules

NOTE: Note the color coding used for the modules in Figure 5. The blocks in ‘dark blue’ represent
the on-chip hardware modules in C2000 controller. The blocks in ‘blue’ are the software
drivers associated with these modules. The blocks in ‘yellow’ are part of the computation
carried out on various signals. The controllers used for voltage and current loops have the
form of a 2-pole 2-zero compensator. However these can be of other forms such as, PI, PID,
3-pole 3-zero or any other controller suitable for the application. The modular library structure
makes it convenient to visualize and understand the complete system software flow as
shown in Figure 5. It also allows for easy use and modifications of various functionalities.
This fact is amply demonstrated in this project by implementing an incremental build
approach. This is discussed in more detail in Section 3.2.
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Figure 6. C2000 ILPFC Software Control Flow

As mentioned in Section 1, the IL PFC system is controlled by two feedback loops. The outer voltage loop
regulates the DC bus voltage, while a faster inner current loop shapes the input current in order to
maintain a high input power factor. Figure 6 also shows the rate at which the software modules are

3.2

executed. For example, the current controller is executed at a rate of 100kHz (half of the PWM switching
frequency) while the voltage controller is executed at 50kHz rate.

Incremental Builds

The complete CCS project for ILPFC is divided into three incremental builds. This approach provides the
user with a step-by-step method to get familiar with the software and understand how it interacts with the
IL PFC hardware. This approach also simplifies the task of debugging and testing the boards.

The build options are shown in Table 2 . To select a particular build option set the parameter
INCR_BUILD to the corresponding build selection as shown. This parameter is found in InterleavedPFC-
Settings.h file. Once the build option is selected, compile the complete project by selecting rebuild-all
compiler option. Next chapter provides more details to run each of the build options.

Table 2. Incremental Build Options for PFC

INCR_BUILD =1 Open loop test for boost PFC and ADC feedback (Check sensing circuitry)

INCR_BUILD =2 Open voltage loop and closed current loop control of IL PFC

INCR_BUILD =3 Closed voltage loop and closed current loop control of IL PFC
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3.3 Procedure for running the incremental builds
All software files related to this C2x controlled IL PFC system i.e., the main source files, ISR assembly
files and the project file for C framework, are located in the directory
...\controlSUITE\development_Kkits\ILPFC_v1.0\ILPFC. The projects included with this software are
targeted for CCSv4.
CAUTION
There are high voltages present on the board. It should only be handled by
experienced power supply professionals in a lab environment. To safely
evaluate this board an isolated AC source should be used to power up the unit.
Before AC power is applied to the board a voltmeter and an appropriate
resistive load (only) should be attached to the output. This will discharge the
bus capacitor quickly when the AC power is turned off. The board has not been
tested with electronic load and so it should not be used with such load. There is
no output over-current protection implemented on the board and so the user
should take appropriate measures for preventing any output short circuit
condition. The ILPFC board should always be started with 110Vac (60Hz).
Once the board is up and running the input voltage can be changed to any
other voltage within the specification.
Follow the steps in the following "Build..." sections to build and run the example included in the PFC
software.
3.3.1 Build 1: Open Loop Boost PFC with ADC

3.3.1.1  Objective

The objectives of this build are as follows:

1. Evaluate IL PFC PWM and ADC software driver modules

2. Verify MOSFET gate driver circuit, voltage, and current sensing circuit

3. Familiarize yourself with the operation of Code Composer Studio (CCS).

Under this build the system runs in open-loop mode and so the measured ADC values are used for circuit

verification and instrumentation purposes only. Steps required for building and running a project is
explained next.

3.3.1.2 Overview

The software in Build1l has been configured so that the user can quickly evaluate the PWM driver module
(software driver) by viewing the related waveforms on a scope and observing the effect of duty cycle
change on PFC output voltage. The user can adjust the PWM duty cycle from CCS watch window. The
user can also evaluate the ADC driver module (software driver) by viewing the ADC sampled data in the
CCS watch window. The PWM and ADC driver macro instantiations are executed inside the _DPL_ISR.
Figure 7 shows the software blocks used in this build. The two PWM signals for the two PFC switches are
obtained from ePWM module 1. ePWMZ1A drives one of the PFC switches while ePWM1B drives the
other.

The signals that are sensed and input to the MCU include the following:

1. Line and neutral voltages (VL_fb, VN_fb)

2. PFC input current (Ipfc)

3. DC bus voltage (Vpfc).

These quantities are read using the ADC driver module and are indicated in Figure 7. The ADC driver
module converts the 12-bit ADC result to a 32-bit Q24 value. A few lines of code in the ISR implements

the detection of input AC line half cycle (positive & negative half cycles) and the rectification of the input
voltage. This generates the input rectified signal Vrect.
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Figure 7. Build 1 Software Blocks

The PWM signals are generated at a frequency of 200 kHz i.e. a period of 5 us. With the controller
operating at 60MHz, one count of the time base counter of ePWM1 corresponds to 16.6667ns. This
implies a PWM period of 5us is equivalent to 300 counts of the time base counter (TBCNT1). The ePWM1
module is configured to operate in up-down count mode as shown in Figure 8. This means a time base
period value of 150 (period register value) will give a total PWM period value of 300 counts (i.e. 5 us).

PFC total inductor current is sampled at the midpoint of the PWM ON pulse since the sampled value
represents the average inductor current under CCM (continuous conduction mode) condition. Under DCM
condition the sampled current value also represents an approximate average inductor current because of
the oversampling action. PFC inductor current is also oversampled 8 times during each 10 us time period
when both the PFC switches turn on once in their respective 5 us time slot (200kHz PWM). These 8
sampled values are then used to calculate the average PFC inductor current. This is illustrated in Figure 8.

The voltage signal conversions are also initiated when the PFC switch is on. This is indicated in Figure 8.
The flexibility of ADC and PWM modules on C2000 devices allow for precise and flexible ADC start of
conversions. In this case the time base counters (TBCNTx) of ePWM1~ePWM4 are used as 4 time bases
to generate all the start of conversion (SOC) triggers.

Figure 8 shows 8 SOC triggers are generated when:

1. TBCNT1 reaches zero and period

2. TBCNT2 reaches the preset CMPA values during up and down count
3. TBCNT3 reaches zero and preset CMPB value during up count

4. TBCNT4 reaches preset CMPA and CMPB values during up count

Systems Applications Collateral A dummy ADC conversion is also performed at TBCNT3 zero point in
order to ensure the integrity of the ADC results.

Figure 8 also shows the PWM outputs generated using ePWM1 module. PFC current is converted,
averaged and then saved as Ipfc for PFC current loop control.
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Figure 8. PWM generation and ADC Sampling

All ADC results are read in the ISR by executing the ADC driver module from the 100kHz ISR labeled as
_DPL_ISR.

This ISR in assembly (_DPL_ISR) is triggered by EPWM2 on a CMPB match event on up count. CMPB is
set to 80 so that the ISR is triggered only after the ADC conversions are complete. Inside the ISR
PWMDRV_2ch_UpDwnCnt macros are executed and the PWM compare shadow registers are updated.
These are loaded into the active register at the next TBCNT1 = ZERO event. Note that the ISR trigger
frequency is half that of the PWM switching frequency as shown in Figure 8.
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3.3.1.2.1 Protection
An overvoltage protection mechanism is implemented in software for this IL PFC EVM.

The sensed DC bus output voltage from the ADC input is compared against the overvoltage protection
threshold set by the user. The OV threshold point for this ILPFC EVM has been set to 430V. This
threshold parameter is labeled as VBUS_OVP_THRSHLD inside the file InterleavedPFC-Settings.h. In
case of an OV condition the PWM outputs are shut off using the TZ (trip zone) registers. The flexibility of
the trip mechanism on C2000 devices provides the possibilities for taking different actions on different trip
events. In this project both PWM outputs will be driven low in case of a trip event. Both outputs are held in
this state until a device reset is executed.

