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True DC RMS Meter using Core Independent Peripherals

Introduction

Author: June Anthony Asistio, Microchip Technology Inc.

This technical brief demonstrates a solution for measuring the True DC RMS of a periodic DC waveform using the
Core Independent Peripherals (CIPs) that are found on the PIC18 microcontrollers. The project uses less code and
CPU cycles since the averaging operation, frequency calibration and data transfer are implemented using the CIPs.
The demonstration uses the following CIPs:

» Signal Measurement Timer (SMT)

» Zero Crossing Detector (ZCD)

* Numerically Controlled Oscillator (NCO)

» Direct Memory Access Controllers (DMAs)

« Configurable Logic Cell (CLC)
Fixed Voltage Reference (FVR)
Digital-to-Analog Converter (DAC)
8-Bit Timers (TMR2, TMR4)
» Peripheral Pin Select (PPS)

The following on-chip peripherals are also used:
+ Analog-to-Digital Converter with Computation (ADC?)
» Universal Asynchronous Receiver/Transmitter (UART)
» Vectored Interrupt Controller (VIC)

The period of the signal can be measured directly by SMT and ZCD. These two peripherals are useful for calibrating
the frequency of the RMS meter when taking the measurement.

The summing and averaging operations are done using the NCO accumulator.

The computed RMS data is transferred to the UART transmit and DAC output buffer registers using two separate
DMA channels. The functions for transferring data are no longer necessary on the main code and data transfers are
not executed by the CPU. The advantage with utilizing the DMAs for data transfer gives the CPU the freedom to
perform other tasks.

The square and square root values are retrieved from the Look-up Table (LUT) during the RMS data processing,
instead of using the CPU cycles for multiplication and getting square roots.

The TMR4 with interrupt can act as a counter that replaces the use of a nested “for” loop in the code.

The VIC provides each interrupt source a vector address that contains the Interrupt Service Routine (ISR). This
method has the advantage of directly executing the interrupt routine from the interrupt vector, rather than scanning
each interrupt source that is implemented on software legacy interrupts.

This document will cover the design process and configuration of each peripheral to perform the True DC RMS
measurement.
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Definition of True DC RMS

Definition of True DC RMS

Electrical signals are characterized by parameters such as amplitude and frequency. The most common
representation of amplitude are average and RMS values.

Vave is computed by getting the arithmetic mean of a signal in a given time as shown in Equation 1-1.
Equation 1-1. Vye of a signal
n

V.

Vavg= ). #
i=1

AC voltage signals have both positive and negative values, Equation 1-2 shows that Vac_rwus is also computed by
getting the square root of the arithmetic mean of the squares of the signal for a given time.

Equation 1-2. Vac rms of an AC signal

n Vlz

Vac_rms = Z

i=1 n

Equation 1-2 is valid only for getting the Vaoc_rms of AC voltage signals. In measuring the Vac_rus of a periodic DC
voltage signal, the DC offset must be subtracted first from each sample before squaring, averaging, and getting the
square root. This is illustrated in Equation 1-3.

Equation 1-3. V¢ rms of a DC signal

- \/ (vi— VDC_OFFSET)Z

Vac RMS = Y. n

i=1
Another parameter, the DC RMS of a periodic DC waveform, can be computed in Equation 1-4. DC voltage signals
are best represented by Vaye, while AC voltage signals are described by Vac rus. One possible application of the
Vpc Rruis is to measure the RMS voltage of a rectified AC signal. The True DC RMS meter presented in this
document uses this mathematical definition.

Equation 1-4. Vpc grus of a DC signal

n Viz
Vpcrus = X\
i=1
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True DC RMS Meter Implementation

True DC RMS Meter Implementation

The software functions and peripheral modules required for the True DC RMS meter can be defined from Equation
1-4 . The design can be simplified by setting the voltage input limits at OV to 3.999V. The maximum value 3.999V is
selected to optimize the use of the 12-bit ADCZ, which has 4095 levels. This gives a 1 mV resolution for the ADC2.

