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说说明明

此参考设计展示了一种接口实施方案，此方案通过

Sitara™ Arm®处理器连接六个高电压双极输入、8 通

道、多路复用输入 SAR ADC，从而利用可编程实时单

元 (PRU-ICSS) 扩展输入通道数。通过对 ADC 进行配

置，可在所有 ADC 间对相同通道进行同时采样。此设

计通过在每个线路周期采样 640 个样本，突出了 PRU-
ICSS 实现 1536ksps（每个样本 = 16 位）数据速率的

处理能力。对于 50Hz 周期，这相当于同时在六个 ADC
间进行采样，每通道数据速率高达 32ksps（640 个样本

/周期 × 50Hz × 6 ADC × 8 通道 = 1536ksps）。此外，

还使用另一个 PRU 来后处理数据，从而实现相干采

样。
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特特性性

• 使用 PRU-ICSS（Sitara 处理器）与多个

SAR ADC 进行通信的灵活接口

• 交流电压和交流电流测量精度：

– 交流电压：在 2.5V 至 120V 范围内，精度大于

±0.2%

– 交流电流：在 2.5A 至 70A 范围内，精度大于

±0.2%

– 在六个 ADC 之间同时采样

（16 位、500ksps/ADC）

• PRU-ICSS 接口：

– PRU-ICSS 为通道扩展提供了灵活的数据采集

– 基于固件的方法允许在不同的 Sitara 处理器之间

重复使用

– 通过在软件中计算线路周期以及调整

CS 信号实现相干采样

应应用用

• 保护继电器、IED

• 终端装置

• 合并单元

• 可编程逻辑控制器 (PLC)

• 航电设备

• 仪表
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该 TI 参考设计末尾的重要声明表述了授权使用、知识产权问题和其他重要的免责声明和信息。

1 System Description

In sectors such as grid infrastructure, factory automation, test and measurements , and so on, there are
various applications in which multiple analog signals from sensors need to be captured on a single
processor for monitoring and protection of critical equipment. In these scenarios, multiple analog-to-digital
converters (ADCs) convert the analog signals from transducers to digital domain for further processing or
to communicate through the network. Choosing a converter with good performance with very high
resolution and parametric data is only one half of the equation. When more than two ADCs need to be
interfaced with a single processor, choosing the right processor becomes challenging due to limited
peripherals. The choice becomes narrower if more ADCs need to be interfaced with higher throughput.
Controlling the timing of the interface and control signals along with the jitter is equally as important as it
helps in accurate data representation with minimal spectral leakages.

One of the ways to interface multiple data converters is to select a processor that can support multiple SPI
peripherals as shown in 图 1. Depending on the architecture, the interaction between the CPU, the direct
memory access (DMA), and the system and data bus poses certain restrictions. Even though the
processor can support multiple SPI peripherals, the path in which the data flows is shared. This path limits
not only the rate at which data can be accessed from two or more ADCs, but also requires the CPU to be
constantly interrupted.

图图 1. Interface Between Multiple ADCs With a Processor Using SPI

http://www.ti.com.cn
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Furthermore, the delays introduced in the SDI, SDO, and SCLK paths could be different when multiple
ADCs are used in a system. The round-loop delay becomes a bigger issue at high speeds or if digital
isolators are used as shown in 图 2. Compensation methodologies can be used to overcome path
dependent delay but are difficult to implement when using SPI peripherals for communication.

图图 2. Data Acquisition System With Digital Isolation

FPGAs are used as an intermediate interface element to overcome these issues. This reference design
showcases how to implement a flexible interface that can simultaneously connect with six ADCs using the
Sitara processor. The PRU-ICSS subsystem integrated in the processor are used for both data acquisition
and for data computation. This frees up the bandwidth of the Arm core as the interface and processing
can now be handled independent of the core CPU.

This reference design:

• Provides data acquisition from 48 analog input channels using six ADCs

• Does the analog signal conditioning for improved signal chain performance

• Uses PRU-ICSS to adjust the time base for the communication interface to achieve coherent sampling
thereby reducing the spectral leakages

1.1 Protection Relay

Protection Relays are used to improve the reliability and efficiency of the power systems in various stages.
These stages include power generation to transmission and distribution by detecting defective
transmission lines, apparatus or other abnormal power system conditions. These relays are placed to
monitor electrical parameters in the power systems or in the vicinity of primary equipment to detect any
abnormal conditions to prevent any damages. Protection relay consists of an AC analog input module,
which acquires data from voltage and current sensors from different phases. In digital protection relays,
data acquisition system consists of measurement of voltages and currents along with analog signal
conditioning, data converters, and host interface to capture digital values providing post processing of the
acquired data. In this application, flexible data acquisition shown in this reference design can be used to
achieve required AC and DC performance.

1.2 Grid Automation

In substation automation, terminal units and merging units collect and forward sensor data to intelligent
electronic devices (IEDs). These units collect the data from conventional or non-conventional instrument
transformers and send the sampled current and voltage signals over the network. This reference design
can be used to interface and process the data using a single processor for very high speeds.

http://www.ti.com.cn
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1.3 Other Applications

In programmable logic controllers (PLCs) and other instrumentation systems in avionics and test and
measurement, this reference design can be customized for different number of input channels to realize
high-speed data acquisition system for simultaneous sampling.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDN4.pdf
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1.4 Key System Specifications

表表 1. Key System Specifications

PARAMETER SPECIFICATIONS DETAILS

ADC 16-bit, 8-channel, 500 ksps ADS8688 500-ksps, 8-Channel, 16-Bit, SAR
ADC with Bipolar Input Ranges 节 2.2.1

Number of channels 48 channels
Input voltage range at transducer 120-V AC RMS 节 2.3.2
Input current range at transducer 70-A AC RMS 节 2.3.2
Input voltage range at ADC ±10.24 V ±20-V overvoltage protection
AC voltage accuracy < ±0.2% 2.5 to 120 V RMS
AC current accuracy < ±0.2% 2.5 to 70 A RMS