3.3.1.3 Procedure

3.3.1.3.1 Start CCS and Open a Project

Follow these steps to execute this build:

1. Connect USB connector to the Piccolo controller board for emulation. Connect the 12V bias supply
output (external bias supply provided with the PFC EVM) to JP1 and apply this bias voltage to the
board by setting the switch SW1 to position “Ext”. By default, the Piccolo control card jumpers (see
Piccolo control card documentation) are configured such that the device boot from FLASH. Change
these jumper settings to allow code execution under CCS control.

2. Start Code Composer Studio (CCS). In CCS, a project contains all the files and build options needed
to generate an executable output file (.out) which can run on the MCU hardware. On the menu bar
click: Project -> Import Existing CCS/CCE Eclipse Project and under Select root directory navigate to
and select ..\controlSUITE\development_kits\ILPFC_v1.0\ILPFC directory. Make sure that under the
Projects tab ILPFC is checked. Click Finish. This project will invoke all the necessary tools (compiler,
assembler & linker) for building the project.

3. In the project window on the left, click the plus sign (+) to the left of Project. Your project window will
look like the following in Figure 9:

8 CiC-+ - LPFCMainc - Code Composer Studi (Licensed)
R B Vew Maigde Proet Taget Tok S0 Windw Hel

E mi Bl v

B s projes 2 ¢ 750 LR ¢ cretndyierh | 8 IPFCOR-TR.am
= 12> TUPFC [Active - F2803¢_FLASH] 1}

égwm_wm.c 10 ff Target: THS320FL803x|Piccolal),

® & IFFCDPLISR 13 /) Cupyright Texas Imstiwseals 72004-2010

[ LPFCMan.c

B L PHH_Lch LpDwmirt G .c

®- o] P _Zch LpDwnink Crf.c

# [ PWHDRY 2ch LoD asn

B [ SCommsi.c
2 VSRR Hesvkers_nonBI. md
# FE3035_FLASH.CHD
B Iimath b
35 mams.i 22 // PLEISE RELD - Useful notes shout this Project
3, w1001 _F28055. comi [Actve Defauk] z

Figure 9. CCS Project Window
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3.3.1.3.2

Device Initialization, Main, and ISR Files

NOTE: Do not make any changes to the source files - Only Inspect

1. Open and inspect InterleavedPFC-Devinit_F2803x.c by double clicking on the filename in the project
window. Note that system clock, peripheral clock prescale, and peripheral clock enables have been

setup. Next, notice that the shared GPIO pins have been configured.

2. Open and inspect InterleavedPFC-Main.c. Notice the call made to Devicelnit() function and other
variable initialization. Also notice code for different incremental build options, the ISR initialization and

the background for(;;) loop.

3. Locate and inspect the following code in the main file under initialization code specific for build 1. This
is where the PWMDRYV_2ch_UpDwnCnt and ADCDRV_1CH blocks are connected in the control flow.

i

#if (INCR_BUILD == 1

)

/¢ Open Loop Debug only

£

44 Lih Module connection to "nets"

£

/¢ Connect the PWM Driver input to an input wariasble, Open Loop System

ADCDRV 1ch Rltl
ADCDRV_1ch Rlt2
ADCDRV_1ch R1t3
ADCDRV 1ch Rltd
ADCDRV_1ch R1tS
ADCDRV_lch R1t6
ADCDRV_1ch R1t?
ADCDRV_1ch R1tS
ADCDRV_1ch R1tS
ADCDRV_ich Rlti
ADCDRV 1ch Rltil

£Ipfel:
£Ipfe2;
£Ipfed:
£Ipfed:
£Ipfes:
LIpfea;
£IpfeT:
£Ipfed;
&Vhus;
&VL_fh;
SVN_fh;

PWHDEV Zch UpDwnCnt Dutyl = &Dutyld;

/¢ Math avyg block connections - Instance 2
MATH EMAVG InZ=cVbus;

MATH EMAVG OutZ=&Vbusivg;
MATH EMAVG MultiplierzZ=_IQ30(0.000Z5);

/¢ INV_RM3_S0QR block connections

VrectRMS = (sine mainsV.Vrms)<< 9;//015 --»> 024, (sine mainsV.Vrms) is in Q15
PFC_InvRmsSgr_Inl=&VrectRMS:

PFC_InvBmsSgr_ Outl=eVinvigr;

PFC_InvRmsSgr VminOverWVmaxl=_IQ30(0.1956); J# 8ov/409v
PFC_InvRmsSgr_Vwminl=_IQz4(0.1956);

/¢ PFC_ICHMD block connections

PFC_ICHMD Vemdl = &VbusVemwd;
PFC_ICHD Vinwv3grl=&Vinvigr;

PFC_ICHD VacRectl=&Vrect;
PFC_ICHD_ Outl=gPFCIcmd;
PFC_ICHD VmaxCwverVminl=_IQ24(3.00); A4 3.5625 <=> ZBEV/BOV
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4. Locate and inspect the following code in the main file under initialization code. This is where the
PWMDRV_2ch_UpDwnCnt block is configured and initialized. This is common for all incremental

builds. This PWM driver module inputs the total PWM period value of 300 and internally calculates the
period register value of 150.

J4 Configure ePWMs to generate ADC 30C pulses for PFC current over sampling

EPmnlRegs.
EPumlRegs.
EPwmnlRegs.
EPmnlRegs.
EPumlRegs.
EPwmnlRegs.

EPumZRegs.
EPwmnZRegs.
EPmn2Redgs.
EPumZRegs.
EPwmnZRegs.
EPmn2Redgs.

J4 Configure ePWM=s to generate ADC 30C pulses

EPmn3iRedgs.
EPum3iRegs.
EPwmn3Regs.
EPmn3iRedgs.
EPum3iRegs.
EPwmn3Regs.

EPmndRegs.
EPwmrndRegs.
EPmndRedgs.
EPmndRegs.
EPwmrndRegs.
EPmndRedgs.

ET3SEL.bit . 30CAEN = 1:
ETSEL.bit.30CASEL = ET_CTE_ZERQ;
ETPZ.bitc.30CAPRD = ET_18T:
ET3SEL.bit.30CEEN = 1:
ETSEL.bit.30CESEL = ET _CTR_PRD:
ETPZ.bit.30CEPRD = ET_18T:

ET3EL.bit.30CAEN = 1:
ET3EL.bit.30CASEL = ET_CTRU_CMPL;
ETP3.bit.30CAFRD = ET 13T:
ET3EL.bit.30CEEN = 1:
ET3EL.bit.30CE3SEL = ET_CTRD_CMPL;
ETP3.bit.30CEFRD = ET 13T:

ET3SEL.bit . 30CAEN = 1:
ETSEL.bit.30CASEL = ET_CTE_ZERQ;
ETPZ.bitc.30CAPRD = ET_18T:
ET3SEL.bit.30CEEN = 1:
ETSEL.bit.30CESEL = ET_CTRU_CHMPE;
ETPZ.bit.30CEPRD = ET_18T:

ETZEL.bit.30CAEN = 1:
ET3EL.bit.30CASEL = ET_CTRU_CMPL;
ETP3.bit.30CAFRD = ET 13T:
ET3EL.bit.30CEBEN 1:
ET3EL.bit.30CE3SEL = ET_CTRU_CMPE:
ETP3.bit.30CEFRD = ET 13T:

£
i
£
£
i
£

i
£
£
i
£
£

Ensble ePWN1 30CL pulse

S0CA from ePWH1 Zero event
Trigger ePWM1 30CL on ewvery ewvent
Ensble 2PWN1 30CE pulse

30CE from ePWH1 PRD event

Trigger =PWM1 30CE on ewvery ewvent

Enable ePWMZ 3I0CAL pulse

S0ChL from ePWMZ CHMPL up event
Trigger ePWMZ 30CL on ewvery ewvent
Enable ePWM: 3I0CE pulse

