£— AN2822
YI Application note

STM8S and STM8A high speed internal oscillator calibration

August 2011

Introduction

This application note describes how to take advantage of the 16 MHz internal RC oscillator
trimming feature on the STM8S and STM8A microcontroller to improve the frequency
accuracy of the system compensating voltage and temperature frequency drift. The
calibration technique, using the mains frequency as a timebase, is presented with an
example of both hardware and software solutions. The example source code can be
downloaded from the www.st.com.

To benefit fully from the information in this application note, the user should be familiar with
the STM8S and STM8A microcontroller architecture and with the basics of C language.

For further information on the STM8S and STMB8A family features, pinout, electrical
characteristics, mechanical data and ordering information, please refer to the STM8S and
STMBA datasheets.

This document and its associated firmware, are written to accompany the STM8S and
STMBA firmware library. Please contact STMicroelectronics for information on the STM8S
and STMB8A firmware library.
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High speed internal oscillator trimming

1.1

Note:

High speed internal oscillator trimming

Introduction

The STM8S and STMB8A 8-bit microcontrollers can use a high speed internal (HSI) RC
oscillator as a system clock source. This oscillator has a nominal frequency, fis| nominal» ©f
16 MHz which is factory calibrated at an ambient temperature of Ty = 25 °C and a supply
voltage of Vo = 5 V. This accuracy is specified in the datasheet for each device.

The HSI frequency is calibrated to give reasonable accuracy for the vast majority of
applications. However, the output frequency of the RC oscillator is affected by temperature
and/or voltage drift, while, total accuracy of the HSI frequency is reduced a percentage
given in the datasheet. To compensate for such influences in the application, the STM8S
and STMB8A HSI oscillator output frequency can be trimmed by the user runtime calibration
routine to improve frequency accuracy. This is especially important for communication
peripherals.

Figure 1. STM8S and STM8A HSI trimming principle
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Initial calibration data, INIT_TRIM, are stored in the protected part of the internal memory
and loaded onto the internal calibration register after reset.

The frequency of the HSI RC oscillator can be fine-tuned to achieve better accuracy with
wider temperature and supply voltage ranges. The lowest three bits of the CLK_HSITRIMR
register are reserved for this purpose. The number stored in these bits is processed as a
signed number with the two's-complement representation (see Table 1). The trimming
number @ can vary from -4 (100b) to +3 (011b). This number is added to the factory
calibration value.

An increase in this trimming value causes a decrease in HSI frequency.
The frequency change per step is approximately 1% ©).

a. Some selected STM8S and STMB8A devices can be set to 4-bit trimming mode by the HSITRIM option byte,
see device datasheet for details.

b. If the 4-bit trimming mode is set by the HSITRIM option byte, the frequency change between two steps in the
trimming value is approx. 0.5%
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Table 1. CLK_HSITRIMR values and two’s-complement binary representation
Decimal value Binary two’s-complement value
3 011
2 010
1 001
0 000
-1 111
-2 110
-3 101
-4 100

The default value on the CLK_HSITRIMR register is zero (000b) after reset.

Calibration principle

To calibrate the HSI output frequency, a reference timebase is necessary. A simple
reference timebase can be used, such as the post-processed signal from the mains power
source (see Section 2). The final accuracy of the HSI frequency is strongly dependent on
the accuracy of the reference timebase. Better accuracy can be achieved with more
accurate timebases such as a signal generator.

Figure 2.  HSI calibration set-up
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The calibration signal, from the mains power supply, is connected to the TIM3_CC1 input pin
and is used as a timebase which allows the microcontroller to test if the HSI RC oscillator
frequency is above or below the nominal frequency. The HSI frequency is sequentially tuned
by the microcontroller until the optimum value is reached.
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1.3

Note:

The HSI frequency is evaluated from the number of pulses counted by timer TIM3 during
certain calibration signal periods. For noisy mains, where positive and negative half-periods
are not necessarily symmetrical, it is better to measure the whole period and not only the
time difference between the rising and falling edge of the calibration signal.

