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Introduction

The IRMCS3012 reference design platfornports development of dual motor drive
applications in the 1200W — 1800W power rangeg the IRMCF312 digital control IC

and the IRAMX16UPG60A and the IRAM33B25SB IRAM power modules. The design
kit includes two permanent magnet synchraouotor, a drive control board, a PFC
inductor and the motor control developmeénbls. The inclusion of motors allows
immediate use of the kit, while the mptoontrol commissioning tools support rapid
evaluation of the drive board running the target motor.
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This document provides a high level desaoiptof the PFC and motor drive control
algorithms, the hardware components and design tools.|RMES3012 Quick Start
Guide provides instructions on how to set the hardware and to start running the
included motors. TheRMCx300 Application Developers Guide describes the various
steps to configure and customize the glesto match your motor and application
requirements. ThERMCx300 Software Developers Guide describes application software
development and the tools to generate code for the one time programmable version of the
digital control IC. ThdRMCx300 Reference Manual provides detailed descriptions of the
digital control IC hardware, gisters and control blocks.

IRMCF312 Application Circuit

In a typical IRMCF312 application such as air conditioner outdoor unit, shown in

Figure 1, the drive circuit includes an input comte, two three-phase power inverters and
the digital motor control IC. The input convertansists of an ingh current limiter, an
EMI filter, a bridge rectifier, a PFC boosbroverter circuit and a dous capacitor. Each
of the three-phase power inverters usamgle IR appliance module (IRAM) and some
passive components. The IRAMX16UP60At® compressor power stage integrates six
IGBT transistors and diodesié the analog gate drivercuit. The IRAM336-025SB in
the fan power stage integrates six Mosfetdistors and the analog gate drive circuit. The
IRAM modules also include inverter protemtifunctions include over current trips, over
temperature trips and the detection of ghige voltage. Both modules require external
current sensing resistors. The IRMCF312 digiC controls both ac motors and the PFC
boost converter. It also manages applicatiarcfions such as theotor speed profiles,
load switching and communication with an external processor that handles the user
interface. The IC integrates an 8-loiicrocontroller (8051 MCU), a 16-bit Motion
Control Engine (MCE") and an Analog Signal Engine (ASHhis IC structure allows
easy partitioning of the apphae application andnotor control functions as shown in
Figure 2
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Figure 1 IRMCF312 Application Hardware
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The 8051 microcontroller includehe timers, digital I/Orad ports to communicate with

the indoor unit controller. ThB051 is the master processord has dedicated data and

program memory space that loads automaticatigr power up from an external serial

ROM. It communicates with the MCE via a siéhimemory interface that allows it to set

control algorithm parameters and track variablEnere is a version of the digital control

IC, the IRMCK312, which integrates OTP RIn place of the 8051 instruction RAM.

The Motion Control Engine simultaneously amté the compressor motor, the fan motor
and the input PFC converter. The MCE impérha sensorless field oriented control
algorithm that generates the inverter PWM aigrbased on dc bus voltage and dc link
current samples. The MCE implements a digital power factor act@mnealgorithm with
feed forward control to minimize the comex switching frequency and maximize
efficiency. The Analog Signalrigine integrates the 12-bAWD converter, timing circuits
and buffer amplifiers needed to determine thotor voltages and currents from the dc
link shunt resistor. It includes the buffer amiglit and timing circuits to sample the ac
line voltage, the input convert current and the dc busltage. The only external
components required for the ASE are the passive components needed to set the amplifier
gains.

