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1 Introduction

A servo system is commonly used in a positioning
application which requires high instantaneous torque
response, lower torque ripple, a wide adjustable speed
range and excellent speed regulation, such as NC
machine tools, industrial robots, and other automated
(printing, packaging, food, and textile) equipment. In
many types of AC motors, a Permanent Magnet
Synchronous Motor (PMSM) has been considered a
better fit for a servo application because the PMSM
offers the advantage of low rotor inertia, high efficiency,
efficient heat dissipation structure, and reduced motor
size. Moreover, the elimination of brushes reduces noise
and suppresses the need for brush maintenance.

This application includes a digital servo system with a
Permanent Magnet AC Synchronous Motor and is based
on Freescale’s 56F8357 device. The software design
Incorporates the Processor Expert™ (PE) system.
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56F8357 DSC Advantages and Features

The concept of the application includes a position closed-loop PM synchronous drive, with a speed
closed-loop using a Vector Control technique. It serves as an example of a PM synchronous motor control
design using a Freescale Digital Signal Controller (DSC).

This document includes the system design concept, hardware implementation and software design.

2 56F8357 DSC Advantages and Features

The 56F8357 is well suited for digital motor control, combining the DSP’s calculation capability with the
MCU'’s controller features on a single chip. This device offers such dedicated peripherals as Pulse Width
Modulation (PWM) modules, an Analog-to-Digital Converter (ADC), Timers, communication peripherals
(SCI, SPI, CAN), on-board Flash and RAM. The 56F8357 provides the following peripherals:

» Two Pulse Width Modulators (PWMA & PWMB), each with six PWM outputs, three Current
Sense inputs, and four Fault inputs; fault tolerant design with dead time insertion, supporting both
center- and edge-aligned modes

» 12-bit Analog-to-Digital Converters (ADCs), supporting two simultaneous conversions with dual
four-pin multiplexed inputs; the ADC can be synchronized by PWM modules

* Two Quadrature Decoders (Quad DecO & Quad Decl), each with four inputs, or two additional
Quad Timers, A & B

» Two dedicated general purpose Quad Timers totaling six pins: Timer C with two pins and Timer D
with four pins

» CAN 2.0 A/B module with two-pin ports used to transmit and receive

» Two Serial Communication Interfaces (SCI0 & SCI1), each with two pins, or four additional GPIO
lines

» Serial Peripheral Interface (SPI), with configurable four-pin port, or four additional GPIO lines

» Computer Operating Properly (COP) timer

» Two dedicated external interrupt pins

* Upto 76 GPIO lines

» External reset pin for hardware reset

e JTAG/On-Chip Emulation (OnCE)

» Software-programmable, Phase Lock Loop-based frequency synthesizer for the core clock

» Large-capacity memory (256KB Program Flash, 4KB Program RAM, 8KB Data Flash, 16KB Data
RAM, 16KB Boot Flash), combined with the on-board 128KB external Program Data SRAM

In addition to the fast Analog-to-Digital converter and the 16-bit quadrature timers, the most interesting
peripheral, from the PM synchronous motor control point of view, is the Pulse Width Modulation (PWM)
module. The PWM module offers a high degree of freedom in its configuration, allowing efficient control
of the PM synchronous motor.

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0

2 Freescale Semiconductor



56F8357 DSC Advantages and Features

The PWM has the following features:

Three complementary PWM signal pairs, or six independent PWM signals
Complementary channel operation

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 signals

15 bits of resolution

Half-cycle reload capability

Integral reload rates from 1 to 16

Individual software-controlled PWM outputs

Mask and swap of PWM outputs

Programmable fault protection

Polarity control

20mA current sink capability on PWM pins

Write-protectable registers

The PM synchronous motor control utilizes the PWM block set in the complementary PWM mode,
permitting generation of control signals for all switches of the power stage with inserted dead time. The
PWM block generates three sinewave outputs mutually shifted by 120°.

The Analog-to-Digital Converter (ADC) consists of a digital control module and two analog sample and
hold (S/H) circuits. ADC features include:

12-bit resolution

Maximum ADC clock frequency is 5MHz with 200ns period

— Single conversion time of 8.5 ADC clock cycles (8.5 x 200ns = 1.7ps)

— Additional conversion time of 6 ADC clock cycles (6 x 200ns = 1.2s)

— Eight conversions in 26.5 ADC clock cycles (26.5 x 200ns = 5.3us) using simultaneous mode
ADC can be synchronized to the PWM via the sync signal

Simultaneous or sequential sampling

Internal multiplexer to select two of eight inputs

Ability to sequentially scan and store up to eight measurements

Ability to simultaneously sample and hold two inputs

Optional interrupts at end of scan, if an out-of-range limit is exceeded, or at zero crossing
Optional sample correction by subtracting a preprogrammed offset value

Signed or unsigned result

Single-ended or differential inputs

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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56F8357 DSC Advantages and Features

The application utilizes the ADC block in simultaneous mode and sequential scan. It is synchronized with
PWM pulses. This configuration allows the simultaneous conversion within the required time of required
analog values, all phase currents, voltage and temperature.

The quadrature timer is an extremely flexible module, providing all services relating to timed events. It
has the following features:

» Four 16-bit counters/timers in each timer module

* Ability to count up/down

» Cascadable counters

* Programmable count modulo

» Maximum count rate equals peripheral clock/2 when counting external events

* Maximum count rate equals peripheral clock when using internal clocks

» Count once or repeatedly

» Counters are preloadable

» Counters can share available input pins

» Each counter has a separate prescaler

» Each counter has capture and compare capability
The PM Synchronous Motor vector control application utilizes four channels of the quadrature timer

module for position and speed sensing. A fifth channel of the quadrature timer module is set to generate a
time base for speed sensing and a speed controller.

The Quadrature Decoder provides decoding of position signals from a Quadrature Encoder mounted on a
motor shaft. It has the following features:

* Includes logic to decode quadrature signals

» Configurable digital filter for inputs

» 32-bit position counter

» 16-bit position difference counter

* Maximum count frequency equals the peripheral clock rate

» Position counter can be initialized by software or external events

» Preloadable 16-bit revolution counter

* Inputs can be connected to a general purpose timer to aid low-speed velocity
The PM Synchronous Motor vector control application utilizes the Quadrature Decoder connected to Quad
Timer A. It uses the decoder’s digital input filter to filter the encoder’s signals, but does not make use of

its decoding functions, freeing the decoder’s digital processing capabilities to be used by another
application.

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

3 Target Motor Theory

3.1 Permanent Magnet Synchronous Motor (PMSM)

The PMSM is a rotating electrical machine with a classic 3-phase stator like that of an induction motor;
the rotor has surface-mounted permanent magnets (see Figure 1).

Stator

Stator winding
(in slots)

—— Shaft

Rotor

T Airgap

Permanent magnets

Figure 1. PMSM — Cross Section

In this respect, the PMSM is equivalent to an induction motor, in that 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 in designing 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.

3.1.1 Electrical Equations

Usy =V COS(a, -1)

Ugg =V coS(a, -t —2?”)
Egn. 1

Ug. =V cos(a, -t—%[)

To create the rotating stator flux, the commonly applied phase voltages present a phase shift of 120°
electrical from one to another that takes into account the mechanical 120° angle between coils.