Interface
4-wire SPI (ADC)
PRU-ICSS (processor)

SPI clock frequency
10 MHz (for six ADCs)

节 2.3.1.217 MHz (ADC max)
25 MHz (PRU-ICSS max)

DC performance
Code spread of ≤ 4

节 3.2.2.2
Sigma ≤ 0.58

AC performance SFDR = 110 dB Fin = 64 Hz, number of points = 65536

Sampling frequency per input channel 32 ksps per channel across six
ADCs Total throughput of 1536 ksps

Coherent sampling CS adjustment for input frequency
50 Hz ± 10% 节 2.3.1.3.1

Power supply

5-V analog supply for ADS8688
3.3-V digital supply
±12-V analog signal conditioning of
input signals

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDN4.pdf
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2 System Overview

2.1 Block Diagram

This reference design consists of the following subsystems:

• Sensor boards connect outputs of current transformers (CTs) and potential transformers (PTs) to the
data acquisition board.

• The data acquisition board has six ADS8688 for supporting 48 channels taking inputs from sensor
boards. In addition, high voltage drivers (±10 V) are used to gain the signal.

• A 5.5-V supply is used to derive all the voltage rails including ±12 V, +5 V, +3.3 V.

• The adapter card acts as an intermediate interface to match the pin signals between the ADC and the
Sitara processor. A clock buffer is added to clean up the clock before fanning out to six ADCs.

• The BeagleBone Black EVM is used as the host to demonstrate the working of PRU-ICSS.

图图 3. Block Diagram of TIDA-01555

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDN4.pdf
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图 4 shows the interconnection between the ADCs and the Sitara processor. SDI and SDO pins are all
connected to individual GPO, GPI pins in PRU. All CS pins are tied to a single GPO pin for simultaneous
sampling across ADCs. Each clock pin is driven by separate output lines from the clock buffer, which
takes input from a single GPO pin of PRU.

图图 4. Interconnection Between Six ADS8688s and PRU-ICSS

2.2 Highlighted Products

2.2.1 ADS8688: 500-kSPS, 8-Channel, SAR ADC With Bipolar Input Ranges

The ADS8688 is an 8-channel, 16-bit successive approximation register (SAR) ADC capable of running at
500 ksps. The ADC has an integrated front-end mux with automatic and manual scanning modes, an on-
chip precision low drift reference, and ±20-V overvoltage protection. Each input channel on the device can
support true bipolar input ranges of ±10.24 V, ±5.12 V, and ±2.56 V as well as unipolar input ranges of 0 V
to 10.24 V and 0 V to 5.12 V while operating on a 5-V unipolar supply. The gain of the analog front end
(AFE) for all input ranges is accurately trimmed to ensure a high DC precision. The input range selection
is software-programmable and independently controlled for each channel. The device offers a 1-MΩ
constant resistive input impedance irrespective of the selected input range.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDN4.pdf


System Overview www.ti.com.cn

8 ZHCU406A–December 2017–Revised January 2019

TIDUDN4 — http://www-s.ti.com/sc/techlit/TIDUDN4
版权 © 2017–2019, Texas Instruments Incorporated

用于多 ADC 的同步相干 DAQ 的灵活接口 (PRU-ICSS) 参考设计

The ADS8688 offers a simple SPI-compatible serial interface to the digital host and also support daisy-
chaining of multiple devices. The digital supply operates from 1.65 V to 5.25 V, enabling direct interface to
a wide range of host controllers. For more details on the features of the ADS8688, see ADS868xA 16-Bit,
500-kSPS, 4- and 8-Channel, Single-Supply, SAR ADCs with Bipolar Input Ranges.

2.2.2 AM3358

The AM3358 device belongs to family of AM335x processors, based on the Arm Cortex®-A8 core that is
enhanced with image, graphics processing, peripherals, and industrial interfaces. This device supports
high-level operating systems (HLOS) such as Linux, which is available free of charge from TI. 图 5
provides more details on the subsystems inside the AM335x processor.

• The microprocessor unit (MPU) subsystem is based on the Arm Cortex-A8 core.

• The PRU-ICSS is separate from the Arm core, which allows independent operation and clocking for
greater efficiency and flexibility. The PRU-ICSS enables additional peripheral interfaces and real-time
protocols. Along with its access to pins, events, and all system-on-chip (SoC) resources, the
programmable nature of the PRU-ICSS provides flexibility in implementing fast, real-time responses,
specialized data handling operations, custom peripheral interfaces, and in offloading tasks from the
other processor cores of the SoC.

图图 5. Block Diagram of AM335X

This reference design showcases the PRU-ICSS’s ability to implement a custom simultaneous SPI to
connect to multiple high-speed ADCs.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDN4.pdf
http://www.ti.com/product/ADS8688
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2.2.3 OPA4197: Precision, Rail-to-Rail I/O Operational Amplifier

The 36-V op amp OPA4197 drives ±10.24 V of voltage at the input of the ADS8688. The OPA4197 offers
outstanding DC precision and AC performance, including rail-to-rail input/output, low offset (±25 μV, typ),
low offset drift (±0.25 μV/°C, typ) with a 10-MHz bandwidth.

2.2.4 TPS22914: 37-mΩ On-Resistance Load Switch

The TPS22914 is a small, low RON, single-channel load switch with controlled slew rate. The device
contains a N-channel MOSFET that can operate over an input voltage range of 1.05 V to 5.5 V and can
support a maximum continuous current of 2 A. The switch is controlled by an on and off input, which is
capable of interfacing directly with low-voltage control signals. The small size and low RON makes this
device ideal for monitoring the system current and for controlling the power-on sequence.

