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Chapter 1
Introduction

1.1 Introduction

This paper describes the design of a three-phase PMSM vector control drive with single shunt current
sensing, using a quadrature encoder as a position and speed sensor. The design is targeted for consumer
and industrial applications. This cost-effective solution benefits from the dedicated motor control features
in the Freescale Semiconductor MC56F8023 device.

1.1.1 Application Features and Components

The system is designed to drive a three-phase PM synchronous motor. The application features:
» Three-phase PMSM speed vector (FOC) control using quadrature encoder
» Current sensing using only a current sensor
» Freescale MC56F8023 controller
» Three-phase high voltage (230/115 V) power stage
» FreeMASTER software control interface and monitor
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Figure 1-1. PM Synchronous Motor Vector Control Application Using MC56F8023
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The main application components available for customers are:
» Software — written in C-code using some library algorithms available for the MC56F8013/23
» Hardware — based on Freescale universal motor control hardware modules
» Documentation — this document

1.1.2 Overview of Sinusoidal PM Synchronous Motor Application

Sinusoidal PM synchronous motors are more and more popular for new drives, replacing brushed DC,
universal, and other motors in a wide variety of applications. The reasons are better reliability (no brushes),
better efficiency, lower acoustic noise, and other benefits of electronic control. A disadvantage of PM
synchronous motor drives might be the need for a more sophisticated electronic circuit. But today, most
applications need electronic speed regulation, torque regulation, or other features that require electronic
control. If we use a system with electronic control, there is only a small increase in system cost if we
implement more advanced drives, like the sinusoidal PM synchronous motor with digitally controlled
switching inverter and DC-bus circuit. It is necessary only to have a cost-effective controller with good
performance when doing calculations. One of them is the Freescale MC56F8023, or similar devices like
the MC56F803x or MC56F8346.

The PM synchronous motor also has advantages when compared to an AC induction motor. Because a PM
synchronous motor achieves higher efficiency by generating the rotor magnetic flux with rotor magnets,
it is used in major household appliances (such as refrigerators, washing machines, and dishwashers);
pumps; fans; and in other appliances that require high reliability and efficiency.

Three-phase synchronous motors with permanent magnets come in two popular variants: the sinusoidal
PM synchronous motor and the trapezoidal BLDC motor. The sinusoidal PM synchronous motor is very
similar to the trapezoidal BLDC (electronically commuted) motor. There are two main differences:

* Motor construction — Shape of BEMF inducted-voltage sinusoidal (PM synchronous) motor
versus trapezoidal (BLDC) motor

» Control — Shape of the control voltage — three-phase sinusoidal (all three phases connected at
one time) versus rectangular six-step commutation (one phase is non-conducting at any time)

Generally, we can say that sinusoidal PM synchronous motor performance has the advantage of constant
torque, but the trapezoidal BLDC motor is easier to control. The trapezoidal BLDC motors are used mainly
for historical reasons. It was easier to create a six-step commutation and estimate the rotor position with
simpler algorithms, because one phase is non-conducting. The sinusoidal PM synchronous motors require
more sophisticated control, but have some benefits, such as smoother torque, lower acoustic noise, etc. As
shown in this document, the MC56F8023 provides all the necessary functionality for three-phase
sinusoidal PM synchronous motor vector control. Using the MC56F8023, we have a strong argument for
replacing the trapezoidal BLDC (electronically commuted) motor with a three-phase sinusoidal PM
synchronous motor with almost no increase in system cost.

The application described here is a speed vector control. Speed control algorithms can be sorted into two
general groups. The first group is scalar control algorithms. The constant-volt-per-hertz method is a very
popular technique for scalar control. The other group is called vector-oriented or field-oriented control
(FOC). Compared to scalar control, vector-oriented techniques bring overall improvement to drive
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performance. Some advantages are higher efficiency, full torque control, decoupled control of flux and
torque, improved dynamics, etc.

For PM synchronous motor control, it is necessary to know the exact rotor position. The quadrature
encoder is used as a speed and position sensor in this application.

Two key requirements of the described design are that it be cost-effective and highly reliable. To minimize
system cost, the algorithm implements single-shunt current sensing, which replaces three current sensors
with one.

This design reference manual describes the basic motor theory, system design concept, hardware
implementation, and software design, including the FreeMASTER software visualization tool.

1.2  Freescale Controller Advantages and Features

The Freescale MC56F80xx family is well-suited to digital motor control, combining the DSP’s calculation
capability with the MCU'’s controller features on a single chip. These hybrid controllers offer many
dedicated peripherals, such as pulse width modulation (PWM) modules, analog-to-digital converters
(ADC), timers, communications peripherals (SCI, SPI, 12C), and onboard flash and RAM.

The MC56F80xx family members provide the following features:

e One PWM module with PWM outputs, fault inputs, fault-tolerant design with dead time insertion,
support of both center-aligned and edge-aligned modes

» 12-bit ADC, supporting two simultaneous conversions; ADC and PWM modules can be
synchronized

» One dedicated 16-bit general-purpose quad timer module

* One serial peripheral interface (SPI)

* One serial communications interface (SCI) with LIN slave functionality
« One inter-integrated circuit (1°C) port

* Onboard 3.3 V to 2.5 V voltage regulator for powering internal logic and memories
* Integrated power-on reset and low voltage interrupt module

» Multiplexing of all pins with general-purpose input/output (GPIO) pins
»  Computer operating properly (COP) watchdog timer

* Two internal 12-bit digital-to-analog converters (DACSs)

» Two analog comparators

* One programmable interval timer (PIT)

» External reset input pin for hardware reset

e JTAG/On-Chip Emulation (OnCE™) module for unobtrusive, processor-speed-independent
debugging

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev.0
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Phase-locked loop (PLL)-based frequency synthesizer for the hybrid controller core clock, with
on-chip relaxation oscillator
Table 1-1. Memory Configuration

Memory Type MC56F8023
Program Flash 32 KByte
Unified Data/Program RAM 4 KByte

The PMSM vector control with single-shunt current sensing benefits greatly from the flexible PWM
module, fast ADC, and quad timer module.

The PWM offers flexibility in its configuration, enabling efficient three-phase motor control. It is capable
of generating asymmetric PWM duty cycles in center-aligned configuration. We can benefit from this
feature to achieve a reconstruction of three-phase currents in critical switching patterns. The PWM reload
SYNC signal is generated to provide synchronization with other modules (QuadTimers, ADC).

The PWM block has the following features:

Three complementary PWM signal pairs, six independent PWM signals (or some combination of
these options)

Complementary channel operation features
Independent top and bottom dead time insertion
Separate top and bottom pulse width correction via current status inputs or software
Separate top and bottom polarity control

Edge-aligned or center-aligned PWM reference signals
15-bit resolution

Half-cycle reload capability

Integral reload rates from one to sixteen periods
Mask/swap capability

Individual software-controlled PWM output
Programmable fault protection

Polarity control

10 mA or 16 mA current sink capability on PWM pins
Write-protectable registers

The ADC module has the following features:

12-bit resolution

Dual ADCs per module — three input channels per ADC

Maximum ADC clock frequency of 5.33 MHz with a 187 ns period

Sampling rate of up to 1.78 million samples per second

Single conversion time of 8.5 ADC clock cycles (8.5 x 187 ns = 1.59 ps)

Additional conversion time of six ADC clock cycles (6 x 187 ns ~ 1.125 pus)

Eight conversions in 26.5 ADC clock cycles (26.5 x 187 ns =~ 4.97 us) using parallel mode

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev.0
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Ability to use the SYNC input signal to synchronize with the PWM (provided the integration
allows the PWM to trigger a timer channel connected to the SYNC input)

Ability to sequentially scan and store up to eight measurements

Ability to scan and store up to four measurements on each of two ADCs operating simultaneously
and in parallel

Ability to scan and store up to four measurements on each of two ADCs operating asynchronously
to each other in parallel

Capability to generate interrupt at the end of a scan when an out-of-range limit is exceeded and on
a zero crossing

Optional sample correction by subtracting a pre-programmed offset value
Signed or unsigned result

Single-ended or differential inputs

PWM outputs with hysteresis for three of the analog inputs

This application uses the ADC block in simultaneous mode scan. It is synchronized to the PWM pulses.
This configuration allows the simultaneous conversion of the required analog values for the DC-link
current and voltage, within the required time.

The QuadTimer is an extremely flexible module, providing all required services relating to time events. It
has the following features:

Four 16-bit counters/timers

Count up/down

Counters will cascade

Programmable count modulus

Maximum count rate equal to the peripheral clock/2, when counting external events
Maximum count rate equal to the peripheral clock/1, when using internal clocks
Count once or repeatedly

Counters can be preloaded

Counters can share available input pins

Each counter has a separate prescaler

Each counter has capture and compare capability

The application uses four channels of the quad timer:

One channel for PWM-to-ADC synchronization
Two channels for reading quadrature encoder signals
One channel for system base of slow control loop (1 ms period)

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev.0
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1.3.1 Acronyms and Abbreviations

Table 1-2 contains sample acronyms and abbreviations used in a document.

Table 1-2. Acronyms and Abbreviated Terms

Term Meaning
AC Alternating current
ADC Analog-to-digital converter
BEMF Back electromagnetic force = induced voltage
BLDC Brushless direct current motor
COP Computer operating properly (watchdog timer)
DC Direct current
DSC Digital signal controller
DT Dead time: a short time that must be inserted between the turning off of one transistor in the inverter half
bridge and turning on of the complementary transistor, due to the limited switching speed of the transistors
FOC Field-oriented control
GPIO General-purpose input/output
1/0 Input/output interfaces between a computer system and the external world — a CPU reads an input to sense
the level of an external signal and writes to an output to change the level of an external signal
JTAG Joint Test Action Group: acronym commonly used to refer to an interface allowing on-chip emulation and
programming
LED Light emitting diode
MC56F80x |A Freescale family of 16-bit DSPs dedicated to motor control
PI controller  |Proportional-integral controller
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Table 1-2. Acronyms and Abbreviated Terms (Continued)

Term Meaning
PLL Phase-locked loop: a clock generator circuit in which a voltage controlled oscillator produces an oscillation
that is synchronized to a reference signal

PMSM PM synchronous motor, permanent magnet synchronous motor

PWM Pulse-width modulation

RPM Revolutions per minute
SCI Serial communication interface module: a module that supports asynchronous communication

1.3.2 Glossary of Terms

Table 1-3 shows a glossary of terms used in this document.