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

A one-phase electrical equation can be written:

.o ody . d .
u=Z-i=Ri+—=Ri+—(Li+¥_(0 Eqgn. 2
" " ( n(0))
where:
W\, corresponds to the amplitude of the natural magnetic flux of the permanent magnets

The term

d
—Y (0
g (0

corresponds to the back EMF (induced voltage) and can also be written:

4¥,0) .,
déo
where:
®, Corresponds to the electrical speed

If the machine is assumed to be sinusoidal, the induced voltage has the following form:

Ea(e) sin(ee)
E = Eb(e) =—w, '\Pm Sin(He —2?7[) =, '\Pm [K(ee)]

Eqgn.
E. () an-3

) A
sin(@, ——
] (0. 3)_

A part of the electrical power delivered to the motor is transformed in Joule losses, another part is going

to the energy stored in the magnetic field and the last part is transformed into mechanical energy (torque
production).

In a PMSM, torque is expressed by:

Te=p-[I.]-¥, [K(@®,)] Eqn. 4

where:
p is the number of pole pairs

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

It can be proven that the best method to produce a constant torque is to drive a sinusoidal motor by
sinusoidal currents.

Te=p¥, (I,-K, (0)+1, K, (0)+1_-K_(0)) Eqn. 5
If:
i, = 1, sin(a, -t)
. . 2r
igg = 1, sin(w, ~t—?)
i = 1_sin(w, -t—27)
3
yields:
Te=p-V¥,- Is(sinz(a)t)+sin2(a)t—2?7[)+sin2(a)t—4?”)):% p-v_ -l Eqn. 6

It shows that Field Oriented Control (FOC) enables continuous control of the torque demand without
ripples if it is fed by 3-phase sinusoidal currents.

3.1.2 Mechanical Equations

The torque created by the energy conversion process is then used to drive mechanical loads. Its expression
is related to mechanical parameters via the fundamental law of dynamics as follows:

Z'F =J d_a) Eqn. 7
dt
Giving:
J = rotor inertia
Kg = viscosity coefficient
T, = load torque
W, = mechanical speed
do
J—"+ Ko, +T, =T, Eqn. 8
dt

As the torque is composed of time- and electrical position-dependent parameters, its efficient and accurate
control is not easy with standard methods.

A real-time implrmentation of the FOC algorithm with a 56F8357 device overcomes this issue.

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

3.1.3 Space Vector Definition

The model used for vector control design can be understood by using space vector theory. The 3-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 operation. The complex
space vectors can be described using only two orthogonal axes, so the motor can be considered a two-phase
machine. Using a 2-phase motor model reduces the number of equations and simplifies the control design.

Assume ig,, igy, and ig, the line-to-neutral currents of the symmetrical machine, are balanced at any instant.

isa+ isb + isc =0
Define the stator current space vector as follows:

h . . 2.
ig = k(iz, +aig, +aisc)

Where:

aand o are the spatial operators
a=e j2n/3

L=e jan/3
k is the transformation constant, chosen as k=2/3

Figure 2 shows the stator current space vector projection.

p

phase- ¢

Figure 2. Stator Current Space Vector Projection
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Target Motor Theory

The space vector defined by Equation 10 can be expressed utilizing the two-axis theory. The real part of
the space vector is equal to the instantaneous value of the direct-axis stator current component, ig; its
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. 11

In symmetrical 3-phase machines, the direct and quadrature axis stator currents is, and isg are rotational
quadrature-phase (2-phase) current components, which are converted from the actual 3-phase stator
currents as follows:

. . 1. 1.

lso = k('sa_élsb_élsc) Eqn. 12
. 3. .
Isp = k%(lsb—lsc) Eqn. 13

where:
k=2/3 is a 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.

For a description of the PMSM, the symmetrical 3-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 = Rslsa* q7Vsa Eqn. 14
- pi ,d

Usg = Rslsg * 57¥ss Eqn. 15
o d

Usc = Rslsc + ¥sc Eqn. 16

where:
Usa, Usg and ugc are the instantaneous values of stator voltages
isas Isg and igc are the instantaneous values of stator currents

Wsa, Wsg, Wsc are instantaneous values of stator flux linkages, yga relates to phase SA, ysg
relates to SB, and wyg relates to SC

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

Due to the large number of equations in the instantaneous form, (Equation 14, Equation 15, and
Equation 16), it is more practical to rewrite the instantaneous equations using a two-axis theory (Clarke
transformation). The PMSM can be expressed as:

where:

o,

. d
Usy = Rslgy +a‘P5a

. d
Rsisp +a‘PsB

Wso = Lsisy + ¥1C0s(0,)

Wsp = Lgigg + ¥ysin(O,)

do 3 . .
a - g[ép(‘ys&'w - Wsplsa) — TLi|

the stator orthogonal coordinate system
the stator voltage

the stator current

the stator magnetic flux

the rotor magnetic flux

the stator phase resistance

the stator phase inductance

the electrical rotor speed / fields speed

the number of poles per phase
the inertia
the load torque

the rotor position in a,b coordinate system

Egn. 17

Eqn. 18

Eqn. 19

Eqn. 20

Eqgn. 21

Equation 17 through Equation 21 represent the model of PMSM in the stationary frame a., 3 fixed to the

stator.

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

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, y.

If:

a general reference frame is used
with direct and quadrature axes X,y
rotating at a general instantaneous speed wg=d6y/dt, as shown in Figure 3

where:

04 is the angle between the direct axis of the stationary reference frame (o) attached to the stator
and the real axis (x) of the general reference frame

then:
Equation 22 defines the stator current space vector in general reference frame:

i = e =i iy Eqn. 22

lSOL

Figure 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 (rav) of the reference frame attached to the rotor is displaced from the direct axis of the stator reference
frame by the rotor angle, 6, As shown, 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 64-6, in the general reference frame,
so the space vector of the rotor currents can be expressed as:

— = i8-8 _ ..
ig = 1,8 1O ):er+J|ry Eqn. 23

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

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

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 transformations of
the motor quantities from one reference frame to the general reference frame. The PMSM model is often
used in vector control algorithms. The aim of vector control is to implement control schemes which
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 direct axis (d) and quadrature axis (q).

After transformation into d-q coordinates, the motor model as follows:

. d
Usg = Rslsg + g5 ¥sa— @ ¥sq Eqn. 24
—pi 44
Yoy = Lgigg+ ¥y Eqn. 26
Wsq = Lsisg Eqn. 27
do 3 . .
Gt = 5[5pC¥saisg = Ysqis) - T, | Eqn. 28

Below base speed, iy = 0, so Equation 28 can be reduced to the following form:

do _ D[3, g i ).
at J[zp(\PM'Sq) TL:| Eqn. 29

As Equation 29 shows, torque is dependent and can only be controlled directly by the current i, .

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

3.2 Digital Control of PMSM

In adjustable-speed applications, Permanent Magnet Synchronous Motors (PMSMs) are powered by
inverters. The inverter converts DC power to AC power at the required frequency and amplitude. A typical
3-phase inverter is illustrated in Figure 4.

[ Tdchus
Q1 Q3 5
—] — —]
¥ 3 F ¥ r Y
ik il 1
——c1=—c2 e hase B | 1 —ca Fhase &  —cs
@ ] o4 07
] —] ]
A F F
Nl Nk ik
GHD

Figure 4. 3-Phase Inverter

The inverter consists of three half-bridge units where the upper and lower switches are controlled
complementarily, meaning when the upper one is turned on, the lower one must be turned off, and vice
versa. Because the power device’s turn-off time is longer than its turn-on time, some dead time must be
inserted between the time when one transistor of the half-bridge is turned off, and its complementary
device is turned on. Output voltage is created by either a Pulse Width Modulation (PWM) using a look-up
table or Space Vector Pulse Width Modulation (SVPWM) technique.

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

3.2.1 PWM Technique

The PWM technique is shown in Figure 5, where an isosceles triangle carrier wave is compared with a
fundamental-frequency sine modulating wave, and the natural points of intersection determine the
switching points of the power devices of a half bridge inverter. The 3-phase voltage waves are shifted 120°
to each other and, thus, a 3-phase motor can be supplied.