The frequency range selected for this setup is 50 Hz to 500 Hz. The frequency range can be modified by changing
the sampling frequency of the ADC? through TMR2. For a 50 Hz waveform, the period is 20 ms. The TMR2 period is
set to 20 ms divided by 256, which is equal to 78.125 ps.

Process Diagram

The computation process is depicted in Figure 2-1. Initially, voltage is sampled by the ADC? through ANAO pin of the
microcontroller. The positive reference of the ADC? is set to 4.096V by the FVR and the negative reference to the
ground Vgg. The ADC2 sampling time is set by TMR2 period. TMR2 period triggers ADC?2 conversion automatically
through the ADC? settings.

The square of the ADC2 value is retrieved from the square array. The square is then fed to the increment register of
the NCO1 accumulator. Another sample is taken by the ADC2, squared, and summed by the accumulator. The
process is repeated until 256 samples are squared and added. The ADC2 is 12-bit and the NCO1 accumulator
register is 20-bit, dividing 220 to 22 translates to 28 or 256 samples required to prevent the NCO1 accumulator to
overflow in case the maximum voltage is being process each time.

TMR4 acts as a 0-255 counter with the clock source being connected to TMR2 via CLC2. This approach eliminates
the use of software nested loops in the main program.

Figure 2-1. True DC RMS Computation Process Diagram

i PC DC
o Terminal Voltmeter
ZCD ANAO TX1 DAC10UT

UART1
 oc
TMR4 DMA1 DMA2

TVR2 ce Average Square
Root
TMR4

The average of the accumulated squares is retrieved from the NCO1 accumulator by shifting the result 8 bits to the
right. This process is simplified by concatenating the NCO1ACCU and NCO1ACCH and dropping the NCO1ACCL
value.

The square root of the average value is retrieved from square root array. The result is transferred to the UART1
transmit buffer and DAC1 output data buffer via DMA1 and DMAZ2, respectively.

A series RC filter extracts the AC component of a DC waveform, which is fed to the ZCD. A ZCD detects the zero-
crossings of the AC component and SMT1 measures the period. SMT1 updates the TMR2 sampling time after each
256 samples.
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2.2 Firmware Flowchart

The simplified firmware operation is shown in Figure 2-2. After the system and all the peripherals are initialized, the
microcontroller waits for completed ADC? conversion interrupts and TMR4 overflow interrupts.

For each completed ADC? conversion, the ADC? value is processed to produce the square and store the square on
the NCO1 increment register.

For an occurring TMR4 interrupt, the squares of 256 samples have been accumulated. The average is computed
from the NCO1, and square root of the average is retrieved from the square root table. The RMS result is stored in an
RMS buffer. The data from the RMS buffer is later transferred to UART1 transmit buffer through the DMA1 channel
and DAC1 output buffer through the DMA2 channel.

Figure 2-2. Firmware Flowchart

START
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* > RMS Buffer
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Wait for Interrupts
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(TMR4IF) 2 Terminal DC Voltmeter
Y
Get ADCC value Get Average of Accumulated
Get Square of ADCC value for Values
Square Array Get Square of Root of Average

Store Square Vglue to Store to RMS Buffer
Increment Register (NCO1INC)
Reset value of Accumulator

Accumulate the Square Values Register (NCO1ACC)

Update TMR2 Period from
measured period of SMT1

23 Initial System Settings

The system clock is set to the highest available frequency, which is 64 MHz. The peripherals follow the connection of
the process diagram and the firmware flowchart. The initial settings are summarized in Figure 2-3.
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Figure 2-3. Initial System Settings

Set SMT1 Signal to ZCD out
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- @ e Set ADCC Reference to FVR