IRMCF312 Air Conditioning System control IC
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Figure 2 IRMCF312 Application Partitioning

The MCE™ implements the sensorless motor cdraitgorithm using dardware library

of motor control modules sudks vector transformationsé proportional plus integral
feedback compensators. The motion cons@fuencer schedules the execution of the
library components required to implemehe sensorless control and PFC algorithms.
The MCE implements the algorithm in 16-bit fixed point arithmetic using a selection of
macro control functions from the MCE lilbya The use of dedicated hardware macro
functions enables a single fixed point cohti© to simultaneously control two motors
and the input PFC. A number of these blockhsas the Pl compensator or the vector
rotation (&) are common motor control functions. Other blocks such as the rotor angle
and speed estimator, are macro blocks thatbéme a number of motor control functions.
There are also hardware interface functiorss dombine computational elements, timing
functions and analog circuitd=ach block includes controtgisters for parameters such
as proportional loop gain or the PWM switehifrequency. Control variables, gains and
set points are stored in tlshared RAM to allow the 8051 twhange target speed and

www.irf.com 3



International
IGR Rectifier
control system gains on d@hfly. The 8051 can also logontrol variables without
interrupting the MCEoperation. The 8051 initializesedWMCE by loading the sequencer
code and control parameters into tBkared memory. The MCE operates almost

completely independent of the 8051 reactingydnl changes in the control set point or
parameters.

Power Factor Correction Algorithm

The power factor conther forces the input lie current waveform to follow that of the
input line voltage. This ensures that the inpawer factor is unityand eliminates the
higher order harmonic components usually @nésin the input current of a bridge
rectifier. The minimization of current haaomics is a requirement in many regions and
active control of power factas typically used once the input power exceeds about 1kW.
The power factor correction (PF@op structure is described Figure 3below. The
input signals are the dc bus voltage, the input currenity. and the rectified ac voltage
[vac|- The control loop adjusts the duty cycletloé boost converter transistor so that the
boost converter input curreif follows the wave shape of the rectified ac voltags. |

There are three major blockstime controller: the voltageop, the current loop and the
voltage feed forward loop. The voltage looglculates the input current magnituide
needed to maintain the dc bus voltage at the reference valués,.*. There is a rate
limiter on the dc bus refemee input to limit the peaknput power after the PFC
controller is initializel. The product of the input current magnitueand the input ac
voltage Y| provides a half wave sinusoidal reference imggft for the current loop. The
rectifier input current must follow this halWave sinusoidal waveform for the input line
current to follow the input waveform of the ac line. However, a half wave rectified sine
waveform is rich in harmonics and the ant controller requirea high bandwidth to
track them. The voltage feed forwardop minimizes the current loop bandwidth
requirements by calculating the boost convedety cycle neededo track the input
voltage waveform. Therefore, the current loop only needs to respond to dynamic
conditions allowing the A/D sample rate aRBC switching frequency to be minimized.

In this reference design, the PFC switchireguency is 30 KHz, which is 3 or 4 times
lower than would be requiragithout feed forward controlThe lower frequency lowers
the MCE processor calculati requirements and lowetle boost convégr switching

losses.
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Figure 3 PFC Control Schematic
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Sensorless Control Algorithm

The PMSM control algorithrstructure is described Figure 4below. The main control

loops are the velocity and rant control loops that varthe motor winding voltages to

drive the motor at the target speed. The curmontroller has a field oriented control
(FOC) structure that maximizes motor eféiecy. The field weakening and IPM control
blocks extend the torque and speed range of the drive. The feedback signal processing
functions determine rotor position, velggitand stator winding currents all from the
current flowing in the power inverter dink. The start-up sequencer controls the
transition from the zero and low speamhtrol range to sensorless operation.

Velocity and Current Control

The controller has a cascaded structure witker current conttoloops and an outer
velocity control loop. The velocity controllealculates the motor torque (T*) required to
follow the target velocity«*) while the current loops drevthe motor currents needed to
generate this torque. The proportional pluggnal (PI) velocity loop compensator acts
on the error between the target velocity*)(and the actual (estimated) velocity. The
integral term forces theesddy state error to zero whilee proportional term improves
the high frequency response. The Pl compensator gains are adjusted depending on the
motor and load characterigidco meet the target dynamperformance. The limiting
function on the output of the Pl compensaimvents integral windup and maintains the
motor currents within the motor and drigapability. There is also a minimum speed
setting and rate limiter on the target velo¢dystay within the system mechanical limits.