2.2.5 TPS65131: Positive and Negative Output DC/DC Converter

The TPS65131 is dual-output DC/DC converter that generates a positive output voltage up to 15 V and a
negative output voltage down to –15 V with output currents in a 200-mA range in typical applications,
depending on input voltage to output voltage ratio.

The device operates with only a 500-μA device quiescent current. Independent enable pins allow power-
up and power-down sequencing for both outputs. The device has an internal current limit overvoltage
protection and a thermal shutdown for highest reliability under fault conditions.

2.2.6 TPS7A39: 150-mA, Positive and Negative LDO Voltage Regulator

The TPS7A39 device is a dual, monolithic, high-PSRR, positive and negative low-dropout (LDO) voltage
regulator capable of sourcing (and sinking) up to 150 mA of current. The regulated outputs can be
independently and externally adjusted to symmetrical or asymmetrical voltages, making this device an
ideal dual, bipolar power supply for signal conditioning. The TPS7A39 also features high PSRR to
eliminate power-supply noise, such as switching noise, that can compromise signal integrity.

2.2.7 TPS7A6533-Q1: 300-mA, Low-Dropout Regulator

The TPS7A6533-Q1 is a 3.3-V LDO from a family of low-dropout linear voltage regulators designed for low
power consumption and quiescent current less than 25 μA in light-load applications. This device features
integrated overcurrent protection and a design to achieve stable operation even with low-ESR ceramic
output capacitors. A low-voltage tracking feature allows for a smaller input capacitor and can possibly
eliminate the need of using a boost converter during cold crank conditions. Because of these features, this
device is well-suited in power supplies for various automotive and industrial applications.

2.2.8 LP2992: Micropower, 250-mA, Ultra-Low-Dropout Regulator

The LP2992 is a 250-mA, fixed-output voltage regulator designed to provide ultra-low dropout and low
noise with enhanced stability and precise output.

2.2.9 CDCLVC1106: LVCMOS High-Performance Clock Buffer

The CDCLVC1106 is a modular, high-performance, low-skew, general-purpose clock buffer family with low
pin-to-pin skew of < 50 ps and low additive jitter of < 100 fs.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDN4.pdf
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2.3 System Design Theory

2.3.1 Interfacing With Multiple ADCs

The GPIO pins from PRU-ICSS transfer data between all ADCs and the processor. While PRU-1 handles
the external data communication, PRU-0 performs low-level filtering and zero cross detection. The Arm
core running RT Linux can be used for further processing of data and HMI control.

2.3.1.1 PRU-ICSS

The PRU-ICSS consists of dual 32-bit RISC cores, shared data, instruction memories, internal peripheral
modules, and an interrupt controller (INTC). Along with its access to pins, events, and all SoC resources,
the programmable nature of the PRU provides flexibility in implementing fast real-time responses, custom
peripheral interfaces, and in offloading tasks from the other processor cores of the SoC.

The execution path of the PRU core is not pipelined, and nearly every instruction (outside of memory
loads) completes in a single cycle. This allows the PRU cores to operate in a 100% deterministic fashion
that is ideal for interfacing to real world events and devices in applications such as a data acquisition
system.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDN4.pdf
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图 6 shows the functional block diagram of the PRU-ICSS.

图图 6. Functional Block Diagram of PRU-ICSS

2.3.1.2 PRU-ADC Interface (Implemented in PRU-1)

The PRU-ICSS subsystem runs on a 200-MHz internal clock. However, the ADC data rate (SCLK) is
limited by the number of instructions that needs to be executed by the PRU for reading and writing data,
which in turn depends on the number of devices connected. 表 2 shows the maximum data rate that can
be achieved when using multiple ADCs.

表表 2. Maximum Clock Speed for Interfacing Multiple ADCs

NUMBER OF ADCs MAXIMUM CLOCK SPEED
1 25 MHz
2 20 MHz
3 16.67 MHz
4 14.29 MHz
5 12.25 MHz
6 11.11 MHz

The sampling speed (Fs) of the ADC is also limited by the number ADCs that can be connected to the
PRU-ICSS. The ADS8688 can support clock speeds of up to 17 MHz while running at full throughput (500
ksps). Because this reference design uses six ADCs, according to 表 2, the maximum clock speed that
can be used is 11.11 MHz. This design uses a 10-MHz data rate, which translates to a sampling speed of
256 ksps (32 ksps per channel) per ADC. For higher sampling speeds, compute the required clock rate
from the data sheet of the ADC and use 表 2 to decide the number of ADCs that can be connected with
the AM335x processor.

http://www.ti.com.cn
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The PRU-ICSS implements an enhanced General-Purpose Input/Output (GPIO) module that supports
direct input and direct output modes. PRU core register R30 serves as the interface for the general
purpose outputs and register R31 for inputs. Any value written into register R30 of the PRU core will be
output to the PRU’s external pins a single cycle later. (R30 bit 0 corresponds to pin 0, bit 1 to pin 1, and
so on.) Inversely, whenever the PRU core reads register R31, the values on the PRU core’s external pins
are stored a single cycle later. The value of pin 0 is stored in R31 bit 0, pin 1 into bit 1, and so on. Along
with the direct input and output modes, the PRU’s determinism allow it to be an ideal solution for
implementing the simultaneous SPI for communicating with multiple ADCs in this use case.

图 7 shows the simultaneous SPI that has been configured in the PRU software. Shared chip select and
SPI clock allow ADCs to acquire data simultaneously and at the same instance. Each ADC device has its
own MISO and MOSI pins so that the ADC configurations and data can be sent and received in parallel.

图图 7. Interfacing Between ADC and PRU

2.3.1.2.1 Advantages of Using PRU-ICSS

This subsection showcases the benefits of using bit-banging in PRU-ICSS over dedicated hardware SPI
peripheral.

表表 3. Advantages of PRU-ICSS

PARAMETER SPI PRU-ICSS

Connections to slave Fixed (1, 2, 4); depends on the product family
SPI offering

Variable (1, 2, 3..n); depends on the configurations
on the PRU GPIO

Flexibility with controlling
the CS

If each SPI port has a dedicated CS then the
phase delay between different SPI ports could
introduce error in simultaneous sampling.

