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Agenda 

• Digital signal processing theory 

• Introduction to Freescale FFT metering library 

• Using KM3x_256 MCU with FFT algorithm (examples) 

• Using Freescale FFT metering library in C-code (tips and tricks) 

• Measuring energy errors on real hardware 

• FFT-based metering library (conclusion) 
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Digital signal processing theory 



TM 

External Use  |   3 

Time vs. frequency domain 

• Freescale offers algorithms that calculates metering quantities in either time or frequency 

domain: 

FFT-based metering algorithm 

• processes signals in the frequency domain 

• leverages DFT computation 

• based on elementary 32/64-bit fractional 

arithmetic 

• See also AN4255, AN4847 

Filter-based metering algorithm 

• processes signals in the time domain 

• leverages IIR filters 

• based on elementary 32/64-bit fractional 

arithmetic 

• See also AN4265 
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Filter-based vs. FFT-based data processing 
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Discrete Fourier Transform vs. Fast Fourier Transform 

• DFT = special kind of the discrete transform which converts a time-domain function into its 

frequency domain representation or vice versa (IDFT). DFT or IDFT refers to a 

mathematical transformation, regardless of how it is computed. The DFT N-points 

calculation in the naive way takes O(N2) arithmetical operations. 

• FFT = specific family of algorithms for 

computing the DFT very effectively. The basic 

idea of the FFT is to decompose the DFT of a 

time domain sequence length N into 

successively smaller DFTs whose calculation 

require less arithmetic instruction. The FFT 

N-points calculation takes only O(N·log N) 

arithmetical operations. 

• DFT/FFT computing ratio is: N / log N 
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Understanding Fast Fourier Transformation 

• The basic idea is: each periodic signal can be substituted by a finite sum of harmonic 

signals, each with a different frequency. 

1st harmonic  

2nd harmonic  

nth harmonic  

Real signal 

Spectrum 

Courtesy of Massachusetts 

Institute of Technology 
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Signal processing – known issues 

• Aliasing (wrap-around error): 
 Aliasing results when the sampling  
 does not occur fast enough. 

• Leakage: 

 When the measured signal is not 
periodic in the sample interval, 
incorrect estimates of the amplitude 
and frequency occur. This error is 
referred to as leakage. For solving this 
issue, oversampling with interpolation 
is used. Alternatively, weighting 
functions called windows, can be also 
used.  

 Courtesy of TI 
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Introduction to Freescale FFT metering library  
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FFT – basic requirements 

• Number of samples (N) must be power-of-two 
(32,64,128,…) – valid for the best known FFT algorithm 
called Radix-2.  

• Ensures that processed samples represent full signal 
period. 

• Use some interpolation technique to generate exactly 
power-of-two samples on a metering device with SD 
ADCs for entire signal period. 

• Sampling frequency must be at least 2x or higher than 
the maximum frequency included in the input signal 
(Nyquist theorem). 

• Anti-aliasing filter (low-pass analog) should be used to 
prevent aliasing. 
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FFT – basic computing formulas 

Complex power vector (in Cartesian form) is defined as: 
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Real part of  the complex power = 

Active power 

Imaginary part of the complex power = 

Reactive power 

Root Mean Square computing (in Cartesian form) is defined as: 
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Where:  IRE(k),URE(k) are real parts of kth harmonics of input current/voltage  

 IIM(k),UIM(k) are imaginary parts of kth harmonics of input current/voltage  

 

RMSRMS USI /or 

RMSRMStot US ·I

For the fundamental 

frequency only 

 22 QPS 

For the whole 

spectrum 

Apparent power = Complex power magnitude: 

For more information see AN4255 

http://cache.freescale.com/files/32bit/doc/app_note/AN4255.pdf?&Parent_nodeId=&Parent_pageType=
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Freescale FFT-based metering library block diagram 

For more information see AN4255 

http://cache.freescale.com/files/32bit/doc/app_note/AN4255.pdf?&Parent_nodeId=&Parent_pageType=
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FFT use case – SAR ADCs vs. SD ADCs 

• Using the FFT on SAR ADCs: 

 Sampling rate is synchronized with the 
mains due to adjusting the sampling rate 
slightly by the PDB (a special timer for HW-
triggering).  