Generated PWM Carrier
Sine Wave Wave
1 »
<
O -
ot
-1
mowat o 1 U 1 T LT LT
a - ot
e S TN O O 1 O A I B

ot

Figure 5. Pulse Width Modulation
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Target Motor Theory

3.2.2 SVPWM Technique

The basic principle of the standard Space Vector Modulation Technique can be explained with the help of
the power stage schematic diagram shown in Figure 6.

Figure 6. Power Stage Schematic Diagram

The top and bottom switches are working in a complementary mode; i.e., if the top switch, “SAt”, is ON,
then the corresponding bottom switch, “SADb”, is OFF, and vice versa. Because value 1 is assigned to the
ON state of the top switch and value 0 is assigned to the ON state of the bottom switch, the switching
vector, [a, b, c]T, can be defined. Creating such a vector allows numerical definition of all possible
switching states. Phase-to-phase voltages can then be expressed in terms of these states:

U e 1 -1 0|a
U BC |~ U DCBus 01 -1 b Eqn. 30
Uca -1 0 1fc

where:
UDCBUs is the instantaneous voltage measured on the DCBus

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

Assuming that the motor is ideally symmetrical, it’s possible to write a matrix equation that expresses the
motor phase voltages:

u, 2 -1 -1Ja

u, |=Jocas| 1 o _1fp Eqn. 31
3

U, -1 -1 2jc

In a 3-Phase power stage configuration, shown in Figure 6, eight switching states (vectors), which are
detailed in Figure 7, are possible. These states, together with the resulting instantaneous output line-to-line
and phase voltages, are listed in Table 1.

Table 1. Switching Patterns and Resulting Instantaneous
Line-to-Line and Phase Voltages

a b c U, Up U Uas Ugc Uca Vector
0 0 0 0 0 0 0 0 0 Oooo

1 0 0 2Upceus/® | -Ubcaus/3 | -Upcsus3 Ubcaus 0 -Upcaus Uo

1 1 0 Ubcaus/3 Ubceus/3 | -2Upceus/3 0 Ubcaus -Upceus Uso
0 1 0 -Upceus/3 | 2Upceus/3 | -Ubceus/3 -Ubcaus Ubcaus 0 Us20
0 1 1 -2Upceus/3 | Ubcaus/3 Upceus/3 -UbcBus 0 Ubcius U240
0 0 1 -Upceus3 | -Ubceus/3 | 2Upcaus/3 0 -Ubcaus Ubcaus Us00
1 0 1 Ubceus/3 | -2Upceus/3 | Ubceus/3 Ubcaus -Ubcaus 0 Uzeo
1 1 1 0 0 0 0 0 0 O111

The quantities of direct-a. and quadrature-f§ components of the 2-phase orthogonal coordinate system,
describing the 3-phase stator voltages, are expressed by the Clarke Transformation, arranged in a matrix
form.

1 N NV

U, _2 2 2 |y Eqn. 32
Us| 3|y ¥3 VB3|
2 2 ¢

The 3-phase stator voltages, U,, Uy, and Uq, are transformed via Clarke Transformation into quantities of
direct-a. and quadrature-3 components of the 2-phase orthogonal coordinate system. The transformation
results are listed in Table 2.

Table 2. Switching Patterns, Space Vectors and o, B Voltage Components

a b c U, UB Vector
0 0 0 0 0 Oooo
1 0 0 2Upcaus/3 0 Uo

1 1 0 Upcaus/3 Upcaus/~/3 Uso
0 1 0 -Upcaus/3 UDCBus/«/é U120
0 1 1 -2Upceus/3 0 Usao
0 0 1 -Upcaus/3 Upcaus/~/3 Uso0
1 0 1 Upcaus/3 Upcaus/+/3 Useo
1 1 1 0 0 O111

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

Figure 7 graphically depicts possible basic switching states (vectors). It is clear that there are six non-zero
vectors, Uo, UGO' U120, U180' U240, U300, and two zero vectors, 0111, Oooo, available for SWitChing.
Therefore, the principle of standard Space Vector Modulation resides in applying appropriate switching
states for a certain time, thus generating a voltage vector identical to the reference vector.

s Ug
(010 (110}
[, -1 M~a,1]

Uy ' u,
(011} {100)
Fama. - - [RAE0

V.
Uz U,
(001) (101}
1131 [-1M3,1]

Figure 7. Basic Space Vector of the Space Vector Modulation Technique

U U,
(010 Pras (11a)
|1|"'3'-1| |1I|"3.1|
ST R
T T, KMazimal phasa
I ™ L vollage magnituds = 4
. '
- ol Y| h
h
Uy L
a11] (100} w-AES
[243,0] 213 1]
T/THLL
IV a0 degress. V1L
‘\ V. "'
|_1I|-..3.-1| I_ 1-"'3'.”
LI: K i
EE B (1013

Figure 8. Projection of the Reference Voltage Vector in Sector |
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Target Motor Theory

Referring to the theory of SVMPWM, an objective of the Standard Space Vector Modulation is an
approximation of the reference stator voltage vector, Ug, with an appropriate combination of the switching
patterns composed of basic space vectors. This objective is shown in Figure 8 and Figure 9. The stator
reference voltage vector, Ug, is phase-advanced by 30° from the direct-o and thus might be generated with
an appropriate combination of the adjacent basic switching states Ug and Ug.

Uy
(110
[1i3,1]

Sector Number

20 degraes Vi

Figure 9. Detail of the Reference Voltage Vector Projection in Sector |

These figures also indicate the resulting direct-o. and quadrature-f components for basic space vectors U,
and U60'

In this case, the reference stator voltage vector, Ug, is located in Sector | and, as previously mentioned, can
be generated with the appropriate duty-cycle ratios of the basic switching states Ugg and Ug. The principal
equations concerning this vector location are:

T=Te+To+Tou Eqn. 33
T T
Us :%'UGO +?O'Uo

where;

Tgo and T are the respective duty-cycle ratios for which the basic space vectors Ugy and U
should be applied within the time period T.

Toun s the course of time for which the null vectors Oggg and O444 are applied.

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

Duty-cycle ratios can be calculated with Equation 34:

Uﬂ - 6_0 |U60|Si||600
T
Eq”- 34

T
ua:?°-|UO|+

Ug
tan 60°
Considering that normalized magnitudes of basic space vectors are |Ugg| = |Ug| = 2/ V3 and by substitution

of the trigonometric expressions sin60° and tan60° by their quantities 2/ V3 and V3, respectively,
Equation 33 and Equation 34 can be rearranged for the unknown duty-cycle ratios Tgo/T and To/T:

T

T 1 Eqn. 35
2 =".(/3-u,~u

T 2( a ﬂ)

Sector Il is depicted in Figure 10. In this particular case, the reference stator voltage vector, Ug, is
generated by the appropriate duty-cycle ratios of the basic switching states, Ugg and U4,q. The basic
equations describing this sector are:

T :leo +Teo +Tnu|l

T T Eqn. 36
Us =.1|._20'U120 +$'U60

where:

Tqp0and Tgq are the respective duty-cycle ratios for which basic space vectors U, and Ugg
should be applied within the time period T.

Tnull is the course of time for which the null vectors Oygq and O44, are applied.

These resultant duty-cycle ratios are formed from the auxiliary components termed “A” and
LLB!’l
The graphical representation of the auxiliary components is shown in Figure 11.