CS is an independent timing signal and hence can
control all ADCs simultaneously with one common
signal.

System bandwidth

More frequent CPU core interrupt as it needs
to manage the DMA allocation and data
transfer between SPI ports, memory, CPU due
to shared resources.

CPU core interrupt is no longer required as both
PRUs can run independently.

This limits the overall sampling speed of ADCs
when multiple SPI ports are used.

ADCs can run at higher sampling speed as the data
is now transferred at much faster rate between
multiple ADCs and PRU.

The CPU core cannot do any data computation
in parallel when being used for supervisory
function.

The CPU core is now idle as second PRU is used
for ZCD. The core can be used for post processing
of data or for implementing other functionalities.
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表表 3. Advantages of PRU-ICSS (continued)
PARAMETER SPI PRU-ICSS

Timing compensation

In SPI peripherals, the relationship between
clock edge and the arrival of data has to be
tightly controlled (less than half CLK cycle). At
higher speeds or with digital isolators, signal
path delays could be significant to affect the
timing criteria. This results in corrupted data
that requires expensive hardware fixes or
reduced throughput.

The PRU-ICSS subsystem is more relaxed as the
delays in arrival of data beyond the CLK edge can
be compensated due to a higher resolution internal
time base (5 ns) for data capture.

2.3.1.3 Digital Filtering and Feedback (Implemented in PRU-0)

The simultaneous SPI interface is accomplished in only one of the two PRU cores in the PRU-ICSS. This
frees up the other PRU core to provide a feedback loop for the incoming signal frequency (to adjust the
ADC sampling rate for achieving coherent sampling) as well as perform low-level filtering on the incoming
ADC data. Because the timing requirements on this PRU core is not as tight, the firmware is implemented
in C code.

2.3.1.3.1 Coherent Sampling (Sample Rate Adjustment)

When measuring periodic signals, such as voltage and current in an AC system, it is important to acquire
a fixed number of samples per cycle. When the frequency of the line cycle changes, sampling rate of the
ADC is adjusted to maintain a fixed number of samples per cycle using a phase-locked loop circuit. In
grid, methodology and admissible error that occur while measuring harmonic component is captured in
IEC 61000-4-7. There are many ways of implementing PLL that could be done in either analog domain or
digital domain. Non-coherent sampling results in spectral leakages leading to loss of data and reduction in
accuracy as shown in 图 27.

In this reference design, the second PRU core performs frequency estimation by using a zero cross
detection (ZCD) algorithm. Once the incoming frequency has been determined, the PRU can update the
sampling rate of the acquisition PRU to achieve a precise number of samples per cycle across the full
range of expected incoming frequencies (45 to 55 Hz). The ADC channel to be used for frequency
estimation, as well as the number of cycles are both configurable in the PRU firmware.

In 图 27, a 45-Hz sine wave is provided to the ADC input. The top data is acquired at a fixed rate of 32000
samples per second (assuming a 50-Hz input signal and 640 samples per cycle). For the bottom data, the
PRU is allowed to estimate the incoming signal frequency and then alter the sampling rate to achieve 640
samples per cycle. Notice that 1280 samples are exactly 2 periods of the signal and the FFT leakage rolls
off very quickly in the bottom data.

2.3.1.3.2 Achievable Sampling Frequencies

Each PRU core in the PRU-ICSS runs at 200 MHz giving a cycle time of 5 ns. As mentioned before, the
absolute determinism of the PRU cores allows the developer to control what happens on each and every
cycle. Knowing this, the ADC sampling frequency can be determined which the PRU can achieve for each
channel.

Before digging into the frequencies, a discussion on the use case requirements and techniques used to
accomplish those requirements will be useful. This reference design has the following requirements:

• 45- to 55-Hz incoming frequency: Assumed frequency is 50 Hz with a worst case variation of ±10%

• 640 samples per cycle: Sampling rate must vary from 28.8 ksps to 35.2 ksps based on incoming
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frequency

• 10-MHz SPI clock

• 48 ADC channels: Six ADCs are sampled in parallel, each with eight channels sampled sequentially

The ADCs that are chosen for this design trigger data acquisition when the Chip Select (CS) line is taken
low. To change the sampling frequency of a channel, the time between CS falling edges must be
increased or reduced. 图 8 shows an example of the SPI clock (SCLK) and CS lines that are shared
between the six ADC devices. 图 8 shows the amount of time that CS remains low is fixed for each
sample and the amount of time that CS remains high is varied to alter the sampling rate.

图图 8. Timing Diagram Showing CS and CLK
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Zooming out a bit, achieving a consistent sampling rate for a given channel is slightly complicated by the
fact that each ADC provides data from eight channels sequentially. 图 9 shows that the period of channel
0 is actually determined by the first and eight falling edge of CS, and channel 7’s period is determined by
the 7th and 15th falling edge.

图图 9. Overall Functioning of Timing Adjustments

This means that if a fixed delay is chosen between each CS, then any error is magnified by a factor of 8
for each channel. For instance, to achieve 640 samples per cycle per channel at a 50-Hz incoming
frequency, it would theoretically require 781.25 PRU cycles between each falling CS:

• 50 Hz × 640 samples per cycle = 32 ksps per channel

• 32 ksps per channel × 8 channels = 256 ksps per device

• 1/256 ksps = 3906.25 ns between each sample

• 3906.25 ns / 5 ns = 781.25 PRU cycles (1 PRU cycle is 5 ns)

Because the PRU can only delay by an integer number of cycles, 781 cycles would be chosen and the
actually sampling frequency would be ≈ 256,082 samples per device per second (≈ 32,010 samples per
second for each channel). This error amount doubles if exactly 781.5 PRU cycles are needed for a
different incoming frequency.

