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Controlling the DCO Frequency of the MSP430F11x

Anton Muehlhofer Texas Instruments

ABSTRACT

The Basic Clock Module of the MSP430F11x family allows the CPU and on-chip peripherals to be
supplied with a clock generated by an internal RC-type digitally controlled oscillator (DCO) without the
need for any external components. This report describes the P-control and sliding-mode-control algorithms
utilized to compensate for silicon production variations and temperature and voltage drifts. A fully
executable scalable program and a schematic of a stove vent-hood application using this clock control
approach are also included.
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Introduction

The Basic Clock Module of the MSP430F11x family allows the CPU and on-chip peripherals to be
supplied with a clock generated by the internal RC-type digitally controlled oscillator (DCO) without using
any external components such as a quartz crystal or RC combination. However, silicon production
variations and temperature and voltage drifts can influence the DCO frequency. To achieve a stable, well
defined frequency, the DCO must be controlled by software. A P-control algorithm adjusts the DCO
frequency during the initialization phase to quickly achieve an accurate frequency. During normal program
flow, a sliding-mode control algorithm continuously regulates the DCO frequency to keep a very accurate
frequency output. Both control algorithms can use the line frequency or a 32-kHz quartz frequency as a
reference.

This report describes the P-control and sliding-mode control algorithms, and provides a fully executable,
scalable program example. It also presents a schematic of a stove vent-hood application using this clock
control approach.

Assigning the software the task of controlling the system frequency opens new possibilities to the user.
This approach allows the synchronization of the timer frequency to the line frequency; the result is a
system that is independent of absolute line frequency. Applications thus programmed work the same way
with 50-Hz and 60-Hz power systems without any need for software modifications.

DCO Characteristics

The DCO implemented in the MSP430F11x devices consists of a ring-delay line. The length of the delay
line is programmable in eight steps, resulting in eight-possible discrete frequencies. This discrete
frequencies can be modulated to obtain a higher number of frequencies. The number of next-higher
discrete frequency cycles (0 to 31) can be programmed in software within 32 clock cycles. Using this
approach, 224-different clock frequencies can be selected. The DCOCTL register sets the discrete
frequency and the modulation factor. The next-higher discrete frequency is 12% higher than the current
discrete frequency. Due to production variation, however, the actual difference can range between 7% and
16%. This should be taken into account when defining the P value used in the P-control algorithm.

The current injected into the DCO can be programmed using an external resistor, or by selection of one-
of-eight different internal resistors. This current determines the oscillation frequency of the DCO. When
selecting internal resistors, the programmable currents available result in a nominal frequency range of
130 kHz to 4.5 MHz when using a 5-V supply voltage.

In summary, the DCO frequency range extends from approximately 100 kHz to 5 MHz when using the
internal resistors and the programmable delay-line length of the DCO.

Using Timer_A for Reference Frequency Measurement

A reference frequency must be provided in order to have software control of the DCO. This frequency can
come from an external source such as the power line (50 or 60 Hz) or from the internal LF oscillator
(ACLK = 32.768 kHz). Because the DCO can be used to clock Timer_A, the associated capture register
CCR2 can be used to measure this reference frequency. An external reference frequency (line frequency)
can be connected to terminal P1.3, which is connected to the CCI2A capture input. If a 32.768-kHz quartz
is required to generate the reference frequency, it is already connected to the CCI2B capture input.

The possible reference-frequency sources are:

» External frequency (such as the 50- or 60-Hz line frequency) connected to a Timer_A input capture
pin.

« Internally generated 32-kHz frequency (32-kHz quartz crystal is required), already connected internally
to the CCI2B input capture signal of register CCR2.
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Figure 1. Timer_A Use for DCO Control

In the DCO control algorithms described ahead, capture register CCR2 is used to measure either the
internally connected 32-kHz clock signal ACLK (CCI2B), or the externally connected reference frequency
at pin P1.3 (CCI2A), as shown in Figure 1. The capture unit must be configured to be triggered by a rising
edge, by a falling edge, or by both rising and falling edges. This gives the user the possibility of selecting if
a complete period (either falling or rising edge triggers capture), or only half the period (both edges trigger
capture) of the reference frequency should be measured. These two tasks can be combined in many
applications where the line frequency is the reference and a voltage zero-crossing detection is necessary
(TRIAC control). In the following program example, the external 50-Hz reference frequency triggers the
capture register at both edges. However, the dedicated interrupt-service routine HCCR2 provides the time
for a whole period (adds two consecutive captures). Using a whole period as the reference eliminates
duty-cycle variations and improves regulation accuracy.

The timer clock source is always the DCO frequency (SMCLK). This frequency can be divided by the
Timer_A input divider and/or the SMCLK divider contained in the Basic Clock Module.

The following variable declarations are used in the program examples shown in Example 1 and

Example 2:
.bss VzC_LastCap,?2 ; last voltage zero-cross capture
.bss VzC _delta,?2 ; timer value for half volt. wave
-bss VzC_2delta,?2 ; timer value for voltage period
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In Example 1, the Timer_A capture interrupt-service routine for CCR2 is shown for an external 50-Hz
reference frequency and will be called at every edge. The variable VZC_2delta contains the time for one
full period.

Example 1. Capture Interrupt Service Routine for 50-Hz Reference Frequency

HCCR2 push R5
mov CCR2,R5 ; meas voltage 1/2 period
sub VZC_LastCap,R5 ; R5 = voltage half period
mov  VZC_delta,VZC_2delta
add R5,VZC_2delta ; update volt full period

mov R5,VZC_delta

mov CCR2,VZC_LastCap
Cap2_End pop R5

reti

In Example 2, the Timer_A capture interrupt-service routine for CCR2 is shown using the internal 32-kHz
ACLK reference frequency. It is intended to configure the capture unit to be triggered once a period only
(falling or rising edge). The variable VZC_2delta contains the time for one full period.