 

• Using the FFT on SD ADCs:  

 There are two asynchronous processes, 

Mains and ADC, which cannot be slightly 

adjusted. In this case we use oversampling 

with final counting the right samples 

(Interpolation). 

 

For more information see AN4847 

http://cache.freescale.com/files/32bit/doc/app_note/AN4847.pdf?&Parent_nodeId=&Parent_pageType=
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Typical interpolation use cases for SD ADC 

1st order (Linear): high speed, worse 

precision for higher harmonics 

2nd order (Quadratic): good 

rate speed/precision 
3rd order (Cubic): very good precision 

Note:  the 4rd order and higher is not much effective for the real time computing. 

For more information see AN4847 

http://cache.freescale.com/files/32bit/doc/app_note/AN4847.pdf?&Parent_nodeId=&Parent_pageType=
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FFT – interpolation error curves (example #1) 

• Input signal: 1st harmonic only 

• Interpolation ratio: 120/32 

• Equivalent metering use case: fADC =6.144MHz, OSR=1024fs=6kHz, fINP =50Hz 

 

Note: average value of these errors are approx. zero during one signal period. 
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FFT – interpolation error curves (example #2) 

• Input signal: 1st harmonic + 5th harmonic with 40% depth of modulation 

• Interpolation ratio: 100/32 

• Equivalent metering use case: fADC =6.144MHz, OSR=1024fs=6kHz, fINP =60Hz 

Note: average value of these errors are approx. zero during one signal period. 
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Using KM3x_256 MCU with FFT algorithm 

(examples) 
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1-phase power meter using KM3x_256 MCU 
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MCU resources: 
• PGA+SD (current measurement) 

• SD (voltage measurement) 

• Phase Shifter (for U-I phase shift compensation) 

• Comparator (zero-cross detection) 

• Peripheral Crossbar (optional) 

• Internal Voltage reference (for AFE and CMP) 

• PLL 12MHz (for AFE, CMP and core) 

• TMR (for synchronous processing mode only) 

Data processing (async. IRQ mode): 
• Reading U+I data periodically every OSR/fADC [s] 

and saving these into buffers – IRQs are caused by 

the slowest channel.  

• When a new ZCD occurs, both the FFT calculation 

process for the previous period and a new sampling 

process for the current period are started-up, etc. 
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1-phase power meter using KM3x_256 MCU (continued) 

Use case #2 (async. processing): 

AFE settings : 

• 24-bit SD ADC 

• fADC=6.144MHz,OSR=1024fs=6kHz 

• SW-triggered continuous conversion mode 

FFT settings:  

• finp~50Hz 120 input samples 

• Cubic 3rd order interpolation (ratio 120/64) 

• 64 output samples (32 harmonics) 

MCU workload (@12MHz): 

• METERLIBFFT1PH_CalcMain + METERLIBFFT1PH_Interpolation = 

  4.15ms + 2.35ms=6.5ms 

RAM requirement (@4B AFE result): 

• U-buffer: 2x4Bx120samples=960B 

• I-buffer: 2x4Bx120samples=960B 

• Total: 1920B 

Use case #1 (sync. processing): 

AFE settings : 

• 24-bit SD ADC  

• fADC=6.144MHz,OSR=512fs=12kHz 

• HW-triggered single conversion mode 

FFT settings : 

• finp~50Hz 

• No interpolation 

• 64 input samples (32 harmonics) 

MCU workload (@12MHz): 

• METERLIBFFT1PH_CalcMain =4.15ms  

RAM requirement (@4B AFE result): 

• U-buffer: 2x4Bx64samples=512B 

• I-buffer: 2x4Bx64samples=512B 

• Total: 1024B 



TM 

External Use  |   19 

3-phase power meter using KM3x_256 MCU 

MCU resources: 
• 4 x SD ADCs (for current measurement) 

• SAR ADC (3 channels for voltage measurement) 

• Comparator (3 channels for zero-cross detection) 

• Peripheral Crossbar (AFE->TMR->SAR) 

• Internal Voltage reference (for AFE,ADC,CMP) 

• PLL 12MHz (AFE,ADC,CMP), FLL 48MHz (core) 

• Phase Shifter (fix delay between channel)  

• 3 x TMR (for U-I phase shift compensation) 

• 1 x TMR (for synchronous processing mode only) 

Data processing (async. IRQ mode): 
• AFE COCx flag starts TMRx through XBAR every 

OSR/fADC [s]. SAR ADCx is HW triggered by 

TMRx – each U+I data pair is read in SARx IRQ 

routine and saved into the buffer (DMA may be 

also used instead of SARx IRQ).  