To overcome this error, and to improve the granularity of achievable sampling rates, a single PRU cycle of
compensation delay can be added to a variable number of delay values (from 0 to 7 compensation cycles
are available). 图 10 shows where the optional compensation would occur.

图图 10. Timing of CS Across Multiple Channels of ADCs

Returning to the previous example where an exact 32 ksps per channel needs to be achieved, it is
possible to introduce base delay of 781 PRU cycles and then add 1 cycle of compensation, which
captures two of the six channels. This averages out to exactly 781.25 PRU cycles at each channel:

• 781 + 782 + 782 + 781 + 781 + 781 + 781 + 781 = 6250 PRU cycles

• 6250 / 8 = 781.25 PRU cycles

• 1 / (781.25 cycles × 5 ns) = 256 ksps

• 256 ksps / 8 channels = 32 ksps per channel
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These compensation cycles allow the user to increase the frequency granularity by a factor of 8. Because
the period of each channel encompasses eight samples, these compensation methods work across all
eight channels. The only caveat introduced by having asymmetric delay samples between individual
channels is that the delay between each individual channel’s sample is no longer fixed. In this example,
the delay between channel 0 and channel 1 is 781 cycles; however, the delay between channel 1 and
channel 2 is 782 cycles.
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After discussing the requirements and the techniques, the achievable sampling rates using the
aforementioned methods can be shown. 表 4 covers the extremes of the input frequency range as well as
the expected middle. This is meant to show the best, worst, and average cases. Notice that the resolution
between the ideal input frequency at each sampling rate never exceeds 0.01 Hz.

表表 4. Achievable Sampling Rates

DELAY CYCLES
(5 ns)

COMPENSATIO
N CYCLES (5

ns)

SAMPLING RATE
PER CHANNEL

(sps)
SAMPLING RATE
PER DEVICE (sps)

IDEAL FREQUENCY
AT SAMPLING RATE

(Hz)

RESOLUTION
FROM NEXT
FREQUENCY

(Hz)
710 0 35211.2676 281690.1408 55.0176 0.00968
710 1 35205.0695 281640.5562 55.0079 0.00968
710 2 35198.8736 281590.9891 54.9982 0.00968
710 3 35192.6799 281541.4394 54.9886 0.00967
710 4 35186.4884 281491.9071 54.9789 0.00967
710 5 35180.2990 281442.3923 54.9692 0.00967
710 6 35174.1119 281392.8948 54.9595 0.00966
710 7 35167.9269 281343.4148 54.9499 0.00966

… … … … … …
781 0 32010.2433 256081.9462 50.0160 0.00800
781 1 32005.1208 256040.9666 50.0080 0.00800
781 2 32000.0000 256000.0000 50.0000 0.00800
781 3 31994.8808 255959.0466 49.9920 0.00800
781 4 31989.7633 255918.1062 49.9840 0.00799
781 5 31984.6474 255877.1790 49.9760 0.00799
781 6 31979.5331 255836.2648 49.9680 0.00799
781 7 31974.4205 255795.3637 49.9600 0.00799

… … … … … …
868 0 28801.8433 230414.7465 45.0029 0.00648
868 1 28797.6962 230381.5695 44.9964 0.00648
868 2 28793.5502 230348.4020 44.9899 0.00648
868 3 28789.4055 230315.2440 44.9834 0.00647
868 4 28785.2619 230282.0956 44.9770 0.00647
868 5 28781.1196 230248.9567 44.9705 0.00647
868 6 28776.9784 230215.8273 44.9640 0.00647
868 7 28772.8384 230182.7075 44.9576 0.00647

2.3.1.3.3 Oversampling

Digital domain filtering is also performed by the second PRU in the form of an averaging filter. This filter
achieves the same results as the oversampling function on more expensive ADCs. Oversampling the
incoming data performs a low-pass filter and removes high-frequency noise before passing the data on to
the next stop in the processing pipeline. The PRU core accumulates the samples from each channel as
the data is coming in and then once the configurable oversampling factor is reached the division is
performed to get the average value.
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2.3.1.4 High-Level Data Processing (Implemented in Arm Core)

All of the data acquisition and low-level processing happens completely in the PRU-ICSS without requiring
a single cycle from the Arm core. This allows the Arm core to focus on higher level processing and
communications. In this reference design, the Arm core is running Texas Instrument’s Processor SDK RT
Linux distribution. This distribution of Linux comes with the PREEMPT_RT patch applied and allows for
user space threads to be assigned priorities that can allow them to get (nearly) uninterrupted CPU cycles
for short periods of time.

The user space application that is provided with this reference design creates two threads: one for
processing the ADC data, and one for displaying the results from the processing. The thread that is
responsible for processing the ADC data is assigned to the highest priority possible (99) so that it can get
through its assigned tasks (and then sleep until the next set of data is ready) without missing a cycle of
data. This processing thread iterates through each sample for each of the 48 channels, finds the minimum
and maximum values, and calculates the RMS value for each cycle. At the end of the cycle, the thread
converts the ADC codes into their respective voltages and then stores the values for each channel into a
global array. This gives the other thread access to the minimum voltage, the maximum voltage, and the
RMS value for each cycle from each of the 48 channels.

The other user space thread is created with the default (lower) priority and it is responsible for displaying
the results to the console. Once every 250 ms, this thread wakes up, prints the latest calculated minimum,
maximum, and RMS values for each channel to the console, and then goes back to sleep. Because this
thread is a lower priority, it never blocks the processing thread from getting through its tasks. 图 11 shows
a mockup of the console output.

