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How to measure pulses?
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e Pulses from numerous sensors

Numerous sensors have their output in the form of
digital pulses: number, time, period time, frequency, duty
cycle ...  Here are some examples :

] inlet outlet
With the stream flow meter. The + +
flow-ball followes the fluid and pass N

the photodiode each lap. i /\
The sensor is used as fuel gauge, the m

number of pulses from the photo-

diode are summarized as fuel ':%H
consumed. Flow-ball
¥
ol
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eg. Number

O O o
GAS
J O~O
O A O
o O O

Gear meter. Fluid moves in "tooth gaps". No leaks, can
measure very small amounts of liquid (the resolution is the
volume of a tooth gap). Used as a fuel gauge on gasoline
stations. The number of turns is a measure of liquid quantity.

William Sandgvist william@kth.se






Propeller and turbine Meter

Pulse frequency is proportional to the flow rate.
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eg. Pulse time

Torque meter.

When a torque Iis transferred
with a rotating shaft, it will be
sheared so that the gear wheels
rotate relative to each other.

It will be an a measurable time
difference between the pulses

@ Givarelement

from the sensor elements, At
which detects teeth peaks S e s
passage. [ R T [

The torque can be calculated from this time difference with
knowledge of the shaft torsional stiffness.
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eg. Pulse time /
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Laser Scan Micrometer. Measured object
diameter shades the laser light. A resolution of 1

um Is possible.
D oc At
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|
This is how to check _

camshaft tolerances in

one turn!

-

Sales man's dream:
Computerized
Measuring System.

They have succeeded
selling 6 units!
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Inductive pulse sensor

There are some requirements on the magnetic properties.

AD

e oC ——

At
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Control of the Iinternal
combustion engine

% Inductive pulse sensor

/.. Inductive pulse sensor
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eg. Pulse time, number

Passenger cars combustion engines: m
RPM

—% Position

S

Magnet

fkﬁ - kﬁ\ r

\

pd

~ Coll

Inductive pulse sensor
- Core

Speed and angle are measured against a gear ("starting ring
gear") with an inductive pick up. The sensor produces a pulse for
each tooth top. The speed. RPM, is calculated from the pulse
duration between two peaks.

An "Index mark" denotes the angle 0°.

(Alternatively, a cog can be "missing" at 0°).
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eg. Low pulse frequency

ABS brakes. When the wheel
"locks up", it releases the grip to Control
the ground. This the ABS system monitoring - -—03)

warning
detects and then "reduces" the I\ #

@ Break
/ pressure ]\

ANNNANANNN

An plse sensor Is integrated in the wheel bearing and
gives a pulse frequency proportional to the wheel speed.
"Locked" wheel is signified by low pulse rate.
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Sensors are nowadays often integrated
IN pure machine products

s )

Hub unit

Hub bearing unit with integrated ABS sensor. SKF.
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Inductive ABS-sensor (coill)

The toothed metal wheel is embodied in the ball bearing plastic
seal! (eg. SKF) Touthed rotor

on TV joinl

A.LC. voltage signal to control unit

JAVAVAVAVA'

>
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f Capacitive pressure sensor

(1]

C, C,"C,

Differential capacitor for pressure difference
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Simple measurement equipme

74HC14

Six CMOS Schmitt-
trigger inverter

f

_1
fz

Two oscillators are constructed close to the differential capacitor.
The frequencies f; and f, are measured. By forming the ratio
between the frequencies then everything that affected both
frequencies equally is suppressed (= can be shortend away).
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Accurate measurement of f

Measurement of frequency can be done very
accurate. More accurate than other
measurements.

The pulse sensors emit pulses of highly variable
appearance and frequencies - there iIs not a
single measurement method that can cover all
the measuring case.

PIC processor has three different Timer's and a
CCP device for this. The processor clock can be
generated with eight different methods.