• When a new ZCD occurs, both the FFT 

calculation process for the previous period and a 

new sampling process for the current period are 

started-up, etc. 
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3-phase power meter using KM3x_256 MCU (continued) 

Sampling signal chain: 
AFE COCx 

 

XBAR 
 

TMRx 
 

XBAR 
 

SAR ADCx sample 
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3-phase power meter using KM3x_256 MCU (continued) 

Use case #2 (async. processing): 

AFE settings : 

• 24-bit SD ADC 

• fADC=6.144MHz,OSR=1024fs=6kHz 

• SW-triggered continuous conversion mode 

ADC settings : 

• 16-bit SAR ADC 

• HW-triggered single conversion mode 

FFT settings:  

• finp~50Hz 120 input samples 

• Cubic 3rd order interpolation (ratio 120/64) 

• 64 output samples (32 harmonics) 

MCU workload (@48MHz): 

• METERLIBFFT3PH_CalcMain + METERLIBFFT3PH_Interpolation =  

  3.11ms + 1.76ms=4.87ms 

RAM requirement (@4B AFE result): 

• U-buffer: 3x2x4Bx120samples=2880B 

• I-buffer: 3x2x4Bx120samples=2880B 

• Total: 5760B 

Use case #1 (sync. processing): 

AFE settings : 

• 24-bit SD ADC 

• fADC=6.144MHz,OSR=512fs=12kHz 

• HW-triggered single conversion mode 

ADC settings : 

• 16-bit SAR ADC 

• HW-triggered single conversion mode 

FFT settings: 

• finp~50Hz, no interpolation 

• 64 input samples (32 harmonics) 

MCU workload (@48MHz): 

• METERLIBFFT3PH_CalcMain =3.11ms  

RAM requirement (@4B AFE result): 

• U-buffer: 3x2x4Bx64samples=1536B 

• I-buffer: 3x2x4Bx64samples=1536B 

• Total: 3072B 
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Using Freescale FFT metering library in C-code 

(tips and tricks) 
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Example code for 1-phase FFT asynchronous processing 

 Process 2: CMPx IRQ (@20ms)  

 

 

 

 

 Process 1: AFEx IRQ (@166.6ms)  

 

 

 

 

 Process 3: LPTMR IRQ (@500 ms)  
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Example code for 1-phase FFT synchronous processing  

 Process 1: TMRx->XBAR->AFEx IRQ (@20ms/FFT_SAMPLES) 

 

 

 

 

 Process 2: LPTMR IRQ (@500 ms)  
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FFT processing 

Freq. settings 
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Measuring energy errors on real hardware 
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Typical basic harmonic measurement test report 

 Conditions:  

• KM34Z128CLL5 MCU 

• 120V/60Hz 

• 30(200)A 

• ANSI 2-ph meter (12S) 

• 2000 imp/kWh/kVArh (Kh=0.5) 

• Current Transformer (CTR 2000:1) 

• FFT based metering algorithm 

For more information see the Freescale’s 2-ph 

reference design web page 

http://www.freescale.com/webapp/sps/site/prod_summary.jsp?code=RDKM3METERING2PH
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Higher harmonics measurement results 
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FFT-based metering library (conclusion) 
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FFT in metering applications 

Advantages of using FFT: 

• The same precision for both active and reactive energies (due to using one computing formula) 

• Four-quadrant active and reactive energy measurement  

• Frequency analysis of the input signal – ability to compute Total Harmonics Distortion (THD) 

• Offset removal, because the zero-harmonic can be missing for power computing 

 

Disadvantages of using FFT: 

• Additional interpolation processing is needed when using fixed sample rate 

• Higher computational power of the MCU (a 32-bit MAC unit is required) 



TM 

© 2014 Freescale Semiconductor, Inc.  |  External Use 

www.Freescale.com 

http://www.freescale.com/
https://twitter.com/Freescale
https://twitter.com/Freescale
https://www.facebook.com/freescale
https://www.facebook.com/freescale

