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Introduction

1 Introduction

In this application note, the methods to generate different PWM waveforms for 3-phase
AC induction motor using an Infineon 16-bit microcontroller XC164CS are introduced.

For better understanding, the basic operation and control principle of 3-phase AC
induction motors is described in Section 2. The content of Section 3 is the respective
explanation of the theory of four popular PWM schemes frequently utilized in AC induction
motor control, SPWM (Sinusoidal PWM), THIPWM (Third-Harmonic Injection PWM),
SAPWM (Saddle-wave PWM), SVPWM (Space Vector PWM). In Section 4, XC164CS
DAVE configurations and codes programming for different PWM schemes realization are
discussed in detail and illustrated with flow charts. At the end of this article some
experimental results including simulator waveforms and figures measured by oscilloscope
are shown to validate the algorithms and some conclusions are drawn.

Furthermore, two sets of source codes for SPWM and SVPWM with 10KHz carrier
frequency and output frequency from 0 to 50Hz in 10 seconds respectively as well as an
EXCEL file on calculation tables for all PWM modes are attached.
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2 3-Phase AC Induction Motor Control Principle

2.1 Basic Operation Theory

The 3-phase stators and 3-phase rotors are considered as two fundamental parts of a 3-
phase AC induction motor. When the 3-phase stators are energized by the 3-phase AC
power source, current flow is generated in the stators. The magnetic field synthesized by
3-phase stator current is always rotating incessantly with the variation of the current. This
rotating magnetic field cuts the rotor and the current generated in it interacts with the
rotating magnetic field and thus produces the magnetic torque which makes the rotor
rotate (Figure 1). The rotating speed of the rotor n should be less than that of the rotating
magnetic field no. Reverse rotating of the rotor will be realized by two of the 3-phase power
source positions exchanged.

Figure 1  Rotating start for AC induction motor

The rotating direction of the rotating magnetic field is consistent with the current phase
and its speed is proportional to the power source frequency f and inversely proportional to
the magnetic polar pair number P. Calculated per minute, the speed of the rotating
magnetic field no can be represented by this equation:

n =989 -
o= -1)

Where fis the frequency of power source and P is the magnetic polar pair number.

2.2 VVVFE Control

From the equation (E-1) two primary methods for speed control of 3-phase AC induction
motor can be concluded: one is to change the magnetic polar pair numbers but the
inflexibility and low efficiency of this method has limited its popularity of application.
Another method is to regulate the stator current frequency. Usually a principle of popular
practical implementation called “VVVF” is adopted on speed regulation.

The 3-phase stators cutting the flux of the rotating magnetic field results in the back
electromotive force generated and it can be calculated by the equation given below:

E, = 4.44k fN,®,, E-2)
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Where k1 is the winding structure related constant and N; is the number of turns of the
stator winding per phase, f; is the stator current frequency, ®,,is the main flux. Let a

constant K., = 4.44k.,N,, we have
E, =K@y (E-3)

Since the voltage drop on the stators impedance only occupies relatively very small portion
of the whole stator voltage U; and can be ignored, therefore

U ~E, E-4)
Derived From (E-3) and (E-4), it holds

O, =K, — E-5)

-

Where K, _ 1 s also a constant. From (E-5) it can be concluded that if the value of
El

U, /f, can be controlled to be a constant, ®,, remains unchanged. This control method to

regulate frequency with voltage changed accordingly is usually called “VVVF”, i.e. Variable
Voltage Variable Frequency.

Application Note 7 V1.0, 2006-07
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3 Different PWM Schemes for 3-Phase AC Induction Motor

3.1 General Theory of PWM (Pulse Width Modulation)

PWM (Pulse Width Modulation) technology was put forward based on an important
conclusion in the sample control theory that when two groups of pulses with the same
iImpulse area but different waveforms are input to an inertial link, the effectiveness of these
two groups of impulses are the same. The main principle of PWM technique can be briefly
described as: Through ON/OFF control on the semiconductor switching components, a
series of pulses with the same amplitude and different width are generated on the output
port to replace the sinusoidal wave or other waveforms required. The duty cycle of the
output waveform needs to be modulated by a certain rule and as a result both the output
voltage and output frequency of the inverter can be regulated.