William Sandgvist william@kth.se



High

Frequency Measurement | sequency

11 ] ] fyar > fok
Mm%m’? Quantization.
MAT | | The counter onlu counts
Counter

" Start Stop complete pulses.
T T ¢ pxl
_|—|_|— K T,
TREF= fL f=(pt1)- fo
CLK

e Direct frequency measurement
the Number of positive edges p under one period of Tgge IS
counted (Tree=1/f¢ k)

High measured frequency f,,s+together with long measure
time Tree Minimizes the impact of the quantization error.
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Lower

Frequency Measurement | requency

f

1
MAT > 4 fCLK

ptl1
Counter 1 4
—F T = =
Start Stop REF — 1 ¢ f
. 4 CLK CLK
fCLKM T T ¢ pﬂ:(pﬂ) fok
e Prescale % I E j_l{ Trer 4
T = —
REF
fCLK

To measure lower frequencies requires that the measurement
time is extended by dividing down the reference frequency
fo « With a prescaler.
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Period time measurement | requency

n+t1 - fMAT < fCLK
Counter
Start Stop f — fCLK
b (n+1)
a K2
MAT 1
T .= —
REF fMAT

Alternatively, when measuring low frequencies one can do
this indirectly by measuring the period time. The

measurement frequency is obtained by mathematically invert
the count.

During a period of the signal n clock pulses are counted.
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Multiperiod time measurement {erie%hueJnch

+ 1
7 12 7 Tuar < fowk
f CLK I l
| Counter
Start Stop fCLK

? ? F= .(nil)

1
[ 1] 4]
4] _ 4

REF fIVIAT
Higher frequencies can be measured with multiperiod
time measurement. The measured signal frequency is
then divided down by a factor k before measurement
(register only every 4 or every 16 of the edges).

e PIC processor Is prepared for all these different
measurement methods. (And many more ... )
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Clock frequency accuracy

In addition to quantization, ie counting only the whole pulses,
one will always have a relative error which is equal to the

reference frequency error.

Eg. Wrist watch requires crystal. Crystals have typical error Af
+ 20 ppM (parts per million). f=4 MHz + 80 Hz.

Wishes: clock may not lose more than 10 sek/month.
10s/(30[days]-24[hr]-60[min]-60[sec]) = 25 ppM.
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Clock frequency accuracy

Eg. Stopwatch to use at a 800m race.
(2 minutes total measurement time is
probably enough)

Wishes: resolution 0.01 sec.
1/(2[min]-60[sek]-100) = 1 %eo.

A RC-oscillator has typical a 5% error, if untrimmed.
( R 1%, but C seldom better than 5% )

PIC16F690-processor internal RC-oscillator is
factory trimmed to +1%.
Dthis is not enough ... but perhaps we can finetune!
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PIC-processor clock module

FIGURE 3-1: SIMPLIFIED PIC® MCU CLOCK SOURCE BLOCK DIAGRAM
FOSC=2.0=
{Configuraticn VWord Reqgister)
External Oscillator SCS=0s

{OSCCON Register)

'"j; LF, XT, H5, RC, RCIO, EC
IRCF=2:0= =L .
(OSCCON Register) = System Clock
NH\”J ({ZPU and Peripherals)
SMHZ T INTOSC
Internal Oscillator 4 MHz "
=110
2MHz g
o * 101
& 1MHz
HFINTOSC = * 100 %
- ol
& MHz 'E EUUIRHZ= 011 =

il

250kHz |

125 kHz = 001

o
LFINTOSC 3 kHz —
31 kHz -
-
Power-up Timer (PWRT)

#= ‘Watchdog Timer (WDT)
Fail-Safe Clock Monitor (FSCM)
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PIC-processor clock module

REGISTER 3-1: OSCCON: OSCILLATOR CONTROL REGISTER
U-0 RAW-1 R/W-1 R/W-D R-1 B0 B0 BN
— | IRcF2 | RCF1 | IRcFO | osTs™ || HTS LTS SCS
bit 7 bit 0
i
- 5 ister)
e At lab we use the default setting,
. ————= 111 ~_
4 MHz - that makes it easy to
- - w"’;ﬁl
calculate the execution time. ]
250 kHz Ei:- -
125 kHz 001
Az g~
REGISTER 3-2: OSCTUNE: OSCILLATOR TUNING REGISTER T
U-0 U-0 U-0 R/W-D R/W-0 R/W-0 R/W-0 R/W-0
— | — | — | TUN4 | TUN3 | TUN2 | TUNI TUND
bit 7 bit 0

10000(min) — 00000 (fabrikstrim) — 01111(max)

e |f you are able to "tune yourself" so can the factory tuned frequency be
adjusted in £16 small steps to =~ £0,5%0 . Now enough for the stopwatch!
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External crystal €

FIGURE 3-3: QUARTZ CRYSTAL
OPERATION (LP, XT OR
HS MODE)
PIC® MCU
OSCUCLKIN ‘[
—) .
C1

CUCLKIN ! . !
T __.--"’_ 1
1] 1
v Tolntemal |
. _ Logic !