Example 2. Capture Interrupt Service Routine for 32-kHz ACLK Reference Frequency

HCCR2 push R5
mov  CCR2,R5 ; meas voltage 1/2 period
sub  VZC_LastCap,R5 ; R5 = voltage half period
mov R5,VZC_2delta
mov CCR2,VZC_LastCap

Cap2_End pop R5
reti
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4 Definitions Used in DCO Control

The parameter definitions in Table 1 and Table 2 are used in the DCO control algorithms presented in
subsequent sections. In this example, the 50-Hz line frequency is used as the reference frequency routed
to the Timer_A input capture CCR2 at pin P1.3, and the DCO frequency is 1 MHz. These definitions are
implemented in Example 3 for a 50-Hz reference frequency, and in Example 4 for a 32-kHz reference

frequency.

Table 1. Control Parameters for a 50-Hz Reference and 1-MHz DCO Frequency

Parameter Symbol Value Comment
DCO set frequency dco_set 1000 Valid for 1 MHz
Reference frequency f_ref 50 50-Hz line frequency
Timer division rate Tclk_div 1 Timer_A is clocked with DCO frequency
Nominal selection resistor Rsel_nom 4 900-kHz nominal startup DCO frequency
Timer set frequency fset See Table 2

Table 2. Control Parameter Descriptions

Parameter Description

DCO set frequency DCO-provided frequency in kHz

Reference frequency in hertz to which the set frequency is synchronized. It also determines how often to
perform the regulation algorithm and how often to update the DCO.

Defines the division rate of the DCO clock that runs Timer_A. If Timer_A runs at the same speed as the
DCO, it must be set to 1. Other possible values are 2, 4, 8, 16, 32, and 64 (see value in SMCLK
predivider control register BCSCTL2 and Timer_A input divider register TACTL).

Defines which internal resistor controls the DCO current, and consequently the nominal DCO frequency
at start-up. The start-up regulation behavior can be dramatically improved by selecting the appropriate
value from the table provided in the program listing.

Defines the number of DCO clock cycles that the DCO should perform within one reference-frequency
cycle:

Reference frequency

Timer division rate

Nominal Rsel

Timer set frequency q ;
co_se

—————=—— x 1000
f_ref x Tclk_div

fset =
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Example 3 includes all of the settings in Table 1 and Table 2.

Example 3. Definitions for 1 MHz DCO Frequency and 50-Hz Reference Frequency

; select set frequency for the DCO
dco_set .set 1000 ; 1000 = 1 MHz
; f_soll max = 6553 -> 6.5 MHz
; select internal Resistor for nominal frequency out of below table
Rsel_nom .set 4 ; rsel 0 1 2 3 4 5 6 7

; f@e3v.  0.12 0.19 0.31 0.5 0.8 1.2 2.0 3.1
; f@5v  0.13 0.21 0.34 0.55 0.9 1.4 2.4 4.2
; configure external voltage zero cross frequency
f_ref .set 50 ; B0Hz
; configure Timer_A clock division rate
Tclk_div .set 1 ; Timer clock division rate, depends on

- Timer_A clock divider

; - Basic Clock SMCLK divider

; define number of DCO clocks within one reference clock
fset .set dco_set*1000/(f_ref*Tclk_div)

In Example 4, the 32-kHz ACLK is used as the reference frequency to generate a 1-MHz DCO frequency.
To get more time for DCO measurement, ACLK is divided by 8 in the basic clock module.

Example 4. Definitions for 1 MHz DCO Frequency and 32-kHz ACLK Reference Frequency

; select set frequency for the DCO

dco_set .set 1000 ; 1000 = 1 MHz
; F soll max = 6553 -> 6.5 MHz

; select internal Resistor for nominal frequency out of below table

Rsel_nom .set 4 ; rsel 0 1 2 3 4 5 6 7

; fa3v  0.12 0.19 0.31

0.5 0.8 1.2 2.0 3.1
; fF@5v  0.13 0.21 0.34 0.55 0.9 1.4 2.4 4.2
; configure external voltage zero cross frequency
T _ref .set 32768/8 ; 32kHz/8 = 4kHz
; configure Timer_A clock division rate
Tclk_div .set 1 ; Timer clock division rate, depends on
; — Timer_A clock divider
; - Basic Clock SMCLK divider
; define number of DCO clocks within one reference clock
fset .set dco_set*1000/ (f_ref*Tclk_div)
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Very fast frequency regulation can be achieved by implementing a P-control algorithm if the appropriate
proportional factor is selected. The formula for the P-control algorithm used in this application is:
dco_set
fset= ————=————— x 1000
f_ref x Tclk_div
where
e dcof = DCO frequency (DCOCTL)
e prop = Proportional factor
« fset = Set frequency
» factual = Measured frequency 1)
The P-control algorithm calculates the error by subtracting the number of DCO cycles measured within
one complete reference clock (factual) from the calculated set value (fset). This error is then weighted
against the proportional factor (prop).
The best value for the proportional factor prop depends on the set frequency and can be calculated as:
mod x fstep
prop = —_—
fset x Tclk_div
where
* mod = Modulation possibilities (320)
« fstep = Difference between discrete DCO frequency steps in percentage (2)
The modulation value mod and discrete frequency step value fstep are characterized in the MSP430F11x
data sheet:
; DCO characteristic out of data sheet
mod .set 32 ; 32 modulation possibilities
fstep .set 7 ; 7% is every min discrete frequency step
With these DCO characteristics, and with a set frequency of 1 MHz and a 32-kHz reference frequency, the
proportional factor prop can be calculated as:
; defines the proportional factor for p-control
prop .set  mod*fstep*65536/(2*fset*Tclk_div)
NOTE: The proportional factor has been scaled by 65536 to generate a more accurate result. The
proportional factor prop must be limited to 7FFFh to avoid sign overflow errors within the
P-control calculation routine. Therefore, the proportional factor prop is additionally divided by
2 when using 32 kHz as the reference frequency.
With these definitions and the control algorithm shown in Example 5, the frequency responses in Table 3
have been measured while changing the set frequency from 1 MHz to 4 MHz.
Table 3. Frequency Response for 32-kHz and 50-Hz Reference Frequencies
DCO Frequency
Set Frequency 32-kHz Reference 50-kHz Reference
prop=modxfstepx65536/(fsetx2xTclk_div) prop=modxfstepx65536/(fsetxTclk_div)
1.0 MHz 1.0 MHz 1.0 MHz
4.0 MHz 1.39 MHz 1.48 MHz
4.0 MHz 1.92 MHz 2.49 MHz
4.0 MHz 2.50 MHz 3.24 MHz
4.0 MHz 2.77 MHz 3.96 MHz
4.0 MHz 3.57 MHz 4.24 MHz
4.0 MHz 4.05 MHz 4.04 MHz
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As Table 3 shows, the DCO frequency is moved from 1 MHz to 4.05 MHz within 6 control cycles, including
changing the internal Rsel twice. This fast-response time reflects the appropriate selection of the
proportional factor for the P-control algorithm. The prop factor was divided by 2 to prevent sign overflow in
the P-control calculation routine. Therefore, the regulation dynamics have been decreased as well. This
compromise is intended to make the same control routine usable with much slower reference frequencies
such as the 50-Hz line frequency. To further improve the control accuracy, the reference frequency
(ACLK) can be divided using software: instead of counting the DCO clocks within just one reference-
frequency clock cycle, the clocks are integrated over more than one reference-frequency cycle. The exact
regulation of the DCO frequency can also be performed using the sliding-mode control algorithm (see
Section 6). The P-control algorithm in Example 5 needs 66 bytes (without a multiplication routine), and