The current loops calculate the inverter vgdts to drive the motor currents needed to
generate the desired torque. As in theecas the dc motor, the current magnitude
determines the motor torque. However, ina@machine the torque is also a function of
the phase alignment betweere tstator currents and rotbux. A field oriented control
structure correctly aligns the ac motor wimglicurrents with the rotor flux position to
maximize torque production. Field oriented ¢oh{FOC) uses the Clarke transform and
a vector rotation (&) to transform the motor windingurrents into two quasi dc
components, anglcomponent that reinforces aveakens the rotor field and ag |
component that generates motor torqieo separate regulators control theahd |
currents and a forward vector rotatioi¥{etransforms the current loop;\dnd \; output
voltages into the two phase ac componente Space Vector e Width Modulator
(SVPWM) generates the three phase paweerter switching signals based on thand

B voltage inputs. Space vector modulation endtically inserts a third harmonic into the
line to line voltage that maximizes bus vgkautilization usingsinusoidal modulation.
This FOC structure simplifies current cortloop tuning by eliminating dependency on
the motor electrical frequency and reducitig current loop tuning to a first order
problem.
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Figure 4 Sensorless Field Oriented Control Algorithm

Field Weakening and IPM control

Typically, the }, controller input is the torque refer@e from the velocity controller and

the L reference current is set to zero. However, above a certain speed, known as the base
speed, the inverter output voltage becoriested by the dc bus voltage. In this
situation, the field weakeningontroller generates a negativgtdb oppose the rotor
magnet field that reduces the winding b&MF. This enables opation at higher speeds

but at a lower torque outpuThe controller includes a compensator that adjustsqgthe |
current to maintain the motor voltage gné&ude within the bus voltage limit. The
compensator operates on the square of the voltage magnitude since this is easy to
calculate from the sum of (J# and (\j)>.

When driving an interior permanent magnet (IPM) motor the rotor saliency can generate
a reluctance torque componeataugment the tque produced by the rotor magnet. The
motor torque function, in equation below, hasylndrical torque term that is a function

of Ig and a reluctance torque term that is a function of bogthadd .

Torque = g(quagnet 1y + (L =L g, Equation 1

where,

p is the number of poles

WmagnetiS the permanent magnet linked flux

Ly and Ly are the direct and queadure axis inductances

When driving a surface magnet motor, there is zero saliengy.{l-and } is set to zero
for maximum efficiency. In the cagd IPM motor which has saliency & L,) a negative
lqwill produce positive reluctance torque. Thegmefficient operating point is when the
total torque is maximized for a given currenagnitude. This is found by transforming
Equation 1 into a form with current magnitudg)(and phase advanc@)(terms by
substituting 4 with In.cos@) and k with Im.sinB).
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Torquezg(‘P,mgnet.l m-COS(B) +%(Ld -1, )1 )? .sin(Zﬁ)) Equation 2

The significance of the reluctance torque @ases and so the phase advance is increased
with increasing current. The plot of the totafque as a function of angle and current in
Figure 5 shows that the optimum angle adea can be approximated by a linear
function. The IPM control block uses thetiopjum phase advance at rated current to
define the linear approximation.

PMSM Torque curve
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Figure 5 Motor torque as a function of current and angle advance

Position and velocity estimation

In a PMSM, the rotor flux is locked to the rotor position and so it can be measured
directly using a shaft mountedns®rs. It can also be measdiindirectly from the motor
back EMF since this is a function of theaoposition and spee@he position estimation
algorithm, described iRigure 6 has two stages. The rotor flux function is first derived
from a circuit model and then a phase lockap estimates the flux angle and frequency.

The two-phase stator circuit model describgdEquation 3 forms the basis for the flux
estimation. The two phase stator voltagesrgats to the SVPWM function and the two
phase current measurements are in the cufeedback path. Integtion of the equation
followed by simple manipulation yields the terthat are sine and cosine functions of the
rotor flux angle. In the hardware implemedrda, the voltage integrator includes has a
low frequency cut off to prevent dc saturation.
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. di d
v, =Rg.i +Ls. d:‘ +E(—;yr.cos(6?r )

. di d . Equation 3
V,=Rgi,+ Ls.dl—’era(— w,.sin(.))