ReP) N/ Sieep

C2CLKOUT \

Quartz I
= Crystal |

- WA—
C

r A
gn—:_-i'-.h,é\-o—u

Rl ~
Note 1: A series resistor (Rs) may be required for \ - - . .
quariz crystals with low drive level. Same klnd Of CIrCUIt as In
2: The value of RF varies with the Oscillator mode - i
selected (typically between 2 MO to 10 MO, the Course LC OSCI I Iator

lab.

PIC processors can use external crystal. C1 and C2 can be
omitted on the breadboard, but they are necessary on a PCB.
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n [

—_— CM
' ++++ |+ +++
iy u l
F N 1

(a) Crystal Mounting (b) Electrical Equivalent
Add current (charge) to a "quartz Circuit Of a Crystal
crystal” and it is compressed, then e Electric, a crystal can be compared to
when it "springs" back it will suply a resonant circuit - with extremely high
the current. Q value.
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Reactance

Piezoelectric crystal

Extremt hogt Q-varde!

)

Spurious
‘esponses

Spurious
responses

~

'/
Fundamental mode
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(a) Crystal Mounting

Spurious
responses

1
v I i IFrequency

5th overtone

3rd overtone



External clock signal

PIC processors can use the external clock frequency signal.

If you have access to an exact frequency then the PIC
processor to can be as accurate. (The picture shows such an
external clock module, oscillator and crystal "all in one™).

FIGURE 3-2: EXTERNAL CLOCK (EC)
MODE OPERATION

Clock from —[ H“j::-:;—- OSC1/CLKIN

Ext. System |~
PIC®MCU

/0 ~-—a=| OSC2/CLKOUTID

Mote 1: Alternate pin functions are listed in the
Section 1.0 “Device Overview".
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Atomic clock?

Radio Controlled Watches, from
eg. Claes Ohlsson & co, are
locked to an atomic standard in
germany.

So it can actually be possible to
get extremely accurate reference
frequency to low price!

Such a clock module gives a pulse per second (excluding sec
No 60). A so-called PPS signal.

William Sandgvist william@kth.se


http://upload.wikimedia.org/wikipedia/commons/9/9f/Low_cost_DCF77_receiver.jpg

Low clock frequency RC

Schmitt-trigger

\When the frequency FIGURE 3-5: EXTERNAL RC I\.}Q/DES
accuracy is not that e /
. REXT ==
|mportant } OSCA/CLKIN ﬁ-}“'—' ntemal
- - CExT == —
— external RC-circuit. .l £
Data acquisition of one measurement Fascid or +—{OSC2ICLKOUT)
- . o
per day does not require high clock
fl’equenCIeS YOU can then Recommended values: ;DkzilijliiRF:?:_;snggl;:J
change/increase the clock frequency of | ‘:‘"t * "F“f‘f"’d_ )
- ole . EMalte pin uncuons are isted in the
the program when the processor will Section 1.0 “Device Overview”.
2:  QOufput depends upon RC or RCIO Clock
report back! mode.

e The lower the clock speed, the lower current
consumption, and less risk that the PIC processor
emits interferences.
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PIC 16F690 Timerl

FIGURE 6-1: TIMER1 BLOCK DIAGRAM

e Own oscillator for watch crystals! 7 —mrice ~7 1oy
' ~— o Ne——
. +—TMR1ON
Set flag bit
TMR1IF on To C2 Comparator Module
Overflow i2) ) Timer1 Clock
f ( TMR1 T 1. Synchronized
™RIH | TMRILT | ( ’ clock input
. J |
32768 Hz =R
, _ Cscllator i TISYNC
1 o 4 _AP 1 -
: l T 1 71 = Prescaler Synchronize®!
! Fanam Foscid 1,2, 4.8 i
; 3 ; Intermal — @ f cet
______ ' Clock LT $ 2
| T1CKPS=1.0=
TMR1CS
[T
INTOSC
Without CLKOUT ™, 4
TIOSCEN — SYNCC20UT "-"]__
T1GSS
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PIC 16F690 Timerl