requires 227

Example 5. P-Con

FUNCTION DEF:
; DESCRIPTION:

REGISTER USE:
; CALLS:
5 ORIGINATOR:

cycles.

trol Algorithm

dco_ctl

dco p controller, calculates the formula
dcof = dcof+[p*(set-actual)/2716]

dcof = dco frequency contained in &DCOCTL
input: R5 = measured timer value

output: new dco frequency

R4, R5, R10-R15
MPYS
Anton Muehlhofer

dco_ctl

dco_dec_Rsel

dco_inc_Rsel
dco_ctl_end

push R4

mov.b &DCOCTL,R4
mov #prop, IROP2L
mov #fset, IROP1
sub R5, IROP1
call #MPYS

add IRACM,R4

cmp #dco_min,R4
jl dco_dec_Rsel
cmp #dco_max,R4
jge dco_inc_Rsel
mov.b R4,&DCOCTL
pop R4

ret

dec.b Rsel

Jjmp dco_ctl_end
inc.b Rsel
call #Rsel_set

; build difference set-actual

; p*(set-actual)

; dcof=dcof+[p*(set-actual)/2"16]
; new Rsel has to be configured?

; configure new dco frequency

mov.B #60h,&DCOCTL ; center dco into new frequency

pop R4
ret
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Sliding Mode Control Implementation

This type of control algorithm only changes the output value by one. This results in a robust and accurate
regulation characteristic with a very long transient response. Another advantage is the small algorithm,
which only needs to calculate the error between the set and measured values and to return the sign as the
output. This makes it ideal for controlling the DCO of MSP430F11x devices when the DCO frequency is
already near the set frequency, or when a longer transient response can be tolerated. Requiring no
multiplication results in a very fast algorithm that can be recalled quite often without significantly slowing

down the processor.

The function in Example 6 expects the set frequency fset defined as described in Section 4 and the

measured DCO frequency in the 16-bit variable VZC_2delta coming from the Timer_A capture interrupt

service routine. After the control algorithm settles, the maximum error is £0.5% within 32 DCO-clock
cycles. When a very high long-term accuracy is required, the measured error can be integrated and
compensated for after a certain time to achieve an even smaller overall error. This function needs 90
bytes and requires only 22 cycles.

Example 6. Sliding Mode Control Algorithm

; FUNCTION DEF: dco_step
; DESCRIPTION: regulates the DCO by changing the DCO value by 1 only

; VCZ_2delta must contain the measured DCO frequency
; fset defines the set frequency

; REGISTER USE: R10, R11

; CALLS: -

5 ORIGINATOR: Anton Muehlhofer

; DATE: 01 Dec 1998

dco_step mov.b &DCOCTL,R11 ; read current DCO selection
cmp.b #dco_max,R11 ; should Rsel be increased ?

jeq inc_Rsel ; yes
cmp.b #dco_min,R11 ; should Rsel be decreased ?
jeq dec_Rsel ; yes

mov VZC_2delta,R10 ; read timer for 2 zero crosses
cmp #fset,R10
jlo inc_dco_step ; Increase DCO by one
jeq dco_step_end ; do nothing
dec_dco_step dec.b &DCOCTL ; decrease DCO by one
ret
inc_dco_step inc.b &DCOCTL
dco_step_end ret
inc_Rsel mov.b &BCSCTL1,R10 ; Is max Rsel already selected?
bic.b #0f8h,R10
cmp.b #7,R10
jge dco_step_end ; yes, cannot increase Rsel!
inc.b &BCSCTL1 ; Rsel + 1
mov.b #60h,&DCOCTL ; center DCO
ret
dec_Rsel mov.b &BCSCTL1,R10 ; Is min Rsel already selected?
bic.b #0f8h,R10
cmp.b #0,R10
jeq dco_step_end ; yes, cannot decrease Rsel!
dec.b &BCSCTL1 ; Rsel - 1
mov.b #60h,&DCOCTL ; center DCO
ret
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7 Application Example
Figure 2 shows the schematic of an actual stove vent-hood application. The MSP430C111 does not use
any external components for clock generation in order for cost savings. The DCO is used to supply the
CPU and the peripherals. The frequency is controlled by the line frequency. This works well with 50-Hz
and 60-Hz power-line frequencies without modification, because the DCO frequency is synchronized with
the line frequency. Only the absolute DCO frequency is different: 1 MHz at 50-Hz line frequency, and
1.2 MHz at 60-Hz line frequency.
Line
X1-1 L2 Capacitor Resistor Divider Power Supply
2x2.2 mH \|
° °
1 2 /|
C16 c17 C13 R12
022nF ~~~~ 0.22nF 1uF/400V D3 190 O
5 8 1N4007
oz Line Filter = VAR1 L1
X1-2 - 275V Lamp ci D1
Earth 220 pF/35V 1N4007
s +
c2 2R21
’—
C Riq o T2 220 uF/10 V 0Q
22nF 4000 o TICP206D +
o c3
R10 100 nF
> 10 kQ H}—‘
] D2
c10 av7
T 100 nF T —Hy +5V
TIC206 R5
c7 10 kO MSP430x11x BV
1nF TEST
; W P1.7 TEST
R2 L — P1.6 Vce
R6 470 kQ - — P15 P25 [— c4
10 kQ Voltage Zero ] 100 nF R7
Cross Detection P1.4 Vss XOUT 270 kQ
P1.3 XOUT | =
c8 C12 P1.2 XIN
100 nF T 10 nF ' RST
— P11 RST
Ra POTIA
10 kQ = P1.0 P2.0
I ° P2.4 p2.1 |2OTIC L C6
100 nF
1 — P2.3 P2.2 |
= ) |
S1 POTIB 4 SR8 7
MS243 5y 7> 2k
Lamp On/Off ——V\W\—p + 1
P 157552 I R14
C14 10 kQ
100 nF R9
1kQ
S2
MS243 C5
Motor On/Off 1 9 470 nF
O O I
)} » +5V
C15 R15
- 100 nF 10 kQ
Figure 2. DCO Control Application Example
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File Name:
Project:
Originator:

Target Sys:

Status:

Description:

Last Update:

EAEAEEAXEAXEAAEA AKX A AKX AA XA AL A A A AEAT A A XA XA AXT A A X AKX A AXAAAXAAXAAXAXAAXAAAXAAXAXAAXAAAXAALAXAXAA AKX A%

EAEAEEAXEAXEAAEA A XA A AKX AA XA AL A A A AEAT A AKX AXAAXT A AKX AKX A AXAAAXAAXAAXAXAAXAXAAXAAXAXAAXAAAXAAAXAXAAAXA%

fl132k._asm

software fll for MSP430x112

Anton Muehlhofer (Texas Instruments Deutschland)
MSP430x112

Complete example how the DCO could be controlled
tested with 32kHz quartz and 1 MHz DCO frequency

11 Feb 1999

.include 110.inc

LF1 .set O

XT1 .set 1

DCO .set 2

; select clock for CPU (CPU_CLK) and peripheral clock SMCLK (PP_CLK)
CPU_CLK .set DCO ; CPU clock

PP_CLK .set DCO ; Peripheral clock

select set frequency for the DCO

dco_set

1000 1000 = 1 MHz

.set ;
; F_soll max

6553 -> 6.5 MHz

; select internal Resistor for nominal frequency out of below table

Rsel _nom .set 4 s rsel 01234567
; f@3v 0.12 0.19 0.31 0.5 0.8 1.2 2.0 3.1
; F@5V 0.13 0.21 0.34 0.55 0.9 1.4 2.4 4.2
; configure external voltage zero cross frequency
f_ref .set  32768/8 ; 32kHz / 8 = 4 kHz

; configure Timer_A clock division rate

Tclk _div

; define number of DCO clocks within one

fset

.set 1 ; Timer clock division rate, depends on
; - Timer_A clock divider

; - Basic Clock SMCLK divider

reference clock

.set dco_set*1000/(f_ref*Tclk_div)

; DCO characteristic out of data sheet

mod
fstep

.set
.set

32 ;
7 ;

32 modulation possibilities
7 % is every min discrete frequency step

; defines the proportional factor for p-control

prop
dco_min
dco_max
vzC

.set  mod*fstep*65536/(fset*Tclk_div)

.set 05h ; below this value, select lower Rsel
.set 0OE2h ; above this value, select higher Rsel
.set 08h ; Reference frequency input at P1.3
-equ 40h ; P1.6

; define interrupt vector table start address

lvecs

.set OFFEOh

; define Stack pointer and available RAM

RAM_Start
RAM_End
SP_Start
EPROM_Start

.set 00200h ; Free Memory startadress
.set 00300h ; RAM endadress

-set 00300h ; stackpointer

.set OFf000h ; start of 4k EPROM
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P
Q
[%2)
=
o
<
=

result high word
result low word
first operand

second operand high word

; second operand low word

bit test register mpy

last voltage zero-cross capture
timer value for half volt. wave
timer value for voltage period
selection for internal resistor
general purpose status byte

1RACM -equ R10

IRACL .equ R11

1ROP1 .equ R12

1ROP2L -equ R13

1ROP2M -equ R14

IRBT -equ R15

; Variable definitions
-bss dummy,0,200h
.even
.bss VZC_LastCap,2
.bss VZC delta,?2
.bss VZC_2delta,2
.bss Rsel,1
.bss Status,1
.bss TStat_10ms,1

Task status

Program starts here after reset

; clears oscillator

initialize stack pointer
Stop Watchdog Timer

fault

.sect “"MAIN" ,EPROM_Start
RESET
mov #SP_Start,SP
mov #(WDTHo ld+WDTPW) , &WDTCTL
clr.b &IE1
clr.b &IFG1
; select CPU clock

if CPU_CLK = XT1

bis.b  #XTS,&BCSCTL1

bis.b  #SELMO+SELM1,&BCSCTL2
.elseif CPU_CLK = DCO

bic.b  #SELMO+SELM1,&BCSCTL2
endif

select XT1l, disable LF1
select XT1 as MCLK

select DCO as MCLK

if PP_CLK = XT1

bis.b  #XTS,&BCSCTL1

bis.b  #SELS,&BCSCTL2
.elseif PP_CLK = LF1

bic.b  #XTS,&BCSCTL1

bis.b  #SELS,&BCSCTL2
.elseif PP_CLK = DCO

bic.b  #SELS,&BCSCTL2
endif

select XT1l, disable LF1

select XT1 as SMCLK and ACLK

select
select

LF1, disable XT1

select DCO as SMCLK

LF1 as SMCLK and ACLK

mov.b #Rsel_nom,Rsel
call #Rsel_set
bis.b  #030h,&BCSCTL1

initialize Rsel
initialize Rsel
ACLK 7/ 8

in BCSCTL1

12
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b  #010h,&P1SEL
.b  #010h,&P1DIR
b  #01lh,&P2SEL
b  #01h,&P2DIR