图图 11. Typical Output on Console

2.3.1.5 Software Data Flow

图 12 illustrates each of the functions mentioned in the previous sections. Keep in mind that the AM335x
SoC is:
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• Implementing a simultaneous SPI to six eight-channel ADCs (which are generating ≈ 1,536 ksps)

• Performing oversampling on the data if requested

• Detecting zero crossing to estimate the frequency and fine-tune the sampling rate

• Storing the samples in DDR memory

• Retrieving each sample and calculating the minimum, maximum, and RMS values for every single
cycle for each of the 48 ADC channels

• Displaying the data for each channel with a 250-ms update rate

All of this processing is happening continuously and the Arm CPU usage reported by the "top" utility is
only at ≈ 40%.

图图 12. Software Data Flow Diagram

2.3.2 Analog Signal Conditioning

To meet the performance of a 16-bit SAR ADC at the maximum sampling rate (500 kSPS), the sample
and hold capacitors at the input of the ADC must be successfully charged and discharged during the
acquisition-time window. This drive requirement at the inputs of the ADC requires the use of a high
bandwidth, low-noise, and stable amplifier buffer. Such an input driver is integrated in the front-end signal
path of each analog input channel of the device. During transition from one channel of the multiplexer to
another channel, the fast integrated driver ensures that the multiplexer output settles to 16-bit accuracy
within the acquisition time of the ADC regardless of the input levels on the respective channels. The
OPA4197 drives the analog input signals to the ADS8688 which provides wide bandwidth (GBW: 10 MHz)
and low noise (5.5 nV/√Hz).

Any higher frequency content in the input signal beyond half the sampling frequency is digitized and folded
back into the low-frequency spectrum. To avoid this, an antialiasing filter is realized using a second-order
Sallen-Key Filter with unity gain removing any high-frequency components from the input signal.
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图图 13. Schematic of Interfacing With Sensor Boards

2.3.3 ADC

The ADC is configured to use an internal reference of 4.096 V with a ±10.24-V input range for each
channel while the analog supply is set for 5 V and digital supply for 3.3 V. A RC filter of 20 kHz is used for
all the input channels.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDN4.pdf


SDI
1

RST/PD
2

DAISY
3

REFSEL
4

REFIO
5

REFGND
6

REFCAP
7

AGND
8

AVDD
9

AUX_IN
10

AUX_GND
11

AIN_6P
12

AIN_6GND
13

AIN_7P
14

AIN_7GND
15

AIN_0P
16

AIN_0GND
17

AIN_1P
18

AIN_1GND
19

AIN_2GND
20

AIN_2P
21

AIN_3GND
22

AIN_3P
23

AIN_4GND
24

AIN_4P
25

AIN_5GND
26

AIN_5P
27

AGND
28

AGND
29

AVDD
30

AGND
31

AGND
32

DGND
33

DVDD
34

DNC
35

SDO
36

SCLK
37

CS
38

U14

ADS8688IDBT

AGND

DGND

SDI_2

CS2

SCLK_2

1µF

C80

0.1µF

C82

10µF

C81

1µF

C83

0.1µF

C85

10µF

C84

22µF

C100

1µF

C101

47.0kR88

47.0k R95

+3.3V

+5V

AGND DGND

+3.3V

10µF

C99

AGND

0.01µF
C90

0.01µF
C91

0.01µF
C94

0.01µF
C95

0.01µF
C96

0.01µF
C102

0.01µF
C103

0.01µF
C104

357R85

357R86

357R87

357R89

357 R94

357R99

357R96

357R100

357R105

357R106

357 R103

357R104

357 R101

357R102

357 R97
357R98

B0-

B1-

B2-

B3-

B4-

B5-

B6-

B7-

BO4+

BO5+

BO6+

BO7+

BO3+

BO2+

BO1+

BO0+

0
R301

0
R300

+5V

+3.3V

DGND

0.1µF

C267

SDO_2

+3.3V

DGND

2 4

5
3

U32

SN74LVC1G17DCKR

DGND

AGND

0
R318

Copyright © 2017, Texas Instruments Incorporated

www.ti.com.cn System Overview

21ZHCU406A–December 2017–Revised January 2019

TIDUDN4 — http://www-s.ti.com/sc/techlit/TIDUDN4
版权 © 2017–2019, Texas Instruments Incorporated

用于多 ADC 的同步相干 DAQ 的灵活接口 (PRU-ICSS) 参考设计

图图 14. Schematic of Configurations for ADS8688
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In this reference design, the CS for all the six ADCs are tied together to acquire data simultaneously
across all the devices. A non-inverting buffer is used as shown in 图 15.

图图 15. Schematic of Buffering Common Chip Select Across Multiple ADCs

For highest AC performance from the data acquisition, it is very critical to provide clock to each and every
ADCs with low additive litter and low skew. The CDCLVC1106 is compatible with a 3.3-V supply and
operates up to 250 MHz of clock. A pin-to-pin skew of less than 50 ps and additive jitter of less than 100 fs
make the CDCLVC1106 good candidate for fanning out clock to all of the six ADS8688 devices. 图 16
shows the typical schematic for the interface of the clock buffer.

图图 16. Schematic of Clock Buffer
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2.3.4 Power Supply

Analog signal conditioning and data conversion require a power supply with multiple voltage levels. The
ADS8688 requires a 5-V supply at the AVDD and uses 3.3 V for the digital interface at DVDD pin.

• 5-V AVDD: The ADS8688 requires a maximum of 16 mA at the 5-V supply and for maximum data
throughput. For six ADCs, the total current requirement is approximately 96 mA.

• 3.3-V DVDD: Dynamic digital requirement for the current supply is typically 0.5 mA for one ADS8688
device. Including the digital buffer and LED indicators, the overall supply current required is around 50
mA.

• ±12-V AVcc: This is required to power up the AFE to condition the input signals feeding to ADCs. The
OPA4197 drive the input signals and needs up to 1.5 mA per amplifier summing up to 72 mA for all the
48 channels.

Based on these power requirements, the power tree for the system is designed as shown in 图 17.