Initialize ADCC e Set ADCC Conversion Time to 2.5156us

e Set ADCC Acquisition Time to 6.25us

e Set TMR2 Period to 78.125us Initialize TMR2
\/\

Initialize CLC2 e Set CLC2 as the TMR2 output buffer
e Set TMR4 Period to OxFF
e Set TMR4 Clock to CLC2 Initialize TMR4
- @ e Set NCO1 Clock to CLC2

- e Set NCO1INCto O
Initialize NCO1 e Set NCOIACC to 0
Initialize ZCD
e Set SMT1 Mode to Period and Duty
Cycle Acguisition Initialize SMT1

L e Set UART1 Transmit Baud Rate to
Initialize UART1 115200
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e Enable DACOUT1 pin Initialize DAC1
e Set DMA1SIRQ to TMR4
e 1 e Set DMA1 source size to 2 byte
Initialize DMA1 o
e Set DMA2SIRQ to TMR4 e Set DMAL1 destination size to 1 byte
e Set DMA2 source size to 1 byte e
e Set DMA2 destination size to 1 byte Initialize DMA2
o e Set Vectored Interrupts High
Initialize VIC Priority(ADI) and Low Priority(TMR4l)

Square and Square Root Array

The digital square and square root values can be calculated by using a spreadsheet program. The square and
square roots are normalized to one in order to maintain the result to 12-bit size. The procedure for creating the
square and square root array are summarized by the following procedure. Table 2-1 shows part of the spreadsheet
table used for calculating the 12-bit squares and square roots.

1. Create first column of Analog Values from 0 to 4V with 1 mV increment.

Create a column of Normalize Values by dividing all the Analog Values to 4V.

Create a column of Normalize Square Values by getting the square of all the Normalize Values.
Create a column of Normalize Square Roots by getting the square root of all the Normalize Values.

o~ wN

o

Multiply the Normalize Values, Normalize Square Values and the Normalize Square Roots by 4000 to get the
Digital Values and Digital Square Values.

Use this 12-bit Square and Square Root Data as working files for SquareArray.csv and SquareRootArray.csv.

For SquareArray.csv, delete columns Analog Values, Normalize Values, Normalize Square Values Normalize
Square Roots, Digital Values, Digital Square Roots, and delete the entire first row and last row.

For SquareRootArray.csv, delete columns Analog Values, Normalize Values, Normalize Square Values
Normalize Square Roots, Digital Values, Digital Square Values, and delete the entire first row and last row.

Insert the data as squareValue and squareRootValue arrays on the code of header file rms.h.

© 2019 Microchip Technology Inc.
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Table 2-1. 12-Bit Square and Square Root Values

Analog

Values

Normalize
Values

Normalize
Square
Values

Normalize

Square Roots

Digital Values

Digital
Square
Values

Digital
Square Roots

0.001
0.002
0.003
0.004
0.005
0.006
0.007
0.008
0.009
0.01
0.011
0.012
0.013

3.987
3.988
3.989
3.99
3.991
3.992
3.993
3.994
3.995
3.996
3.997
3.998
3.999

0
0.00025
0.0005
0.00075
0.001
0.00125
0.0015
0.00175
0.002
0.00225
0.0025
0.00275
0.003
0.00325

0.99675
0.997
0.99725
0.9975
0.99775
0.998
0.99825
0.9985
0.99875
0.999
0.99925
0.9995
0.99975
1

0
6.25E-08
0.00000025
5.625E-07
0.000001
1.5625E-06
0.00000225
3.0625E-06
0.000004
50.625E-06
0.00000625
7.5625E-06
0.000009
1.05625E-05

0.993510563
0.994009
0.994507563
0.99500625
0.995505063
0.996004
0.996503063
0.99700225
0.997501563
0.998001
0.998500563
0.99900025
0.999500063
1

0
0.015811388
0.02236068
0.027386128
0.031622777
0.035355339
0.038729833
0.041833001
0.04472136
0.047434165
0.05
0.052440442
0.054772256
0.057008771