output SMCLK at pl.4

output ACLK at p2.0

clr.b TStat_10ms
clr_.b Status

clear Task status register
clear general purpose status

mov #0204h,&TACTL
bic #04h,&TACTL
bis #20h,&TACTL

counts up continuous

no interrupt at overflow

timer cleared

timer stopped, need input select
release timer clear

start timer with MCLK

; configure Reference Voltage input capture pin at CCR2
mov #0101100100100000b,&CCTL2

mov #OFFFFh,R5

Wait nop
dec R5
jnz Wait

; configure testpin output low
bic.b  #Testpin,&P10UT
bis.b  #Testpin,&P1DIR

CC2 is in capture mode

zero cross capture pin CCI2B
configure synchronous cap mode
pos edge triggers capture
enables cap2 interrupt

wait some time to let the
ACLK settle

startup_O mov
startup_1 bit.b

#4 ,R5

#Task _Ovr,Status
jz startup_1

; loop counter
; initialize VZC values

bic.b  #Task_Ovr,Status
dec R5
b nz startup_1 ; perform 4 loops min.
; regulate DCO with P control algorithm
mov VZC_2delta,R5
call #dco_ctl
; main loop
-newblock
mainloop
bit.b #Task_Ovr,Status
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Jjz mainloop
call #Task _10ms
jmp mainloop
; Task management for tasks called every 10 ms (voltage zero cross)
Task 10ms mov.b TStat _10ms,R5
mov.b  Tbl_10ms(R5),R5
add R5,PC
Tbl_10ms
.byte T1-Tbl_10ms ; Task 1
_byte T2-Tbl_10ms ; Task 2: dco control
-byte T3-Tbl_10ms ; Task 3
-byte T4-Tbl_10ms ; last task
T1 nop
jmp T_End
T2
call #dco_step ; dco control by just 1 DCO step
jmp T _End
T3 nop
Jmp T_End
T4
call #dco_step
clr.b TStat_10ms ; start with task T1l next time
jmp T_Ret
T _End inc.b TStat_10ms
T Ret bic.b #Task _Ovr,Status
ret
; FUNCTION DEF: dco_ctl
; DESCRIPTION: dco p controller, calculates the formula
; dcof = dcof+[p*(set-actual)/2716]
; dcof = dco frequency contained in &DCOCTL
; input: R5 = measured timer value
; output: new dco frequency
; REGISTER USE: R4, R5, R10-R15
; CALLS: MPYS
; ORIGINATOR: Anton Muehlhofer
; DATE: 13 Nov 1998
dco_ctl push R4
mov.b  &DCOCTL,R4
mov #prop, IROP2L
mov #fset, IROP1
sub R5, IROP1 ; build difference set-actual
call #MPYS ; p*(set-actual)
add IRACM,R4 ; dcof=dcof+[p*(set-actual)/2"16]
cmp #dco_min,R4 ; new Rsel has to be configured?
Jjl dco_dec_Rsel
cmp #dco_max,R4
Jjoe dco_inc_Rsel
mov.b R4 ,&DCOCTL ; configure new dco frequency
pop R4
ret
dco_dec_Rsel dec.b Rsel
14 Controlling the DCO Frequency of the MSP430F11x SLAAO074A—April 2000—Revised May 2018
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Jmp
dco_inc_Rsel inc.b
dco_ctl_end call

mov.B

pop
ret

FUNCTION DEF: dco_step

dco_ctl_end

Rsel

#Rsel_set

#60h,&DCOCTL ; center dco into new frequency
R4

DESCRIPTION: regulates the DCO by changing the DCO value by 1 only
VCZ_2delta must contain the measured DCO frequency
fset defines the set frequency

REGISTER USE: R10, R11

; ORIGINATOR: Anton Muehlhofer
d

CALLS: -
DATE: 01 Dec 1998

co_step mov.b  &DCOCTL,R11 ; read current DCO selection
cmp.b #dco_max,R11 ; should Rsel be increased ?
jeq inc_Rsel ; yes
cmp.b #dco_min,R11 ; should Rsel be decreased ?
jeq dec_Rsel ; yes
mov VZC_2delta,R10 ; read timer for 2 zero crosses
cmp #fset,R10
jlo inc_dco_step ; Increase DCO by one
jeq dco_step_end ; do nothing

dec_dco_step dec.b  &DCOCTL ; decrease DCO by one
ret

inc_dco_step inc.b  &DCOCTL

dco_step_end ret

inc_Rsel mov.b &BCSCTL1,R10 ; Is max Rsel already selected?
bic.b  #0f8h,R10
cmp.b #7,R10
joe dco_step_end ; yes, cannot increase Rsel!
inc.b &BCSCTL1 ; Rsel + 1
mov.b  #60h,&DCOCTL ; center DCO
ret

dec Rsel mov.b &BCSCTL1,R10 ; Is min Rsel already selected?
bic.b  #0f8h,R10
cmp.b  #0,R10
Jeq dco_step_end ; yes, cannot decrease Rsel!
dec.b  &BCSCTL1 ; Rsel - 1
mov.b #60h,&DCOCTL ; center DCO
ret

FUNCTION DEF: Rsel_set

DESCRIPTION: 1initializes the RSEL in BCSCTL with the value defined in
the variable RSEL

REGISTER USE: R14, R15

CALLS: -
ORIGINATOR: Anton Muehlhofer
DATE: 13 Nov 1998
sel_set mov.b  &BCSCTL1,R14
mov.b R14,R15
bic.b  #0F8h,R15
cmp.b Rsel ,R15
Jeq Rsel_end
Jjl Rsel_inc
Rsel_dec dec.b R14
mov.b R14,&BCSCTL1
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16bit x 16 bit signed and unsigned multiply