S30CE from ePWMZ CHPL down event
Trigger ePWMZ 30CE on ewvery ewvent

Ensble ePWN3 30CL pulse

S0CA from ePWH3I zero event
Trigger =PWM3I 30CL on ewvery ewvent
Ensble ePWN3 30CE pulse

Z0CE from ePWHM3 CHPE up event
Trigger =PWM3I 30CE on ewvery ewvent

Enable ePWHM4 IOCL pulse

S0ChL from ePUM4 CHMPL up event
Trigger ePWM4 30CL on ewvery ewvent
Enable =ePWHM4 IOCE pulse

Z0CE from ePWUM4 CHMPE up event
Trigger ePWM4 30CE on ewvery ewvent
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Sf ADC Channel 3election for IL PFC EVH
atnpling of PFC current

fian rrers
Chiel[0] =
Chsel[1] =
Ch3el[2] =
Chsel[3] =
ChSel[4] =
Ch3el[5] =
ChSel[6] =
Chiel[7] =
Chsel[8] =
Ch3el[2] =
Ch3el[10]

ChSel[11]

]
-

4; A
£
F
Ly
£
Iy
£
Iy
£
F
Ly
£

AT T

P T

L - Y Y A - Y
L Tt

jury
= 0
L

Durmeny read for first
Ad — Tpfed
Ad — Tpfed
Ad — Tpfed
Ad — Tpfed
Ad — Tpfed
Ad — Tpfed
Ad — Tpfeod
Ad — Tpfed
Az - Vbus
Ei - VL _th
EO - VI _fh

ff ADC Trigger Selection, ILPFC board

Trigiel[0]
Trig3iel[1]
Trigiel[Z2]
Trig3el[3]
Trig3el[4]
Trigiel[5]
Trig3iel[a]
Trigiel[7]
Trig3el[&]
Terigiel[2]
Trig3el[10
Trig3iel[11

1
1

= ADCTRIG_EPWM3 SOCA; // ePUM3, ADCSOCA
= LDCTRIG EPWM3 SOCL; // ePuM3, apcsocy
= ADCTRIG_EPWM4 SOCA; // ePUM4, ADCSCCA
= ADCTRIG_EPWM3 SOCE; // ePWM3, ADCSOCE
= ADCTRIG_EPWM4 SOCE; // ePWM4, ADCSOCE
= ADCTRIG_EPWM1 SOCA; // ePUM1, ADCSOCA
= LDCTRIG EPWMZ SOCL; // ePWMZ, ADCSOCK
= ADCTRIG_EPWM1 SOCE; // ePWM1, ADCSOCE
= LDCTRIG EPWMZ SOCE; // ePWM2, ADCSOCE
= ADCTRIG_EPWM1 SOCA; // ePWM1, ADCSCCA

= ADCTRIG _EPWM1 SOCA; J/ ePWUM1, ADCEOCA
= ADCTRIG _EPWM1 Z0CA: ff ePWM1, ADCEOCRE

S Configure ADC

Inichde():

Ldcoff=zer3eltfcal () ;
ADC 30C _CNF (Ch3el, Trigiel, ACQP3, 17, 0):
EPwmnzFRegs. CHPL. half.CHMPA = 75;

EPwmn3Regs.CMPE = 150;
EPwmndRegs. CHPA,. half.CHPA = 75;
EPwmndRegs . CMPE = Z225;

5. Also locate and inspect the following code in the main file under initialization code. This is where the
ADCDRV_1CH block is configured and initialized. This is also common for all incremental builds.
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f¢ Configure ePWMs to generste LDC 30C pulses for PFC current over sSampling

EPumlRegs.
EPwmnlRegs.
EPmnlRegs.
EPumlRegs.
EPwmnlRegs.
EPmnlRegs.

EPwmnZRegs.
EPmn2Redgs.
EPumZRegs.
EPwmnZRegs.
EPmn2Redgs.
EPumZRegs.

Ff Configure ePWHMs to generate ADC SOC pulses

EPum3iRegs.
EPwmn3Regs.
EPmn3iRedgs.
EPum3iRegs.
EPwmn3Regs.
EPmn3iRedgs.

EPwmrndRegs.
EPmndRedgs.
EPmndRegs.
EPwmrndRegs.
EPmndRedgs.
EPmndRegs.

ET3EL.bit.30CAEN = 1:
ET3EL.bit.30CASEL = ET_CTR_ZIERO;
ETP3.bit.30CAFRD = ET 13T:
ET3EL.bit.30CEEN = 1:
ET3EL.bit.30CE3SEL = ET_CTR_PRD:
ETP3.bit.30CEFRD = ET 13T:

ET3SEL.bit . 30CAEN = 1:
ETSEL.bit.30CASEL = ET CTRU_CHMPL;
ETPS.bit.30CAFRD = ET 13T:
ET3EL.bit . 30CEEN = 1:
ETSEL.bit.30CESEL = ET_CTRD_CHMPL;
ETPS.bit.30CEFRD = ET 13T:

ET3EL.bit.30CAEN = 1:
ET3EL.bit.30CASEL = ET_CTR_ZIERO;
ETP3.bit.30CAFRD = ET 13T:
ET3EL.bit.30CEEN = 1:
ET3EL.bit.30CE3SEL = ET_CTRU_CMPE:
ETP3.bit.30CEFRD = ET 13T:

ET3SEL.bit . 30CAEN = 1:
ETSEL.bit.30CASEL = ET CTRU_CHMPL;
ETPZ.kit.Z0CAFRD = ET 13T:
ET3EL.bit . 30CEEN = 1:
ETSEL.bit.30CESEL = ET CTRU_CHMFPE:
ETPZ.kit.Z0CEFRD = ET 13T:

i
£
£
i
£
£

Enable ePWM1 30CAL pulse

S0ChL from ePWM1 Zero event
Trigger ePWM1 30CL on ewvery ewvent
Enable ePWM1 3I0OCE pulse

S0CE from ePWUM1 PRD event

Trigger ePWM1 30CE on ewvery ewvent

Enable ePWMZ 30CL pulse

SOCAE from ePWMZ CHPAL up event
Trigger ePWHMZ 3I0CL on every event
Enable ePWMZ 30CE pulse

S30CE from ePWHMz CHPAL down event
Trigger ePWHMZ 3I0CE on every event

Enable ePWMI 3I0CL pulse

S0CA from ePUM3 zero event
Trigger ePWM3I 30CL on ewvery ewvent
Enable ePWMI 3I0CE pulse

S0CE from ePWUMI CHMPE up event
Trigger ePWM3I 30CE on ewvery ewvent

Ensble =FWM4 30CL pulse

SOCAE from ePUM4 CHPL up event
Trigger ePWH4 JI0CL on every event
Enable =FWM4 30CE pulse

SOCE from ePWM4 CHPE up event
Trigger ePWH4 JI0CE on every event

6. Open and inspect InterleavedPFC-DPL-ISR.asm. Notice the _DPL_Init and _DPL_ISR sections under

build 1. This is where the PWM and ADC driver macro instantiation is done for initialization and

runtime, respectively.

3.3.1.3.3

Build and Load the Project

1. Select the incremental build option as 1 in the InterleavedPFC-Settings.h file.

NOTE: Whenever you change the incremental build option in InterleavedPFC-Settings.h, always do

a "Rebuild All".

2. Click Project -> “Rebuild All” button and watch the tools run in the build window.

3. Click Target ->"Debug Active Project”. CCS will ask you to open a new Target configuration file if one
hasn’t already been selected. If a valid target configuration file has been created for this connection
you may jump to Section 3.3.1.3.4. In the New target Configuration Window type in the nhame of the

.ccxml file for the target you will be working with (Example: xds100-F28035.ccxml). Check “Use shared
location” and click Finish.