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0
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Target Motor Theory

L, Ly
(o) i (10
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Figure 11. Detail of the Reference Voltage Vector Projection in Sector I
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The equations describing those auxiliary time-duration components are:

sin30° A
sin120°  u, Eqn. 37
sin60° _ B
sin60° u Eqn. 38

a

Equation 37 and Equation 38 have been formed using the Sinus Rule. These equations can be rearranged
for the calculation of the auxiliary time-duration components “A” and “B”. This is done simply by
substituting the trigonometric terms sin30°, sin120°, and sin60 by their numerical representations 1/2,
V3/2 and 1/43, respectively.

1
A=—-u
V3 7 .
B = u, qn. 39
The resulting duty-cycle ratios, T150/T and Tgo/T, are then expressed in terms of the auxiliary
time-duration components defined by Equation 40:
T120
—2.U.,0|=A-B
T | 120|
Eqn. 40

T
$~|U60|=A+B

With the help of these equations and also considering normalized magnitudes of basic space vectors to be
|U120l = |Ugol = 2/ /3, the equations expressed for the unknown duty-cycle ratios of basic space vectors
T120/T and Tg/T can be written:

T120 1
==.(u.-~/3-u Eqn. 41
TFO :%-(uﬂ+~/3-ua) Eqn. 42

The duty-cycle ratios in remaining sectors can be derived using the same approach. The resulting equations
will be similar to those derived for Sector | and Sector 1.
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These definitions depict duty-cycle ratios of basic space vectors for all sectors:
* Three auxiliary variables:
— X =Ug
— Y=12(ug+3euy,)
— Z=12(ug-V3 e u,)
» Two expressions:
—t1
—t2
which generally represent duty-cycle ratios of basic space vectors in the respective sector. For
example, t_1 and t_2 represent duty-cycle ratios of basic space vectors Uggand U for the first

sector; t_1 and t_2 represent duty-cycle ratios of basic space vectors U;,o and Ug for the
second sector and so on.

For each sector, the expressionst_1andt_2 are listed in Table 3 in terms of auxiliary variables X, Y and Z.

Table 3. Determination of the Expressions t_7 and t 2 for All Sectors

Sectors Uo; Ugp U6g, U120 U120, U1go U180 U240 U240, Usgo Usoo; Uo
t1 X Z -Y -X -Z Y
t2 -Z Y X Z -Y -X

For the determination of auxiliary variables X, Y and Z, the sector number is required. This information
can be obtained by several methods. One approach requires the use of a modified Inverse Clark
Transformation to transform the direct-o and quadrature-f components into a balanced 3-phase quantity,
Uref1, Uref2 2N Uyegs, USed for straightforward calculation of the sector number, to be shown in Figure 13
and Figure 14.

urefl = uﬂ Eqn- 43
—U,++/3-U
ia = ﬁ'—\/_“ Eqn. 44
2
u, V3,
Uy = # Eqn. 45

The modified Inverse Clark Transformation projects the quadrature-ug component into Uyef,, @s shown in
Figure 12 and Figure 13; voltages generated by the conventional Inverse Clark Transformation project the
direct-u, component into Uef.

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0

22 Freescale Semiconductor



Target Motor Theory

Figure 12 depicts the direct-u, and quadrature-ug components of the stator reference voltage vector Us that
were calculated by equations u,, = cos 3 and ug = sin 3, respectively.
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Figure 12. Direct-u, and Quadrature-ug Components of the Stator Reference Voltage

The Sector Identification Tree, shown in Figure 14, can be a numerical solution of the approach shown in
Figure 13.
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Figure 13. Reference Voltages U,g1, Urefo @nd U es3
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Figure 14. Identification of the Sector Number
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It should be pointed out that, in the worst case, three simple comparisons are required to precisely identify
the sector of the stator reference voltage vector. For example, if the stator reference voltage vector resides
according to the one shown in Figure 8, the stator reference voltage vector is phase-advanced by 30° from
the direct axis, which results in positive quantities of u.f and U, and a negative quantity of u¢3; refer
to Figure 13. If these quantities are used as inputs to the Sector Identification Tree, the product of those
comparisons will be Sector I. Using the same approach identifies Sector I, if the stator reference voltage
vector is located as shown in Figure 10. The variables t1, t2 and t3, representing switching duty-cycle
ratios of the respective 3-phase system, are found by the following equations:

tl:T—t_l—t 2 Eqn. 46
2

t,=t+t_1 Eqn. 47

t,=t,+t_2 Eqn. 48

where:
T is the switching period
t 1andt_2 are duty-cycle ratios of basic space vectors, given for the respective sector
Table 3 and Equation 46, Equation 47, and Equation 48 are specific solely to the standard Space Vector
Modulation technique; consequently, other Space Vector Modulation techniques will require deriving

different equations. The next step is to assign the correct duty-cycle ratios, t1, t2, and t3, to the respective

motor phases. This is a simple task, accomplished in view of the position of the stator reference voltage
vector; see Table2-4.

Table 4. Assignment of the Duty-Cycle Ratios to the Corresponding Motor Phase

Sectors

Uo, Usp

Uso: U120

U120, U1go

U1g0s U240

U430, Uszgo

Uso0 Uo

pwm_a

13

2

1

1

t2

3

pwm_b

2

13

13

2

t1

t1

pwm_c

1

1

2

3

t3

t2

The most popular power devices for motor control applications are Power MOSFETs and IGBTs. A Power
MOSFET is a voltage-controlled transistor. It is designed for high-frequency operation and has a low
voltage drop, so it has low power losses. However, the saturation temperature sensitivity limits the
MOSFET application in high-power applications.

An insulated-gate bipolar transistor (IGBT) is a bipolar transistor controlled by a MOSFET on its base.
The IGBT requires low drive current, has fast switching time, and is suitable for high switching

frequencies. The disadvantage is the higher voltage drop of a bipolar transistor, causing higher conduction
losses.
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3.2.3 Vector Control of PMSM

Vector control is an elegant method to control a Permanent Magnet Synchronous Motor (PMSM), in which
a field-oriented theory controls space vectors of magnetic flux, current, and voltage. It is possible to set up
the coordinate system to decompose the vectors into a magnetic field-generating function and a
torque-generating function. The structure of the motor controller (vector control controller) is then almost
the same as for a separately-excited DC motor, which simplifies the control of PMSM. This vector control
technique was developed specifically to achieve a similarly dynamic performance in PMSMs.

In this method, the stator current’s field-generating and torque-generating functions must be broken down
to able to separately control the magnetic flux and the torque. In order to do so, the rotary coordinate
system must be connected to the rotor magnetic field; this system is generally called a “d-q coordinate
system”. The transformation from rotary to stationary coordinate systems demands very high CPU
performance. The Freescale 56F8357 device is well suited for use in a vector control algorithm.

3.2.4 Block Diagram of Vector Control

Figure 15 shows the application’s software modules and hardware. A detailed description of both aspects
follows.

I, and iy, are measured with a current sensor. The Clarke transformation is applied to determine the stator
current projection in a two-coordinate non-rotating frame. The Park coordinate transformation is then
applied to obtain this projection in the d, g rotating frame. The stator phase current’s d, g projections are
then compared to their reference values i*q and i*d (set to 0) and corrected by mean of PI current
controllers. The outputs of the current controllers are passed through the inverse Park transformation and
a new stator voltage vector is applied to the motor using the Space Vector Modulation technique.