Table 1-3. Glossary

Term Definition
Brush A component transferring electrical power, from non-rotational terminals mounted on the stator, to the rotor
Commutator | A mechanical device alternating DC current in a DC commutator motor and providing rotation of that motor
DC/DC Power electronics module that converts DC voltage level to a different DC voltage level
inverter
Duty cycle The ratio of the amount of time the signal is on to the time it is off — duty cycle is usually given as a percentage
Quadrature A position sensor giving two code tracks with sector positioned 90 degrees out of phase — the two output
encoder channels indicate both position and direction of motor rotation
Interrupt A temporary break in the sequential execution of a program to respond to signals from peripheral devices by

executing a subroutine

PM Permanent magnet synchronous motor
synchronous
motor
Pl Controller | Proportional-integral controller
Quick Start Software set of algorithms and drivers, including graphical configuration tool for DSC/CPU initialization
Reset To force a device to a known condition
Software Instructions and data that control the operation of a microcontroller
1.3.3 Glossary of Symbols

Table 1-4 shows a glossary of symbols used in this document.

Table 1-4. Glossary of Symbols

Term

Definition

d’q

Rotational orthogonal coordinate system

d,q%, (d,)*

Rotational orthogonal coordinate system estimated coordinates

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev.0
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Table 1-4. Glossary (Continued)of Symbols

Term

Definition

Isas Isp, Isc

Stator currents in three-phase coordinate system

Isdqp Is(d,q)

Stator currents in d,q coordinate system

Is(d,q)* Stator currents in estimated d,q coordinate system
IS, B I5(0up) Stator currents in o, coordinate system

Isep Ts(0p) Estimated stator currents in o, coordinate system
IASd,q, is(d,q) Estimated stator currents in d,q coordinate system
is(d,q)* Estimated stator currents in estimated d,q coordinate system
J Mechanical inertia

kq SMO switching gain

Ky Motor constant

Lg Stator phase inductance

ALg Stator phase inductance error

Leg Stator phase inductance d axis

Lsq Stator phase inductance q axis

Pp Number of poles per phase

Rs Stator phase resistance

te Electromagnetic torque

n Load torque

Usp, Usp, Usc Stator voltages in three-phase coordinate system

Usy,ps US(0,B)

Stator voltages in o, coordinate system

Usq,q» Us(d,q) Stator voltages in d,q coordinate system

o, Stator orthogonal coordinate system

S0, Stator magnetic fluxes in o, coordinate system
¥sd,q Stator magnetic fluxes in d,q coordinate system
Pu Rotor magnetic flux

& Rotor position angle in a,3 coordinate system

Dol Electrical rotor angular speed at a stand point

®, 0o/ OF Electrical rotor angular speed / field angular speed

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev.0
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Chapter 2
Control Theory

2.1 Three-Phase PM Synchronous Motor

The PM synchronous motor is a rotating electric machine with a classic three-phase stator like that of an
induction motor; the rotor has surface-mounted permanent magnets (see Figure 2-1).

Stator

Stator winding
(in slots)

Shaft

Rotor

Air gap

Permanent magnets

Figure 2-1. PM Synchronous Motor — Cross Section

In this respect, the PM synchronous motor is equivalent to an induction motor, where the air gap magnetic
field is produced by a permanent magnet, so the rotor magnetic field is constant. PM synchronous motors
offer a number of advantages when used in modern motion control systems. The use of a permanent
magnet to generate substantial air gap magnetic flux makes it possible to design highly efficient PM
motors.

2.2 Mathematical Description of PM Synchronous Motors

There are a number of PM synchronous motor models. The model used for vector control design can be
obtained by using space vector theory. The three-phase motor quantities (such as voltages, currents,
magnetic flux, etc.) are expressed in terms of complex space vectors. Such a model is valid for any
instantaneous variation of voltage and current, and adequately describes the performance of the machine
under both steady-state and transient operations. Complex space vectors can be described using only two
orthogonal axes. We can look at the motor as a two-phase machine. Using the two-phase motor model
reduces the number of equations and simplifies the control design.

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev. 0
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Control Theory

2.2.1 Space Vector Definitions

Let’s assume igg , igy , and i are the instantaneous balanced three-phase stator currents:
s +igp +i5c = 0 Eqn. 2-1
Then we can define the stator current space vector as:
iy = K(ig, + aig, +a’isc) Eqn. 2-2
j2n/3 2 j-2n/3

where a and a2 are the spatial operators a = ¢“"",a"=e , and k is the transformation constant and
equals k=2/3. Figure 2-2 shows the stator current space vector projection.

The space vector defined by Equation 2-2 can be expressed using the two-axis theory. The real part of the
space vector is equal to the instantaneous value of the direct-axis stator current component, i, and whose
imaginary part is equal to the quadrature-axis stator current component, isg. Thus, the stator current space
vector in the stationary reference frame attached to the stator can be expressed as:

Is = gy *Jigg Egn. 2-3

o, phase-a

phase- c
Figure 2-2. Stator Current Space Vector and Its Projection

In symmetrical three-phase machines, the direct and quadrature axis stator currents ig,, , isg are fictitious
quadrature-phase (two-phase) current components, which are related to the actual three-phase stator
currents in this way:

, .1 1.
igq = k(lsa—zlsb—zlsc) Eqn. 2-4

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev. 0
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Control Theory

. 3.
g = k%(lsb— isc) Eqn. 2-5
where k=2/3 is a transformation constant.

The space vectors of other motor quantities (voltages, currents, magnetic fluxes, etc.) can be defined in the
same way as the stator current space vector.

2.2.2 PM Synchronous Motor Model

For a description of the PM synchronous motor, the symmetrical three-phase smooth-air-gap machine with
sinusoidally-distributed windings is considered. The voltage equations of stator in the instantaneous form
can then be expressed as:

: d

Usa = Rsisa+ qtVsa Eqn. 2-6
: d

Usg = Rslsg + G Eqn. 2-7
: d

Usc = Rglsc + dtVsc Eqn. 2-8

where Uga, Usg, and ugc are the instantaneous values of stator voltages, igp, isg, and igc are the
instantaneous values of stator currents, and wga, Wsg, Wsc are instantaneous values of stator flux linkages,
in phase SA, SB, and SC.

Due to the large number of equations in the instantaneous form — the equations Equation 2-6,
Equation 2-7, and Equation 2-8 — it is more practical to rewrite the instantaneous equations using
two-axis theory (Clarke transformation). The PM synchronous motor can be expressed as:

+ 4

Ugy, = Rsigy dt\PS“ Eqn. 2-9

Usp = Risy + sy Eqn. 2-10

Ys, = Lgig, + ¥pC0s(0,) Eqn. 2-11

Wsg = Lsisg + ¥iysin(o,) Eqn. 2-12

& = B0 (Wsisy— Pspis) - T | Eqn. 2-13

For a glossary of symbols see Section 1.3.3, “Glossary of Symbols,” Table 1-4.

Equation 2-9 through Equation 2-13 represent the model of a PM synchronous motor in the stationary
frame o, 3 fixed to the stator.

Besides the stationary reference frame attached to the stator, motor model voltage space vector equations
can be formulated in a general reference frame, which rotates at a general speed o, If a general reference
frame is used, with direct and quadrature axes x,y rotating at a general instantaneous speed wy=d0/dt, as
shown in Figure 2-3, where 8y is the angle between the direct axis of the stationary reference frame (o)
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attached to the stator and the real axis (x) of the general reference frame, then Equation 2-14 defines the
stator current space vector in a general reference frame:

I = e = i+ i, Eqn. 2-14

lSOL

Figure 2-3. Application of the General Reference Frame

The stator voltage and flux-linkage space vectors can be similarly obtained in the general reference frame.

Similar considerations hold for the space vectors of the rotor voltages, currents, and flux linkages. The real
axis (ro.) of the reference frame attached to the rotor is displaced from the direct axis of the stator reference
frame by the rotor angle Or. Because it can be seen that the angle between the real axis (x) of the general
reference frame and the real axis of the reference frame rotating with the rotor (ra.) is 6g—6r, in the general
reference frame, the space vector of the rotor currents can be expressed as:

iTg — i—re—j(eg—er) =iy +jiry Eqn. 2-15

where i, is the space vector of the rotor current in the rotor reference frame.

The space vectors of the rotor voltages and rotor flux linkages in the general reference frame can be
similarly expressed.

The motor model voltage equations in the general reference frame can be expressed by using introduced
transformations of the motor quantities from one reference frame to the general reference frame. The PM
synchronous motor model is often used in vector control algorithms. The aim of vector control is to
implement control schemes that produce high dynamic performance and are similar to those used to
control DC machines. To achieve this, the reference frames may be aligned with the stator flux-linkage
space vector, the rotor flux-linkage space vector, or the magnetizing space vector. The most popular
reference frame is the reference frame attached to the rotor flux-linkage space vector, with a direct axis (d)
and a quadrature axis (q).
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After transformation into d, q coordinates, the motor model is:

. d

Usd = RS'Sd + al{jsd - (,l)’:l{jsq Eqn. 2'16
\Psd = LSiSd + \PM Eqn. 2'18

do 3 . .
rT E[Ep(TSdISq_TSqISd)_TLJ Eqn. 2-20

By considering that below base speed is4=0, the Equation 2-20 can be reduced to this form:
do 3 .

rri %[zp(\PMISq) - TL] Eqgn. 2-21

From Equation 2-21, it can be seen that the torque is dependent and can be directly controlled by the
current iy only.

2.3 Vector Control of PM Synchronous Motor

2.3.1 Fundamental Principle of Vector Control

High-performance motor control is characterized by smooth rotation over the entire speed range of the
motor, full torque control at zero speed, and fast acceleration/deceleration. To achieve such control, vector
control techniques are used for three-phase AC motors. The vector control techniques are usually also
referred to as field-oriented control (FOC). The basic idea of the FOC algorithm is to decompose a stator
current into a magnetic field-generating part and a torque-generating part. Both components can be
controlled separately after decomposition. The structure of the motor controller is then as simple as that
for a separately excited DC motor.

Figure 2-4 shows the basic structure of the vector control algorithm for the PM synchronous motor. To
perform vector control, it is necessary to perform these steps:

1. Measure the motor quantities (phase voltages and currents).

2. Transform them into the two-phase system (a.,3) using a Clarke transformation.

3. Calculate the rotor flux space vector magnitude and position angle.

4. Transform stator currents into the d, g reference frame using a Park transformation.

Also keep these points in mind:
* The stator current torque (isg) and flux (isg) producing components are separately controlled.
» The output stator voltage space vector is calculated using the decoupling block.

» The stator voltage space vector is transformed by an inverse Park transformation back from the d,
q reference frame into the two-phase system fixed with the stator.

» The output three-phase voltage is generated using space vector modulation.

To be able to decompose currents into torque and flux producing components (isg, isq), We need to know
the position of the motor-magnetizing flux. This requires accurate sensing of the rotor position and
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velocity. Incremental encoders or resolvers attached to the rotor are naturally used as position transducers
for vector control drives.

In some applications, the use of speed/position sensors is not desirable. In these applications the aim is not
to measure the speed/position directly, but to employ some indirect techniques to estimate the rotor
position instead. Algorithms that do not employ speed sensors are called “sensorless control.”