The signals before PWM and after PWM are shown in Figure 2 and Figure 3 respectively.
Compared with Figure 2, the frequency of the signal in Figure 3 is increased, the amplitude
remains unchanged and therefore the average value of the signal is decreased. Therefore
PWM just meets the requirement of VVVF described in section 2.2 and is adopted as the
general method for AC induction motor control.

A

Figure 2  Pulse before PWM

Figure 3  Pulse after PWM

3.2 SPWM (Sinusoidal PWM)

3.2.1 Basic Principle

Among all PWM schemes, SPWM is one of the most popular and simple methods
utilized in power inverter and motor control fields. Its main features can be summarized as
sine-triangle wave comparison.

As shown in Figure 4, a sine wave (modulated wave, magenta) is compared with a
triangle wave (carrier wave, green) and when the instantaneous value of the triangle wave
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is less than that of the sine wave, the PWM output signal (orange) is in high level (1).
Otherwise it is turned into the low level (0). The level switching edge is produced at every
moment the sine wave intersects the triangle wave. Thus the different crossing positions
result in variable duty cycle of the output waveform.

A Modulated Wave (sine)

Carrier Wave (triangle)
A PWM Output Signal

5 | S | S I I | | — —" - —r

Figure 4 SPWM Waveform Generation

3.2.2 Implementation Method

In terms of the basic principle of SPWM llustrated above, it's easy to implement using
analog circuit (Figure 5). Sine and triangle waves are respectively generated by specially
designed circuits and then fed to the properly selected comparator which can output the
desired SPWM signal. But the control precision and reliability of this scheme are always
not so satisfying due to the complicated circuit structure as well as the instability of the
parameters of all analog devices.

With the development of the microcontroller, nowadays the software implementation for
SPWM is absolutely mostly adopted to realize high precision control.

Sine Wave /\/

Generating Circuit

> + SPWM Signal

(Modulating Wave)
Comparator H “ ‘ ‘ H‘HH ‘ ‘ “ ‘“
Triangle Wave /\/\/\

Generating Circuit | (carrier wave)

Y

Figure5 Analog Scheme for SPWM Implementation

The method utilizing the natural intersection points of sine wave with triangle wave to
realize PWM is called “Natural Sampled Method”. It's able to demonstrate the true
moments the pulse is started and ended and the SPWM waveform is much closer to sine
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wave. This method is not adopted in most control applications due to the random
intersection points of sine and triangle wave which results in complicated calculation and
difficult real-time implementation.

To overcome these disadvantages, another new method called “Regular Sampled
Method” was put forward. It is widely used in engineering applications nowadays. It is
based on the principle that a certain moment is selected in every cycle of the triangle
carrier wave to find the corresponding value of the sine wave voltage which is introduced
to sample on triangle wave and the sample result determines the ON/OFF moments of the
power devices, ignoring whether the sine wave and triangle wave intersects in this
moment or not. A more practical method named “Average Symmetric Regular Sampled
Method” (illustrated in Figure 6) is applied in most control cases. In Figure 6, the sampled
moment is given on the trough point of the triangle wave, then centered by the
corresponding value of sine wave voltage, a horizontal line is drawn to intersect the
triangle wave on both sides so the leading and trailing edges of PWM waveform are
decided upon that. The leading edge is a little wider which just compensates the narrow
trailing edge and therefore as an average consideration the effectiveness of this method is
almost equivalent to that of the natural sampled method.

Carrier
Triangle Wave

Modulated
Sine Wave

Sampling
Point
1

Amplitude

\ 4

|
I !
I I
I I
: ' Troggh
!4—“0N’ time—)! : Point

\ 4

Sampling Cycle

Figure 6 Symmetric Regular Sampled Method

3.2.3 Modulation Index

When the amplitude of the modulated sine wave is larger than that of the carrier triangle
wave, over modulation occurs. Once the sine wave reaches the peak of the triangle, the
PWM pulses will obtain the maximum width so the modulation will enter the state of
saturation (Figure 7). Therefore the item “Modulation index” (represented by m) defined by
the ratio of the amplitude of the modulated wave to that of the carrier wave is introduced to
describe the modulation state. When 0<m<1, the linear relationship between the input and
PWM output voltage is maintained. If the value of modulation index exceeds 1, this linear
mode cannot be kept any more and the special control strategy for over modulation is
required.
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A Modulated Wave (sine)

Carrier Wave (triangle)

A PWM Output Signal

Ul »

Figure 7 SPWM Saturation

3.2.4 3-Phase SPWM

For 3-phase AC induction motor control system, the SPWM signals to trigger the six

power switches in the voltage source inverter is generated by comparison of the 3-phase
sine waves with the same triangle wave (Figure 8).