FIGURE 6-1: TIMER1 BLOCK DIAGRAM

e Numgers or fosc/4 —( [RIeE T ey
b — \\%_ A —
e Gate —» Count enable T rwrion =
Set flag bit
TMR1IF on To C2 Comparator Module
Overflow i2) ) Timer1 Clock
f ( TMR1 T 1. Synchronized
™RIH | TMRILTN | 7 | ( ) clock input
o J |
Number "‘E
um . -
s , _ Cscllater i) — T1SYNC
OSC1TICKI Ly e . 1
: 7 : "f'f Prescaler Synch mnizem
Gate 2N Fosc/4 1,2,4,8 foet |
—_— : ‘j jﬁ : Intermal ~— © :
0sc216 Dga—r—a—— Clock | L ,sz
T1CKPS=1:0=
Processor TMRACS
clock T
INTOSC
Without CLKOUT — p
T10SCEN—] J——— SYNCC20UT! _C_'r
T1GSS
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PIC 16F690 Timerl

Timer 1 is a 16-bit timer/counter. You reach it through two 8-bit registers
TMR1H and TMR1L. A flag TMRLIF will be set if the timer overflows.
Must be reset if you want to know if this happens again.

Timerl can use its own oscillator — for a 32768 Hz watch crystal, or it
could use the processor cloch. Timer 1 has then a Prescaler for
{1:1,1:2,1:4,1:8}.

REGISTER 6-1: T1CON: TIMER 1 CONTROL REGISTER

R/W-0 R/W-0 BAN-D RWD  RW-0 R/W-0 R/W-D R/W-D
T1GINVT | TMRIGEZ || TI1CKPS1 T1CKPSO0 || T10SCEN T1SYNC TMRICS TMR 10N
bit 7 . J bit 0

0 0 prescaler 0 1 0 1

Settings at our frequency measurment lab.
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How to read from a 16-bit
"Freerunning"” Timerl?

Timer 1 is a 16-bit counter. It must be read as two 8-bit numbers, the 8
most significant bits TMR1H and the 8 last significant bits TMRI1L. This
can be a problem because the timer can "turn around" between the readings
of 8-bit numbers. The following code shows the safe way:

long unsigned Int time; char TEMPH; char TEMPL;

TEMPH = TMR1H; TEMPL = TMRI1L;

if (TEMPH == TMR1H) // Timerl not rolled over = good value

{
time = TEMPH*256;
time += TEMPL;

}

else /7/ Timerl rolled over - no new rollover for some time

// lots of time to read new good values

OK direct

{
time = TMR1H*256:
time += TMRI1L: OK now

}
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How to write to a 16-bit
"Freerunning"” Timerl?

It can also be problematic to write to a 16-bit counter as it
must be done as two 8-bit number.
This is the safe way :

TMR1L = O; // clear low byte = no rollover for some time
TMR1H = 12345/256; // high byte of constant 12345
TMR1L = 12345%256; // low byte of constant 12345

The number 12345 fits in 16 bits. With integer division / and the och
modulo operator % a constant can be split into two 8-bit parts 8at
compilation time). One other way is to use hexadecimal constants:

12345,, = 3039 TMR1H=0x30 TMR1L=0x39
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CCP synchronized registers
ECCP-unit, Enhenced Capture/Compare/(PWM)

e One can avoid writing to and reading from Timerl registers - there is

synchronized registers in the ECCP unit for this!

FIGURE 11-1: CAPTURE MODE
OPERATION BLOCK
DIAGRAM
Set Flag kit CCP1IF
Prezcaler (PIR1 register)
— +1,4.16
CCP1 | ccPriH [ coPRiL |
pin
d Capiure /
El;gznge;ja ~ Enable A
J{ } | ™R1H | T™MRIL |
CCP1CON=30=
Syatem Clock (Fosc)

e CCPR1H and CCPR1L

Special Event Trigger

Special Event Trigger will-

* Clear TMR1H and TMR 1L registers.
* MOT set interrupt flag bit TMR1IF of the PIR1 register.
=  Set the GODOMNE bit to start the ADC conversion.