%%E%%%

Phaseh,  3-Phase —** Statlonary d - conoler - Rotating — —ChaseA
Phase B to to to SVM Phase B
Phase C, 2-Phase _PB, Rotating _9,| g-confoller -9, Stationary B, ___PhaseC

Figure 2-4. Vector Control Transformations

2.3.2 Description of the Vector Control Algorithm

The overview block diagram of the implemented control algorithm is illustrated in Figure 2-5. Similarly,
as with other vector-control-oriented techniques, it is possible to control the field and torque of the motor
separately. The aim of control is to regulate the motor speed. The speed command value is set by high level
control. The algorithm is executed in two control loops. The fast inner control loop is executed with a
125 ps period. The slow outer control loop is executed with a period of 1 ms.

To achieve the goal of the PM synchronous motor control, the algorithm uses feedback signals. The
essential feedback signals are three-phase stator current and stator voltage. For the stator voltage, the
regulator output is used. For correct operation, the presented control structure requires a speed sensor on
the motor shaft. In the case of the presented algorithm, an incremental encoder is used.

The fast control loop executes two independent current control loops. They are the direct and
quadrature-axis current (isq,isq) P1 controllers. The direct-axis current (igq) is used to control the rotor-
magnetizing flux. The quadrature-axis current (isq) corresponds to the motor torque. The current Pl
controllers’ outputs are summed with the corresponding d and ¢ axis components of the decoupling stator
voltage. Thus we obtain the desired space vector for the stator voltage, which is applied to the motor. The
fast control loop executes all the necessary tasks to be able to achieve an independent control of the stator
current components. These include:

» Three-phase current reconstruction

» Forward Clark transformation

» Forward and backward Park transformations
» Rotor magnetizing flux position evaluation

* DC-bus voltage ripple elimination

» Space vector modulation (SVM)

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev. 0
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Figure 2-5. PMSM Vector Control Algorithm Overview

The slow control loop executes the speed controller and lower priority control tasks. The PI speed
controller output sets a reference for the torque producing quadrature axis component of the stator current

(isq)-

2.3.3 Stator Voltage Decoupling

For purposes of rotor-magnetizing, flux-oriented vector control, the direct-axis stator current igq (rotor
field component) and the quadrature-axis stator current ig, (torque-producing component) must be
controlled independently. However, the equations of the stator voltage components are coupled. The direct
axis component ugy also depends on ig,, and the quadrature axis component ug, also depends on igqy. The
stator voltage components ugy and ug, cannot be considered as decoupled control variables for the rotor
flux and electromagnetic torque. The stator currents isq and isq can only be independently controlled
(decoupled control) if the stator voltage equations are decoupled, so these stator current components are
indirectly controlled by controlling the terminal voltages of the synchronous motor.

The equations of the stator voltage components in the d, g reference frame can be reformulated and
lin  lin

separated into two components: linear components ug, ug, and decoupling components

ugg P, uge*™'® . The equations are decoupled in this way:
i d |
Ugg = Ul +ugg 0 Eqn. 2-22
i d |
Ug = Ubn +Ugg 0" Eqn. 2-23

decouple  decouple

The decoupling components  ug, , Usq are evaluated from the stator voltage equations
Equation 2-16 and Equation 2-17. They eliminate cross-coupling for current control loops at a given motor
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lin lin

operating point. Linear components ug, uy, are set by the outputs of the current controllers. The voltage
decoupling components are evaluated according to these equations:

USSCOUPIE = Rgigg— pp(’O(LSG + ch)isq Eqn. 2-24
d | . . .
S((]ecoup e _ Rs'sq + ppco(LS(T +L)iggt ppwl—mlmr Eqn. 2-25

2.3.4 Space Vector Modulation

Space vector modulation (SVM) can directly transform the stator voltage vectors from the two-phase
o, B-coordinate system into pulse-width modulation (PWM) signals (duty cycle values).

The standard technique of output voltage generation uses an inverse Clarke transformation to obtain
three-phase values. Using the phase voltage values, the duty cycles needed to control the power stage
switches are then calculated. Although this technique gives good results, space vector modulation is more
straightforward (valid only for transformation from the a,3-coordinate system).

The basic principle of the standard space vector modulation technique can be explained with the help of
the power stage schematic diagram given in Figure 2-6. Regarding the three-phase power stage
configuration, as shown in Figure 2-6, eight possible switching states (vectors) are feasible. They are given
by combinations of the corresponding power switches.A graphical representation of all combinations is
the hexagon shown in Figure 2-7. There are six non-zero vectors, Ug, Ugg, U120, U180, U240, Uzg0, and two
zero vectors, Oggg and Oq14, defined in o, coordinates.

|
- S Bt\i - Sct
}{

Figure 2-6. Power Stage Schematic Diagram
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The combination of ON/OFF states in the power stage switches for each voltage vector is coded in
Figure 2-7 by the three-digit number in parentheses. Each digit represents one phase. For each phase, a
value of one means that the upper switch is ON and the bottom switch is OFF. A value of zero means that
the upper switch is OFF and the bottom switch is ON. These states, together with the resulting
instantaneous output line-to-line voltages, phase voltages, and voltage vectors, are listed in Table 2-1.

Table 2-1. Switching Patterns and Resulting Instantaneous

Basic Space Vector

UISU
(011)

[-243,0] \

Oooo

(000) (111)

©) m

Sector Number

Maximal phase

voltage magnitude = 1

U,
(100)

o-axis

[[1N3,-1]
U240
(001)

[-1A3,1]
USOO
(101)

[273,0]

Voltage vector components
in a, B axis

Figure 2-7. Basic Space Vectors and Voltage Vector Projection

SVM is a technique used as a direct bridge between vector control (voltage space vector) and PWM.

The SVM technique consists of several steps:

1. Sector identification

a|b|c U, Up Uc UaB Upc Uca Vector
0|00 0 0 0 0 0 0 Oooo
1 10| 0| 2Upcaus/3 | “Upc-Bus/3 | —Ubc-Bus/3 Upc-Bus 0 -Upc-Bus Uo
11110 Upcpus3 Upc-Bus’3 | —2Upc-Bus/3 0 Upceus | —YUpcBus Uso
0| 1|0 | -Upcpus3 | 2Upc-Bus/ | “UpcBus/ | —Upc-Bus Upc-Bus 0 Uiz
0| 1|1 |-2Upcaus/3| Upcaus3 Upc-Bus/3 -Upc-Bus 0 Upc-Bus Uo4o
00| 1| -Upcrus3 | “Upcsus/3 | 2Upc-sus/3 0 -Upc-Bus Upc-Bus Usoo
110 1| Upceus3 | —2Upcsus/3 | Upcsus/3 Upc-Bus -Upc-Bus 0 Useo
1T1]1 0 0 0 0 0 0 O111

U120 USO

(010) p-axis (110)

[1N3,-1] [1N3,1]

2. Space voltage vector decomposition into directions of sector base vectors Uy, Uy.g0

3. PWM duty cycle calculation
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The principle of SVM is the application of the voltage vectors Uxxx and Oxxx for certain instances in
such a way that the mean vector of the PWM period tp\y)\, is equal to the desired voltage vector.

This method gives the greatest variability in arranging the zero and non-zero vectors during the PWM
period. One can arrange these vectors to lower switching losses; another might want to reach a different
result, such as center-aligned PWM, edge-aligned PWM, minimal switching, etc.
For the chosen SVM, we define this rule:
» The desired space voltage vector is created only by applying the sector base vectors: the non-zero
vectors on the sector side, (Uy, Uy4g0) and the zero vectors (Oggg Or O111).

The following expressions define the principle of the SVM:
towm X Uso, pp = Ty x Uy + i x(Uy  gq+15x(Oggq v Oq11)) Eqn. 2-26

In order to solve the time periods tg, t; andty, it is necessary to decompose the space voltage vector Ugy, g
into directions of the sector base vectors Uy, U, .g0. The Equation 2-26 splits into equations Equation 2-28
and Equation 2-29.

towm X Ugy = 1y x Uy Eqn. 2-28

toywm x U =thxUg 60 Eqn. 2-29

s(X +60)

By solving this set of equations, we can calculate the necessary duration for the application of the sector
base vectors Uy, Uy.go during the PWM period Tpyy\ to produce the right stator voltages.

u
t; = HLJ—S)ﬂtPWM for vector Uy Eqn. 2-30
X
Vs
t, = U tpwm for vector Uy.eo Eqn. 2-31
’ X+ 60‘
ty = towm — (t; +t,) either for Oggg or O114 Eqn. 2-32

2.3.5 Motor Position Alignment

In this design, the quadrature encoder is used as a sensor for motor position and speed. Because the
quadrature encoder doesn’t give the absolute position, before the motor is started we need to know the rotor
position exactly. One possible, and very easily implemented, method is to align the rotor to a predefined
position. The motor is powered by a selected static voltage pattern (usually the zero position in the sine
wave table) and the rotor aligns to the predefined position. The alignment is done only once during first
motor start. Figure 2-8 shows the motor alignment. Before the constant current vector is applied to the
stator, the rotor position is not known. After a stabilization period the rotor flux must be aligned to the
stator flux. In practice, this is true when the external load torque is low enough compared to the torque
produced by the alignment vector.
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q unknown rotor position
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Figure 2-8. Rotor Alignment Stabilization — PMSM Starting Mode

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev. 0

Freescale Semiconductor 211



Control Theory

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev. 0

2-12 Freescale Semiconductor



Chapter 3
System Concept

3.1 System Specifications

The system is designed to drive a three-phase PM synchronous motor. The application meets these
performance specifications:

» Targeted at the MC56F8013/23 digital signal controller
* Running on the MC56F8013/23 controller board and three-phase high voltage power stage
» Control technique incorporating:
— Vector control of three-phase PM synchronous motor with quadrature encoder
— Closed-loop speed control
— Bidirectional rotation
— Both motor and generator modes
— Closed-loop current control
— Independent control of flux and of torque
— Startup with alignment
— Reconstruction of three-phase motor currents from DC-link shunt resistor
— 125 ps sampling period on MC56F8023 with FreeMASTER recorder
* FreeMASTER software control interface (motor start/stop, speed setup)
* FreeMASTER software monitor

— FreeMASTER software graphical control page (required speed, actual motor speed, start/stop
status, DC-bus voltage level, motor current, system status)

— FreeMASTER software speed scope (observes actual and desired speeds, DC-bus voltage, and
motor current)

— FreeMASTER software high-speed recorder (reconstructed motor currents, vector control
algorithm quantities)

» DC-bus over-voltage and under-voltage, over-current protection

3.2 Application Description
A standard system concept is chosen for the drive (see Figure 3-1). The system incorporates these
hardware boards:

» Power supply 90 V-260 V AC RMS, 5 A

» Three-phase, high-voltage power stage

» Three-phase PM synchronous motor (default configuration for TG Drives 3-phase PMSM motor)

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev. 0
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e MC56F8013/23 controller board

The MC56F8023 populated on the controller board executes the control algorithm. In response to the user
interface and feedback signals, it generates PWM signals for the three-phase high-voltage power stage.
High-voltage waveforms generated by the DC to AC inverter are applied to the motor.