) I
I.I{HH1E| uz: } uq;mna.u'l:q

- o I A N N F T L A T 1 N 1 I s - o S T _
U{HB‘IH |.|2 ] U(HB“} U1 ]
T e e s e I e e e 1

Ul".H h!l
lH!IBL'-r -

o111
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LR T -

Figure 8 3-phase SPWM Waveforms (Pspice Simulation)

3.3 SPWM (Sinusoidal PWM)

If certain portion of the third harmonics wave is injected into the sine wave, the resulted
modulated wave will appear as saddle-like shape (Figure 9) and the amplitude will
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obviously decrease. With keeping m<1, the amplitude of the fundamental wave can
exceed that of the triangle wave and thus utilization ratio of the DC-bus voltage increases.

VY

Figure 9  3-phase THIPWM Modulated Wave

3.4 SAPWM (Saddle PWM)

SAPWM is one type of the optimized PWM methods and its modulated wave (Figure 10)
can be exactly described by the mathematic equation (E-6):

J3sinwt, 0<awmt <%
y(t) = - _ (E-6)
sin(et + =), = <ot <—
(o, 3) 3 21 >

It can be concluded from the research results that the maximum output voltage of the
inverter adopting SAPWM can reach the value of the input voltage of the electric net which
is 15% higher than that of the inverter using SPWM. Furthermore, the SAPWM inverter
has been improved in restraining harmonic current, reducing torque fluctuation and
enhancing output torque.

y(t)
NN

\ A/
RARAY

Figure 10 3-phase SAPWM Modulated Wave

3.5 SVPWM (Space Vector PWM)

Based on the 3-phase integrated generation effectiveness and for the purpose of
approaching the ideal rounded track with constant amplitude of the rotating field formed by
the gap flux, SVPWM waveform is realized by the combination of different switching
modes of the inverter. In a 3-phase inverter, if “1” is defined as the positive half of the DC-
bus voltage and “0” as the negative half (both are referred to the neutral point), there are
totally 8 switch states for the six power switches (Figure 11). Therefore 8 voltage vectors

(active vectors U,~U,and zero vectors U,, U,) can be correspondingly defined to form

Application Note 12 V1.0, 2006-07
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the vector space which is divided into 6 sectors (Figure 12).

l
oo

cCcC
)

CcCCC
oo o

Figure 12 Voltage Vector Space

The voltage vector U is generally decomposed into two nearest adjacent voltage
vectors with zero vectors U,and/or U, as supplement. Thus the vectors in the six sectors

U,~ Uv, are relatively calculated (assume that the zero vector operation time is halved by

U, and U,) as the equations (E-7):

Application Note 13 V1.0, 2006-07
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!
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For detailed SVPWM calculation and more related information, please refer to another
application note (AP0803601, Title: “Space Vector Modulation and Over-Modulation with
an 8-bit Microcontroller”, www.infineon.com/microcontroller->Application Notes -8-bit

Microcontrollers).
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4 XC164CS Implementation of Different PWM Generation
4.1 CAPCOMG6 Unit Introduction

41.1 Overview

The CAPCOMG6 unit of XC164CS provides 2 independent timers T12 and T13 for PWM
signals generation, especially for AC induction motor control. Its block diagram is shown in
Figure 13.

Module Kemel
Compare ,
Channel 0 9
Addross | b 1| pead- || muni- Tra
ecoder T12| Channel 1 [3 7| Time channel Cor:lFol
-~y Control Control
Channel 2 [g LT
3
Clock » 3 3
Centrol 3 Start o §_ 5_ E_ ﬁ 155‘ ﬁ g’
= E =
T13| Channel 2 g 2=
[relonma=] 2 §|5[8 HEE
Compare
Interrupt | b b v bk =
4 4 “
Control ,1 13+ "2121;2 v : y !