4. In the .ccxml file that open up select Connection as “Texas Instruments XDS100v2 USB Emulator” and
under the device, scroll down and select “TMS320F28035”. Click Save.

5. Click Targe -> -> "Debug Active Project”. Select project configuration as F2803x_FLASH. The program
will be loaded into the FLASH. You should now be at the start of Main().
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3.3.1.3.4 Debug Environment Windows

It is standard debug practice to watch local and global variables while debugging code. There are various
methods for doing this in Code Composer Studio, such as memory views and watch views. If a watch view
did not open when the debug environment was launched, open a new watch view and add various
parameters to it by following the procedure given below.

1. Click View -> Watch on the menu bar.

2. Click the “Watch (1)" tab at the top watch view. You may add any variables to the watch view. In the
empty box in the "Name" column, type the symbol name of the variable you want to watch and press
enter on keyboard. Be sure to modify the “Format” as needed. The watch view should look something
like the following in Figure 10

¥ Debug - BridgelessPFC-Main.c - Code Composer Studio (Licensed)

File Edit View Mavigate Project Target Tools Scripts Window Help

EEI2vEBE RE $- @~ L i (=i 7| % Debuyg |
35 Debug 5 O - r B AR e $ B Y 70| el B X% SEG 3
= ‘% BridgelessPFC [F2803x_FLASH] - Texas Instruments XDS100v1 USB Ermulator_0/C28x [Project Deb|| Mame Yalue Address Type | Format
= 52 Device 9= YreciRMS -1029595277 0x00009038@0ata long Natural
= ¢ Thread [main] (Suspended) 069= flag_NL_Yloop 1 0x00009002@0ata int Matural
= 0 main() at BridgelessPFC-Main.c:321 0x3f6013 (=)= run_flag -15810 int
= 1 _args_main() at args_main.c:43 D36 00 Jata i
ol Texas Instruments XDS100w1 USB Emulatar_0/C28xx (5:38:05 PM) 9= Whus 1155399276 0x000090A0@0ata long
pil Texas Instruments XDS100v1 USB Ermulator_0/C28xc: CIO (5:38:05 P) (%= WhusTargetSlewe: -20.90805238 0x00009032@0ata long  Q-value(24)

=¥ Texas Instruments ¥DS100v1 USE Emulator_0/CLA_D [Man-Project Debug Session]
= &% Disconnected Device
= Thread [main] (Disconnected(Unknown))
£= 0 <symbol is nat available> 0x00000000
o Texas Instruments XDS100w1 USB Emulator_0/CLA_D (5:35:39 PM)
o Texas Instruments ¥XDS100v1 USB Emulator_0fCLA_D: CIO (5:38:39 PM)

< 2
[ BridgelessPFC-Main.c 52 | (8 BridgelessPFC-DPL-ISR asm = O | == Disassambly (main) &2
319 /%53 55535 7
3207 void main(void TS
o : J Enter location here wll | B o
Bl 321 § | !
322 i/ LB I
323 // INITIALISATION - General =
main:
324 4t
e #Ox3FE013:  FEOZ ADDE
J23 0x3F6014:  76TFESSE LCR
326 /¢ The Devicelnit() configures the clocks and pin mux registers Ox3FS016: 8FO0S000 MOVL
327 // The function is declared in BridgelessPFC-DevInit F2803/2x.c, O%3FEO18:  GFTFOLTD  MOVL
328 // Please ensure/edit that all the desired comoonents vin muxes x L A I T T v

Figure 10. CCS Watch View for Build 1

3.3.1.3.5 Using Real-Time Emulation

Real-time emulation is a special emulation feature that allows the windows within Code Composer Studio
to be updated at a rate up to 10 Hz while the MCU is running. This not only allows graphs and watch
views to update, but also allows the user to change values in watch or memory windows, and see the
effect of these changes in the system. This is very useful when changing control law parameters on-the-
fly, for example.

1. Enable real-time mode by hovering your mouse on the buttons on the horizontal toolbar and clicking

: '!EI Enable Silicon Real-time Mode (service critical interrupts when halted, allow
= O debugger accesses while running) button.

2. A message box may appear. If so, select YES to enable debug events. This will set bit 1 (DGBM bit) of
status register 1 (ST1) to a “0”. The DGBM is the debug enable mask bit. When the DGBM bit is set to
“0”, memory and register values can be passed to the host processor for updating the debugger
windows.

3. Click on Continuous Refresh buttons i) for the watch view.
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3.3.1.3.6 Run the Code

1. Run the code by using the <F8> key, or using the Run button on the toolbar, or using Target -> Run on
the menu bar.

2. In the watch view, add the variable DutyA and set it to 0.1 (=1677721 in Q24). This variable sets the
duty cycle for the PFC converter.

3. Apply an appropriate resistive load to the PFC system at the DC output (8k/20W, or, 4K/40W or,
2k/80W).

4. Slowly apply AC Power to the board. Measure and verify the DC bus voltage corresponding to applied
input voltage and the duty ratio.

5. Use DutyA to slowly change the duty from the watch window. The boost converter output voltage
should change accordingly.

NOTE: Observe the output voltage carefully, the output voltage should not be allowed to exceed the
maximum voltage rating of the board (400V).

6. Add the other variables such as, Vbus, VL_fb, VN_fb and verify the different ADC results in the watch
view. For AC voltage input the sensed line and neutral voltage(VL_fb, VN_fb) will vary continuously in
the watch window. Therefore, to verify the ADC readings and the line and neutral voltage sense
circuits, the user may apply DC input voltage (20~200V) instead of AC (as stated in Step 4). In that
case the PFC stage will temporarily operate in a pure dc-dc boost mode. CCS watch window below
shows some of the variables under Build 1 when the input AC voltage is about 90Vrms, open loop duty
is 10%, DC bus resistive load is about 4K ohm and DC bus voltage is 200V. Notice the Q-format used
for each variable. Under this condition first four variables in the watch window show the AC line
frequency, the RMS input voltage, the DC bus voltage and the RMS input current. The variable
Gui_PinRMS shows the input power.

Local {1 o X g W@ E 5Y =08

Mame Yalue Address Type Format

()= Gui_Freq_Yin 61,0 0:x00009003@0ata ink Q-Yaluels)
()= Gui_MrectRMS 29,875 0:x00009005@0ata ink Q-Yaluels)
(= GEui_vbus 197,953 00000901 3@0ata ink (-Yaluels)
(9= Gui_IrectRM3 0.1171585 Oex00009004@0ata int Q-Yalue(10)
()= Dutyh 0.09999995424 Ox00009044@Data lang Q-Yalue(Z4)
()= IpFc_fltr 0,002599169922 O:x0000904E@Data lang Q-Yalue(24)
()= Whusdvg 0.3757413626 0:x00003046@0aka long Q-ialue(24)
9= Gui_PinRtMS 10,78125 0x00009060@0ata long Q-¥alue(s)
()= Wbus 0,3759765625 0:00009042@0aka long Q-ialue(24)
()= Whusdvg 0375797689 0x00003046@0ata long Q-Yalue(24)
(9= YL_fb 0.2875976563 0x00003040@0ata long Q-Value(24)

BT 563 0x00009050@Data (24)

7. The following oscilloscope capture shows two PWM outputs (Chl & Ch2) with duty ratio set to 10%.

The PWM frequency is measured to be 200kHz.

@ 200V & 200V & 2.50G5/58 3 |
\I+~0.00000 s 100k points 1.24 ¥ )

’ value hMean Min Ml X std Dev L .