Power Line Input

Power [* 15V v
MC56F8013/23 Controller Board | Input |
h AC to DC
Converter
> > __ BC-Bus voltage
DC-Bus voltage Q> ¢ ]
3-phase Current o3 ANAO 8 D A
Reconstruction > suscurrent | | 3 @ =
—1ooc | ANAT fe=2 413 0 — I—g
2@ s
phase currents QOvercurrent Fault o 8 BC-Bus current
Y FAULTO -
PWM Reload 3-Phase High Voltage
x> Power Stage
\/ SVM [*|PwM0-5 IGBT Silias
> Predriver Inverter
FOC PWM 16 kHz
A
leq
Quadrature Encoder Signal
PID c ;4 Actual Speed QTO 4 - MOTOT
Controller . QT1
K P
L oS
Application FreeMASTER SCI [ C.oMASTER
State Machine

Figure 3-1. System Concept

3.3 Control Process

The state of the user interface is scanned periodically, while the actual speed of the motor, DC-bus voltage,
and the phase currents are sampled. The speed command is calculated according to the state of the control
signals (Start/Stop, Required Speed from FreeMASTER). Then the speed command is processed by means
of the speed ramp algorithm. The comparison between the actual speed command obtained from the ramp
algorithm output and the measured speed generates a speed error. The speed error is input to the speed Pl
controller, generating a new desired level of reference for the torque-producing component of the stator

current.
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The DC-bus current and voltage are sampled with ADC. The ADC sampling is triggered by QuadTimer
channel 3 and synchronized to the PWM signal. A digital filter is applied to the sampled values. The
three-phase motor current is reconstructed from samples taken from the DC-link shunt resistor. The
reconstructed three-phase current is then transformed into space vectors and used by the FOC algorithm.

The rotor position and speed are sensed by the quadrature encoder. Based on measured feedback signals,
the FOC algorithm performs a vector control technique oriented to the rotor-magnetizing flux space vector,
as described in Section 2.3.2, “Description of the Vector Control Algorithm.” Two independent current Pl
control loops are executed to achieve the desired behavior of the motor. Output from the FOC is a stator
voltage space vector, which is transformed by means of space vector modulation into PWM signals.
Three-phase stator voltage is generated by means of a three-phase voltage source inverter and applied to
the motor, which is connected to the power stage terminals.

The application can be controlled via a FreeMASTER control page from a host PC. The FreeMASTER
communicates via serial RS-232 protocol. The RS-232 is opto-isolated to achieve safety isolation from
high voltage.

The application state machine of the drive manages the operating states of the drive. There are five states
of the drive. The actual operating state is indicated by the FreeMASTER control page. In the case of
over-voltage, under-voltage or over-current, the signals for the three-phase inverter are disabled and the
fault state is displayed.
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Chapter 4
Hardware

4.1 Hardware Implementation

This application is designed to drive a three-phase PM synchronous motor. It consists of these modules:

* HostPC

* MC56F8013/23 controller board

* Three-phase AC/BLDC high voltage power stage
» Three-phase PM synchronous motor

The application hardware system configuration is shown in Figure 4-1.

Motor | Quadrature
Phases ' Encoder
AL_|
J6
3-ph. AC/BLDC High MC56F8013/23
Voltage Power Stage Controller Board
=
I Opto-Isolation |
Power Input
Terminals
90-260 V RS-232

Figure 4-1. Hardware System Configuration
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All system parts are supplied and documented:
e MC56F8013/23 controller board:
— Uses Freescale’s MC56F8013 or MC56F8023 as the controller
— Described in the MC56F8013 Controller Board Hardware User’s Manual
* Three-phase AC/BLDC high-voltage power stage:

— High-voltage, three-phase power stage with single-phase input 115/230 V AC and 750 VA
variable voltage three-phase IGBT bridge output

— Described in the 3-Phase AC/BLDC High Voltage Power Stage Board Users Guide

A detailed description of each individual board can be found in the appropriate user manual, or on the
Freescale web site (www.freescale.com). The user manuals include a schematic of the board, a description
of individual function blocks, and a bill of materials (parts list).

4.2 MC56F8013/23 Controller Board

The MC56F8013/23 controller board is based on an optimized PCB and power supply design. It
demonstrates the abilities of the MC56F8013/23 and provides a hardware tool to help in the development
of applications that use the MC56F8013/23 and are targeted at motor control applications.

The MC56F8013/23 controller board can be populated either by MC56F8013 or MC56F8023 parts. PCBs
marked with the numbers 00216A01 and 00216A02 are populated by an MC56F8013 device. PCBs
marked with the numbers 00216B02 are populated by an MC56F8023 device.

The controller board is an evaluation module type of board; it includes an MC56F8013 or MC56F8023
part, encoder interface, tacho-generator interface, communication options, digital and analog power
supplies, and peripheral expansion connectors. The expansion connectors are for signal monitoring and to
allow expandability of user features. Test pads are provided for monitoring critical signals and voltage
levels.

The MC56F8013/23 controller board is designed for these purposes:

* New users can become familiar with the features of the MC56F801x/802x architecture.

* The board can serve as a platform for real-time software development.
The tool suite allows you to develop and simulate routines, download the software to on-chip
memory, run the software, and debug it using a debugger via the JTAG/OnCE port. The breakpoint
features of the OnCE port let you specify complex break conditions easily and execute your
software at full speed, until the break conditions are satisfied. The ability to examine and modify
all user-accessible registers, memory, and peripherals through the OnCE port considerably
simplifies the task of the developer.

» To serve as a platform for hardware development.
The hardware platform enables external hardware modules to be connected. The OnCE port’s
unobtrusive design means all of the memory on the digital signal controller chip is available to the
user.

The board facilitates the evaluation of various features present in the MC56F8013/8023, and can be used
to develop real-time software and hardware products based on either device. It provides the features
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necessary to write and debug software, demonstrate the functionality of that software, and to interface with
the customer’s application specific device(s).
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Figure 4-2. MC56F8013/23 Controller Board Top View
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Figure 4-3. Block Diagram of the MC56F8013/23 Controller Board

The MC56F8013/23 controller board is flexible enough to allow full exploitation of the
MC56F8013/8023’s features to optimize the performance of the user’s end product. See Figure 4-2 and
Figure 4-3.

4.3 Three-Phase AC/BLDC High-Voltage Power Stage

Freescale’s three-phase high-voltage (HV) AC power stage is a 750-voltamps (one horsepower),
three-phase power stage that will operate off DC input voltages from 140 to 325 volts, and AC line
voltages from 100 to 240 V. In combination with one of the controller boards, it provides a software
development platform that allows algorithms to be written and tested without the need to design and build
a power stage. It supports a wide variety of algorithms for both AC induction and brushless DC (BLDC)
motors.

The high-voltage AC power stage has a printed circuit board. The printed circuit board contains an input
rectifier, brake IGBT and diode, bridge IGBTSs, IGBT gate drive circuits, analog signal conditioning,
low-voltage power supplies, and some large, passive, power components. All of the power devices that
need to dissipate heat, and a temperature sensor, are mounted on a heatsink underneath the printed circuit
board (see Figure 4-4).
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Figure 4-4. Three-Phase AC/BLDC High Voltage Power Stage

Figure 4-5 shows a block diagram. Input connections are made via the 40-pin ribbon cable connector J8.
Power connections to the motor are made on output connector J6. Phase A, phase B, and phase C are
labelled Ph_A, Ph_B, and Ph_C on the board. Power requirements are met by a single external 140 to 325
volt DC power supply or an AC line voltage. Either input is supplied through connector J9. An external
brake resistor can be connected via connector J4. The power stage can be extended by an external PFC
board. The PFC board connection is made via power connector J5 and signal connector J2.

Current measuring circuitry can be set up for 4 or 8 amps full scale. Both bus and phase leg currents are
measured. An over-current trip point is set at 10 amps.
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Figure 4-5. Three-Phase AC/BLDC Power Stage Block Diagram

Table 4-1. Electrical Characteristics of Three-Phase AC/BLDC Power Stage

Characteristic Symbol Min Typ Max Units
DC input voltage Ve 140 — 325 \
AC input voltage Vace 100 — 240 \
Logic 1 Input Voltage ViH 15 — 1.7 \
Logic 0 Input Voltage Vi 0.9 — 1 \"
Input Resistance Rin — 10 — kQ
Analog Output Range” Vout 0 — 3.3 \
Bus Current Sense Voltage Isense — 206.25 — mV/A
Bus Current Sense Offset loffset — +VREF — \
Bus Voltage Sense Voltage VBus — 8.09 — mV/V
Bus Voltage Sense Offset Voriset — 0 — \
Continuous Output Current™* Ic — — 10 A
Deadtime (built in IR2133) tos — 250 — ns

* Range set according +3.3 VA / +5 VA power supply
** The values are measured at 25°C; for other temperatures the values may be different.
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Motor Specifications — Example

The motor used in this application is a standard production three-phase PM synchronous motor with an
incremental encoder mounted on the shaft. The motor is start-connected. The motor and sensor have these
specifications:

Table 4-2. Specifications of the Motor and Incremental Sensor

Motor Type

Three-Phase PM Synchronous
Motor
TG drives
TGT3-0130-30-320/TOKX-1.0M

Nominal Voltage (line-to-line) 340 V RMS
Nominal Speed 3000 RPM
Motor Specification
Nominal Current (phase) 1.58 A RMS
Nominal Torque 1.15 Nm
Stator Winding Resistance 6.25 Ohm
Stator Winding Inductance d axis 11.1 mH
Motor Model Parameters
Stator Winding Inductance q axis 12.5 mH
Number of Pole-Pairs 3
Manufacturer INDUcoder
Type ES 28-6-1024-05-D-R
Position Sensor Specification
Line Count 1024
Output 5V +10% TTL
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Chapter 5
Software Design

5.1 Introduction

This section describes the software design of the PMSM vector control application. First, the numerical
scaling in fixed-point fractional arithmetic of the DSC is discussed. Then, particular issues such as speed
and current sensing are explained. Finally, the control software implementation is described. The aim of
this chapter is to help to understand the included software.

5.2  Scaling of Application Variables

5.2.1 Fractional Numbers Representation

The PMSM vector control application uses a fractional representation for all real quantities except time.
The N-bit signed fractional format is represented using 1.[N-1] format (1 sign bit, N-1 fractional bits).
Signed fractional numbers (SF) lie in the following range:

~1.0<SF<+1.0-27 N1 Eqn. 5-1

For words and long-word signed fractions, the greatest negative number that can be represented is —1.0,
whose internal representation is $8000 and $80000000, respectively. The greatest positive word is $7FFF
or 1.0 — 2715 and the greatest positive long word is $7FFFFFFF or 1.0 — 273L,

5.2.2 Scaling of Analog Quantities

Analog quantities such as voltage, current, and frequency are scaled to the maximum measurable range,
which is dependent on the hardware. The following equation shows the relationship between a real and a
fractional representation:

. Real Value
Fractional Value = - Eqn. 5-2
Real Quantity Range an. 5

where:
» Fractional Value is a fractional representation of the real value [Frac16]
* Real Value is the real value of the quantity [V, A, rpm, etc.]
* Real Quantity Range is the maximum range of the quantity, defined in the application [V, A, rpm,
etc.]