Jjmp Rsel_set
Rsel _inc inc.b R14
mov .b R14,&BCSCTL1
Jjmp Rsel_set
Rsel_end ret
; FUNCTION DEF: MPYS, MACS, MPYU, MACU
; DESCRIPTION:
; REGISTER USE: R4-R9
; CALLS: -
; ORIGINATOR: Anton Muehlhofer
; DATE: 13 Oct 1998
-newblock
MPYS clr IRACL
clr 1RACM
MACS tst 1ROP1
Jjge $1
sub IROP2L , IRACM
$1 tst IROP2L
Jjoe MACU
sub 1ROP1, IRACM
jmp MACU
MPYU clr IRACL
clr IRACM
MACU clr 1ROP2M
mov #1,IRBT
$2 bit IRBT, IROP1
jz $3
add IROP2L, IRACL
addc IROP2M, IRACM
$3 rla IROP2L
ric IROP2M
rla IRBT
jnc $2
ret

&TAIV,PC ; read TA intrpt vector and clear int flag

meas voltage 1/2 period

voltage half period

iate Task proceeding

nt_TA_ 1V add
reti
Jmp HCCR1
Jmp HCCR2
Int_TA end reti
; Voltage Zero Cross Interrupt Service Routine
; used by MSP430F11x
HCCR2 push R5
mov &CCR2,R5
sub VZC_LastCap,R5
mov R5,VZC_2delta
mov &CCR2,VZC_LastCap
bis.b #Task_Ovr,Status
Cap2_End pop R5
reti
; CCR1 Interrupt Service Routine - unused -
HCCR1 reti

16 Controlling the DCO Frequency of the MSP430F11x
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Int_WDT_T
reti

Port2
Watchdog / Timer

Interrupt vectors

.sect
.word
.word
.word
.word
.word
.word
.word
.word
.word
.word
.word
.word
.word
.word
.word
.word
.end

"Int_Vect", lvecs
RESET
RESET
Int_P1
Int_P2
RESET
RESET
RESET
RESET
Int_TA_1V
Int_TA_CCO
Int_WDT_T
RESET
RESET
RESET
RESET
RESET

PortO, bit 2 to 7, n/a at 112
Basic Timer, n/a at 112

Portl
Port2
Timer Port,
no source
UART Transmit, n/a at 112
UART Receive, n/a at 112
Timer A

Timer A

Watchdog/Timer, Timer mode
no source

UART handler, n/a at 112
P0O.0, n/a at 112

NMI, Osc. fault

POR, ext. Reset, Watchdog

n/a at 112
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8 DCO Control With External 50-Hz Reference Frequency
= AAEAAAAAA A A AR A A A AR A AR AR A A A AAAA A AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAK
; File Name: fll.asm
; Project: software fll for MSP430x112
; Originator: Anton Muehlhofer (Texas Instruments Deutschland)
; Target Sys: MSP430x112
; Description: Complete example how the DCO could be controlled
; Status: tested with 50Hz-100Hz external frequency
; Last Update: Dec 8, 1998
= AAEAAAAAA A A AR A AR AR A AR AAA AR AR A AR AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA A AR AL AAK
-include 110.inc
; Clock Oscillator Setup
LF1 .set 0
XT1 .set 1
DCO .set 2
; select clock for CPU (CPU_CLK) and peripheral clock SMCLK (PP_CLK)
CPU_CLK .set DCO ; CPU clock
PP_CLK .set DCO ; Peripheral clock
; definitions for DCO regulation
; select set frequency for the DCO
dco_set .set 1000 ; 1000 = 1 MHz
; f_soll max = 6553 -> 6.5 MHz
; select internal Resistor for nominal frequency out of below table
Rsel _nom .set 4 ; rsel O 1 2 3 4 5 6 7
; f@3v 0.12 0.19 0.31 0.5 0.8 1.2 2.0 3.1
; F@5V 0.13 0.21 0.34 0.55 0.9 1.4 2.4 4.2
; configure external voltage zero cross frequency
f_ref .set 50
; configure Timer_A clock division rate
Tclk _div .set 1 ; Timer clock division rate, depends on
; - Timer_A clock divider
; - Basic Clock SMCLK divider
; define number of DCO clocks within one reference clock
fset .set dco_set*1000/ (f_ref*Tclk_div)
; these values are fixed
mod .set 32 ; 32 modulation possibilities
fstep .set 7 5 7 % is every min discrete frequency step
; defines the proportional factor for p-control
prop .set mod*fstep*65536/ (fset*Tclk_div)
dco_min .set 05h ; below this value, select lower Rsel
dco_max .set 0OE2h ; above this value, select higher Rsel
vzC .set 08h ; Reference frequency input at P1.3
Testpin -equ 40h ; P1.6
; Memory Setup
; define interrupt vector table start address
Ivecs .set OFFEOh
; define Stack pointer and available RAM
RAM_Start .set 00200h ; Free Memory startadress
RAM_End .set 00300h ; RAM endadress
SP_Start .set 00300h ; stackpointer
18 Controlling the DCO Frequency of the MSP430F11x SLAAO074A—-April 2000—Revised May 2018
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start of 4k EPROM

EPROM_Start .set 0f000h ;
Status flag definition
-equ 01h ;

Wil e o
Q
%]
ey
o
<
=

result high word

result low word

first operand

second operand low word
second operand high word
bit test register mpy

last voltage zero-cross capture
timer value for half volt. wave
timer value for voltage period
selection for internal resistor
general purpose status byte
Task status

1RACM .equ R10 ;
IRACL -equ R11 S
1ROP1 .equ R12 ;
1ROP2L .equ R13 ;
1ROP2M -equ R14 ;
IRBT -equ R15 ;
; Variable definitions
.bss dummy,0,200h
.even
-bss VZC_LastCap,2 ;
.bss VZC_delta,2 ;
.bss VZC_2delta,2 ;
.bss Rsel,1 ;
.bss Status, 1 ;
.bss TStat_10ms,1 ;