The angle and frequency phase locked I@@pL) estimates the flux angle and speed
from the rotor sine and cosine flux functiofi$ie vector rotation calculates the errgr (
between the rotor flux angl®J and the estimated angle.{). The Pl compensator and
integrator in the closed loop pafibrce angle and frequency estimai®s) to track the
angle and frequency of the rotor flux. Tliecond order feedback loop has zero error
when the rotor flux is changg at a constant frequency. &'motor velocity is derived
from the rotor frequency according to thember of number of rotor poles. The PLL
startup function supports the motor starsgmuencer. At low speeds, the back EMF
signal is unreliable and soehPLL is driven in operpbp at fixed frequency rampudar).
Once the frequency reaches a minimum threshalg),(the PLL takes its inputs from the
flux estimator.

Flux Estimator PLL startup

Wikr

Wmator

La..i
Y
M|1::
'

Hest
Angle and Frequency PLL

(Dagt
Madulo | o 1 % s
L s Biux

Figure 6 Rotor flux estimator and rotor angle and speed PLL.

Start up sequencing

A special mode of operation is required f&iarting because the motor back EMF is
swamped by circuit noise when the speedlose to zero. Therare two modes in the
start up sequence as describe#igure 7below. In the first mode, known as parking, the
controller applies dc currentb the motor coils to ain the rotor at a known rotor
electrical angle. In the startup mode, the oaldr drives the motor at a constant current
magnitude () and the rotor rgle and frequency PLL runs open loop with a fixed
frequency ramp. The controller switches oteifull closed loop control when the PLL
reaches the switch over frequency thresholdhénclosed loop mode, the motor current
is driven by the veldty and current loops and reatdschanges in the command velocity
input.
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Figure 7 Starting sequence

In the ideal setup, the PLL frequency rammatches the motor starting acceleration,
which is determined from the starting torque and the mechanical system inertia.
However, when there is load friction thaming acceleration will be less than the ideal
value. Setting the PLL frequency ramp lower than the ideal value compensates for the
load friction. This system is self correcting since if the actual starting acceleration is
higher than the frequency rartigen the rotor will advance in phase causing the generated
torque to drop until the acceleration rates match.

The parking process is describedrigure 8 The controller drivethe stator windings at
a constant current to set the stator fiela &éixed angle. Any arbitrary parking angle can
be selected by driving the appropriatentxination of u,v and w winding currents. The
rotor tends to align itself with stator fietégardless of the initighosition. This defines
the initial values for the angle and frequgiiRLL to maximize the starting torque. When
driving a static load, the rotor will not m®rrectly aligned after parking. However, the
system can tolerate static loads of up to 50%hefrated torque. For ample, if the static
load is 50% of the parking torque then the alignment error will de eBctrical
(cos(30)=0.5). In this case, the starting torque will be 87% (cd¥B80866) of the
maximum value. There is a possibility of arstfailure when driving static loads if the
initial rotor position is almost completely migged with the parking angle. In this case,
the initial alignment torque can be lower thhe static load and the rotor will not move.
This problem is overcome by adding a secpatking stage with a parking angle shifted
by approximately 60to move away fronthe misaligned position.

www.irf.com 9



International

IR Rectifier

T'=1=:gll

o® +180°
-180° Al

Figure 8 Parking

Phase Current Measurement

Direct measurement of the motor winding curm&gjuires isolation circuits to handle the
high common mode voltage aswitching frequency at the motor windings. The phase
current reconstructionrcuit avoids the isolation requireent by measuring current in the
dc link. The motor winding currents are ma@sl by synchronizing the sampling of the
current in the dc link shuntitk the power inverter switchin In every PWM cycle, there
are two active statewhere the motor windings ar@rmnected between the two dc bus
rails. In each active state, one dc bus mainects to a single motwinding and the other
bus rail connects to the other two motor windinghe motor flowing from the dc bus rail
flows through one winding aneturns from the remainintgvo windings via the dc link
shunt. The current sampled in the dc link shduring this period i®qual to tle current

in the single motor winding. A second wingdi current is sampled during the second
active PWM state. The third winding currentcaslculated from the sum of the first two
currents since they all must sum to zero.