It is better to measure the number of HSI pulses for several sequential periods to reduce the
uncertainty of the measurement. This is also recommended when using a noisy mains as
the calibration signal. The input capture prescaler can be used for this purpose. It allows
every 1st, 2nd, 4th, or 8th rising edge of the calibration signal to be selected which is then
used to define the time interval for counting HSI pulses. In this way TIM3 is able to store
information about the number of HSI pulses in the capture register at the beginning and at
the end of a measurement.

If required (for example, for validation purposes), the frequency of the HSI oscillator can be
observed on the configurable clock output (CCO) pin.

See Section 2 for an example of a simple post-processing circuit which adapts a mains
signal to a square signal and converts the mains voltage to 5 V power supply voltage.

Calibration routine

The calibration routine is written in ANSI C. It takes advantage of the STM8S and STM8A
firmware library which is available from www.st.com. It can be simplified and optimized if
needed.

The software compares the number of HSI clock pulses during the certain number L of
calibration period, T, (20 ms), with the ideal value (see equation below).

IdealCountedValue = fyg) nominal X Tear X L

Using this equation, the calibration routine software compares the ideal HSI clock pulse
value (ldealCountedValue) with the nominal oscillator frequency, fysinominal, during a
defined calibration period, T, (20 ms), for a known number of calibration signal periods (L).

For example, if the nominal HSI frequency is 16 MHz, the defined calibration period, Ty, is
20 ms (if the mains has a frequency of 50 Hz), and the known number of calibration signal
periods, L, is 8 then the ideal value captured by the timer is 2 560 000 (0x271000)

The calibration algorithm is described in Figure 3.

Calibration starts with initialization of TIM3. The lowest frequency is set by writing
MAX_TRIM_VAL to the CLK_HSITRIMR register. In this way, the trimming value is
decreased in the program loop. The difference between the number of counted HSI pulses
and the ideal value is compared with the previous difference, until either the current
difference becomes greater than the preceding difference, or, until the minimum value
MIN_TRIM_VAL is reached.

If the new difference is greater than the preceding difference, the trimming value is
incremented to the previous value, resulting in the optimum value for calibration.
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Figure 3. HSI calibration flowchart
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1. The ‘abs’ function calculates absolute value.

The measurement routine results are the sum of HSI pulses during the consequential
calibration period. The number of calibration signal periods, L, used for the measurement
are given by the constant, MAX_AVERAGED_PERIOD. The more periods used for the
measurement, the lower the uncertainty of period length due to the averaging effect. The
recommended value range is 4 or 8.
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1.4

Measurement of HSI pulses per calibration period

The current HSI oscillator frequency, fyg), is not measured directly. It is evaluated from the
number of counted HSI clock pulses, Nyg, during a defined calibration interval, Ty, for a
known number of calibration signal periods (L), using the following equation:

¢ = _Nusi
HSI T L

cal

TIM3 timer counts the number of HSI pulses with minimum interaction from the software
routine. This helps to reduce measurement uncertainty caused by the software routine
reaction times. In addition, the MCU core is not occupied by the software and can continue
to execute user code.

The measurement of HSI pulses starts with the initialization of TIM3 timer. It is configured to
count the number of HSI pulses and to handle two interrupt events. The first interrupt occurs
when the timer overflows. The second interrupt is an input capture interrupt which occurs
every Lt rising edge of the calibration period signal.

When the first rising edge of the calibration signal period occurs, the value in the
TIM3_CNTR register is stored in the input capture register, TIM3_CCR, and the content of
this register is saved during the input capture interrupt into the firstcapture variable.

The last input capture interrupt occurs when the Lt rising edge of the calibration signal is
detected and the value in the input capture register TIM3_CCR is saved into the lastcapture
variable.

The number of overflows between the first and last capture events is increased at every
overflow interrupt and stored in the overflow variable.