&P Frequency 200.d4kHz 200.4k 200.4k 200.5k 26.76 15 Feb 2013

+Duty 10.01 % 10.02 9.989 10.05 E.949m 100:35:47 )

| @ Frequency 200.4kHz 200.4k 200.4K 200.5k 33.69
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8. Try different duty cycle values and observe the corresponding ADC results. Increase duty cycle value
in small steps. Always observe the output voltage carefully, this should not be allowed to exceed the
capabilities of the board. Different waveforms, like the PWM gate drive signals, input voltage and
current and output voltage may also be probed and verified using an oscilloscope. Appropriate safety
measures must be taken while probing these high voltage signals.

9. Fully halting the MCU when in real-time mode is a two-step process. With the AC input turned off wait
until the DC bus capacitor is fully discharged. First, halt the processor by using the Halt button on the
toolbar, or by using Target -> Halt. Then take the MCU out of real-time mode. Finally reset the MCU.

10. You may choose to leave Code Composer Studio running for the next exercise or optionally close
CCs.

11. End of Exercise

3.3.1.4  Build 2: IL PFC with Closed-Current Loop

3.3.1.4.1 Objective

The objective of this build is to verify the operation of the IL PFC under closed current loop mode.

3.3.1.4.2 Overview

Figure 11 shows the software blocks used in this build. Notice that 1 additional software blocks are added
to the Build 1 diagram (Figure 7) to implement this closed current loop system. The Sine Analyzer block
calculates the RMS voltage and frequency of the input voltage. PFC InvRmsSqr block calculates the
inverse of the square of the RMS input voltage. This calculated value together with the rectified voltage
(Vrect) is used in the software block PFC_ICMD to generate the reference current command Pfclcmd for
the PFC current control loop. PFC_ICMD block uses a 3rd input VpfcVemd for controlling the magnitude of
the reference current command. Since this software build implements only the PFC current loop (open
voltage loop), this parameter VpfcvVemd needs to be varied from the CCS watch window in order to adjust
the magnitude of the reference current and hence the PFC bus voltage. A two pole two zero (2p2z)
controller is used to implement the current control loop. This is the 4th software block shown in Figure 11
as CNTL_2P27:1. Depending on the control loop requirements other control blocks such as a Pl or a 3p3z
controller can also be used.

As shown in Figure 11 the current loop control block is executed at a 100 KHz rate. CNTL_2P2Z is a 2nd
order compensator realized from an IIR filter structure. This function is independent of any peripherals and
therefore does not require a CNF function call.
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VpfcVemd

100Khz

100Khz

PFC_ICMD:1:

100Khz
[ PWMDRV_2chUpDwnCnt:1:

CNTL_2P2Z:1:

Pfclemd

VinvRmsSqr Out € 00 Ref P - PWMIA 5
00 VacRect M ~ PWM1B -
VmaxOverVmin
100Khz
Sincsnalyzen Assembly Code in ISR:
InvRmsSqr (struct) Positive & Negative 100Khz
A Half Cycle Detect, =T
=0 .PosCyq Rl etion [ ADCDRV_Iich:1: -
»| Vin m AT Rt D |« ADC A2
C
Vavg
A A ADCDRV_1ch:2:
Sl ] VN_fo RItPt s
Threshold ZCD — g g [«— ADCAO
[ ADCDRV_ich:3:
100Khz A
PFC_InvRmsSqr:1: HL RItPtr D |«— ADCA1
C
ADCDRV_1ch:4:
<€ 100Khz A
sou In § RItPtr D [« ADCAS
§ MATH_EMAVG:2:
Vmin C©
VminOverVmax
[Vete_ava | ¢——— out I §
Multiplier

Figure 11. Build 2 Software Blocks

This 2p2z controller requires five control coefficients. These coefficients and the clamped output of the
controller are stored as the elements of a structure named CNTL_2P2Z_CoefStructl. The CNTL_2P2Z
block can be instantiated multiple times if the system needs multiple loops. Each instance can have
separate set of coefficients. The CNTL_2P2Z instance for the current loop uses the coefficients stored as
the elements of structure CNTL_2P2Z CoefStructl. This way a second instantiation of CNTL_2P2Z with a
different structure, CNTL_2P2Z CoefStruct2, can be used for PFC voltage loop control, as we will see in
Section 3.3.1.4.4 with Build 3.

The controller coefficients can be changed directly by modifying the values for BO, B1, B2, A1, and A2
inside the structure CNTL_2P2Z CoefStructl. Alternately, the 2p2z controller can be expressed in PID
form and the coefficients can be changed by changing the PID coefficients. The equations relating the five
controller coefficients to the three PID gains are given below. For the current loop these P, | and D
coefficients are named as: Pgain_|I, Igain_| and Dgain_| respectively. For the voltage loop, used in Build 3,
these coefficients are named as: Pgain_V, Igain_V and Dgain_V respectively. These coefficients are used
in Q26 format.

The compensator block (CNTL_2P2Z) has a reference input and a feedback input. The feedback input
labeled as, Fdbk, comes from the ADC. The reference input labeled as, Ref, comes from PFC_ICMD
block as mentioned before. The z-domain transfer function for CNTL_2P2Z is given by:

U(Z) _bo+biz! + bz

E(Z) ) l+aiz” + a2z 1)
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The recursive form of the PID controller is given by the difference equation:
u(k) =u(k —1) +boe(k ) + bre(k 1)+ bae(k - 2)
where

bo=Kp+ Ki+ Ku

br=—-Kp +Ki—2Ku

e b2=Ku )

And the z-domain transfer function of this PID is:
U(Z) _ bo+ bz + bz

E(z) 1-2" @3)
Comparing this with the general form, we can see that PID is a special case of CNTL_2P2Z control where:
a=-1 and a2=0 4)

The MATH_EMAVG (Exponential Moving Average) block calculates the average of the output DC bus
voltage. The output from this block is used to detect overvoltage condition followed by a PWM shutdown.

3.3.1.43 Procedure
Follow the following steps to execute this build:

3.3.1.4.3.1 Build and Load Project
Follow the steps below to execute this build:

Follow the steps in Section 3.3.1.3.2 exactly as in build 1(Section 3.3.1) except that in Step 6, select build
2 option instead of build 1. Then complete Step 6 as below:

1. Locate and inspect the following code in the main file under initialization code specific for build 2. This
is where all the software blocks related to build 2 are connected in the control flow.

i

Wif (INCR_BUILD == 2) // Closed Current Loop IL PFC, Open Volt Loop

i
/¢ Likb Module connection to "nets"”
ADCDRV_1ch Rltl = sIpfcl:
LDCDEY 1ch Rltz = sIpfez;
LDCDRY_1ch R1t3 = &Ipfed;
ADCDRV_1lch Rltd = gIpfcd:
ADCDRY_ich R1tS = gIpfes:
LDCDEY lch RIté = sIpfes;
LDCDEY 1ch RIt? = sIpfe?;
ADCDRV_1lch R1tE = ¢Ipfcs:
ADCDRV_1lch R1t9 = gVhus:
LDCDEY_lch RItl0 = £VL_fh:
LDCDEY 1ch RItll = sVN_fh:

//connect the 2P2Z connections, for the inner Current Loop, Loopl
CHTL_ZPZZ_Refl = gPFCIcwd:

CNTL_2P2Z_Outl = sDutyh;

CNTL_2PZZ_Fdbkl= £Ipfe fltr;

CHTL_2P2Z_Coefl = &CNTL_2PZZ_CoefStructl.hZ:

/¢ Math_svg block connections - Instance 2

MATH EMAVG Inz=sVius;

MATH EMAVG_Outz=sVhusivg:

MATH EMAVG Multiplier2=_ IQ30(0.00025):

/7 INV_RNS_SOR block connections

VrectRMS = (sine mainsV.Vrms)<< 9;//015 --> 024, (sine wainsV.Vrws) is in Q15
FFC_InvRmsSogr Inl=sVrectRMS;

PFC_InvRmsSgr_Outl=sVinvsgr;
PFC_InvRmsSgr_VminOverVmaxi=_IQ30(0.19586) ; /4 BOV/ 409V

PFC_InvRmsSgr_Vmini=_IQ24(0.1956): £/ BOV/403V
// PFC_ICHD block connections

PFC_ICHD Wemdl = &VbusVemd:

PFC_ICHD_WinvSqrl=svinvsqr:

PTC_ICHD_VacRectls=sVrect;

PTC_ICHD_Ourt1=€FFCIemd;

PFC_ICHD WmaxOverVminl=_ I0Q24[3.00]: // 3.5625 <=> ZBEV/EOV

PUMDRY_2ch_UpDwnCnt_Dutyl = sDutyh;

2. Open and inspect InterleavedPFC-DPL-ISR.asm. Notice the _DPL_Init and _DPL_ISR sections under
build 2. This is where all the macro instantiations under build 2 are done for initialization and runtime,
respectively.
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3.