0.998373678
0.998498873
0.998624053
0.998749218
0.998874366
0.998999499
0.999124617
0.999249719
0.999374805
0.999499875
0.99962493
0.999749969
0.999874992
1

3987
3988
3989
3990
3991
3992
3993
3994
3995
3996
3997
3998
3999
4000

o

O O O O O o o o o o o o o

3974
3976
3978
3980
3982
3984
3986
3988
3990
3992
3994
3996
3998
4000

63

89

110
126
141
155
167
179
190
200
210
219
228

3993
3994
3994
3995
3995
3996
3996
3997
3997
3998
3998
3999
3999
4000
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Testing and Verification

The True DC RMS meter firmware can be programmed to the PIC18F57Q43 Curiosity Board using the Curiosity
Nano Adapter. The RMS of the input signal is measured with an oscilloscope and compared with this CIP-based True
DC RMS meter. The output is monitored from DAC10UT pin and UART1 display.

Test Setup

Figure 3-1 shows the test setup for verifying the performance of the True DC RMS meter.

1.
2.
3.

Connect signal generator to input of the True DC RMS meter. Connect oscilloscope.

Place 5V supply on the PIC18F57Q43 Curiosity Nano board.

Connect the UART Click to the computer and monitor data from a terminal serial capture program, such as
Realterm. Set the program to display data in hexadecimal format and baud rate to 115200, same as UART1.
On the signal generator, run a periodic DC waveform. This can be a triangular waveform with 1V amplitude, 50
Hz frequency, 50% duty with a 1V DC offset.

Measure the AC RMS, DC RMS, AVE on the oscilloscope. Set time base to 20 ms/div.

On the PC terminal, monitor RMS measurements transmitted by UART1 of the DC RMS meter. Convert or
change the display format from hex value to uint16 decimal.

Compare the oscilloscope measurements with UART1 display values. The result should be identical. The
UART1 displays the DC RMS in 1 mV resolution.

Connect DMM to the signal generator, measure AC and DC voltage. The DMM will only be able to measure
the AC RMS, and the DC average of the waveform.

Connect the DMM to measure DC voltage from DAC10UT of the DC RMS meter. The DAC10UT will display
the DC RMS of the waveform.

Repeat test procedure with different types of waveforms. Vary duty cycle, frequency and amplitude within the
limits of the design True DC RMS meter.

Note: Make sure that the input voltage does not exceed 3.999V and does not fall below OV. The results are
found in 5.1 Appendix A: Test Results.

Figure 3-1. Test Setup for Measurement Verification

MicrocHIP
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Conclusion

Conclusion

The CIPs and on-chip peripherals provide a fast and reliable design solution for developing a hardware-based True
DC RMS meter application that uses less code and CPU resources. The combination of hardware peripherals can
simplify the implementation of the timing, measuring, computation, and data transfer operations that are otherwise
difficult to realize using a full software-based solution.
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Appendix

Appendix A: Test Results

The comparative measurements using different test waveforms are shown below. The UART1 terminal displays True

DC RMS as 16-bit value in 1 mV resolution. A voltmeter at DAC10UT displays the same DC RMS of the waveform.

Figure 5-1. DC RMS of a 50 Hz Triangular Waveform
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Figure 5-3. DC RMS of a 50 Hz 20% Duty PWM Waveform
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Figure 5-5. DC RMS of a 50 Hz Haversine Waveform
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Figure 5-7. DC RMS of a 50 Hz "4 Haversine Waveform
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Appendix B: Peripheral Usage
Table 5-1 summarizes the operation of the peripherals used in this project.
Table 5-1. Peripheral Module Usage

Function/Operation

# Add Channel G

] Chare 2

5

FVR
ADC?

FVR sets ADC2 and DAC reference voltages to 4.096V.