When the last input capture event occurs the state MEASURE_COMPLETED is set and the
timer is stopped. Then the number of HSI pulses is evaluated using the equation below:

Npg) = lastcapture + 0x10000 x overflows — firstcapture

Figure 4 summarizes the measurement of HSI pulses for a known calibration signal period.
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Figure 4. Measurement of HSI pulses per calibration period flowchart
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1.5

Timing of calibration period measurement

This section describes the timing of the HSI oscillator frequency, f,g, measurement.

The ‘digital filtering technique’ is applied on the TI1 input from TIM3_CC1 (see Figure 2) to
further reduce period measurement uncertainty. This technique includes an event counter,
present on the input capture pin, in which a certain number of TI1 samples with the same
level are needed to validate a transition of the reference timebase. The number of such
pulses and the sampling frequency can be set by bits IC1F[3:0] in the TIM3_CCMR1
register. The sampling frequency can be set as an fyagTeR divided by 1 to 32. By default,
eight equal consecutive samples with a time resolution of 1/fyyasTER, are required for the
transition to be valid. This default value can be changed if needed. This digital filtering
technique causes a delay between TI1 and the IC1 signal. It does not affect the
measurement of HSI pulses per calibration interval (see Figure 5).

Figure 5. Timing diagram of calibration period measurement
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Uncertainty of calibrated HSI frequency

There are two sources of uncertainty(c) associated with this calibration method. The first one
is caused by the finite resolution of the trimming value. The second is the uncertainty of the
HSI frequency measurement used to regulate HSI output frequency using the HSI trimming
register.

The calibrated HSI oscillator frequency, fygim, is ot measured directly. We can start with
the equation describing the estimated HSI frequency as a function of each of the factors that
can influence it to evaluate the uncertainty of the calibrated HSI output frequency given by
the calibration method(®

NHSI
fHSIm =L fcal

As L is a constant we can identify two uncertainty contributors. The first is a number of
counted HSI pulses, Ng,, the second is a calibration period, f.y).

These input parameters can be assumed as uncorrellated quantities.

The uncertainty of Nyg, is caused by the nonsynchronous frequency of the calibration signal
and HSI oscillator frequency. The first rising edge of the L-series of calibration signal periods
can occur anywhere in the interval of one HSI signal period as well as the last rising edge
which close the counter gate, resulting in the uncertainty of counted HSI pulses equal to £1.
Assuming uniform uncertainty distribution, the standard uncertainty of N5, can be
evaluated using the following equation

U(Nyg) = L

3

To reduce this uncertainty, the calibration frequency should be well below the HSI frequency
(at least 1000 times lower). This is easily achieved when the mains frequency is used as a
calibration signal.

The uncertainty of the calibration signal frequency, f.,;, is given by the fluctuation of the
mains frequency. Normally, the accuracy of the mains frequency, &, is better than £1%.
However, even better accuracy can be achieved by using a different frequency source, such
as a signal generator. To reduce uncertainty from this source to a minimum, the frequency
generator which gives the best accuracy should be used instead of the mains frequency.
The standard uncertainty of calibration frequency, f.5, is expressed below assuming uniform
uncertainty distribution.

f. |of
u(fcal) — cal‘ caI’

100./3

From the equation describing the estimated HSI frequency, f g, we can calculate the
sensitivity coefficient associated with each of the input estimates.

c. This analysis of the HSI calibration method is based on ISO Guide to the Expression of Uncertainty in
Measurement and ANSI/NCSL Z540-2-1997. These standards offer a current international consensus of the
methods for estimating measurement uncertainty.

d. Estimates of uncertainty obtained in this way are usually called Type B.
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The combined standard uncertainty of the HSI frequency measurement can be calculated
by the equation bellow.

At 00 - (2 (522 (g

When the calibration is finished, the oscillator output frequency will be at maximum #1/2 of
the frequency trimming step, Afy,, far from the desired frequency. This finite regulation
steps causing additional uncertainty which can be expressed(e) by the following equation.