Va, Vb Ve SaSh.Se

= PWM = VS {
" | Inverter \ PVRM

Generator

l.|l..|--'.| b

Transformation

WV \ |
Pl Pl
Controller| | Controller

. ] a I"\,
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i .
d Encoder
abe-dq -

Transformation
4 q i H

Figure 15. Software Modules
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3.25 Servo Control of PM Synchronous Motor

Ua’Uﬂ Sa’Sb’Sc
Inverse Park > DCBus > >
» Transformation Ripple é;ﬁ;\,{g{\gr > PIM \/ PMSM
dqg-a,p > Compensation[—> >
£ T A
Pl Pl U bcaus i
Controller Controller al ' Position
f A .
< by Clarke, Park | Encoder
+7 Transformation
g\i . a,b,c-a,f-d,q[
+ #“ lq A
‘ 0

x || Pl O PI Controller | .

le = I Controller + Anti-Hunt | +\{1

_T —aref
0 MT |

Figure 16. PMSM Servo Control Scheme

The PMSM servo control scheme is illustrated in Figure 16. The controller has an inner loop of current
regulation using vector control and an outer loop of hybrid speed and position regulation. The main idea
of servo control is:

1. Calculate the position error of the required position and the actual position, returned by the position
interrupt program. After Anti-Hunt processing, the position PI controller generates a required
speed by the position error.

2. Calculate the speed error of the desired speed and the actual speed as the input of the speed Pl
controller. The output of the speed PI controller is the desired current component.

3. Calculate the actual currents in the d, g coordinate system. The current’s PI controllelr compares
the required currents to generate the desired output voltages.

4. Incorporated with the DCBus voltage ripple elimination algorithm, the SVPWM then generates the
PWM signal to drive the servo motor.
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4

4.1

Servo Control System

Servo Control System

System Concept

The motor servo control system is designed to drive a 3-phase Permanent Magnet Synchronous Motor
(PMSM) in a servo system. The application meets the following performance specifications:

Vector control of a PMSM using the quadrature encoder as a position and speed sensor
Targeted for the 56F8357EVM

Runs on a 3-phase PMSM control development platform at 36V DC
The control technique incorporates:

— Vector Control with position closed-loop and speed closed-loop
— Rotation in both directions

— Starts from any motor position with rotor alignment

— Minimum speed of 5rpm

— Maximum speed of 600rpm at input power line 36V DC
Manual interface includes:

— Start/Stop switch

— Position/speed switch,

— Set value/actual value display switch

— Up/Down push button control

— LED indicator

— Power supply

— Alarm

— Position/speed

— Run/stop

PC master software control interface includes:

— Motor start/stop

— Speed set up

PC master software remote monitor

Overvoltage, undervoltage, overcurrent fault protection
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The PM synchronous drive introduced here is designed to power a PMSM with a quadrature encoder. Its
specifications are detailed in Table 5.

Table 5. System Specifications

Motor Characteristics Motor Type 4 poles, 3-phase, star-connected, PMSM
Speed Range 8600rpm (195V rated line voltage)
Maximum Electrical Power 201W
Phase Voltage 3*195V
Phase Current 1A

Drive Characteristics Speed Range < 1000rpm
Input Voltage 36V DC
Maximum DCBus Voltage 36V DC
Control Algorithm Position/Speed Closed-Loop Control
Optoisolation Required

4.2 Servo Control Drive Concept

A standard system concept is used with this drive. The system incorporates the following hardware:
» 3-phase PMSM development platform
» Feedback sensors for:
— Position (Quadrature Encoder)
— DCBus voltage
— Phase currents
* 56F8357EVM

The drive can be controlled in two different operating modes:

* In the Manual operating mode, the required position or speed is set by the Start/Stop switch and
the Up/Down push buttons. Position/Speed control is selected by the Position/Speed switch.

* Inthe PC master software operating mode, the required position or speed and Start/Stop switch
are set by the PC.
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Permanent Magnet AC Synchronous Motor Servo System
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Figure 17. PMSM Servo System Control Scheme

4.3 Servo Control Process

The servo control scheme of the PMSM is illustrated in Figure 17. The controller has an inner loop of
current regulation using vector control, and an outer loop of hybrid speed and position regulation. When
the Start command is accepted (using the Start/Stop Switch or the PC master software command), the
required position is calculated according to the Up/Down push buttons or PC master software commands.
Proceeding through an acceleration/deceleration ramp, the reference speed is calculated according to the
error between the required position and the actual measured position. The reference speed is put to the
speed controller. The actual speed is calculated from the pulses of the Quadrature Encoder. The
comparison between the required speed command and the actual measured speed generates a speed error.
Based on the error, the speed controller generates a current, i_dq_required.q_axis, which corresponds to
torque. A second part of the stator current, i_dq_required.d_axis, which corresponds to flux, is given by
the Field-Weakening Controller. Simultaneously, the stator currents Is_a and Is_b are measured and
transformed from instantaneous values into the stationary reference frame, and consecutively into the
rotary reference frame d-q (Park—Clarke transformation). Based on the errors between the required and
actual currents in the rotary reference frame, the current controllers generate output voltages U_DQ.q_axis
and U_DQ.d_axis (in the rotary reference frame d-q). The voltages U_DQ.q_axis and U_DQ.d_axis are
transformed back into the stationary reference frame. After DCBus ripple elimination, they are
recalculated to the 3-phase voltage system, which is applied to the motor.
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Besides the main control loop, the DCBus voltage and the motor phase current are measured during the
control process. They are used to protect the drive from overvoltage, undervoltage and overcurrent.

If any of these faults occur, the motor control PWM outputs are disabled in order to protect the drive, and
the fault state of the system is displayed by the on-board LED.

This dual-loop structure ensures a fast torque response by using vector control, high position accuracy with
the position controller, and fast tracking performance with hybrid (speed and position) control. The
structure is also important to secure the stability of the system.

5 System Hardware Design

5.1 Hardware Structure

The 56F8357-based servo system hardware structure is shown in Figure 18. The hardware comprises a
56F8357EVM board, a power electronics board and one PMSM servo motor with an optical encoder. The
power electronics board integrates with the Intelligent Power Module (IPM) and PWM power drivers,
voltage, current sensing and protection circuits, position detection circuits, LCD/LED display circuits and
power supply circuit.

R SERVO CONTROL >
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un/Sto v
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| c
Up speed o (0] PMSM
D
Freescale E
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Figure 18. PMSM Servo System Control Structure

5.2 56F8357EVM Board (see the EVM Reference Manual)

Freescale’s 56F8357EVM board has been used in this application; for details see the 56F8357 Evaluation
Module User Manual.
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5.3  Main Power Circuit

A PIM P549-A-PM is the chosen power stage. One PIM includes one 3-phase input rectifier, one brake
chopper, and one 3-phase inverter IGBT + FRED with open emitter. The structure is shown in Figure 19.
When the system is supplied with DC power, it’s connected as shown in Figure 20. In this structure, the
+36V DC power supply is connected between pins 18 and 5. Pin 4 is connected to the brake circuit. A
brake resistor is connected between pins 18 and 20. Six PWM drive signals come from the PWM drive
circuit. The DC voltage and two output phase currents are sampled and sent to the 56F8357.
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Figure 19. PIM Structure
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Figure 20. Main Circuit
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5.4 PWM Driver Circuit

A simple and reliable gate drive circuit based on a high-and-low side driver; an IC IR2110 is used. In this
circuit, only one +15V power supply is needed to control the six IGBT inverters. Once the system is reset
or if a hardware error occurs, an error protection signal is produced. The error signal will block all PWM
signal outputs in hardware. The driver circuit for one side is shown in Figure 21.
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Figure 21. One Phase PWM Driver Circuit
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5.5 DC Voltage and Phase Current Sample Circuit

A DC voltage sample circuit is shown in Figure 22. DC voltage is sensed by a voltage transducer, LEM
(LV28-P) supplied with +15V. Through a voltage follower circuit and a simple voltage divider circuit, the
voltage signal is sent to the 56F8357°s A/D port. In this system, the LEM’s power resistor is 3.6K, the

LEM’s primary side current is 10mA, the secondary output current is 25mA, and the sampling resistor is

1009, creating a maximum input voltage of 36V, which is converted into a 2.5V output voltage to the A/D
port.