Program starts here after reset

initialize stack pointer
Stop Watchdog Timer

; clears oscillator fault

select XT1, disable LF1
select XT1 as MCLK

; select DCO as MCLK

select XT1, disable LF1
select XT1 as SMCLK and ACLK

select LF1, disable XT1
select LF1 as SMCLK and ACLK

select DCO as SMCLK

itialize Rsel

.sect "MAIN" ,EPROM_Start
RESET
mov #SP_Start,SP
mov #(WDTHold+WDTPW) , &WDTCTL
clr.b &I1E1
cir.b &I1FG1
; select CPU clock
.if CPU_CLK = XT1
bis.b #XTS,&BCSCTL1
bis.b #SELMO+SELM1,&BCSCTL2
.elseif CPU_CLK = DCO
bic.b #SELMO+SELM1,&BCSCTL2
.endif
; select Peripheral clock
.if PP_CLK = XT1
bis.b #XTS,&BCSCTL1 ;
bis.b #SELS,&BCSCTL2 ;
.elseif PP_CLK = LF1
bic.b #XTS,&BCSCTL1 ;
bis.b #SELS,&BCSCTL2 ;
.elseif PP_CLK = DCO
bic.b #SELS,&BCSCTL2 ;
.endif
; select RSEL for DCO
mov.b #Rsel_nom,Rsel ; in
call #Rsel_set ; In

itialize Rsel in BCSCTL1
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; output of SMCLK and ACLK for control purposes
bis.b  #010h,&P1SEL ; output SMCLK at pl.4
bis.b  #010h,&P1DIR
bis.b #01h,&P2SEL ; output ACLK at p2.0
bis.b  #01h,&P2DIR
; switch XT1 off
bis #0SCOFF, SR ; switch XT1 off, saves current

=
~+
m
=
(0]
Q
o
o
o
<
o
=
o
=
1]
2]

clr.b TStat_10ms clear Task status register
clr.b Status clear general purpose status

; configure Timer A
mov #0204h,&TACTL ; counts up continuous
; no interrupt at overflow
; timer cleared
; timer stopped, need input select
bic #04h,&TACTL ; release timer clear
bis #20h,&TACTL ; start timer with MCLK
; configure Reference Voltage input capture pin at CCR2
bic.b #VZC,&P1DIR ; Input capture zero cross
mov #1100100100100000b,&CCTL2

; CC2 is in capture mode

zero cross capture pin CCI2A
configure synchronous cap mode
both edges triggers capture
enables cap2 interrupt

bis.b #VZC,&P1SEL

; configure testpin output low
bic.b  #Testpin,&P10UT
bis.b  #Testpin,&P1DIR

; enable interrupts
bis #0010h,&CCTL2 ; enable cctl2 interrupt
eint

; Startup phase

startup_O mov #6,R5

startup_1 bit.b #Task Ovr,Status ; iInitialize VZC values
jz startup_1
bic.b  #Task_Ovr,Status
dec R5
jnz startup_1 ; perform 4 loops min.

-
D
«Q
c
Q
r+
(0]
|w)
Q
o

mov VZC_2delta,R5
call #dco_ctl
; main loop
-newblock
mainloop
bit.b #Task_Ovr,Status
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Jjz mainloop
call #Task _10ms
jmp mainloop

; Task management for tasks called ervery 10 ms (voltage zero cross)

Task 10ms mov.b TStat _10ms,R5
mov.b  Tbl_10ms(R5),R5
add R5,PC

Tbl_10ms
.byte T1-Tbl_10ms ; Task 1
_byte T2-Tbl_10ms ; Task 2: dco control
-byte T3-Tbl_10ms ; Task 3
-byte T4-Tbl_10ms ; last task

T1 nop
jmp T_End

T2
call #dco_step ; dco control by just 1 DCO step
jmp T _End

T3 nop
jmp T_End

T4
call #dco_step
clr.b TStat_10ms ; start with task T1l next time
jmp T_Ret

T _End inc.b TStat_10ms

T Ret bic.b #Task _Ovr,Status

ret

; FUNCTION DEF: dco_ctl

; DESCRIPTION: dco p controller, calculates the formula

; dcof = dcof+[p*(set-actual)/2716]

; dcof = dco frequency contained in &DCOCTL

; Input: R5 = measured timer value

; output: new dco frequency

; REGISTER USE: R4, R5, R10-R15

; CALLS: MPYS

; ORIGINATOR: Anton Muehlhofer

; DATE: 13 Nov 1998

dco_ctl push R4
mov.b  &DCOCTL,R4
mov #prop, IROP2L
mov #fset, IROP1
sub R5, IROP1 ; build difference set-actual
call #MPYS ; p*(set-actual)
add IRACM,R4 ; dcof=dcof+[p*(set-actual)/2"16]
cmp #dco_min,R4 ; new Rsel has to be configured?
Jjl dco_dec_Rsel
cmp #dco_max,R4
Jjoe dco_inc_Rsel
mov.b R4 ,&DCOCTL ; configure new dco frequency
pop R4
ret

dco_dec_Rsel dec.b Rsel
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center dco into new frequency

Jmp dco_ctl_end
dco_inc_Rsel inc.b Rsel
dco_ctl_end call #Rsel_set

mov.b  #60h,&DCOCTL

pop R4

ret
; FUNCTION DEF: dco_step
; DESCRIPTION: regulates the DCO by changing
; REGISTER USE: R10, R11
; CALLS: -

; ORIGINATOR: Anton Muehlhofer
; DATE: 01 Dec 1998
dco_step

mov.b &DCOCTL ,R11

cmp.b  #dco_max,R11

jhs inc_Rsel
cmp.b #dco_min,R11
jlo dec_Rsel

mov VZC_2delta,R10

cmp #fset,R10

jlo inc_dco_step
jeq dco_step_end
dec_dco_step dec.b &DCOCTL

ret
inc_dco_step inc.b  &DCOCTL
dco_step_end ret
inc_Rsel mov.b  &BCSCTL1,R10

bic.b  #0f8h,R10

cmp.b #7,R10

Jjoe dco_step_end

inc.b  &BCSCTL1

mov.b  #60h,&DCOCTL
ret

dec_Rsel mov.b &BCSCTL1,R10
bic.b  #0f8h,R10
cmp.b #0,R10

jeq dco_step_end

dec.b  &BCSCTL1

mov.b  #60h,&DCOCTL
ret
FUNCTION DEF: Rsel_set

DESCRIPTION: initializes the RSEL

the variable RSEL

REGISTER USE: R14, R15
CALLS: -
ORIGINATOR: Anton Muehlhofer
DATE: 13 Nov 1998
sel_set mov.b  &BCSCTL1,R14
mov.b R14,R15
bic.b  #0F8h,R15
cmp.b Rsel ,R15
Jjeq Rsel_end
jl Rsel_inc
Rsel_dec dec.b R14
mov.b R14,&BCSCTL1
Jmp Rsel_set

in BCSCTL

read current

DCO selection

should Rsel be increased ?