As an example, the above scaling can be demonstrated on DC-bus voltage and motor phase voltage. All
variables representing voltage are scaled the same in the application. They are scaled to the maximum
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measurable voltage range of the power stage. For the demo hardware board, the range is V¢ = 407 V.
Variable values in fractional format are defined by the following equation:

\
(Frac16)voltage_variable = —easured Egn. 5-3
max

The fractional variables are internally stored as signed 16-bit integer values, and their values can be
evaluated as follows:

(Int16)voltage_variable = (Frac16)(voltage_variable x 215) Eqn. 5-4

The maximum range of analog quantities used by the application is defined by #define statements in the
application configuration files. The default scaling ranges for the reference design hardware setup are as
follows:

#define XLS_PMSM_U_MAX 235 /* Volts */
#define XLS_PMSM_I_MAX 2%4.0 /* Amps */

Please note that XLS_PMSM_I_MAX corresponds to a full range of the ADC converter input voltage

(0 - 3.3V). For motor phase-current sensing, the zero current level is shifted into the middle of this range
(= 1.65 V). Thus, the maximum positive and negative phase current which can be sensed is Max_Current
= XLS_PMSM_I_MAX/2. In other words, if the current sensing range of the power stage is from —4.0 A
to + 4.0 A, the value of XLS PMSM _|I _MAX is set to the value 8.0 A. And if the current sensing range
of the power stage is from —8.0 A to + 8.0 A, the value of XLS_PMSM_I_MAX is set to the value 16.0 A.

5.2.3 Scaling of Angles

The angles, such as rotor flux position, are represented as 16-bit signed fractional values in the range
[-1,1), which corresponds to the angle in the range [—pi, pi). In a 16-bit signed integer value the angle is
represented as follows:

—pi ~ 0x8000 Egn. 5-5

pi x (1.0 - 27%°) ~ OX7FFF Eqn. 5-6

5.2.4 Scaling of Parameters

Real-value parameters, in equations such as the SM observer, decoupling voltage, etc., are represented as
16-bit signed fractional values in the range [-1,1). The real parameter value (ohms, henries) has to be
adjusted to correspond to the scaling range of the analog value, which forms the particular equation. The
adjusted value is then split into a fractional range of [-1,1) and an N-bit scale. The scaling process can be
explained by a simple example of the Ohm’s law equation.

VReal = R X Igeq Eqn. 5-7
Veracs X V_MAX = R x lg 5016 X |_MAX Eqn. 5-8
I MAX
Veracis = (R x V; MAX) X leracis = RAdjusted X leracis Eqn. 5-9

Let’s substitute the following values:
R =300 Ohms, I_MAX =8 Amps, V_MAX = 407 \olts
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The Ragjusted Can be evaluated:

I MAX 8
Radjustes = R Xm = BOOXW = 5.8968 Eqn. 5-10

The Ragjusted 1S 0ut of range of the signed fractional number. We need to right shift the value by Rg,je-bits
to fit into the desired range. Therefore, we introduce a scale (shift) part of the parameter. For this example
we have to shift the result by Rg,e = 3 bits. The resistor value scaled to the signed fractional range is as
follows:

R cale __
Reracts % 2 = Radjusted Eqn. 5-11
I_MAX -R cale _ 8 -3 _
Reracts = RX G viax <2 = 300x 7= x 27 = 0.7371 Eqn. 5-12

The Ohm’s law equation scaled into signed fractional arithmetic is evaluated as follows:

I MAX _RScale RScale
VEracts = ((R x m x 2 )(IFraclti)) x 2 Eqn. 5-13
Please note, that the final multiplication result has to be left-shifted back by Rg¢qe bits to stay within the
proper range of the Vg 4016 Variable.

All algorithm and motor parameters are scaled to their 16-bit or possibly 32-bit fractional representation.
For most parameters, there are two definitions. One evaluates the parameter fractional representation, and
the other defines the required N-bit shift = scale. Let’s show the encoder position scale parameter as an
example:

#define ENC_POSITION_SCALE_SHIFT -6
#define ENC_POSITION_SCALE FRAC16(0.75)

The N-bit shift constant can be defined as both negative and positive. If negative, a left shift is applied to
the scaled variable. Then the real value of the encoder position scale is:

. _ _EncPositioScale  _ 0.75 _ _
cPositionScaleReal = JEnchositionscaleshifi - ,-6 48 Eqn. 5-14

To evaluate the fractional and shift constants of the parameters, use the Excel spreadsheet included in the
software files.

We also introduce several scaling factors for some of the complicated constant calculations (in the Excel
spreadsheet included with the software). Their purpose is to transform integer constants into the defined
fractional range [-1, 1) and vice versa. With these scaling factors, some of the equations can be made
universal, and can thus potentially be reused for system quantities that are not represented by the fractional
range [-1,1).
The voltage scaling factor is:

Sy = Vsystange Eqn. 5-15

Vmax

where:
» Sy isthe scaling factor
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Vsysrange IS the range of system representation voltage
* Vi IS the range of real voltage

In our application, the system representation is a fractional number of the range, as in Equation 5-1.
Therefore, the scaling coefficient is usually:

Sy = Eqn. 5-16
Vmax
Then the real variable is:
Frac16)Voltage Variable
VReal = ( ) Svg Eqn. 5-17
The system parameters are then calculated accordingly:
S
Ragjusies = Rx 2 = 300 x 22207 - 5 gogg Eqn. 5-18

S, 1/8

5.3 Application Overview

The application software is interrupt-driven when running in real time. There are three periodic interrupt
service routines executing the major motor control tasks (see Figure 5-1).

The QuadTimer (TMR) channel 1 interrupt service routine is executed on a compare every 1 ms. It
performs a speed-control loop.

The PWM Reload interrupt service routine is executed every second PWM reload, with a 125 us period
(TS_FAST). It performs a fast current control loop.

The ADC End of Scan interrupt service routine is executed for three consequential sample readings within
one PWM cycle. It reads the DC-link current samples.

The PWM Fault interrupt service routine is executed on an over-current event to handle an over-current
fault or a DC-bus over-voltage condition. It is executed only if the fault condition occurs.

The background loop is executed in the application main(). It handles non-critical timing tasks, such as the
application state machine and FreeMASTER communication polling.
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Interrupt Service Routines Background Control Loop
ADCA EOS Fast Interrupt PWM Reload Interrupt
3 samples reset

every 125us

ADCA End of
Scan ISR

PWM Reload
ISR

Initialization

.

Done Done

Background
Output Compare Interrupt PWM Fault Interrupt Loop

: e on event
Timer 1 PWM Fault
ISR ISR

A

Done Done

Figure 5-1. Main Data Flow

The individual processes of the control routines are described in the following sections.

5.3.1 ADC End-of-Scan Timing and PWM Reload Interrupts

The fast current control loop is executed in the PWM reload ISR, which is synchronized to the

PWM _reload_sync signal. Prior to the PWM reload ISR being executed, three ADC samples of DC-link
current are taken and processed by the ADC end of scan ISR. After ADC sampling is finished the PWM
reload ISR is enabled and executed.

The PWM module is configured to run in center-aligned mode with counter modulo CMOD = 800, which
corresponds to a switching frequency of 16 kHz at a 32 MHz bus clock (PWM cycle period = 62.5 ps).
The PWM _reload_sync signal is generated every second PWM cycle with a 125 us period. The

PWM _reload_sync is connected to a secondary input, pin 3, which carries the signal of the TMR module.
An output of the TMR channel 3 is connected to the SYNCO signal, which is used to trigger the ADCA in
simultaneous mode. The TMR channel 3 is configured in triggered count mode. A connection link between
the PWM module, TMR module, and ADC module enables defining the exact multiple time instants of
ADC sampling, which are synchronized to the generated PWM signal. An overview of module
interconnections is shown in Figure 5-2.
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Figure 5-2. ADC Triggering

The timing diagram in Figure 5-3 shows how a triple-triggered ADC conversion is performed. The events
are executed in the following steps, which are numbered in the figure.

1.

A PWM counter reaches zero. A PWM reload occurs. Values stored in the PWM value registers
(VALO-5) are applied to the PWM outputs. PWM reload flag (PWMF) is set to one and pending.
The PWM reload interrupt is disabled at the beginning of every PWM reload cycle. The signal
PWM_reload_sync is generated by the PWM module.

TMR channel 3 count is triggered by the PWM _reload_sync signal, which is connected to its
secondary source input. The timer starts counting up from zero.

A compare on Compare 1 register (COMP1) occurs. An output (OFLAG) of the TMR channel 3 is
set to one. A value from Comparator Load 1 register (CMPLD1) is loaded into the COMP1 register.

A rising edge on the SYNCO input of the ADC module starts an ADC conversion.
The ADC conversion is finished. The ADC end of scan 1 flag (EOSI1) is set.

The ADC end of scan ISR is entered. The interrupt is processed as a fast interrupt with a priority
level 2. A value from Result 0 (RSLTO) register is stored in a buffer. A new value stored in a timing
table is loaded into the CMPLD1 register of TMR channel 3. An output (OFLAG) of the TMR
channel 3 is forced to zero. EOSI1 flag is cleared.

The second compare on Compare 1 (COMP1) occurs. Steps 3 through 6 are repeated. Before ADC
EOS ISR is exited, the TMR channel 3 is stopped, the ADC EQOS interrupt is disabled, and the
PWM reload interrupt is enabled.

Once PWM reload interrupt is enabled, the pending PWMF flag generates an interrupt and the
PWM reload ISR is entered. The PWM reload ISR performs routines for the fast current control
loop. When finished, the new values are stored in the PWM value registers (VAL0-5). The TMR
channel 3 registers COMP1 and CMPLD1 are loaded with these new values and the counter is
reset. The PWM Reload interrupt is disabled.

When a new PWM reload event occurs, the sequence starts again at step one.
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Figure 5-3. ADC End Of Scan and PWM Reload Interrupts

The triple-triggered ADC sampling is used to perform a reconstruction of the three-phase motor current
from the single DC-link shunt resistor. The reconstruction algorithm is described in the following section.

5.3.2 Three-Phase Current Reconstruction

The vector control algorithm requires the sensing of the three motor phase currents. A standard approach
IS to sense the phase currents directly through current transformers, or Hall effect sensors, directly coupled
to the motor phase lines that carry the current between the switches and the motor. To reduce the number
of current sensors and overall cost of the design, the three-phase stator currents are measured by means of
a single DC-link current shunt sensor; see Figure 5-4. The DC-link current pulses are sampled at exactly
timed intervals. A voltage drop on the shunt resistor is amplified by an operational amplifier inside the

three-phase driver and shifted up by 1.65 V. The resultant voltage is converted by the ADC; see Figure 5-5.