CoT <1om=
R5Y 25V
+15V 10K c! 15V
R50 0.024uF
4 2.2K e 53 10K
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R47 LT lopor ——C4 3 + 7
0.1uF — 5|,
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= ReEM358
,
L L 47K
15V +15V

Figure 22. DCBus Voltage Detection Circuit

The output phase current sample circuit is shown in Figure 23. The phase current is sensed by a current
voltage transducer, LEM (LA28-NP). The LEM scale is 5A, the primary maximum input current is
1.65/5* 10 = 3.3mA, the secondary output current is 1.65/5 * 25 = 8.25mA, and the sampling resistor is
3000, creating a maximum voltage of 2.475V. Through a follower circuit and a simple divider circuit, the
maximum voltage to the A/D port is 2.475/2 + 2.5/2 = 2.4875V and the minimum voltage is

-2.475/2 + 2.5/2 = 0.0125V.
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Figure 23. Phase Current Detection Circuit
The voltage signal obtained is sent to the 56F8357°s A/D port.

The sensed voltage and current signals are also used as hardware and software protection signals, such as
undervoltage, overvoltage and overcurrent.
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5.6 Position and Speed Sensing

When the motor rotates, each channel of the embedded optical encoder supplied with +5V DC generates
1024 pulses and one index pulse per mechanical revolution. Through the quadruple differential line
receiver, IC 26L.S32, the differential signals of A+ and A-, B+ and B-, Z+ and Z- are converted to signal
A, B and Z. These signals are connected to the controller’s quadrature decoder port with optical coupler
isolation. The position/speed detection circuit is shown in Figure 24.
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Figure 24. Position/Speed Detection Circuit

Design of a PMSM Servo System Using the 56F8357 Device, Rev. 0

34 Freescale Semiconductor



5.7 Overcurrent Protection Circuit

To protect the system, an overcurrent signal is produced when an overcurrent fault is detected and the

System Hardware Design

related LED is lighted. An ERROR signal created with the signals of BR and RESET is used to block the
PWM signals. The circuit is shown in Figure 25. In this circuit, TL431 provides a comparison of
benchmark voltage. A dual d-type positive-edge-triggered flip-flop IC 74LS74 locks the error signal. This
signal will be cleared when the “clear” button is pressed.
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Figure 25. Overcurrent Protection Circuit
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5.8 LCD Display Circuit

The LCD Display circuit is shown in Figure 26. In this system, an 8-bit LCD displays the set/actual
speed/position value. An octal bus transceiver, IC 741s245, changes the bus voltage from 3.3V to 5V. An
8-bit Parallel-Out Serial-In Shift Register, 74F164, saves the 1/0 port.
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D0 g A0 B0 —15 2 ' DBO
D1 T AL B1 T 3 DB1
D2 = A2 B2 0 4 DB2
D3 1 A3 B3 o 5 DB3
- A4 B4 —3 *—J 6 DB4
R A BS —5 x—q7 DB5
3 A6 B6 -ﬁ —C 8 DB6
A7 B7 —— 9 / DB7
i . LEDK
151 S E 10K resistor bank +5(V) | LEDA
+5(V)T DR —1+5(V) P34 16PINLCD
0.01uF 1 > ) —
C65 S245 1 [ Q | NARO 5
ADL
2 |y & Az 3
e ] ==
NADZ -
= 8 QB AD4 2
- CLK Q4 e 6
. Q5 =) 7
+5(V) 9 MR Q6 %@ 8
Cce6 Q7 g9
0.01uF 74F164 10K resistor bank

~ LCD Display

Figure 26. LDC Display Circuit
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5.9 Manual Operating Circuit

In the manual operating mode, the position/speed setting can be operated by pressing the UP or DOWN
push button. The RUN/STOP switch starts or stops operation; a red LED is lighted when the system is
running. During operation, the LCD can display the actual value or the set value. The selection is carried
out by the LCD select switch. Another switch also selects position/speed. When the related LED is lighted,
the system operates in servo control; otherwise, it operates in speed control. The manual operating circuit
is shown in Figure 27.

D58
+33Vv Sl111 1 N,, 2 R1111 JP6 +33V
POSITION 20 1]
P/S select O— 2 O—
ND 3D

P/S 4 O—
+33V o—

R11 2

1k e LCD g
{ O Set/Actual value 9 h—

+—{DOWN
+3.3V
T_OS D5~ 10K resistor bank .
1 1 Nq 2 R11 ot o
Run 20 : 0.1uF
Rur/Stop oD

RUN/STOP

Figure 27. Manual Operating Circuit
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5.10 Power Supply Circuit

In this system, a multi-group switch power

supply provides one +36V DC, one +24V DC, one +5V DC

and one £15V DC. +15V also produces a +12V with via a linear voltage regulator for the EVM supply and
+2.5V (Max 6225) for the A/D sample circuit. Another +15V is obtained from +24V via a linear voltage
regulator (LM7815), which provides the power for the IR2110. The power supply circuit is shown in

Figure 28.
D1 P9
K LED L7812CV +%v JP?
+15V _ _
'ﬂl_l Rl U | L& GN ;
D.1uF[ 8K +C2 Q + +12M 5
JP1 D2 c3 c4 C oND|
) -15V K LED 2200uF/25\ 0. 1uF 0.1UF2200|iF/25V
2 5__GND h“_l . | HEADER 4
+15V C2 4
S EARTH 00w a{V
: 24\ D3 o GROUND ND
6 e ,_| T K | =
> EARTH c22 R3% P14
S 2V 0IF 10k 1 [ e o L8
© D4 +15V I i o 1 X _ 425V
PowerSouse LED C11 3 C
. NR OUT 1
! + [ 4 1 GND  TRIM —> R1S
c22 Ry c12 c13
0.10F K 10UF 1uF MAX6225 I S
D4 1~ —~Cl4
_ LED R4 10K |10UF [0.1uF
0—”—T FUSE 2K
c2 N uDC GND GND
0.1uF e e
FUSE2 —L—
C -
Q
JP90 +33V g +15(V)
spx1117
d1 o o
w
+ C7 + C15 + C18
Ccé 2200UF/10V +24 cl6 2200UF/25V
0.1uF EARTH  2200uF/50V | 0.1uF
+C9  A~Cl10 ]
10UF/10V |  0.1uF
ND RTH
t e ° . I’ e e t
— Power Supply —

Figure 28. Power Supply

6 System Software Organization

The program SERVOPMSM.C contains three main modules:
The Main module

The ADC Interrupt module

The Position Interrupt module

Additionally, the Button Response Interrupt executes the manual setting and the LCD interrupt performs

the LCD display.
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6.1 Main Module Description

After a processor reset, the main module performs the following tasks:
e 56F8357 set up:
— Core
— Watchdog
— Clocks
— ADC
— SCI
— General Purpose 10
— Quadrature Decoder
— PWM
* \Variables initialization:
— Default values
* Interrupt source selection and enable
* Rotor position alignment
* LCD and LED displays
* Waiting loop
During the waiting loop, communication is performed between the 56F8357 and the PC master software.
The 56F8357 communicates via its asynchronous serial port to the COM port of a PC. The user can send

commands and update variables via this RS-232 link with RXD and TXD interrupt. The flowchart is
shown in Figure 29.

Start

!