FIGURE 11-2: COMPARE MODE
OPERATION BLOCK
DIAGRAM
CCP1CON<3:0>
Mode Select
Set CCPIF Intemupt Flag
PIR1)
CCP1 4
Pin |ccPrib| copriL |
—<Heo sH Gumut,_L v
T =L Logic March Con‘p;rﬁtor |
I | TMR1H| TMRIL |
TRIS
Output Enable
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ECCP Capture modes

Set Fiag biCCP1IF When the Capture event occurs
f Prescaler | (PIR1 register) Timerl is directly copied to the
MAT =1,4,16 -
Comi —m o] CCPR1H and CCPR1L registers
- ) where they can be read where they
an apture A n n -
ﬁgge Set}m *—Enabie can be read In "peace ". Bit
J( } mrin_ | wril | CCPLIF signals when this
ystem Clock (Fomy happens. We must then reset this bit
REGISTER 11-1: CCP1CON: ENHANCED CCP1 CONTROL REGISTER
RAW-0 RAW-0 RAW-0 RAW-0 B0 BAN-0O BN BAN-O
P1M1 P1MO DC1B1 DC1B0 || CCPIM3 | ccPiM2 | CCPIMI | CCPIMO
bit 7 oty
- - - - o) 1 o) 1

CCP1M<3:0>: ECCP Mode Select bits
Periodtime 0000 = Capture/Compare/PWM off (resets ECCP module)

0100 = Capture mode, every falling edge
measurement — 0101 = Capture mode, every rising edge

: : : | § 0110 = Capture mode, every 4th rising edge
Multiperiodtime 0111 = Capture mode, every 16th rising edge
measurement | | m
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Setup Timerl

Timerl, as fast as possible:

// Setup TIMER1

/*
O.X.XX.X.X.X.X TMR1 gate not invert
X.0.xX.X.X.X.X TMR1 gate not enable
X.X.00.x.Xx.xX.X Prescale 1:1
X.X.XX.0.x.x.x TMR1-oscillator i1s shut off
X.X.XX.X.1.x.xX no 1nput clock-synchronization
X.X.XX.X.X.0.x Use internal clock f osc/4
X.X.XX.X.X.X.1 TIMER1 1s ON

7 Clear comment that

T1CON = 0b0.0.00.0.1.0.1 ; Shows how the T1CON
value Is developed.
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Setup ECCP

CCP1, capture time for positive edges :

// Setup CCP1
/*
00.00.XXXX == —--

XX .XX.0101 Capture each positive edge
*/

CCP1CON = 0Ob00.00.0101 ;
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Walt for the edges

unsigned long T, ¥, tl1, t2; 16-bit numbers

CCP1IF = 0 ; // reset the flag
while (CCP1IF == 0 ) ; // wait for capture
tl = CCPR1H*256;

tl += CCPRI1L;

CCP1IF = 0 ; // reset the flag
while (CCP1IF == 0 ) ; // wait for next capture
t2 = CCPR1H*256;
t2 += CCPRI1L; t, t,
1

RO o T=t -t fz?
T =12 - t1; // calculate period
T = 1000000U/T; // calculate frequency
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(2 -tl

unsigned long T, ¥, tl, t2;

o What will happen if (100-65636)?

The difference t2-t1 is taken modulo 216 so the @rse
number of counts between t1 and t2 will
always be the correct value ”around the

circle”!

(100—63636) mod (2°) = 2000

Start

G3535

It's a good idea to check your

C, pasted just now:

{

printf|
return 0O;

'

WO -] 0 @

#include <stdio.h>
#include <math.h:

int main{int argce, char *arow[])

un=signed int tl=63636,tZ=100;

Output:

1

thoughts with CodePad C
compiler online

sL2, 1, (t2-tl) % (unsigned int)pow(Z,16));

{100-63636) % powiZ,16) = 2000
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http://codepad.org/

(Codepad Online C-compilator)

It is convenient to try your formulas with a standard C
compiler. One must then take into account that the PIC
processor has different variable sizes than what is the usually
standard. You must print the results with the "module" the

PIC processor uses.