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev. 0

Freescale Semiconductor 5-7



Software Design

Kt £t L

C

Figure 5-4. DC-Link Current Shunt

! L
ITRIP LO2
L o]
3 FLT-CLR 14
A CAO VB3 13
2 CA+ HO3 12
5 CA- VS3 9
SD LO3
7 vss com
IR2133S
G\
TP212
Idcb+
R217 R218
|_sense_DCB2
1.6k-1% 220-1%
+Vref
R222
R221 C200 1k
7.5k-1% 47pF—— TP200
) I_trip
0.50V @ +Ifault L
R225 J_ C206
n/p 1nF
R200 R226
|_sense_DCB1
1.6k-1% 220-1%
TP214
Idcb-
R227
|_sense_DCB_out
75k1% I

DC Bus Current Sensing

Figure 5-5. Current Amplifier for DC-Link Current

Based on the actual combination of switches, the three-phase currents of the stator are reconstructed. The
AD converter measures the DC-link current during the active vectors of the PWM cycle. When the voltage
vector V1 is applied, current flows from the positive rail into the phase A winding and returns to the
negative rail through the B and C phase windings. When the voltage vector V2 is applied, the DC link
current returning to the negative rail equals the T phase current. Therefore, in each sector, two phase
current measurements are available; see Figure 5-6. The calculation of the third phase current value is
possible because the three winding currents sum to zero. The voltage vector combination and
corresponding reconstructed motor phase currents are shown in Table 5-1.
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Table 5-1. Measured Currents

Voltage Vector DC-Link Current
V4(100) +ig
V5(110) —ic
V3(010) +ip
V,4(011) —ia
Vg(001) +ig
Vg(101) —ip
Vo(111) 0
V(000) 0

(000) (100) (110) (111) (110) (100)

A
B

LA L CLLEEL] L E L L L LETT T e
e "

delay = ra"ef.-d.nfme +1 progdelay - B

V,(100)

ey
-----
L L L T TP e e, sasmnsmusn®

Figure 5-6. Current Sampling Timing

The ADC converter is triggered three times on every second PWM period. The first two triggers sample
the DC-link current corresponding to the two phase currents. They are set to the middle of the switching
vector. The third trigger is set to the middle of the PWM period. All bottom IGBTSs are switched off —
current is not flowing through the shunt resistor. Samples taken at this point refer to a zero current. These
are used for channel offset calibration.

However, the DC-link current cannot be measured in two cases:

* When the voltage vector is crossing a sector border — in this case, only one sample can be taken;
see Figure 5-7

* When the modulation index is low — the sampling interval is too short and none of the current
samples can be taken; see Figure 5-8
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Figure 5-7. Passing Active Index

Figure 5-8. Low Modulation Vector

This current measurement limitation can be partly solved using asymmetrical PWM pulses. Two PWM
pulses are shifted to obtain enough time for current sampling. Nevertheless, duty cycles for all the PWM
pulses have to be preserved.

The solution used for asymmetrical PWMSs can be applied in both cases. In the first case, the voltage vector
crosses a sector border, the center edge of the PWM period is frozen, and one critical edge is moved; see
Figure 5-9. In the second case, when the modulation index is low, the center edge remains frozen as well,
and both side edges are moved in opposite direction; see figure Figure 5-10.

critical edge
]

il

move critical edge
— |

Figure 5-9. Edge Moving When Passing an Active Vector
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Figure 5-10. Edge Moving When Modulation Index is Low

Limits for current reconstruction:

5.3.3

On every second PWM cycle, three triggered samples have to be taken. The conversion time +
ADC ISR execution time limits the minimum time for two consequent samples to 3 pus.

The minimum duration of a voltage vector to be able to sample a current signal is approximately
2.5 us (hardware dependent).

The maximum voltage vector amplitude is limited by a minimum required PWM edge shift
(2.5 ps). In other words it cannot reach a 100% duty-cycle. If a 100% duty cycle is being applied,
asymmetrical PWMs cannot be performed.

The three-phase current reconstruction algorithm requires both extensive calculations and bit
manipulation. The execution time on the MC56F8023 is about 20 ps. The current reconstruction
algorithm is performed in the PWM reload interrupt routine together with other calculations. This
execution time is limited to one-half of the PWM reload period.

The PWM reload interrupt routine performs the fast inner current loop together with the current
reconstruction algorithm. The three-phase currents are transformed into alpha and beta
components of the space vector in the stationary reference frame. Having these alpha and beta
components, the actual vector size (amplitude) is evaluated and used as a feedback signal for the
PI controller. The execution time on the MC56F8023 is 56 us while the PWM period is 62.5 us (16
kHz). Due to a shortage of time after processing the other algorithms, the DC-link current
measurement and PWM reload interrupt is processed every second PWM period in a 125 ps loop;
see Figure 5-3.

Position and Speed Sensing Using the Encoder

The position and speed of the rotor are sensed by an incremental encoder mounted on the motor shaft. This
generates two quadrature-encoded signals (phases A and B); see Figure 5-11.

Phase A

Phase B

Index

e T+ wv
ey . 1 22
= position counter values 2

one revolution

Figure 5-11. Quadrature Encoder Signals
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The quadrature-encoded signals from the position sensor are connected to the QuadTimer module input
pins (pin 0 and pin 1). The QuadTimer channel 0 is configured to decode these encoded signals. The timer
counter increments/decrements to provide position information on the incremental sensor. At the same
time, the QuadTimer channel 0 is configured to capture a counter value on both edges on secondary input
pin 1. The captured counter value corresponds to the rotor position.

For speed calculation, an additional QuadTimer channel is required to generate a time-base reference.
QuadTimer channel 1 is configured to generate a 1 ms time-base reference. Similarly, as with channel 0,
channel 1 is configured to capture a counter value on both edges on secondary input pin 1. The captured
counter value corresponds to the exact time period of the captured rotor positions. Configuration of the
QuadTimer channels is shown in Figure 5-12.

QuadTimer channel 1 is configured to perform a compare with a 1 ms period. It counts IP bus clock pulses
on the primary source with a prescaler set to 2. The counter is configured to count rollover. On every
compare event, an interrupt is generated and an interrupt service routine is called. The interrupt service
routine calls a function to evaluate the motor speed, and services the timer channel for the next compare
interrupt.

There are two common ways to measure speed. The first method measures the time between two following
edges of the quadrature encoder; the second method measures the position difference per constant period.
The first method is used at low speed. At higher speeds, when the measured period is very short, the speed
calculation algorithm switches to the second method.

Quadrature Decoder

PHASE A Input pin #0

Primary Source

. QTimer ch. 0
PHASE B Input pin #1
Secondary Source
Time Base
IP Bus CLK/2 .
Primary Source
QTimer ch. 1

Secondary Source

Figure 5-12. QuadTimer Channel Configuration

The proposed algorithm combines both of the aforementioned methods. The algorithm simultaneously
measures the number of quadrature encoder pulses per constant period and their accurate time period. The
speed can then be expressed as:

k; x N KixN  kxN

Speed - t ) TclktZNcIktZ - NcIktZ Eqn. 519
where
Speed calculated speed [-]
k scaling constant [-]
kq scaling constant [s]
N number of counted pulses per constant period [-]
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t accurate period of N pulses [s]
teike2 period of input clock to time-base timer (TMR1) [s]
Neikt2 number of pulses counted by quadrature timer (TMRO) [-]

The time base is provided by QuadTimer channel 1, which is set to call a slow control loop every 1 ms

where the speed measurement is calculated. To evaluate motor speed, the function
ENC_GetMotorSpeedEl(&enc) is called in the 1 ms interrupt service routine. The speed processing
algorithm works as follows:

1. The newly captured values of both timers are read from the capture registers. The difference in the
number of pulses (TMRO) and their accurate period (TMR1) are calculated from the actual and

previous values.

2. The new values are saved for the next period and the capture register is enabled. From this time,
the first edge on input pin 1 signals the capture of values of both timers (TMRO, TMR1) and the

capture register is disabled.
3. The speed is calculated according to Equation 5-19.
4. This process is repeated with each call of the speed processing algorithm; see Figure 5-13.

New captured values on TMRO and TMR1 :

o .
Input pin#0 | i i i i
Input pin#1 J i i
TMRO Uﬁ :
TMR1 Clock | system clock/2 |

speed processing

accurate time period captured

TMRA1 Compareh i |_| i

Figure 5-13. Speed Processing

5.4 Software Implementation

The general software diagram incorporates the main() routine entered from a reset and the interrupt states

(see Figure 5-1).

This main routine initializes the DSC and the application, then enters an infinite background loop. The

background loop contains an application state machine.
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5.4.1 Software States

5.4.1.1 Application Process States

The application process state is the highest level of the application state machine. It has five application
states: APP_FAULT, APP_READY, APP_TRANS_TO_RUN, APP_RUN, and
APP_TRANS_TO_READY. Transition between the states is shown in Figure 5-14.

T

superEventW =0
APP_TRANS_TO_READY

superEvent.B.RunCtrl= 1
1

RESET
—

APP_FAULT

appFaultStatus.W =0

APP_READY
subEventRun.B.SpinCtri=1

APP_INIT APP_SPIN

1
subEventReady.B.InitCtri=1
subEventRuln.B.AIignCtrI=1

APP_ALIGN

APP_WAIT

|
subEventReady.B.WaitCtrl=1 SR ]

APP_ZERO_SPEED

superEvent.B.ReadyCitrl = 1

subEventRu.n.B.CaIithrI=1
APP_CALIB

APP_RUN

APP_TRANS_TO_RUN

superEvent.B.TransToRunCtrl= 1

Figure 5-14. Application State Diagram — General Overview

After reset, the application is set to the fault state where over-current, over-voltage, under-voltage, and
over-temperature fault bit states are tested. If there is no fault detected, the application goes to the next
state. Once any of them are set, the fault state is immediately entered.

The application process states, with their substates, are described in the following sections.

54111 APP_FAULT
The application goes to this state immediately after reset or when a fault is detected. The system allows all
the states to pass on to the APP_FAULT state. Faults detected in the application are:

* Over current

* Over voltage

* Under voltage

e Over temperature

The next state (APP_READY) is set once all fault bits are cleared. This means that no fault has been
detected (appFaul tStatus.w=0).
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5.4.1.1.2 APP_READY

This state is entered from either APP_FAULT or APP_TRANS_TO_READY state. The application
variable initialization is performed (APP_INIT substate) and the system waits until the ReadyRunFlag is
set from the FreeMASTER control software. Then the next state is entered.

54.1.1.3 APP_TRANS_TO_RUN

This transient state, between READY and RUN states, enables the PWM pads and sets the fifty-percent
duty cycle.

54114 APP_RUN
This is the most complex state, and it consists of four substates. All necessary procedures for motor startup
and rotation are processed in this state.