• Load switch: This is used at the front end of the power supply to disable power supply to the whole
board when OE is deactivated. OE is a GPIO connected to the Sitara processor to enable and power
up the data acquisition board. This connection helps prevent any GPIO from getting pulled high or low
when Sitara is not powered up providing fail-safe operation.

A single supply of 5.5 V is used to derive multiple voltage levels using power converters and LDOs as
shown in 图 17. The TPS65131 generates both positive and negative voltage outputs from a single supply.
This converter has internal boost converter control to step up the input voltage and an inverting converter
control to derive negative voltage. External passives are designed to obtain ±14 V from the input.

图图 17. Power Tree for Data Acquisition
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This converter is followed by a dual-channel LDO, the TPS7A39, consisting of a positive and negative
LDO in a single package to simplify the system design. Regulator outputs can be independently adjusted
and externally adjusted to obtain ±12 V as shown in 图 19.

The LP2992 LDO voltage regulator provides a fixed 5-V analog voltage supply required by the ADCs.
Benefits of this device include ultra-low-dropout and low-noise regulators. For digital power supply of 3.3
V, the TPS7A6533 LDO regulator has been used.

图图 18. Schematic of Front-End DC/DC Converter Using TPS65131

图图 19. Schematic of Configuration for Dual-Channel LDO

2.3.5 Voltage and Current Sensing

PTs measures voltage and provide isolation. In this reference design, the PT120CF transformer measures
up to 120-V AC RMS with 4 kV of isolation. Similarly, for high current measurement, the CR8450-1000
transformer measures the peak current measurement of 70-A AC RMS with linearity.
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3 Hardware, Software, Testing Requirements, and Test Results

This section provides information on connecting this reference design for functional and performance
testing.

3.1 Required Hardware and Software

3.1.1 Hardware

The hardware setup for this reference design consists of four boards, including the BeagleBone Black
board. Analog signals can be either directly connected at the connectors on the data acquisition interface
or through the sensor board where external voltage and current sensors can be connected. External PTs
and CTs are connected on the sensor board feeding outputs for measuring higher voltages and currents
with isolation. The interface connector on the AFE board is connected to the BeagleBone Black EVM
through the adaptor card. 图 20 shows an overall setup for the interconnection.

图图 20. PCB Interconnection for TIDA-01555

This reference design can capture data from 48 analog channels by feeding signals to the six connectors
on the AFE board. Each of these connectors can be fed from the sensor board, which can connect to four
voltage and four current inputs through external PTs and CTs. 表 5 details the connectors on the sensor
board.
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表表 5. Details of Connectors on Sensor Board

CONNECTOR DESCRIPTION CONNECTOR DESCRIPTION
J8 Voltage reference (N) J5 Connector to data acquisition interface
J6 Phase-1 voltage (V1) J1 Phase-1 current (I1)
J7 Phase-2 voltage (V2) J2 Phase-2 current (I2)
J9 Phase-3 voltage (V3) J3 Phase-3 current (I3)
J10 Phase-4 voltage (V4) J4 Phase-4 current (I4)

表 6 details the connectors on the AFE board where analog inputs for all the 48 channels can be given.
This board can be operated from a single power supply of 5.5 V at the connector J3. There is a provision
to supply an external ±14 V for the data acquisition card.

表表 6. Connector Details for Data Acquisition Board

CONNECTOR DESCRIPTION CONNECTOR DESCRIPTION
J1 Signals from Sensor Board-1 J3 Power supply input
J6 Signals from Sensor Board-2 J5 Connector to adaptor board
J7 Signals from Sensor Board-3 J11 Option for external 14-V supply
J8 Signals from Sensor Board-4 J12 Option for external –14-V supply
J9 Signals from Sensor Board-5 J10 Signals from Sensor Board-6

This reference design provides multiple test points for probing the voltages at different stages for
debugging purposes. 表 7 lists the different available test points.

表表 7. Test Points on Data Acquisition Board

TEST POINTS DESCRIPTION TEST POINTS DESCRIPTION
TP1 5-V AVDD TP5 Pin for external battery switch
TP2 14 V TP6 3.3-V DVDD
TP3 AGND TP7 12 V
TP4 –14 V TP8 –12 V

Analog inputs for an individual ADS8688 is mapped onto separate connectors with a provision for feeding
differential analog signal for all the eight inputs of the ADC as given in 表 8.

表表 8. Connector Interfacing Sensor Board and AFE Board

PIN NO DESCRIPTION PIN NO DESCRIPTION
1 AIN5+ 2 AIN5-
3 AIN4+ 4 AIN4-
5 AIN3+ 6 AIN3-
7 AIN2+ 8 AIN2-
9 AIN1+ 10 AIN1-
11 AIN0+ 12 AIN0-
13 AIN7+ 14 AIN7-
15 AIN6+ 16 AIN6-
17 AGND 18 AGND
19 12 V 20 –12 V
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All the digital interfaces to the ADS8688 through serial communication are available at a single connector,
which is connected to the Sitara processor through an adaptor board in between. 表 9 details the
connector pins that interfaces the AFE board and the adaptor board.

表表 9. Connector Interfacing AFE Board and Adaptor Board

PIN NO DESCRIPTION PIN NO DESCRIPTION
1 SDI-1 2 SDI-2
3 CS-1 4 CS-2
5 SCLK-1 6 SCLK-2
7 SDO-1 8 SDO-2
9 DGND 10 DGND
11 SDI-3 12 SDI-4
13 CS-3 14 CS-4
15 SCLK-3 16 SCLK-4
17 SDO-3 18 SDO-4
19 DGND 20 DGND
21 SDI-5 22 SDI-6
23 CS-5 24 CS-6
25 SCLK-5 26 SCLK-6
27 SDO-5 28 SDO-6
29 DGND 30 DGND
31 DGND 32 DGND
33 OUTPUT ENABLE 34 +3.3V
35 AGND 36 AGND
37 AGND 38 AGND
39 12 V 40 –12 V

When connecting the AFE to the BeagleBone Black EVM, CS and CLK for all the six ADS8688 devices
are tied together, and the intermediate buffer is provided on the adaptor board. The connector on the
adaptor board is configured to connect with P8 on the BeagleBone Black EVM and the corresponding pin
details are provided in 表 10.