| Input / Qutput Control |
3 ry 3

-
o
o
-

o

-

CCPOS1

Ti12HR
T13HR
COoUTs3
CouUTs0
CCe0
CoUTE1
CCe1
CcouUTe2
CcCe2
CCPOS0
CCPOS2

T eh G5 G

Figure 13 CAPCOMSG6 Block Diagram

There are 3 capture/compare channels for Timerl2 (16-bit) and each channel can be
used either as capture or compare channel. Generation of a 3-phase Center- or edge-
aligned PWM signals with dead-time control for each channel to avoid short-circuits in the
power stage is supported (6 outputs, individual signals for lowside and highside switches)
by T12. Timerl3 (10-bit) has one independent compare channel with one output. It can be
synchronized to T12 and supports single-shot mode. Fast emergency stop without CPU
load via external signal CTRAP and related software interrupt process are both supported
by CAPCOMSG unit to ensure the reliable protection under unexpected faults.

4.1.2 T12 Center-Aligned Mode

T12 block is the main unit to generate the 3-phase PWM. A 16-bit counter is connected
to 3 channel registers via comparators, which generate a signal when the counter contents
match one of the channel register contents. Besides the 3-phase PWM generation, the
T12 block offers options for individual compare and capture functions as well as dead-time
control.

T12 can operate in Edge-Aligned mode or Center-Aligned mode. In this article the
Center-Aligned mode is adopted in PWM implementation and its operation principle is
illustrated in Figure 14.

Application Note 15 V1.0, 2006-07
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Period Match

T12 period
Value — -~~~
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Compare |
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Zero Match
|
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]
|
|

T12 Period Time

Figure 14 T12 Center-Aligned Mode

4.1.3 PWM Signals Generation

As shown in Figure 15, each channel of T12 is connected to the T12 counter register via
its individual equal-to comparator, which generates a match signal (CC6x_0O) when the
contents of the counter (CC6_T12) matches those of the associated compare register
(CC6xR).

Each channel consists of the comparator and a double register structure - the actual
compare register CC6xR feeds the comparator and an associated shadow register
CC6xSR is preloaded by software and transferred into the compare register when T12
shadow transfer (T12_ST) becomes active.

CC6xST is a State Bit which holds the compare operation status of each channel. Bit
CC6xPS/COUT6XPS selects the state of each channel, considered as the passive state
during which the passive level (defined in register PSLR) is driven by the output pin: “0”
represents that the compare output drives passive level while CC6xST is 0 and “1” defines
that the compare output drives passive level while CC6xST is 1.

Period

Value
Compare  Timer 12 Value

Value
T2 Compare match
0

compare state=0 =1 =1 =0

4

Y
A
v

] Output Signal

CC6x_O

Passive level = 1 : :

T

| |

I« |

| |

| |

| |

| |

_ : passive active passive :
(CC6xPS=0)

T T

| |

CC6x_O | |

S= T T

(CCoxPS=1) | active passive active |

: Passive level = 0 | ! :

| | | |

| ! ! |

| : Output Signal : |

cCox_0 : I I :

(CCExPS=0) : passive I active I passive :

| |

| |

| |
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(CCHxPS=1) | |

| |

| |

Figure 15 PWM Signals Generated by T12
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4.2 CAPCOMBG Initialization

The general initialization of CAPCOMG6 for all the PWM schemes discussed in this article
Is summarized below (according to display order in DAVE):

“Module Clock”: Enable module.

“Pin Control”: Use pin CC60, CC61, CC62, COUT60, COUT61, COUT62 as output.

“T12": fcpu/4 (Resolution: 0.100us); Center-Aligned mode; T12 period 100us
(carried frequency 10KHz); Start T12 after initialization; Enable interrupt
for T12 period match (generating interrupt per carrier cycle).

“T13": No initialization is required for it, T13 isn’t used here.
“Multi Ch.”: Disable multi-channel mode.
“Channels”: Channel 0,1,2 should be individually configured as (x=0,1,2): Compare

Mode 3 (Use pins CC6x/COUT6x as output); Enable T12 modulation for
CC6x; The compare output CC6x drives passive level while CC6xST is
“0”; The compare output COUT6x drives passive level while CC6xST is
“1”; The passive level of CC6x and COUT6x output are all “1”; Enable
dead time generation.

“Trap/INT”: The demo code is just focus on PWM algorithm implementation and
verification, CTRAP function is not necessary to be configured. In
“Interrupt Configuration” select “Enable T12 interrupts / node 12(IE)”.

“Interrupts”: CCUG6 12 INT -> Level 15, Group 0 (For convenience it's set to the
highest priority.)