» APP_CALIB — waiting until the ADC channel is properly calibrated and channel offsets are
stored in ADC offset registers

 APP_ZERO_SPEED — current measurement is started and fifty-percent duty cycle (zero speed)
is initiated

* APP_ALIGN — the rotor is aligned to the known position before the motor is started

* APP_SPIN — the motor is started according to the required speed

The next state is entered after the ReadyRunFlag is cleared from the FreeMASTER control page.

5.4.1.1.5 APP_TRANS_TO_READY

This transient state, between the RUN state and the READY state, stops the motor, disables the PWM pads,
and clears the state bits. This puts the application conditions into the same status as they would be after
reset. Finally, the READY state is entered.

5.4.1.2 Application Processes

Application processes are called from fast control loop PWM_Reload (125 ps). They correspond to
application states which control transitions between component processes. Figure 5-15 shows the process
state diagram.
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Figure 5-15. Process State Diagram

These processes perform routines and tasks required in each application state and substate, such as ADC
calibration, rotor alignment, and FOC calculation (rotor angle, DC-bus ripple elimination, etc.) and
transformations (Park, Clark).

5.4.2 Initialization

Application initialization is entered after a reset. When the application main() is entered, a low-level
initialization is called. The DSC registers are initialized according to the peripherals and the CPU. This is
the first function which has to be called in the application main(). As the next step, the FreeMASTER
embedded driver is initialized according to settings in the freemaster_cfg.h configuration file.

Finally, the application initialization function AppSubStateReadyInit() is called when the APP_READY
state is entered. Tasks performed in AppSubStateReadyInit() are as follows:
* FreeMASTER scaling variables are defined

» The analog-to-digital convertor data structure is initialized using parameters from the
PMSM_VC_app_setup.h configuration file

* The ADC_Init function is called

» The encoder module data structure is initialized using parameters from the
PMSM_VC_app_setup.h configuration file

» The ENC_Init function is called and the actual omega value filter is initialized

» The zero-cancellation filters and d,q current controller parameters are initialized using the
configuration file

» Speed controller and ramp parameters are set
» The fifty-percent duty cycle is set and the PWM pads are disabled

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev. 0
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5.4.3 Application Background Loop

The endless application background loop executes a simple application state machine, which is shown in
Figure 5-14. Other process functions called from the loop are:

* FreeMASTER polling function FMSTR_Poll()
» The background part of the fault detection with AppFaultDetection()
» Watchdog periodic feeding

The main application control tasks are executed in interrupt service routines, which interrupt the
background loop.

5.4.4 Interrupts

There are three periodic interrupt service routines executing the major motor control tasks, and then the
PWM reload interrupt, which is called after reset to set the correct ADC sampling and fault interrupt in the
application. Control tasks are split into fast and slow control loops. Each loop has a corresponding priority.
The interrupt service routines and control tasks executed by each interrupt are described in the following
subsections.

5.4.4.1 ADC End-of-Scan Interrupt

The function ADC_EndOfScanlISR() is assigned to this interrupt event. The interrupt is configured to be
executed as a fast interrupt with a priority level 2. It is executed three times within every second PWM
cycle. It is synchronized to the PWM reload signal and triggered by a TMR3 output. A more detailed
description of the ADC end of scan interrupt timing can be found in 5.3.1, “ADC End-of-Scan Timing and
PWM Reload Interrupts.” The third ADC trigger is set to the middle of the PWM cycle, when all bottom
transistors are off and no current is flowing via the shunt resistor.

Samples taken at this point are used to calibrate the offset of the DC-link current sample. The first two
samples are set to the middle of the switching vector. Current sampled at these points is employed for the
motor phase current reconstruction.
Tasks performed by the ADC_EndOfScanISR()function:

» Clear the end of scan interrupt flag.

» Store the value from result register 0 (sample 4) into the ADC result buffer.

» Decrement the N register counter.

» Test whether this is the third conversion finished.

* If not, store the midpoint to Timer 3 compare preload register (offset sampling).

* Clear the TMR3 output flag (OFLAG).

» If this s the last conversion, TMR3 is stopped, the PWM reload interrupt is enabled, and the EOS
interrupt is disabled.

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev. 0
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5.4.4.2 PWM Reload Interrupt

The function PWM_ReloadISR() is assigned to this interrupt event. It is executed every time the series of
two subsequent ADC samples has finished. When the PWM Reload occurs at the beginning of a PWM
cycle the interrupt request flag is set. The interrupt service routine is disabled ate this moment to enable
the first intake of ADC samples. When ADC sampling is finished, the ADC end of scan interrupt routine
enables execution of the PWM Reload interrupt service routine. The priority of the interrupt is set to
level 2.

The PWM_ReloadISR() function executes a fast control loop. The most time-critical tasks of the vector
control algorithm are performed here, including the current-control loop.
Tasks performed by the PWM_ReloadlSR()function:

» Start ADC for DC-bus voltage sampling.

» Store reconstructed phase current values in the i_abc_recons data structure.

» Read the sampled DC-bus voltage from the ADC result register 0, and execute the digital filter on
that sample.

» Perform a transformation of the stator phase-currents from the three-phase stationary reference
frame into the two-phase stationary reference frame (forward Clarke transformation).

» Perform a transformation of the stator phase currents from the stationary into the rotational
reference frame (forward Park transformation).

» Execute digital filters on the d,q components of the stator current to remove sampling spikes.
» Execute the PI controllers of the d-axis and g-axis components of the stator current.

» Evaluate the d,q components of the output voltage vector, by summing the controller outputs with
the decoupling components of the stator voltage.

» Perform a transformation of the stator voltage space vector d,q components from the rotational
reference frame into the o, B stationary reference frame.

» Perform the DC-bus ripple elimination algorithm on the output voltage.

» Perform space vector modulation on the output voltage.

* Program the PWM value registers and set the LDOK bit.

» Configure the ADC channels for the next phase current sampling.

* Initialize the shadow registers and configure TMRS3 for the next ADC trigger.
» Service the PWM reload interrupt flag.

» Disable the PWM reload interrupt.

5.4.4.3 QuadTimer Channel #1 Compare Interrupt

The function QTA1_compare_ISR() is assigned to this interrupt event. The interrupt is executed
periodically with a 1 ms period. The priority of the interrupt is set to level 1.

The QTAL1_compare_ISR() function executes a slow control loop. The less time-critical tasks of the vector
control algorithm are performed here, including the speed control loop.

Tasks performed by the QTAL_compare_ISR() function:
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* When encoder code compilation is defined (ENCODER_MODULE_ON), execute the
ENC_NewTimeBase(&enc1024) function to set a new compare value for the 1 ms loop.

» Calculate actual speed value utilizing the ENC_AngularVelocity2(&enc1024, thetaRotorEl_Enc)
function.

» Perform ramping of the motor speed.

» Execute the motor-speed PI controller. Output of the speed controller sets the required
torque-producing component of the stator current (g-axis).

» Service the corresponding interrupt request flag.

5.44.4 PWM Fault Interrupt

The function PWM_FAULT _ISR() is assigned to this interrupt event. The interrupt is executed on an
event. When a DC-bus over-current is detected, an external comparator sets a signal on the PA6/FAULTO
pin to a high level. The PWM module sets all the PWM signals to the off state through wired logic. An
interrupt request is generated. The priority of the interrupt is set to level 2.

Tasks performed by the PWM_FaultISR() function:
» Disable the PWM output pads.
* Turn the motor off.
» Set the application OverDCBusVoltageFlag or OverDCBusCurrentFlag flags.
» Service the corresponding interrupt request flag.

5.4.5 Pl Controller Parameters

The P1 controller parameters consist of the gain and gain scale parameters of the proportional and integral
constants. The proportional, or integral gain parameter, is a fractional number in the range from 0 to 1
(representing 0 to 32767), and the gain scale parameter shifts the particular gain to the left if positive. The
gain scale number represents the number of shifts.

The limit parameters represent the minimum and maximum outputs from the P1 controller. The output will
be within these limits.

5.5 FreeMASTER Software

FreeMASTER software was designed to provide a debugging, diagnostic, and demonstration tool for the
development of algorithms and applications. Moreover, it’s very useful for tuning the application for
different power stages and motors, because almost all the application parameters can be changed via the
FreeMaster interface. This consists of a component running on a PC and another part running on the target
DSC, connected via an RS-232 serial port. A small program is resident in the DSC that communicates with
the FreeMASTER software to parse commands, return status information to the PC, and process control
information from the PC. FreeMASTER software executing on the PC uses Microsoft Internet Explorer
as the user interface.

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev. 0
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5.5.1 FreeMASTER Serial Communication Driver

The presented application includes the FreeMASTER Serial Communication Driver. The FreeMASTER
Serial Communication Driver fully replaces the former PC Master driver. The new FreeMASTER driver
remains fully compatible with the communication interface provided by the old PC Master drivers. It
brings, however, many useful enhancements and optimizations.

The main advantage of the new driver is a unification across all supported Freescale processor products,
as well as several new features that were added. One of the key features implemented in the new driver is
target-side addressing (TSA), which enables an embedded application to describe the memory objects it
grants the host access to. By enabling the so-called TSA-Safety option, the application memory can be
protected from illegal or invalid memory accesses.

To include the new FreeMASTER Serial Communication Driver in the application, the user has to
manually include the driver files in the CodeWarrior project. For the presented application, the driver has
already been included.

The FreeMASTER driver files are located in the following folders:

» {Project}support\freemaster\56F8xxx — contains platform-dependent driver C-source and header
files, including a master header file, freemaster.h.

» {Project}support\freemaster\common — contains common driver source files, shared by the driver
for all supported platforms.

All C files included in the freemaster folders are added to the project for compilation and linking (see
support group in the project). The master header file freemaster.h declares the common data types, macros,
and prototypes of the FreeMASTER driver API functions. This should be included in your application
(using #include directive), wherever you need to call any of the FreeMASTER driver API functions.

Note that the FreeMASTER driver does not perform any initialization or configuration of the SCI module
it uses to communicate. Therefore it is the user’s responsibility to configure the communication module

before the FreeMASTER driver is initialized by the FMSTR_Init() call. The default baud rate of the SCI
communication is set to 9600 baud.

NOTE

Higher communication speeds than 9600 baud are not supported by the
MC56F8013/23 controller board due to the limited speed of opto-couplers.

FreeMASTER uses a poll-driven communication mode. It does not require the setting of interrupts for
SCI. Both communication and protocol decoding are handled in the application background loop. The
polling mode requires a periodic call of the FMSTR_Poll() function in the application main().

The driver is configured using the appconfig.h header file. Changes to the file are preferably made through
the provided Quick Start graphical configuration tool (in CodeWarrior toolbar Project/Configuration
Tool). The user has to modify this file to configure the FreeMASTER driver. The FreeMASTER driver
C-source files include the configuration file, and use the macros defined there for conditional and
parameter compilation.