// int 1In Codepad 1s 32 bit

// int 1In Cc5x PIC 1s 8 bit

// long Int In Cchx PIC 1s 16 bit

int a= -25;

printfC’PIC 1nt a=%d”, a%256);
printfC’PIC long Int a=%d”, a%pow(2,16));

Cc5x-compiler does not follow the C-standard (this of performance reasons).
You need to read the manual, and you need to "test drive" computational part
of your program with the hardware to make sure that you understood

everything correctly.
William Sandgvist william@kth.se



f=1000000U/T

unsigned long T, ¥, tl1, t2; /* long 1s max 65535 */
T = 1000000U/T;

e Scalefactor between fand T is 1000000. Timerl is clocked with 1 MHz.
o [f T=1 (T=1+£1) the measured frquency is 1 MHz. f > 65535, to big for 16 bit.
o |f T=10 (T=10+1) the measured frequency is 100 kHz. f > 65535, to big.

e [f T=100 (T=100£1) the measured frequency is 10 kHz. f < 65535, ok.
e |[f T=1000 (T=1000+1) the measured frequency is 1 kHz. f < 65535, ok.
e |[f T=10000 (T=10000+1) measured frequency is 100 Hz. f < 65535, ok.

o If T>65535 TMRL1 overflows can be anything f=7?
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Freqguence measurement lab

PIC16F690 can distribute the processor clock fos- /4 =1 MHz
to the pin CLKOUT. Wit the cheap frequency divider chip
74HC4040 we will get 12 different frequencies for for

measuring purposes!

Jorw Jewr Jax Jax fax
CLR11 : 2048 1024 256 512 2 | :
M | | . X X
c,_,{w[;,{‘  £5 00 03 3o J{ﬁ%ﬁ ﬁ% E%iﬁ g“m{
% Y, V. r;:—'al(z minininininlisin % E %% E %
a,/? a7 af a5 a3 16 15 14 13 12 11 10 O _A.:ip:::s;s;uﬁ“ i
t . . . 1 T Y . ) hesesssanaloo[555%058,
CELENEREREREVEL ¢ L L, L, | TEEEHA G
f; QE Q:?;SQF:Z ,::ﬁd Q?;EQTY: IQ_I E' E' IEI.? ﬁ ﬁ ﬁ IEI 11, Bekour - =
=
)

fox far far fax Sar for Jax
4096 64 32 128 16 8 4
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Freqguence measurement lab

{TOP VIEW)
{}L [ 1 l\._,!' 'IE';]"':"CE
Qe ]z 18] Gk
Tz [z 1a|] @y
Tz ]2 12]] Oy
Op [l = 1zl g
Q- [l 1|] CLR
Qg [l ao|] CLK

GND [] = 3|] @,

Why is the readings so
Incredibly precise ?

Have you got hold of a
super PIC16F6907?

[3500 ~]  Cornect || Discomnest | M wDD
The frequency is [H=z]: 00976

The frequency is [H=z]: 00976

The frequency is [H=z]: 00976

The frequency is [H=z]: 00976

The frequency is [H=z]: 00976

The frequency is [Hz]: 00976 Disconnect
The frequency is [H=z]: 00976 and ]
The frequency is [H=z]: 00976 thange testpoint
The frecguency is [Hz]: 03906 Reconnect

The frequency is [H=z]: 03906

The frequency is [H=z]: 03906

The frequency is [H=z]: 03906

The frequency is [H=]: 00435

The frequency is [H=]: 00435

T4HC4040  ferx = 1 MHz

|PIN| freq [Hz] | Uppmiitt [Hz] | Kommentar
1 (10821 =244 1

2 | 10%2° = 15625

3| 10%2° =31250

4 10527 =7812,5

5 | 10%2%= 62500

6 | 10%2° = 125000

7 [ 10822 = 250000

& | 10%2 = 500000 -

12 | 10827 = 19531

13 | 10828 =39063 | 3906

14 | 10521 = 976 6 716

15 | 10821 = 4883 433

Something seems fishy ...

William Sandgvist william@kth.se
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