Afy
Utim) = 2;%“
The total combined uncertainty of the HSI frequency can be expressed using the equation
below.
u(fyg) = A/uz(ftrim)"'ui(fHSIm)
Example

Let’s consider as a calibration signal mains, f;,, with a frequency of 50 Hz with accuracy,
&fza1, in the range of +1%, number of calibration signal periods L = 4 and a desired output
frequency 16 MHz. Evaluation of the uncertainty of input quantities and sensitivity
coefficients are the following.

]
u(Nyg)) = &e 1.732

fcal’&ccal‘ — 50

= 0.286
100./3  100./3

u(fea) =

e. Assuming a uniform distribution of the HSI output frequency uncertainty.
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o N
Oy = 3o = o = 320 10(468.78.376 - 10°)
cal

The combined standard uncertainty of the HSI frequency measurement is evaluated bellow.

2 2 2 2 2 9
Uo(fisim) = €N, U (Npgp) +Cp U (foq) = 468.7 +8.376 - 10

Comparing the first and second terms we can find that a contribution caused by uncertainty,
u(Npg)), is negligible and can be omitted. This statement is valid if the calibration frequency
is well below the HSI frequency.

Us(fugim) = 91.52 kHz

Let’s evaluate the uncertainty caused by the finite regulation steps.

3
Uty = 12219 - 4619 kHz

2./3

Finally, the total combined uncertainty of the HSI frequency is evaluated bellow.

U(fugn) = JUP(im) + U(fg m) = 102.5 kHz
Assuming that the required confidence level is 95% using the coverage factor k=2, we can

express the extended uncertainty, U, as following.

U=k- u(fyg)=2- 102.5kHz = 205 kHz
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Caution:

Power supply and calibration signal conditioning
circuit

Figure 6 shows the calibration signal conditioning circuit which also provides approximately
5V of DC power supply to the microcontroller. Where power supply from the mains is not
needed, only a single resistor between power line and TIM3_CC1 input is adequate to
protect this pin from over current in normal operating conditions.

The calibration signal conditioning circuit contains a few passive components which convert
either the 230 V / 50 Hz of a European mains or the 110 V /60 Hz of a US mainstoa 5V
DC power supply. An application with more current consumption should use a power
converter (see AN1357, VIPower: Low cost power supplies using VIPer12A in non isolated
applications).

The calibration signal conditioning and power supply circuits cannot be used if there are big
current variations.

Figure 6. Example of calibration sighal conditioning circuit and 5 V power supply

{ } TIM3_CCH1
R3 R4
R1 R2 D2
L I L M L 4 VDD
C1 .
AC Mains D1y C2 ——c3
N O . ¢ Vs STMS8

If using a noisy mains, an input power line filter is recommended (see AN2326, Calibrating
the RC oscillator of the STZULTRALITE MCU using the mains).
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Table 2. Value of used components

Component 230 V /50 Hz value 110 V/ 60 Hz value
R1 220Q/05W 110Q/05W
R2 220Q/ 05W 110Q/ 0.5 W
R3 1 MQ 1 MQ
R4 5.6 kQ 5.6 kQ
D1 BZX85C5.6 BZX85C5.6
D2 1N4148 1N4148
C1 470 nF / ~275V AC 330 nF/~275V AC
c2 100 nF 100 nF
C3 470 yF/ 16V 470 yF /16 V
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3 Conclusion

The calibration method described in this application note, ensures that the high speed
internal clock of the STM8S and STM8A microcontrollers operates at its intended frequency
(16 MHz) in the target application, independently of the temperature and power supply
voltage drift.

The proposed solution uses the 16-bit timer TIM3 for measuring the internal RC oscillator
frequency and external calibration signal which can be easily adapted from the mains. An
implementation example with power supply and calibration signal conditioning circuit is
proposed.

The example source code written in ANSI C and using the STM8S and STMB8A firmware
library can be download from www.st.com.
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Revision history

Table 3. Document revision history
Date Revision Changes
20-Jan-2009 1 Initial release
31-Aug-2011 2 Updated to refer to STM8S and STMB8A products.
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