This can be seen by examining therent flow in thepower circuit inFigure 9as it

relates to the state of the power inverter clnés. The first inverter state is a zero vector
state where all windings are shorted to the loeebus rail. The second state is an active
state where the U phase is connected to the positive rail and the V and W phases are
connected to the negative rail. The third ingedtate is also aactive state but now only

the W phase is connected to the negative Thie fourth inverter state is a zero vector
state where the windings are shorted to the positive rail. The second half of the PWM
cycle is a mirror image of the first half ofetttycle. In this complete PWM cycle, there

are two states when the dc link current dgjilae U phase curremind two states when

the dc link current equals the negative W phase current.
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DC bus

The Space vector modulator generates the PWM switching signals and the dc link current
sample timing signals. The current recongtaurccircuits include the A/D converter and

the analog amplifier to bring ¢hcurrent shunt sighavithin the rangeof the converter.
Successful implementation requires carefutwt board layout and fine tuning of the
sample timing to avoid the significant aiit noise generated by the power device
switching. This topic is covered in detail in thBMCx300 Application Developers

Guide.

Figure 9 Phase current reconstruction

Control Algorithm Implementation and tuning

The PMSM control algorithm describedkigure 4is implemented by the MCE with the
control variables scaled within the 16 bit fikpoint data range. The control schematic in
Figure 10provides further details on the PMS#dntroller implementation and some of
the important control parameters. A key featuréhefdesign is the scaling of variables to
avoid data overflow or excessive roundintgardware limitations such as the A/D
converter resolution and SVPWM resolutiort & data range fazurrent samples and
voltage outputs. All frequency dependant par&nsesuch as integral gain and filter time
constants need to be defined as a functibthe PWM frequency that sets the sample
rate. Some control blocks modify the scallmgfween different partsf the algorithm to
maximize dynamic range. For example, therent and velocitydop controllers scale
current so that 4095 represents rated driveeatl while the current sampling and vector
rotation block must scale cemt where 2047 represents theximum controllable drive
current. Control registers on each of the bloaglksw gain setting ofeature selection for
each of the blocks. Registers and input variables can be modified at any time but
typically, only the target speed, drive liméad compensator gains are adjusted while the
motor is running. A full descriptionf each control block is in th&RMCx300 Reference
Manual.

Drive system commissioning involves the cadtidn of controller parameters to match
the hardware configuration, motor characteristics and drive penficenspecifications.
Control loop gain is a functioof the compensator gain and tjgn of all elements in the
loop such the power inverter gain and theeuot feedback gain. Control loop tuning and
drive commissioning is supported by tMeCEWizard andMCEDesigner. MCEWizard is
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an interactive design tool thealculates control IC paramesden digital counts based on
the system specifications expressed in megiing units. It alscembeds pole-zero
cancellation design ruefor Pl loop tuning.MCEDesigner is the drive evaluation
software that communicates with the digit& and allows on the fly tuning of drive
parameters. Th&MCEWizard and MCEDesigner software supports both motor control
loop tuning and configuration of the PF€bntroller. Further details on controller
implementation and tuning are described in detail in tRMCx300 Application

Developers Gui
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Figure 10 Control Algorithm Implementation

IRMCS3012 Reference Design Tools
and Application Development

The IRMCS3012 reference design kit udés two permanent magnet synchronous
motors, a PFC inductor, a drive control lmhathe motor control development tools and
the full set of design documentation. Thepplied motor control development tools
enable drive commissioning, performancalaation and algorithm customization. The
supplied design files include 8051 firmwardrive configuration files, algorithm
schematics and circuit board design filése recommended 8051 application software
tools need to be purchastdm third party vendors.