“Functions”: In “Initialization Function” select “CCU6_viInit”.

4.3 Programming Consideration and Flow Charts

Here in all these PWM schemes 10KHz carrier frequency is adopted and thus T12PR
value is 1F3y (499p) with resolution set to 0.1us. As a result 499 is regarded as the PWM
cycle value in the code programming and pulse width table calculation.

For SPWM/THIPWM/SAPWM, all the modulated waveforms can be described with
mathematic equations so pulse width tables can be directly pre-calculated for look-up.
Here the 2m modulated wave is divided into 3000 points and therefore the 3-phase look-up
pointers have 1000 points difference with each other. In the T12 period match interrupt
service program, the increment of the 3-phase look-up pointers Pj,. are determined by:

T.. F. F, 10
P — 3000 % carrier  _ 3000 x PWM-out _ 3000 x PWM-out _ =~ F E-8
e PWM-out carrier 10000 3 P (_)

The 3-phase look-up pointers are updated respectively with Pj,c increment every T12
Period-Match Interrupt. Hence the pulse width can be obtained by using these pointers to
look up the precalculated table. Please refer to the attached EXCEL file for more details
about the look-up table generation. It's easy to generate THIPWM or SAPWM waveforms
directly using their look-up tables to replace SPWM table in the attached SPWM demo
code files.

About detailed SVPWM algorithm programming, please refer to another two application

Application Note 17 V1.0, 2006-07
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notes (AP0801701, Title: “XC866 Constant V/f Control of Induction Motors Using Space
Vector Modulation”; AP0803620, “Optimized Space Vector Modulation and Over-
modulation with the XC866”. www.infineon.com/microcontroller->Application Notes -8-bit
Microcontrollers)

Figure 16 shows the general flow chart of the T12 Period-Match Interrupt service
subprogram in all these PWM schemes.

T12 Period Match
Interrupt Service Routine

( Start )

Y

Look up the calculation table with
current position pointers value to get
3-phase pulse width value

A

Current position
points increment

A

Send 3-phase pulse width value
to CCUB Shadow Registers

A

Enable CCU6
Shadow Transfer

A

Clear Flag
CCU6_IS_T12PM

Y
End

Figure 16 Flow Chart of T12 Period-Match Interrupt Service Routine
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51 Simulation Results

Experiment Results

Figure 17 shows the simulated 3-phase SVPWM waveforms with dead-time control
(P1L.0/CC60, P1L.1/COUT60, P1L.2/CC61, P1L.3/COUT61, P1L.4/CC62, P1L.5/COUT62)
using KEIL uVision3 simulator.
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5.2 Oscilloscope Measured Waveforms

The modulated waveforms of 3-phase SPWM, THIPWM (with 1/4 and 1/6 amplitude
third harmonics injection respectively), SAPWM and SVPWM measured by oscilloscope
are individually shown in Figure 18. All the signals are measured after being filtered
respectively with three 3.3K Q resistors and eight 1uF capacitors between CC6x/COUT6X
and ground.

Figure 19 displays the zoomed-in PWM output waveforms (directly measured between
CC6x/COUT6x and ground) and the dead-time for these PWM schemes. For SPWM,
THIPWM (1/4), THIPWM (1/6), SAPWM, SVPWM, the dead-time is correspondingly set to
lus, 2us, 3us, 4us, 5us.
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(e) 3-phase SVYPWM modulated waveforms
Figure 18 Modulateds Waveforms for Different PWM Schemes
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Experiment Results

(a) 3-phase SPWM output waveforms (b) 3-phase SPWM output waveforms (Zoomed-in) (c) SPWM dead-time

| e e

(j) 3-phase SAPWM output wavaforms (k) 3-phasa SAPWM output waveforms (Zoomad in)
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(m) 3-phase SVPWM output waveforms {n) 3- phase SVPWM output waveforms (Zoomed -in) ' (o) SVPWMdead tlme .

Figure 19 Output Signal for Different PWM Schemes
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Conclusions

6 Conclusions

The implementation of different PWM schemes for 3-phase AC induction motor control
via Infineon 16-bit MCU XC164CS is discussed in this article. The high-performance
CAPCOMG6 unit dedicated for motor control provides an easy and fast way to realize
various types of 3-phase PWM signals generation.
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