Initialization

'

Enable Interrupt

[
*~

Application Control

PC master Software/Manual Control
Run/Stop Control

Alignment Control

Position/Speed Loop Control
Up/Down Control

LED Indication Control

LCD Display Control

'

Brake Control

!

Figure 29. Main Module Flowchart
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6.2 ADC Interrupt Module Description

The ADC Interrupt module performs the entire FOC algorithm. The tasks are:
» Sensing DC voltage and 2-phase currents
» Calculatin g the sine and cosine value of the present rotor position
» Clarke Park transformation
» Calculating PI
* Inverse Park transformation
» Compensating for DCBus ripple
* Realizing SVPWM
e Outputting PWM

In this application, a PWM frequency of 8kHz has been chosen. The current sampling period is 125ps and
the interrupt priority is high. A flowchart of the ADC Interrupt module is shown in Figure 30.

( ADC Interrupt )

Analog Sensing Processing
Currents Sensing-ia, ib
Voltage Sensing-DCBus

Fault

'

Sin, Cos Generation

'

Y

Current Control

Currents Transformation (a, b, ¢, to d, q) Fault Control
Current d Pl Regulator Undervoltage
Current q Pl Regulator Overvoltage

Overcurrent

Voltage Transformation (d, q, to a, B)
DCBus Ripple Compensation
SVPWM Module Sets Duty Circle

'

PWM Output
<

C Return )

Figure 30. ADC Interrupt Module Flowchart
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6.3  Position Interrupt Module Description

The position interrupt module detects speed and position. The main tasks are:
— Measuring Position and speed
— Position PI controller calculation, which outputs a desired speed
— Anti-hunt processing
— Speed PI controller calculation which outputs a desired current

In this application, the speed and position sampling period is 2ms; the interrupt priority is high. A
flowchart is shown in Figure 31.
( Position Time Interrupt >

'

Position Measure
Processing

'

Speed Calculation
Processing

Servo Control

v

Sin, Cos Generation
‘ Y
Position Control

Anti-Hunt Processing
Position Pl Regulator

»|
Speed Control

Speec Pl Regulator
Speed Ramp Control

Y

< Return >

Figure 31. Position Interrupt Flowchart
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6.4  Button Interrupt Module Description

“UP” and “DOWN?” buttons increase or decrease the speed/position setting value in the Manual Operating
Mode. The two ExInts interrupts respond to the operation; the interrupt priority is medium. The interrupt
flowchart is shown in Figure 32.

( Button Interrupt >

Servo Control

Yy Y

Increasing Position Increasing Speed
Setting Setting

A
Q Return )
Figure 32. Button Interrupt Flowchart

6.4.1 LCD Interrupt Module

A Processor Expert™ (PE) bean, Timelnt, is used for LCD display. The interrupt period is 10ms and the
interrupt priority is low. The LCD Interrupt flowchart is shown in Figure 33.

( LCD Interrupt

Servo Control

Display Speed
Setting Value

Display
Position Setting
Value

\ # \
Store Actual Value Store Setting Value Store Setting Value Store Actual Value
[ > |
/
LCD Display

!

Figure 33. LCD Interrupt Flowchart
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Software Modules

Processor Expert (PE) offers a wide variety of beans. In this system, the core modules and interface
modules also use beans.

7.1

Core Modules

The core modules execute the FOC’s varied tasks and include:

711

Figure 34 shows how the 3-phase system is transformed into a 2-phase system.

Co-ordinate Transformations: Clarke-Park and Inverse Park
Transformation from a, 3 to d-q coordinates and backwards
Generation of sine and cosine with a look-up table

Variable stator voltage vector generation: Space Vector Modulation (SVM) algorithm

DC ripple compensation

Speed regulation, current regulation, position regulation
Speed ramp

Position alignment

Anti-Hunt processing

Clarke Transformation

A

p

phase-b

| . -measured
sb

| _ -measured
sa

| -calculated
SC

phase-c

Figure 34. Clarke Transformation
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To transfer the graphical representation into mathematical language:

1 -1 1 7a
a 2 2
=K ‘Ib Eqn. 49
M o Y3 3
2 2 JL®

In most cases, the 3-phase system is symmetrical, which means that the sum of the phase quantities is
always zero.

1, 1 3
a=Kla-=b-=c|=la+b+c=0=K—=a Egn. 50
( 2 2] | |=K3 an

The constant “K” can be freely chosen and equalizing the {-quantity and a-phase quantity is recommended.
Then:

The Clarke-Park transformation can be fully defined:

E _l _l a 100
al |3 3 3 _ —_0l = .
OS2 S || Rebreafg 11l
0 = —7=||c V3 V3] ¢
V3 4B

7.1.2 Transformation from a, 3 to d-q Coordinates and Backwards

Vector control is performed entirely in the d-q coordinate system to make the control of PM synchronous
motors elegant and easy. Of course, this requires transformation in both directions and the control action
must be transformed back to the motor side.

First, establish the d-q coordinate system:

Yy = v Pyo + \PMﬂ Eqn. 53

. M
Sin gFieId = \P_ﬂ Eqn. 54
M

COS Opiq = % Eqn. 55
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Then transform from a, B to d-q coordinates:

d _| €os Irieg SN Oierg |1 Eqn. 56
q —SiNFigy  COSOrigq | | B

Figure 35 illustrates this transformation.

\PMa 24

Figure 35. Establishing the d-q Coordinate System (Park Transformation)

The backward (Inverse Park) transformation (from d-g to a., B) is:

a| |C0SOqgy —SiNbgy, | |d

ﬂ - Sin HFieId Cos eFieId q Eqn. 57
In the PE library, the cptrfmPark, cptrfmClarke, cptrfmClarkelnv, and cptrfmParkinv functions of the
MC_ClarkePark bean can calculate the Clarke-Park and Inverse Park transformations. The cptrfmClarke
function transforms a 3-phase rotating coordinate system into a 2-phase rotating coordinate system. The
cptrfmPark function transforms a 2-phase rotating coordinate system into a 2-phase stationary coordinate

system. The cptrfmClarke and cptrfmPark functions’ inverse functions, cptrfmClarkelnv and
cptrfmParklinv, respectively, perform inverse transformations.
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71.3 Generation of Sine, Cosine with a Look-up Table

The Park and Park-1 transformation use the value of the rotor electrical position to handle the stator current
vector projection in a rotating frame.

To obtain both sine and cosine from the electrical angle, a sine look-up table, mcgenSineTable256, is used.
The table contains 256 words to represent sine values of electrical angles in the range [0—360°]. As a
result:

ge’s resolution is limited to 360/256 = .40625°

ge = electrical angle / 360° (with ge in the range [0—FFFh])

ge varies from 0 to 4095 (See Section 5.6, “Position and Speed Sensing” for additional information
about position sensing)

As only 256 words are available to represent this range, qge is divided by 16 and stored into the variable
index that will be used to address the look-up table.
NOTE
To calculate the cosine value of the electrical angle, add 90° to ge

71.4 Variable Stator Voltage Vector Generation: Space Vector Modulation
Algorithm

The MC_SpaceVectorMod bean provides six usable PWM modes. The svmAlt algorithm is used in this
system. A Space Vector Modulation is adopted, with nulls that are formed from states O000 in even sectors
and O111 in odd sectors. The center-aligned PWM output is used at same time. The SetRatiol5 of the
PWMMC bean is adopted to output PWM.