Figure 11describes the major tools componen¢gded to develop the complete drive
application. This process includes dentomttng the technologyevaluating the drive
performance in the end applia, developing appliance otyol software and designing

of the final hardware. The refence design board servestlas initial evaluation platform

and drive development tool. The MCE installation software loads the motor control
design tools, design files and user doeamtation on to your PC. The boot EEPROM on
the board is loaded with tihCEDesigner agent so the control IC is able to communicate
with the MCEDesigner software running on the PC whéme board is first powered up.
The serial connection betweeretRC and the control IC isolated so the drive control

www.irf.com
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board can be connected directly to the ae.liConfiguration files are included for the

motor supplied with the reference designtls® motor can be run right away. Details on

the set up and safe use of the hardware are described IRMIEES3041 Quick Start
Guide.

The MCEWizard drive commissioning tool asles customization of motor drive
parameters to match motor and system $jgations. It asks a series of questions,
supported by explanation and graphics, tordetee the motor charagtistics and system
specifications. The tool checks the data donsistency and generates the full set of
digital control parameters. The MCEDesigrneol imports the control parameters and
downloads them to the control IC over theadimk. This tool alsallows the generation

of user defined speed and application cdnprofiles to exercise the drive in the end
application. The MCEDesigner plotting function allows tracing of control system
variables to support system performance evaluation.

The MCEWizard supports customization of tiréve circuit board inluding changes to

the input voltage, power stage, current feelband gate drive circuits. Circuit board
layout can have a significant effect onrremt feedback ciwit performance so

recommendations in thERMCx300 Application Developers Guide should be carefully

followed.

Customizing the drive algorithm requires the MattalSimulink tool to edit the control
algorithm schematic. A web based MCECadlemptool generates the MCE algorithm
executable files that define the usalgorithm along with a register map. The
MCEDesigner tool downloads this file toetthoot EEPROM on the reference design Kkit.
The register map enables the generatioMGEDesigner user functions to access any
new control registers. Changes to the maiee design blocks supplied may invalidate
parameters calculated by the MCEWizard.

Application software development requires the ReilVision3 C and assembly tools

and the FS2?' JTAG interface to download the code the control IC. The JTAG
interface to the control IC is also isolated so the'S@d can be safely connected to the
board when powered from the ac line. THRMCx300 Software Developers Guide
describes how to configure these tools for use with the controller along with the sample
application code supplied with the desigh kVhen the user 805application code is
complete, théVICEProgrammer tool generates binary files to program the boot EEPROM

or internal OTP for the final application board.

Next Steps

At this stage, you should have some idea on tiendigital controlC operates and how
the reference design kit can help you developrywn drive system. The next step is to
go to thelRMCS3012 Quick Sart Guide to start running the mots supplied with your
kit and become familiar with theMCEDesigner drive evaluation software. Run
MCEWizard to see how you customize control paréengto match your own motor. The
IRMCx300 Application Developers Guide describes the commissioning steps in detail
including tips on how to test motor paramet®&€&EDesigner allows you to create your
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own speed profiles so you can test your motg/our target appletion. You can use the
MCEDesigner plotting tool to evaluate the performee of the drive and to help you tune
control parameters. Once you are ready to develop your own drive, you will need to
purchase third party 8051 tools. TIRMCx300 Software Developers Guide describes the
sample code supplied and explains howdaofigure the tools to work with control IC.

The reference design schematand PCB layout are suppli¢o support your hardware
development but also refer toetfhardware design section of #H&VCx300 Application
Developers Guide. You may need to refer to thBMCx300 Reference Manual from time

to time as this is the source of all inforneation the control IC bubr most of the time,

the Developers guides will lead you through your dgsi Good luck with your project!
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Figure 11 IRMCS3012 Reference Design Kit

MCE Designer
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