yes

should Rsel be decreased ?

yes

read timer for 2 zero crosses

increase DCO
do nothing
decrease DCO

is max Rsel

yes, cannot
Rsel + 1
center DCO

is min Rsel
yes, cannot

Rsel - 1
center DCO

by one

by one

already selected?

increase Rsel!

already selected?

decrease Rsel!

with the value defined in
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Rsel _inc inc.b R14
mov.b  R14,&BCSCTL1
jmp Rsel_set
Rsel_end ret

; FUNCTION DEF: MPYS, MACS, MPYU, MACU
; DESCRIPTION: 16bit x 16 bit signed and unsigned multiply
; REGISTER USE: R4-R9

CALLS: -
ORIGINATOR: Anton Muehlhofer
DATE: 13 Oct 1998
.newblock
MPYS clr IRACL
clr 1RACM
MACS tst 1ROP1
Joe $1
sub 1ROP2L, IRACM
$1 tst 1ROP2L
Jjoe MACU
sub 1ROP1, IRACM
jmp MACU
MPYU clr IRACL
clr 1RACM
MACU clr 1ROP2M
mov #1, IRBT
$2 bit IRBT, IROP1
jz $3
add IROP2L, IRACL
addc 1ROP2M, I1RACM
$3 rla 1ROP2L
rlc 1ROP2M
rla IRBT
jnc $2
ret

nt_TA 1V add &TAIV,PC ; read TA intrpt vector and clear int flag
reti
Jmp HCCR1
Jmp HCCR2
Int_TA end reti
; Voltage Zero Cross Interrupt Service Routine
; used by MSP430F11x
HCCR2 push R5
mov CCR2,R5 ; meas voltage 1/2 period
sub VZC_LastCap,R5 ; R5 = voltage half period
mov VZC_delta,VZC_2delta
add R5,VZC_2delta ; update volt full period
mov R5,VZC_delta
mov CCR2,VZC_LastCap
bis.b #Task _Ovr,Status ; Initiate Task proceeding
Cap2_End pop R5
reti
; CCR1 Interrupt Service Routine - unused -
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Int_WDT_T
reti

Port2
Watchdog 7/ Timer

Interrupt vectors

.sect "Int_Vect", lvecs
.word RESET
.word RESET
-word Int P1
-word Int_P2
-word RESET
-word RESET
.word RESET
.word RESET
-word Int_ TA 1V
-word Int_TA _CCO
-word Int_WDT_T
-word RESET
.word RESET
.word RESET
.word RESET
.word RESET

.end

PortO, bit 2 to 7, n/a at 112
Basic Timer, n/a at 112
Portl

Port2

Timer Port, n/a at 112

no source

UART Transmit, n/a at 112
UART Receive, n/a at 112
Timer A

Timer A

Watchdog/Timer, Timer mode
no source

UART handler, n/a at 112
PO.0, n/a at 112

NMI, Osc. fault

POR, ext. Reset, Watchdog
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9 MSP430F11x Port Definitions

File:

Originator:

110.inc
Anton Muehlhofer
01 Jan 1999

Control register address definitions

; Date:

.equ
.equ

Oh

02h

01h ; Watchdog interrupt enable

02h ; Oscillator fault intrpt enable
01h Watchdog interrupt flag

NMITFG

02h ; Oscillator fault interrupt flag
; Signal at RST/NMI pin

; Status flag bit definitions

GIE
CPUOFF
OSCOFF
SCGO
SCG1

.equ
.equ
.equ
.equ
.equ

08h
10h
20h
40h
80h

System Clock Control Register address definition

DCOCTL
BCSCTL1
BCSCTL2

.equ
.equ
.equ

056h
057h
058h

; BCSCTL1 bit definition

XT20FF
XTS

; Port 1 Control Register address definition

P1IN

P10UT
P1DIR
P1IFG
P1IES
P1IE

P1SEL

.equ
.equ
.equ
.equ
.equ
.equ
.equ

020h
021h
022h
023h
024h
025h
026h

; Port 2 Control Register address definition
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P2IN -equ
P20UT .equ
P2DIR -equ
P2IFG -equ
P2I1ES -equ
P21E -equ
P2SEL -equ

028h
029h
02Ah
02Bh
02Ch
02Dh
02Eh

Timer A Control Register address definition

TAIV -equ
TACTL -equ
TAR -equ
CCTLO .equ
CCRO -equ
CCTL1 -equ
CCR1 -equ
CCTL2 -equ
CCR2 -equ

CAP -equ
ouT -equ
CCIFG -equ
POINO .equ
CCIE -equ
CCl1 -equ

12Eh
160h
170h
162h
172h
164h
174h
166h
176h

; Watchdog Control Register address

and bit definition

WDTCTL .equ
WDTPW .equ
WDTCL -equ
WDTHold -equ

120h
5A00h
8h
80h

;watchdog control register address
;password for watchdog access
;bit position for watchdog reset
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(individually or, if you are acting on behalf of a company, your company) agree to use it solely for this purpose and subject to the terms of
this Notice.

TI's provision of Tl Resources does not expand or otherwise alter TI's applicable published warranties or warranty disclaimers for Tl
products, and no additional obligations or liabilities arise from TI providing such Tl Resources. Tl reserves the right to make corrections,
enhancements, improvements and other changes to its TI Resources.
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(and of all TI products used in or for your applications) with all applicable regulations, laws and other applicable requirements. You
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the Tl product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE TO
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other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TlI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

TI RESOURCES ARE PROVIDED “AS I1S” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING TI RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY YOU AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS EVEN IF
DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT, SPECIAL,
COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH OR
ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

You agree to fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.

This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, Tl products and services.
These include; without limitation, TI's standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).
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