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1.

Introduction
This report describes the deliverable from MIKES for task 6.3 FP2 of CLEEN Smart
Grids and Energy Markets program. The report contains a general plan and prototype
measurement results of the three-phase power digitizer, which is being developed at
MIKES. Special care has been put to the voltage measurement and timing accuracy in
order to achieve accuracy which is better than what can be achieved by commercial
digitizers.

2.

Plan of MIKES Three-Phase Power Digitizer

Hardware
The digitizer is used for converting attenuated voltage signals and current-to-voltage (IV) converted current signals into digital samples. Each converter would therefore need
a dedicated analog front-end to scale down measurands into acceptable voltage
range. From this point of view the digitizing part can be similar in all channels and only
the analog part would need to be varied depending on the measurand. The digitizer
has seven identical channels, three for voltage and four for current. Thus a modular
structure was found to be the easiest to implement. Each analog-to-digital converter
(ADC) module can have its own on-board voltage attenuator or I-V converter, while the
ADC board itself is similar in all channels.
Figure 1 shows the principle of the modular structure. The seven digitizing modules are
connected to a backplane card, which in turn runs all signals to the system signal
processor. The backplane will support up to 12 identical slots for connecting up to five
peripheral devices along with the seven ADC modules. Hardware interface between
the modules and the backplane includes three fast serial buses (33 and 66 Mbit/s
buses in Figure 2) with appropriate chip select signals and clocks, a few time reference
signals, UART, an 8-bit parallel bus and certain module-specific signals. All power
supplies and data lines are isolated so that modules are floating.
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Figure 1: Block diagram of the digitizer

In addition to the ADC modules the need has arisen for a USB2.0 host module, a GPS
module and a sample clock module. The USB2.0 module provides data input and
output capability between the digitizer and a host PC. The sample clock module is
used for generating a low-jitter sample clock. More details on them are given below.
Both modules will be full-custom designs. Hardware selection for the GPS module is
still under research. It will be used for time-stamping measurement data and possibly
extracting a GPS-disciplined 10-MHz frequency standard to be used as reference
source for the sample clock module. GPS data carries an atom-clock based timing
reference and modules for receiving it are readily available.
The digitizer will be housed in a 19-inch desktop rack case in Figure 2 with 84HPx3U
sizing. All relevant connectors apart from mains power cord will be placed on the front
panel.

Figure 2: Schroff desktop case to house the digitizer. Picture courtesy of Pentair
Technical Products.
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Component Selection
There are certain distinctively critical components in the signal chain, which need to be
selected with care. The following list describes the most important decisions so far.
[1]

[2]

[3]

[4]

[5]

Analog-to-digital converters. DC properties, such as linearity and small drift over
temperature and time are critical. Analog Devices successive approximation type
AD converters offer excellent DC properties while still reaching sufficient
sampling rate. The converter we selected for the project is AD7690 [1]. It
reaches a sampling rate of 400 kSPS at 18-bit resolution. The linearity and drift
properties are to our knowledge the best on the market. Interfacing with host
microprocessor is handled through SPI bus at 66 MHz maximum speed.
Voltage reference. The AD converter needs a full-scale voltage reference with
drift properties superior to its own. Linear Technologies LTZ1000 temperature
stabilized zener reference [2] is the best solid-state reference on the market with
0.05 ppm/oC temperature drift. Long term stability is 2 μV/sqrt(1000hrs), which is
a decade better than one LSB step of a 18-bit AD converter with a 5-volt fullscale range.
Sample clock. We use sample clock frequency locking to the actual measured
power frequency signal in order to escape spectral leakage in discrete Fourier
transform. In this way we avoid the problems related to windowing, which would
need to be accounted for in power calculation. A low-jitter sample clock is
derived from a 10-MHz in-house frequency reference through direct digital
synthesis (DDS) based waveform generator. Analog Devices AD9833 [3] DDS
chip creates a variable 0 to 500-kHz sample clock. With 28-bit precision, this
translates to 2 mHz quantization of sampling frequency. The input can of course
be driven by any source, such as a GPS-disciplined oscillator or the on-board
crystal oscillator.
USB2.0 host controller. Data transmission to host PC is done via USB2.0. FTDI's
Vinculum-II [4] is an easy way of adding USB capability to a design. It's quite
flexible running its own firmware and having a rich set of peripheral buses to
connect to the host microcontroller. FTDI's own D2XX API is used on the host
PC to interface with the USB host.
Host microcontroller. A peripheral-rich signal processor from Analog Devices,
ADSP-BF537 [5] is used for relaying data from converters to host PC and for
controlling measurement process. A block diagram of the processor can be seen
in Figure 3. Most importantly it has fast serial buses to interface with ADCs and
other peripheral modules. The ”2 x 66 Mbit/s” buses (see Figure 2) are
implemented with the SPORT0 and SPORT1 modules (emulating SPI) while the
”33 Mbit/s” bus is the SPI module. The processor is housed on a development kit
PCB, which has IDC connectors for interfacing buses to other hardware. The
PCB also has 64 megabytes of SDRAM, which can be used for data buffering.
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Figure 3: Block diagram of Analog Devices ADSP-BF537 signal processor.
Picture courtesy of Analog Devices Inc.