71.5 DC Ripple Compensation

To eliminate the influence of DCBus voltage ripples on the generated PWM waveforms, the DC ripple
compensation algorithm is used to compensate for the amplitude of the o and 3 components of the stator
reference voltage vector, Ug. These imperfections are eliminated as shown in the following equations:

Index*U

. =1 u_dchus
sign(U,)*1.0  otherwise

if [Index*U,| < U_dobus

U Eqgn. 58

Where:

Index must be within a fractional range and positive: 0 < Index < 1.
The value depends on the modulation technique; i.e., for Space Vector Modulation techniques
and Injection of the Third Harmonic, it is equal to 0.866025.
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The y = sign (x) function is defined as follows:

1.0 if x>0
y= Eqn. 59

—-1.0 otherwise

Where:
X =U,, Ugare input duty-cycle ratios
U, U sare output duty-cycle ratios.

In this system, the svmEIimDCBusRip bean is adopted to compensate for DC voltage ripple.

7.1.6 Speed Regulation, Current Regulation, Position Regulation
PI control is applied in speed, current, and position control.

The expression of Pl control is:

u(t) = Kp[e(t) = I;e(t)dt} Eqn. 60

Where:
u(t) is the controller’s output signal
e(t) is the controller’s input error signal
KP is proportional factor
T, is the integral time constant

If the sampling period, T, is small enough, the discrete Pl expression can be written:

u(k) = K{e(k)+ K|Ze(1)} Eqn. 61

Where:
k is the sampling order number
u(k) is the controller’s output at the sampling time k.
e(k) and e(k-1) are input errors at time k and k-1, respectively
Integral factor K, = T/T;.

The proportional term and the integral term, respectively, are responsible for error sensibility and for the
steady state error.

The incremental form of the PI algorithm is expressed as:

Au(k) =u(k)—u(k -1) = Kp[e(k) —e(k _1)]+ K,e(k) Eqn. 62
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One limit of the PI algorithm is that during normal operation, a large reference variation or disturbance
may occur, resulting in saturation and overflow of the regulator variables and output. If uncontrolled, this
kind of nonlinearity damages the system’s dynamic performance. One solution is to add a correction of the
integral component to the previous structure.

The improved PI algorithm is:

e(k) =r(k)-y(k) Eqn. 63
u(k) = x(k-1)+ K,e(k) Eqn. 64
Ugye = U(K) Eqn. 65
If u(k)>U 0 Uge =V 1 Eqn. 66
if u(k) <U ins Yo =Y i Eqn. 67
The integral term:
X(k) = x(k =1) + K, e(k) + K. (u,,, —u(k)) Eqn. 68

Where:
Integral correction factor K. = K| / Kp

The Pltypel_asmSc provided by the PE library is used to calculate the PI controller output for speed,
current, and position.

71.7 Speed Ramp

To decrease speed vibration, the speed ramp uses rampGetValue of the MC_Ramp bean to find the
acceleration/deceleration function. The ramp generation chart is shown in Figure 36.

If the Requested Value is greater than Actual Value, rampGetValue returns Actual Value + Increment Up
until the maximum (Requested Value) is reached, at which point, it returns Requested Value.

If the Requested Value is less than Actual Value, rampGetValue returns Actual Value - Increment Down
until the minimum (Requested Value) is reached, at which point it returns Requested Value.

A direction up & diraction down
output output

| requested value

raquastad valua

_ i i
tima time
Figure 36. Ramp Generation Chart
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7.1.8 Position Alignment

After reset, the rotor’s position is unknown. Vector control requires zero position, where the rotor is
aligned to the d axis of the d-q coordinate system before a motor begins running, so the rotor must be
aligned. The position is first set to zero, independent of the actual rotor position; the value of the
Quadrature Encoder does not affect this setting. The Id current is then set to align rotor. The rotor is now
aligned to the required position. After rotor stabilization, the Quadrature Encoder is reset to the zero
position, the Id current is set back to zero, and alignment is complete. The rotor position is shown in
Figure 37. Alignment is executed only once during the first transition from the Stop to the Run state of the
Run/Stop switch.

A

p

A

q unknown rotor position (not aligned)

zero rotor position (aligned)

/ S

a
Figure 37. Rotor Alignment

The TimeDate bean is used for rotor alignment. The rotor alignment period setting is 5s, and rotor
alignment is accomplished during this period. Once the time is reached, the onAlarm function signals to
denote the completion of rotor alignment.

7.1.9 Anti-Hunt Processing

Special attention is required when the motor reaches the required position, since the rotor will very likely
oscillate (hunt). A variable-gain anti-hunt algorithm is developed. As shown in Figure 38, the speed and

position regulators’ PI gains are kept normal when the position error is large. When the position error is

small enough (in region 1 or 3), the gains should be gradually reduced. Once the rotor enters the anti-hunt
window (region 2), the gains are reset to zero. This approach has effectively avoided the rotor oscillation
at the stand-still position.

Position —>»
Figure 38. Anti-Hunt Pl gain
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7.2 Interface Modules

Interface modules are lowlevel routines that convert real word data into suitable numerical counterparts.
The interface modules include:

7.21 Current, Voltage Sensing

Sensing modules directly handle the hardware interface via the integrated peripherals; see Figure 23. Two
LEMSs (current-voltage transducer) sense the phase currents. The LEM converts the current information

from phase a and b into voltage information. The voltage variety range is limited to [0—2.5V] to meet the
input range of the 56F8357‘s ADC input voltage specification. Figure 39 illustrates the Current Sensing

Scale Translation.

Phase current Binary
+5A - 3102
0A > 1551
-5A R 0

Figure 39. Current Sensing Scale Translation

GetChanValue of the ADC bean calculates a 15-bit sampling value. The sampling value subtracts the value
corresponding to zero to find the actual value. These values are stored separately in i_abc.PhaseA,
i_abc.PhaseB, and u_dc_bus.

7.2.2 Electrical Position and Mechanical Speed

The embedded encoder of this application generates 1024 pulses per mechanical revolution. The A, B, and
Index quadrature signals from the position detection circuit (Figure 24) are shown in Figure 40. These
signals are sent to the quadrature decoder port of the controller. The QuadratureDecoder bean converts the
1024plc signal to 4096p/c. GetCounters retrieves the real time position and count difference. With these
values, mechanical speed is calculated by the T method.

The Index signal also defines the zero position per rotation to count the position pulse.

N N
580 5yor
© o © o

B a o

Phase AL M ML FLILILrrire
L I e Y Iy

Index _|—| One revelution |—|

Figure 40. Quatrature Encoder Signals
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User Interface

PC master software is programmed as the user interface to control motor and display variables. VBScript
programs the HTML control interface. Figure 41 illustrates the PC master software interface.

___*'.-rrl.u PL™dnker

Project Tree

HTML 1
Control Form)

(oo
Variahle

Watch 1T e o]

2E]
m Ena-d.dﬂ-rd 1080

FEEAN L ot

“’*“'lfmﬂrﬂﬁ“llw—t Ihﬂwmi_mm | @t [ ik g._|ﬁmﬁm—rﬂ

Figure 41. PC Master Software Control Interface

L

Possible user commands, setting values, and actual values are displayed on the right half of the interface

window. The commands include:
e Start motor
* Stop motor

* Increase setting value (UP)

» Decrease setting value (DOWN)

» PC master software control

» Selection of position control/speed control

» Position alignment
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The setting values include:
» Absolute position setting
* Increment position setting
* Mechanical speed setting
* Real-time speed value display
* Real-time position value display
The variables which the waveform could display are listed on the left part of the interface. These variables

could be defined in software. Real-time waveforms are illustrated in Figure 42, Figure 43, Figure 44, and
Figure 45.
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Figure 42. Speed Response Waveform from 210rpm to 1000rpm
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Figure 43. Position Control Response Waveform
(Speed Limitation is 800rpm)
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