A detailed description of the FreeMASTER Serial Communication Driver is provided in AN2471, “PC
Master Software Communication Protocol Specification.”
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5.5.2 FreeMASTER Recorder

Part of the FreeMASTER software is also a recorder, which is able to sample the application variables at
a specified sample rate. The samples are stored in a buffer and read by the PC via an RS-232 serial port.
The sampled data can be displayed in a graph or the data can be stored. The recorder behaves like a simple
on-chip oscilloscope with trigger / pretrigger capabilities. The size of the recorder buffer and the
FreeMASTER recorder time base can be defined in the appconfig.h configuration.

The recorder routine must be called periodically from the loop in which you want to take the samples. The
following line must be added to the loop code:

FMSTR_Recorder(); /* FreeMASTER recorder routine call */
In this application, the FreeMASTER recorder is called from the ADC complete EOS interrupt, which

creates a 125 ms time base for the recorder function. A detailed description of the FreeMASTER software
is provided in AN2395, “PC Master Software Usage.”

5.5.3 FreeMASTER Control Page

The FreeMASTER control page creates a graphical user interface (GUI) for the PMSM vector control
application. Start the FreeMASTER software window’s project by clicking on the
PMSM_VC_EN_SHUNT.pmp file. Figure 5-16 illustrates the FreeMASTER software control window
after this project has been launched.To switch to the control page, click on the “control page” tag.

A user is able to monitor all the important quantities of the motor. By clicking the speed gauge, the motor
is started and the desired speed is set. The actual motor speed, motor currents, and voltages are displayed
on the control page gauges.

Application status is displayed. A status fault LED indicates the occurrence of an application fault.
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Figure 5-16. FreeMASTER Control Screen

The following FreeMASTER software control page actions are supported:
» Setting the required speed of the motor
» Switch running motor on/off

The FreeMASTER software control page displays:
* DC-bus current and voltage
» d, g axis currents and voltages
» Application fault status

5.6  Setting the Software Parameters for a Specific Motor

The default software parameter settings have been tuned for a default hardware setup with the motor
TGT3-0065-30-320. The setup is described in Chapter 6, “Application Setup.” When another motor and
hardware are used, the software settings need to be changed according to their specific parameters.
Detailed parameter setting and measurement is not described in this document. But one possibility is to
use a dedicated setup tool xls file, which is included within this software version. This
PMSM_VC_SHUNT_EN.xIs file can calculate the constants and generate them for
PMSM_VC_app_setup.h, according to the motor and hardware parameters. The xls file is included within
the code directories (ApplicationConfig\plugin_excel.gct\) and is opened from GCT; see Figure 5-17.
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Chapter 6
Application Setup

As described earlier, the PM synchronous motor vector control application is targeted at the
MC56F8013/23 device. The design of the PM synchronous motor vector control drive incorporates these
hardware components:

* MC56F8013/23 controller board

» Three-phase AC/BLDC high-voltage power stage board

* Three-phase PM synchronous motor (default configuration for motor TG drives
TGT3-0130-30-320/TOKX-1.0M)

Figure 6-1. Demo Application Setup
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6.1

MC56F8013/23 Controller Board Setup

Prior to the MC56F8013/23 controller board being connected to the power stage, it needs to be configured
for correct operation. Also, the demo application code first has to be programmed into the flash memory.
For the MC56F8013/23 controller board configuration, obey these steps:

1. Set the jumper configuration on the MC56F8013/23 controller board as shown in the table:

Table 6-1. MC56F8013/23 Controller Board Jumper Setting

Jumper Setting Description
JP1 2-3 SCI bi-wire configuration
JP3 4-5,7-8 Incremental encoder configuration
JP4 1-2,4-5,7-8 ADC CFG2 configuration (motor phase-current sensing)
JP5 1-2,4-5,7-8 ADC CFG1 configuration (motor phase-current sensing)
JP16 1-2 +5 V power supply from UNI-3 connector
JP18 1-2 +15 V power supply from UNI-3 connector

Note: Other jumpers are set open

Connecta +12 V power supply to the J12 power connector on the MC56F8013/23 controller board.
Set the over-current/over-voltage thresholds.

Trim potentiometer R29 sets the over-voltage threshold. Use a voltmeter to measure the threshold
level at test point TP3. Turn the R29 trim potentiometer to set the threshold level. Voltage level on
TP3 should be > 3.2 V.
Trim potentiometer R32 sets the over-current threshold. Use a voltmeter to measure the threshold
level at test point TP5. Turn the R32 trim potentiometer to set the threshold level. Voltage level on
TP3 should be > 3.2 V.

Connect the parallel JTAG command converter or the USB-TAP to the host PC and to the J4 header
on the MC56F8013/23 controller board.

Compile your project and program it into the device.

Disconnect the +12 V power supply from the J12 power connector on the MC56F8013/23
controller board.

Unplug the JTAG command converter (or the USB-TAP) from the J4 header on the
MC56F8013/23 controller board.
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Figure 6-2. MC56F8013/23 Controller Board View

When the MC56F8013/23 controller board is configured it can be connected to the power stage and the
whole demo hardware setup can be built. The complete application setup, is shown in Figure 6-1 and
Figure 6-2. To build the demo application setup perform these steps:

Connect the UNI-3 connector (J1) on the MC56F8013/23 Controller Board to the UNI-3
counterpart connector on the three-phase AC/BLDC high voltage power stage board via a 40-pin

1.

ribbon cable.

Connect a serial cable to an open COM port on the host PC and to the J6 DB-9 connector on the
MC56F8013/23 controller board, for FreeMASTER remote control.

Connect an incremental encoder cable to the J7 connector on the MC56F8013/23 controller board.
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4. Connect the motor phases to terminal J6 on the three-phase AC/BLDC high voltage power stage

board.

5. Connect a 115/230 V AC power supply or a 100-320 V DC power supply to terminal J6 on the
three-phase AC/BLDC high voltage power stage board.

Motor
Phases

A
J6

3-ph. AC/BLDC High
Voltage Power Stage

J9

Quadrature
Encoder

Power Input
Terminals

90-260V

6. Switch on the high-voltage power supply.

MC56F8013/23
Controller Board

I Opto-Isolation |

RS-232

Figure 6-3. Demo Application Connection Overview

7. Start the FreeMASTER project and switch to the “control page” pane.
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WARNING

There is a risk of electric shock. Both the MC56F8013/23 controller board
and the three-phase AC/BLDC high voltage power stage board are
connected to high voltage. The start/stop toggle switch and the up/down
buttons on the MC56F8013/23 controller board are disabled in this
application. The user must avoid touching them. The only safe mode of
control is by remotely controlling the application using the host PC running
the FreeMASTER application. The RS-232 port is the only interface that
provides galvanic isolation.

WARNING

The JTAG connector does not provide galvanic isolation. The demo
hardware setup must be disconnected from high voltage if a JTAG
connection is required. To debug the application, or to download code to the
device flash memory using JTAG, use a low voltage +12 V power supply
connected to the J12 connector on the MC56F8013/23 controller board.
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Chapter 7
Results and Measurements

This section describes measurements of the PMSM vector control application with single shunt current
measurement. One of the most important parts of this PMSM vector drive is three-phase current
reconstruction from DC-link current samples. Most of the measurements are concentrated on it.

7.1  System and Measurement Conditions

711 Hardware Setup

The application measurements were provided using a TGT3-0130-30-320 motor and the default hardware
setup described in Chapter 6, “Application Setup.”

7.1.2 Software Setup

The software file PMSM_VC_ENC_SHUNT.c contains the main() function together with the state
machine and corresponding process functions.

The measurements were provided using default code parameter settings, if not mentioned otherwise. The
preprocessor constants CLOSED _LOOP_CURRENT_CONTROL_ON and
CLOSED_LOOP_SPEED_CONTROL_ON are defined in the PMSM_VC_ENC_SHUNT.cfile. These
enable compilation of the code for measurements.

7.1.3 FreeMASTER

The measurements were obtained with the FreeMASTER control/communication tool, using the recorder
feature. The recorder reads the defined variables with sampling defined by the execution frequency of the
function FMSTR_Recorder().

The PMSM_VC_EN_SHUNT.pmp file is used by the FreeMASTER software, which needs to be installed
on the PC. The pmp file is included within the software structure. This incorporates the definition of the
recorder used for the measurements.

7.2 Measured Results
7.2.1 Three-Phase Current Reconstruction

This section presents the measurements of the three-phase motor current reconstructed using DC-link
samples. Ripples are caused by PWM signal shifting during sector crossing; see Figure 7-1.

PMSM Vector Control with Single-Shunt Current-Sensing Using MC56F8013/23, Rev. 0

Freescale Semiconductor 7-1



\
4

(

Results and Measurements

D.094; -0.935 _ , _ —
i ABC_fhck.a i_ABC fbck.b i_ABC_fbck.c

™ g || | ) ) .

NN NN TSNS

-
T
i
el

B K XA K AT XKL,
. W AANWA W ANANWA W AW/
| VIRV rE\VIAVER FEVIL

Y Y Y Y YW Y Y

0.00 0.0 .0: .03 .0 0.05 0.06
Time [sec]

Figure 7-1. Motor Phase Reconstructed Currents

7.2.2 DC-Link Sample Timing

Sample times are set according to actual phase-duty cycle. The samp_scaled[2] signal is set as a constant
to value 1080 for DC-link offset measuring. While sector crossing, the PWM signal shifting is applied.
Thus, the svm_sector signal oscillates; see Figure 7-2.
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Figure 7-2. Sample Timing
7.2.3 PWM Signal Shifting

Actual values of motor phase currents need to be measured instantaneously. Because phase PWM signal
overlapping at the time of sector crossing does not allow measuring them, signal shifting is applied.
Figure 7-3 shows the duty cycle of phase A (turquoise signal, the line that runs up and down through the
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middle of the diagram) and the shifted signals of the high switch (brown signal—the lines at the very top
and very bottom of the figure) and the low switch (gray signal—the lines that mirror the brown signal).
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Figure 7-3. PWM—SignaI Shifting

7.2.4 Speed Controller

The outer control loop processes the speed PI controller. The required input values for this controller are
the ramped required speed and the measured motor speed, which can be taken from the quadrature decoder.
The output of the controller is the required value of the g-axis inner control loop PI controller
(i_DQ_Command.q); see Figure 7-4.
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Figure 7-4. Speed Controller

7.2.5 Current Controller

The inner control loop processes the d-axis and g-axis PI controllers. The constant
CLOSED_LOOP_SPEED_CONTROL_ON must be undefined for this measurement to not use the outer
speed loop. Figure 7-5 shows the step response of the d-axis controller (the g-axis controller is similar).
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The d-axis command is set as a required value and the d-axis feedback value (obtained by a transformation
from motor phase currents) as the actual value. The output of the controller is the d-axis voltage value used
for the following transformation to a three-phase system. (u_DQ_Controller.q).
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Figure 7-5. Speed Controller
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7.3 Conclusion

The measurement results show the real behavior of the application used here. However, the single-shunt
current-sensing produces some inaccuracy to the motor control process. This solution is sufficient for
general motor control applications where FOC control technique use is required while preserving a
cost-effective solution.
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