Software for ADSP-BF537
Software for the signal processor will be a simple interrupt-driven operating system.
The processor will only take care of data transfer between different peripherals and
executing user commands. Threading is not used because parallel processing is not
needed.
Booting
Firmware is booted from an on-board Flash memory. Booting process initializes all
peripherals and puts the processor in a waiting state ready to execute user commands.
Sampling is by default off at bootup. The boot sequence also checks the contents of all
module slots. The system will be designed so that for example any missing ADC
modules would not matter. The data stream can simply be padded with zeros where a
missing modules data would normally be located. A missing sample clock module tells
the processor it should use an internal timer for generating a sample clock.
Command Interface
For controlling digitizer functionality a command interpreter is designed. A single
command will include the instruction part and a fixed amount of parameters. The list of
different commands will be designed as the system development goes on. So far we
have clearly identified the need for different sampling commands, such as continuous
sampling and a possibility to request an arbitrary-length data set after which the
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digitizer would idle. The ADC modules will change the ranging settings through the
command interface. Sample clock and GPS time stamping controls are also
implemented here.
ADC Data Retrieval
Reading conversion results from seven ADCs through a dual channel serial bus
determines the maximum sampling speed the system will be capable of. The sampling
process is described in Table 1.
Table 1: ADC readout
Task

Value

Dimension

AD7690 maximum conversion time

2.3

μs

Read modules 1 and 2 (18bits @ 66Mbits/s)

0.27

μs

Read modules 3 and 4 (18bits @ 66Mbits/s)

0.27

μs

Read modules 5 and 6 (18bits @ 66Mbits/s)

0.27

μs

Read module 7 (18bits @ 66Mbits/s)

0.27

μs

TOTAL sampling period length

3.4

μs

TOTAL sampling frequency

290

kHz

In practise there will be a few bus clock cycles after all module reads during which no
data is transferred. This is due to system design and internal SPORT bus properties. A
conservative estimate of the final maximum sampling rate would therefore be 250
kSPS, which would set the useful system input bandwidth to 125 kHz. The maximum
data rate from the digitizer to a host PC is therefore
7 modules * 18 bits/module * 250 kSPS = 31.5 Mbit/s
The data will be sent in payloads of fixed amount of samples with a header for each
payload. Therefore some overhead needs to be included in the maximum data rate
due to header data such as GPS timestamps and digitizer operating conditions.
FIFO Buffering and Output
Conversion results will be buffered in host microprocessor SDRAM. The data is written
from SPORT1 input buffer to a set of FIFO buffers by DMA and another DMA access
empties the buffers to SPORT0 transmit buffer in the order they are filled. To keep
buffering simple, the buffer size is selected to match data payload size including
header data. Header data is glued to all buffers prior to outbound transmission. Figure
4 illustrates the data buffering principle.
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Figure 4: Conversion result FIFO buffering in SDRAM.

FTDI USB2.0 API for host PC
The measurement data is received through USB2.0. The conversion from digitizer
internal signalling to USB2.0 is done with FTDI's Vinculum-II USB host. FTDI provide
an API called D2XX with low-level access to hardware to be used with their products.
The measurement software can read and write data from the USB device byte-by-byte
through D2XX.

3.

Deliverable for FP2
The FP2 deliverable for task 6.3 from MIKES is a single-channel prototype of the final
product. The aim is to demonstrate data transfer from the AD converter to
measurement software running on host PC. Figure 5 shows which parts of the planned
design are included in the prototype.
The signal processor is a ready-made EZ-Kit evaluation board from Analog Devices.
The same processor board will be used in the final design. The ADC is actually a
development board from Analog Devices and the ADC chip itself a sligthly slower
sister version of the planned device. Our custom design will however have the same
data interface as the development kit so custom hardware is a simple drop-in
replacement. Only physical connections need to change. The isolation is not present
but will be added to the custom ADC board. A prototype version of the DDS sample
clock is also ready and working but is not included in the prototype due to an
incompatible physical interface. A photograph of the prototype hardware is shown in
Figure 6.
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Figure 5: Block diagram of the prototype digitizer.

Figure 6: Digitizer demo hardware.

SIGNAL
PROCESSOR
MIKES Publication
BOARD
CONVERTER
BOARD

14

Software
The firmware version of the prototype reads the conversion result from the ADC at a
rate of 20 Mbit/s. From the host processor data is transmitted to Agilent VEE
measurement software through serial port at 115.2 kBaud rate. The limited speed of
the serial bus limits conversion rate to 3 kSPS. Agilent VEE Measurement software
uses .NET serial port drivers for reading data.

Measurement Results
For demonstration purposes the measurement software plots time and frequency
domain representations of the sampled data, calculates RMS etc. values as well as
well as displays hexadecimal output codes and decimal voltage values of the sampled
data. A screenshot of the measurement panel can be seen in Figure 7. Input source is
a Fluke 5700A calibrator. The measurement software is roughly calibrated versus a
HP34401 multimeter.

Figure 7: Measurement panel for demonstration purpose. Input is around 250
mVp-p 50 Hz sinusoid.
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DC stability can be measured through code distribution (short term stability) and
average measured input voltage. Both measurements are done with short-circuited
input without DC calibration. Figure 8 shows code distribution of 8192 samples taken
at a rate of 3000 samples per second. Almost all of the data occupies a range of five
code bins. Figure 9 shows a three-hour DC measurement run of 1000 points, each an
average of 1024 samples. Operator leaves the room at the beginning of the set and
after 100 points temperature has settled leaving a variation of four LSBs.

Figure 8: Decimal output code distribution of 8192 samples.
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Figure 9: A set of 1000 DC measurements taken over a period of three hours.
Each measurement is an average of 1024 samples at 100 samples per second
rate. Red lines represent LSB steps of 40 uV.
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