ADC?2 gets V,y samples from ANAO. ADC? is set to auto-trigger from TMR2 overflow.
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TMR2 TMR2 sets the sampling frequency. Initially this is set 50 Hz divided by 256. This is updated by
SMT1 period measurement after succeeding RMS computation.

CLC2 CLC2 acts as a buffer for TMR2 signal.

TMR4 TMR4 acts as the 0-255 counter to get 256 samples of the signal in one period.

NCO1 The Accumulator of NCO1 is used to get the sum of the squares of the ADC2 samples.

ZCD The AC component of the signal is passed to the ZCD pin. The output of the ZCD is fed to the
SMT1 to measure the period.

SMT1 SMT1 measures the period of the AC component of the signal through the ZCD. The TMR2
sampling time is updated from SMT1 period measurement.

UART1 UART1 transmit buffer displays the RMS value to the computer terminal.

DAC1 DAC1 outputs the DC RMS of the signal.

DMA1 DMA1 channels the RMS value to the UART transmit buffer U1TXB.

DMA2 DMA2 channels the RMS value to the DAC1CON1.

VIC ADIF is set to high priority while TMR4 is set to low priority.

5.3 Appendix C: User Defined Functions

Additional functions are built to facilitate the True DC RMS computation using the peripherals. The True DC RMS
functions are described below.

5.31 RMSiInterruptHandler_Initialize()
This function sets up ADC2 and TMR4 interrupt handlers.

void RMSInterruptHandler Initialize (void)

{
ADCC_SetADIInterruptHandler (ADCC_RMS InterruptHandler);
TMR4 SetInterruptHandler (TMR4 RMS InterruptHandler);

}

5.3.2 StartDataAcquisition()

This function sets up the DMA1 and DMA2 Source Address; DMA1 and DMA2 Destination Address; starts SMT1;
enables DMA1 and DMA2 Start Transfer Request; and starts TMR2.

void StartDataAcquisition(void)
{

DMA1l SetSourceAddress();

DMA2_ SetSourceAddress () ;

DMA1l SetDestinationAddress() ;
DMA2 SetDestinationAddress () ;
SMT1 DataAcquisitionEnable () ;
DMAl StartTransferRequest();
DMA2 StartTransferRequest () ;
TMR2 Start();

’

5.3.3 Accumulate()
This function stores the squareValue to the NCO1INC increment register.

void Accumulate (void)

{
NCO1lINCH = squareValue >> 8;
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NCO1lINCL = squareValue;
}

GetAverageValue()

This function returns the averageValue of the NCO1ACC accumulate register after 256 samples. The NCO1ACC is
right-shifted by 8 bits.

uintl6_t GetAverageValue (void)

{
return (uintlé_ t) ((NCOLACCU << 8) + NCOI1ACCH);

}

BufferRmsValue()

This function stores data of 12-bit RMS result in 2 bytes for DMA1 channel of UART1 and 8-bit RMS value in 1 byte
for DMA2 channel of DAC1 output buffer.

void BufferRmsValue (void)

{

rmsValue[0] = (uint8 t) (squareRootValue >> 8);
rmsValue[l] = (uint8 t) (squareRootValue);
rmsOutput = (uint8 t) (squareRootValue >> 4) ;

}

ResetAccumulator()
This function clears NCO1ACC Accumulator Register after getting the DC RMS result of 256 samples.

void ResetAccumulator (void)
{
NCO1lACCU
NCO1lACCH
NCO1lACCL
}

0;
0;
0;

SetPeriod()

This function updates TMR2 Period by shifting the measured SMT1CPR period 8 bits to the right. The factor is
computed by equating SMT1 and TMR2 settings as shown in Equation 5-1.

void SetPeriod(void)

{
T2PR = (SMTICPR) >> 8;

}

Equation 5-1. TMR2 Period update with SMT1 Period Measurement

SMT1CPR = 20ms - 64MHz
8-4
_ 20ms-64MHz
T2PR = 256 - 32
T2PR = SMT1CPR
28
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