Select the Incremental build option as 2 in the InterleavedPFC-Settings.h file. Then follow the steps in
Section 3.3.1.3.3 as in build 1 in order to run the code. When all these steps are completed you should
now be at the start of Main().

NOTE: Whenever you change the incremental build option in InterleavedPFCSettings.h always do a
“Rebuild All”

Run the code by using the <F8> key, or using the Run button on the toolbar, or using Target -> Run on
the menu bar.

In the watch view, add the variable VpfcVemd and set it to 0.025 (=419430 in Q24). This variable sets
the magnitude of the reference current command for the current control loop.

. Apply an appropriate resistive load to the PFC system at the DC output. For example, a 8.0Kohm

resistor of 40W rating can be used. This will provide a load of 18W at 380V bus voltage.

Slowly apply AC Power to the board from an isolated AC source. Monitor the DC bus voltage as the
input voltage is raised slowly to 82V rms. The bus voltage now should be around 380V. Use a current
probe to observe the input current. With 82V rms input, 8.0kohm resistive load and bus voltage set to
380V you should see the following waveforms. Here Ch4 is the input current, Ch1/Ch2 are the PWM
outputs. With the current loop closed the input current should have the same shape of the input voltage
with good power factor.

[ 2 ]

2.50MS/s

‘o 2.00V &
100k points

CCS watch window below shows some of the variables under Build 2 when the input AC voltage is
about 82Vrms, VbusVcemd is set to 0.025, DC bus resistive load is about 8K ohm and DC bus voltage
is 380V.

Local {1} B X% $$E Y0
Mame Yalue Address Type Format
(= Gui_Freq_\in 61.0933 0x0000900A@0aka ink Q-Yalue(s)
()= Gui_YrectRMS 80,4544 0:0000900B@0ata int Q-Yalue(s)
(= Gui_Ybus 360,525 0x00002009@0ata ink -Yalue(s)
(= Gui_lrectRMS 0.280273 0x00002010@0ata ink Q-Yalue(10)
()= Dutys 0,2923679352 x00009046@Data lang Q-valus(24)
()= IpFe_fler 0.01354980469 0x0000904E@Data lamg (-valuei24)
()= Wbushwg 0.7226657136 0x00009030@0ata lang Q-Yalue(24)
()= Gui_PinRM3 23,2815 0:x00009034@0ata lang Q-Yalue(s)
()= Whus 0.7238328125 Ox00009054@0ata long Q-Yalue(Z4)
(= Yhusfvg 0,7227066755 0x00009030@0ata lang Q-value(z4)
()= yL_fb 0,103515625 x00009052@Data lang Q-value(24)
0= Y¥N_fb 0,2727050781 0x0000907E@Data lang Q-value(24)
: 6
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8. Increase VpfcVemd slightly (in steps of 0.002) and observe the bus voltage settles to a higher value.
Increasing VpfcvVemd increases the magnitude of the current reference signal and, since the PFC
voltage loop is open, the bus voltage will rise. Therefore, apply caution and set the overvoltage
protection threshold to 400V. This threshold parameter is labeled as VBUS_OVP_THRSHLD inside
the file InterleavedPFC-Settings.h. The default value is set to 430V. Now change the input voltage or
the load resistance to see the PFC operation under current control loop.

9. Fully halting the MCU when in real-time mode is a two-step process. With the AC input turned off wait
until the DC bus capacitor is fully discharged. First, halt the processor by using the Halt button on the
toolbar, or by using Target -> Halt. Then take the MCU out of real-time mode. Finally reset the MCU.

10. You may choose to leave Code Composer Studio running for the next exercise or optionally close
CcCs.

11. End of Exercise

3.3.1.4.4 Build 3: IL PFC with Closed Voltage and Current Loop

3.3.1.4.4.1 Objective

The objective of this build is to verify the operation of the complete IL PFC project from the CCS
environment.

3.3.1.4.4.2 Overview

Figure 12 shows the software blocks used in this build. Compared to build 2 in Figure 11 this build uses
an additional 2p2z control block labeled as CNTL_2P2Z:2. This is the 2nd instantiation of the 2p2z control
block in order to implement the IL PFC voltage loop control. This voltage loop controller is executed at
50kHz rate which is half the rate for current loop. The output from this control block drives the input node
VpfcVemd of the PFC_ICMD block. This is the main difference compared to build 2 where VpfcvVemd is
updated by user from CCS watch window in an open voltage loop mode.

50Khz

CNTL_2P2Z:2:

100Khz

100Khz

CNTL_2P2Z:1:

PFC_ICMD:1:

100Khz
[ PWMDRV_2chUpDwnCnt:1:

VpfcVemd

Pfclemd

0 VinvRmsSqr ~ Out

=)
CNTL_2P2Z_CoefStruct VmaxOverVmin
BO o Co
Bl
B2 CNTL_2P2Z_CoefStruct 100Khz
Al B0

- PWM1A

=

ol M [ PWM1B >

A2 B1
Dmin SineAnal B2
Dmax e yzer AL Assembly Code in ISR:
InvRmsSar (struct) Positive & Negative 100Khz
o PosCyd Half Gycle Dgtect ADCDRV_Ich:1:
i @j Vims RIELD D |« ADCA2
Vavg €
ADCDRV_Ich:2:
S freq
ampleFreq VN_fb RItPtr
Threshold | 7cp = g [ ADCAo

ADCDRV_Ich:3:

100Khz A
PFC_InvRmsSqr:1: VLo RItPtr D |¢— ADCA1
C
ADCDRV_1ch:4:
I 100Khz A
Out In Vpic RItPtr D [« ADCAS
MATH_EMAVG:2:
Vmin C
VminOverVmax
out n
Multiplier

Figure 12. Build 3 Software Blocks

Similar to current loop controller, this voltage loop controller, CNTL_2P2Z:2, also requires five control
coefficients. These coefficients and the clamped output of the controller are stored as the elements of a
2nd structure named CNTL_2P2Z CoefStruct2. The coefficients for this controller can be changed directly
by modifying the values for BO, B1, B2, Al, and A2 inside the structure CNTL_2P2Z CoefStruct2, or by
changing the equivalent PID gains as discussed in Section 3.3.1.4.
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3.3.1.4.4.2.1 Start-Up, Inrush Current Control, and Slew-Limit

At start-up, the controller monitors the PFC DC bus voltage. When this voltage reaches a minimum level
(this min level for this ILPFC EVM is set around 160Vdc) PFC action is enabled and the output DC bus
slowly ramps up to the pre-set value of about 390Vdc. This output voltage level is set by the constant
VBUS_RATED_VOLTS defined in the PFC header file InterleavedPFC-Settings.h. The ramp up speed is
set by the parameter VbusSlewRate defined and implemented in the soft-start state machine task C2. This
part of the software can be quickly modified to implement any other desired mode for PFC start-up.

3.3.1.4.4.2.2 Input Power Monitor

This ILPFC EVM has been equipped with input power monitoring feature. All the calculation for input
power measurement is done inside a 10kHz ISR running the SineAnalyzer macro (Figure 12). This macro
block takes the rectified input voltage and the rectified input current as its inputs. Then based on this
information it calculates the RMS input power, RMS input voltage and RMS input current using the
following equations:

Ve = \E Frwdi=— S0

N=T/T,

L= Foa=L 5 Py

1 t+T 1 N
P, == -l =—23V(n)-I(n)
T - N5 ®)
The time period T of the rectified input voltage and current is calculated by setting a low threshold voltage

level for the rectified voltage signal and then by measuring the time between the consecutive points when
the signal crosses this threshold level. This is illustrated in Figure 13.

$ A Y I 1 »
/
<> Vthreshld lo

t, | t+T,
(nth sample) (n+T/Ts) th sample

Figure 13. RMS Input Voltage and Current Calculation Scheme
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3.3.1.4.4.2.3 Procedure

3.3.1.4.4.2.4 Build and Load Project
Follow the steps below to execute this build.

Follow the steps in Section 3.3.1.3.1 exactly as in build 1(Section 3.3.1) except that in Step 6 select build
3 option instead of build 1. Then complete Step 6 as below:

1.

2.

Locate and inspect the following code in the main file under initialization code specific for build 3. This
is where all the software blocks related to build 3 are connected in the control flow.

/4 Lib Module connection to "necs"
ADCDEV_1ch Rltl = gIpfeil;
ADCDEV_1leh R1t2 = cIpfez;
ADCDEV_1ch R1t3 = £Ipfci;
ADCDRV_1ch Rlt4 = &Ipfod;
ADCDEV_1leh RIS = cIpfes:
ADCDEV_1ch R1ltc6 = £Ipfcé:
ADCDRV_1ch RIt7 = &Ipfco??;
ADCDEV_1ch R1tS = £Ipfed;
ADCDREV lch R1tS = &Vbus:
ADCDRV_1ch R1tl0 = &VL_th:
ADCDRV 1ch Rltll = £VH_fh:

ffconnect the ZP2Z connections, for the inner Current Loop, Loopl

CHNTL_2ZP2Z Refl = £PFCIcmd:

CNTL 2PZZ Outl = &Dutyk:

CNTL_2PzZ_Fdbkl= &Ipfec fltr;:

CHNTL_2P2EZ Coefl = &CNTL_Z2PZZ_Coefltructl.h2z;

ffoonnect the ZPZZI connections, for the outer Voltage Loop, LoopZ
CHTL_ZF2Z_Refi = &VbusTargetilewed:

CHNTL_ZP2E Qut2 = &VbhusVcomd;

CHTL_ZP2ZI Fdbki= &£Vbus:

CNTL_2PzZ_Coefz = &CNTL_2PZZ_CoefStructz.bz;:

/¢ Math avy block connections - Instance 2

MATH EMAVG In2=cVbus:

HETH_EMJLUG_Out2=&UhuSEvg:f’..-’ﬁ.verage PFC bus wvolt calculated for OV protection
MATH EMAVG MultiplierZ=_ IQ30(0.00025):

/¢4 INV_RMS_SQR hlock connsctions

VrectRMS = (sine_mwainsV.Vrms)<< 3://015 --> 024, [(sine_mainsV.Vrmws) is in Q15
PFC_InvPRmsSqr_ Inl=&VrectRM3;

PFC_InvPmsSqr Outl=cWinwvigr;

PFC_InvRms3qr VminOverVmaxl=_IQ30(0.1956); S BOVS 209V

PFC_InvRmsSqr Vminl=_IQz4(0.1956);

/¢ PFC_ICHD block connections

PFC_ICHD Vemdl = &VbusVeomd;

PFC_ICHD Vinw3grl=cVinwvigr;

FFC_ICHD VacRectl=&Vrect:

PFC_ICHD Outl=&PFCIcmd;

PFC_ICHD VmaxOverVminl= IQ24(3.00); // 3.5625 <=> ZESV/EOV

PWHMDRV_ach UpDwnCnt Dutyl = &Dutyid;

Open and inspect InterleavedPFC-DPL-ISR.asm. Notice the _DPL_Init and _DPL_ISR sections under
build 3. This is where all the macro instantiations under build 3 are done for initialization and runtime,
respectively.

Select the Incremental build option as 3 in the InterleavedPFC-Settings.h file. Then follow steps in
Section 3.3.1.3.3 and Section 3.3.1.3.5 as in build 1 in order to run the code. When all these steps are
completed you should now be at the start of Main().

NOTE: Whenever you change the incremental build option in InterleavedPFC-Settings.h always do a
"Rebuild All"

Run the code by using the <F8> key, or using the Run button on the toolbar, or using Target -> Run on
the menu bar.
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5. In the watch view, add the variables VbusTargetSlewed, Vbus and set the Q-format to Q24. These
variables represent the p.u. reference bus voltage and the feedback bus voltage respectively
(normalized or per unit values). These will slowly increase to the setpoint value as the PFC starts up
when AC power is applied.

6. Apply an appropriate resistive load to PFC output. For example, a 8.0Kohm resistor of 40W rating can
be used. This will provide a load of about 20W at 390V bus voltage. Configure the isolated AC source
to output 120V, 60Hz, AC voltage output. Use a voltmeter to monitor the DC bus voltage. Turn on the
AC source output for 120Vrms. When the DC bus voltage reaches 160V, PFC action will start and the
bus voltage will slowly increase to about 390V. Notice that VbusTargetSlewed and Vbus variables on
the watch window show a value of about 0.7414 (=390/526) when the Q format is set to Q24. The
maximum bus voltage set by the Vbus sense resistors is about 526V that corresponds to maximum
ADC input of 3.3V. Therefore, the normalized or per unit value will be about 0.7414 when the actual
bus voltage is 390Vdc. CCS watch window below shows some of the variables under Build 3 when the
input AC voltage is about 120Vrms, DC bus resistive load is about 8K ohm and DC bus voltage is
about 390V. The variable “pfc_on_flag” is set to 1 when the soft-start is complete and PFC bus voltage
reaches the desired set point. Use an oscilloscope with voltage and current probes to observe the
input voltage and input current. With 110Vrms input, 277 ohm resistive load and bus voltage set to
390V you should see the waveforms shown below. Here Ch2 is the input voltage and Ch4 is the input
current. Change the input voltage (100Vrms~260Vrms) or the load resistance (0~550W @110Vin, or,
0~700W @220Vin) to see the PFC operation under closed current and voltage control loop.

Local {1) |6 Wwiatch (1) 52 = B S FE YO
Hame Walue Address Type Format
()= Gui_Freq_tin £0.1563 (00009004 0aka int G-Value(g)
()= Gui_rectRMS 119,969 (0x0000300B@Data int Q-Value(s)
()= Gui_vhus 390,359 (0:00003009@0ata int C-Yaluels)
()= Gui_TrectRMS 0.194336 (00000801 0@0ata int Q-Yalue(10
()= Dubyds 01812707752 0x00008042@0ata long Q-Value(24
()= Ybusavg 0. 7408962846 (:0000802CE0aka long C-Walue(24)
()= Gui_PinRMS 2253125 (0:00009034@Data long C-Yalue(S)
(= vbus 0,7395019531 (0:00003050@0ata long C-Walue(?4,
()= Ybusavg 0, 7409095764 (:0000802CE0aka long C-Walue(?4,
()= Ybusvemd 0.02482753794 (0:00008020@0ata long C-Walue(?4,
(= YbusTargetSlewed 07410829067 0:0000907E@Data long Q-Yalue(?4:
()= pfc_on_flag 1 (00000901 B@Data int Matural

5 ms 2.50MS/s & 5 |
L 2.93200ms 100K points 22.0V
|" Value Mean il Max Std Dev &
{2 i 110V 110 110 28.9m J

Figure 14. IL PFC Input Voltage and Current at 550W Load and 110Vrms Input

7. Fully halting the MCU when in real-time mode is a two-step process. With the AC input turned off wait
until the DC bus capacitor is fully discharged. First, halt the processor by using the Halt button on the
toolbar, or by using Target -> Halt. Then take the MCU out of real-time mode. Finally reset the MCU.

8. You may choose to leave Code Composer Studio running for the next exercise or optionally close
CCs.

9. End of Exercise
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3.3.1.4.4.3 Additional Test Results

Jf10.0ms 1.00M5/s 7
W 10.00% 100k points 16.0V | )
value Mean Min Max Std Dev 1 3 Mar 2012]
X 9:14

(1) Ch3 -Vin, Ch4-lin, Vrms=230V, Vbus=390V, Pout=700W
Figure 15. IL PFC Input Voltage and Current Waveforms

1.00MS/s

1.00MS/s oF ‘
100k points 16.0 vV

100k points 16.0 V

) %
value Mean Max Std Dev 3 Mar 2012
(07:07:16

value Mean Max Std Dev T 3 mar 2012‘|
(07:08:35

(1) Ch3-Vin, Ch4-lin, Vrms=230V, (1) Ch3-Vin, Ch4-lin, Vrms = 230V,

Vbus=390V, Pout=375W Vbus = 390V, Pout = 80W
Figure 16. IL PFC Input Voltage and Current Figure 18. IL PFC Input Voltage and Current
Waveforms Waveforms

(1) Chl-Vbus, Ch4-lin, Vrms = 120V, (1) Ch1-Vbus, Ch4-lin, Vrms = 220V,
Vbus = 390V, Vbus =390V,
Load Step 360W ~ 520W Load Step 370W ~ 530W
Figure 17. IL PFC DC Bus Load Transient Figure 19. IL PFC DC Bus Load Transient
Response Response
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For more information, please refer to the following guides:

ILPFC-GUI_QSG— A quick-start guide for quick demo of the ILPFC EVM using a GUI interface.
.\controlSUITE\development_kits\ILPFC\~Docs\ILPFC-GUI_QSG.pdf

ILPFC_Rel-1.0-HWdevPkg— A folder containing various files related to the Piccolo-B controller card
schematics and the IL PFC schematic.

.\controlSUITE\development_kits\ILPFC\ILPFC_HWDevPkg

F28xxx User's Guides— http://www.ti.com/f28xuserguides
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IMPORTANT NOTICE FOR TI REFERENCE DESIGNS

Texas Instruments Incorporated ("TI") reference designs are solely intended to assist designers (“Buyers”) who are developing systems that
incorporate Tl semiconductor products (also referred to herein as “components”). Buyer understands and agrees that Buyer remains
responsible for using its independent analysis, evaluation and judgment in designing Buyer’s systems and products.

Tl reference designs have been created using standard laboratory conditions and engineering practices. Tl has not conducted any
testing other than that specifically described in the published documentation for a particular reference design. Tl may make
corrections, enhancements, improvements and other changes to its reference designs.

Buyers are authorized to use Tl reference designs with the Tl component(s) identified in each particular reference design and to modify the
reference design in the development of their end products. HOWEVER, NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL
OR OTHERWISE TO ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY THIRD PARTY TECHNOLOGY
OR INTELLECTUAL PROPERTY RIGHT, IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right,
or other intellectual property right relating to any combination, machine, or process in which TI components or services are used.
Information published by TI regarding third-party products or services does not constitute a license to use such products or services, or a
warranty or endorsement thereof. Use of such information may require a license from a third party under the patents or other intellectual
property of the third party, or a license from Tl under the patents or other intellectual property of TI.

TI REFERENCE DESIGNS ARE PROVIDED "AS IS". TI MAKES NO WARRANTIES OR REPRESENTATIONS WITH REGARD TO THE
REFERENCE DESIGNS OR USE OF THE REFERENCE DESIGNS, EXPRESS, IMPLIED OR STATUTORY, INCLUDING ACCURACY OR
COMPLETENESS. TI DISCLAIMS ANY WARRANTY OF TITLE AND ANY IMPLIED WARRANTIES OF MERCHANTABILITY, FITNESS
FOR A PARTICULAR PURPOSE, QUIET ENJOYMENT, QUIET POSSESSION, AND NON-INFRINGEMENT OF ANY THIRD PARTY
INTELLECTUAL PROPERTY RIGHTS WITH REGARD TO TI REFERENCE DESIGNS OR USE THEREOF. TI SHALL NOT BE LIABLE
FOR AND SHALL NOT DEFEND OR INDEMNIFY BUYERS AGAINST ANY THIRD PARTY INFRINGEMENT CLAIM THAT RELATES TO
OR IS BASED ON A COMBINATION OF COMPONENTS PROVIDED IN A TI REFERENCE DESIGN. IN NO EVENT SHALL TI BE
LIABLE FOR ANY ACTUAL, SPECIAL, INCIDENTAL, CONSEQUENTIAL OR INDIRECT DAMAGES, HOWEVER CAUSED, ON ANY
THEORY OF LIABILITY AND WHETHER OR NOT TI HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES, ARISING IN
ANY WAY OUT OF TI REFERENCE DESIGNS OR BUYER’S USE OF TI REFERENCE DESIGNS.

Tl reserves the right to make corrections, enhancements, improvements and other changes to its semiconductor products and services per
JESDA46, latest issue, and to discontinue any product or service per JESD48, latest issue. Buyers should obtain the latest relevant
information before placing orders and should verify that such information is current and complete. All semiconductor products are sold
subject to TI's terms and conditions of sale supplied at the time of order acknowledgment.

Tl warrants performance of its components to the specifications applicable at the time of sale, in accordance with the warranty in TI's terms
and conditions of sale of semiconductor products. Testing and other quality control techniques for TI components are used to the extent Tl
deems necessary to support this warranty. Except where mandated by applicable law, testing of all parameters of each component is not
necessarily performed.

Tl assumes no liability for applications assistance or the design of Buyers’ products. Buyers are responsible for their products and
applications using TI components. To minimize the risks associated with Buyers’ products and applications, Buyers should provide
adequate design and operating safeguards.

Reproduction of significant portions of Tl information in Tl data books, data sheets or reference designs is permissible only if reproduction is
without alteration and is accompanied by all associated warranties, conditions, limitations, and notices. Tl is not responsible or liable for
such altered documentation. Information of third parties may be subject to additional restrictions.

Buyer acknowledges and agrees that it is solely responsible for compliance with all legal, regulatory and safety-related requirements
concerning its products, and any use of TI components in its applications, notwithstanding any applications-related information or support
that may be provided by TI. Buyer represents and agrees that it has all the necessary expertise to create and implement safeguards that
anticipate dangerous failures, monitor failures and their consequences, lessen the likelihood of dangerous failures and take appropriate
remedial actions. Buyer will fully indemnify Tl and its representatives against any damages arising out of the use of any TI components in
Buyer's safety-critical applications.

In some cases, TI components may be promoted specifically to facilitate safety-related applications. With such components, TI's goal is to
help enable customers to design and create their own end-product solutions that meet applicable functional safety standards and
requirements. Nonetheless, such components are subject to these terms.

No Tl components are authorized for use in FDA Class Il (or similar life-critical medical equipment) unless authorized officers of the parties
have executed an agreement specifically governing such use.

Only those Tl components that Tl has specifically designated as military grade or “enhanced plastic” are designed and intended for use in
military/aerospace applications or environments. Buyer acknowledges and agrees that any military or aerospace use of TI components that
have not been so designated is solely at Buyer's risk, and Buyer is solely responsible for compliance with all legal and regulatory
requirements in connection with such use.

Tl has specifically designated certain components as meeting ISO/TS16949 requirements, mainly for automotive use. In any case of use of
non-designated products, Tl will not be responsible for any failure to meet ISO/TS16949.
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