表表 10. Connector Interfacing Adaptor Board With BeagleBone Black

PIN NO SIGNAL PIN NO SIGNAL
P8.40 SDI-1 P8.45 SDO-1
P8.46 SDI-2 P8.46 SDO-2
P8.27 SDI-3 P8.43 SDO-3
P8.29 SDI-4 P8.44 SDO-4
P8.30 SDI-5 P8.41 SDO-5
P8.21 SDI-6 P8.42 SDO-6
P8.39 CS P8.20 SCLK
P8.16 Output enable

3.1.2 Software

3.1.2.1 Software Requirements

To use the demo software provided with this reference design, the user must have the RT Linux
Processor SDK for the AM335x device.
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• AM335x RT Linux Processor SDK v05.01.00.11 or newer

3.1.2.2 AM335x RT Linux Processor SDK Installation

This reference design is written using a 64-bit version of an Ubuntu 14.04 LTS host machine.

• Linux Processor SDK download page: Processor SDK Download Page

• Installation instructions: Processor SDK Linux Installer

• Processor SDK Linux Getting Started Guide

3.1.2.3 TIDA-01555 PRU ADC Demo Software

The demo software for this reference design can be found in the 'example-applications/pru-adc-x.y/'
directory of the Processor SDK Linux installation. This directory contains the source files for the PRU
firmwares, the user space application, and the device tree file.

3.1.2.4 Running the Demo

All software and binaries needed to run the demo are included out of the box in the RT Linux Processor
SDK filesystem. When the board is booted with the default kernel and filesystem, the following steps can
be used to run the demo:
1. Change to the pre-built PRU ADC device tree to configure the required pin muxing.

# cd /boot
# cp am335x-boneblack.dtb am335x-boneblack.dtb.orig
# cp am335x-boneblack-pru-adc.dtb am335x-boneblack.dtb

2. Link the PRU ADC firmware binaries to the symbolic links, so they are loaded when the PRU starts up.
# cd /lib/firmware
# ln -sf /lib/firmware/pru/PRU_ADS8688_Controller.out am335x-pru0-fw
# ln -sf /lib/firmware/pru/PRU_ADS8688_Interface.out am335x-pru1-fw

3. Reboot the EVM to let the updated device tree take affect.
# reboot

4. Execute the provided script to load the PRUs and start the Arm binary.
# run-pru-adc.sh

These steps are also documented online on the Linux Processor SDK Application Demos page here:
PRU-ADC Demo.

3.1.2.5 Rebuilding from Source

The source files and utilities to build them are provided in the Linux Processor SDK installation package.
The following sections have instructions on how to rebuild the demo from source.

3.1.2.5.1 Compile the Device Tree to Configure Pin Muxing

A device tree include file that configures the demo pin muxing and reserves a block of DDR memory is
provided in the Linux Processor SDK kernel source files at: ${RT Linux Processor SDK Install
Path}/board-support/linux-xx.xx.xx/arch/arm/boot/dts/am335x-pru-adc-dtsi. To change the PRU pin muxing
or the location of the reserved memory, open this file and make the desired changes. When the changes
are complete, the top-level SDK Makefile can be used to rebuild the device tree.
# cd ${RT Linux Processor SDK Install Path}
# make linux-dtbs
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The newly rebuilt device tree is located in the kernel source at: ${RT Linux Processor SDK Install
Path}/board-support/linux-xx.xx.xx/arch/arm/boot/dts/am335x-boneblack-pru-adc.dtb.

3.1.2.5.2 Compiling the Arm User Space Binary and PRU-ICSS Firmwares

To compile the Arm binary and the two PRU firmwares required to run the demo, use the SDK top-level
Makefile. The source files for the demo are found in the example-applications/pru-adc-x.y/ directory of the
Linux Processor SDK installation folder. Make any desired changes to the source files, then rebuild with
the top-level Makefile.
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# cd ${RT Linux Processor SDK Install Path}
# make pru-adc

注注: This top-level file Makefile calls Makefiles in each project folder, which can be called directly
to rebuild each binary separately.

If nothing is missing, the binaries are located in the newly created gen folder inside each of the three
project folders:

• Arm user space application binary: example-applications/pru-adc-
x.y/ARM_User_Space_App/gen/Arm_User_Space_App.out

• PRU-ICSS core 0 firmware binary: example-applications/pru-adc-
x.y/PRU_ADS8688_Controller/gen/PRU_ADS8688_Controller.out

• PRU-ICSS core 1 firmware binary: example-applications/pru-adc-
x.y/PRU_ADS8688_Interface/gen/PRU_ADS8688_Interface.out

3.1.2.5.3 Copying Files to the File System of the Board

When all device trees, binaries, and firmwares have been built, move them to the file system of the
BeagleBone Black running the RT Linux Processor SDK Linux distribution.

• Device Tree – The device tree (am335x-boneblack-pru-adc.dtb) created in 节 3.1.2.5.1 must be placed
in the /boot/ directory of the BeagleBone Black’s file system.

• Arm Binary – The Arm binary (Arm_User_Space_App.out) created in 节 3.1.2.5.2 must be renamed to
‘pru-adc-arm-app.out’ and placed in the /usr/bin/ directory of the BeagleBone Black’s file system.

• PRU Firmwares – The PRU firmwares (PRU_ADS8688_Controller.out and
PRU_ADS8688_Interface.out) created in 节 3.1.2.5.2 must be copied to the /lib/firmware/pru/ directory
of the BeagleBone Black’s file system.

When these updated files have been moved to the file system, the steps in 节 3.1.2.4 can be followed to
run the demo.
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3.2 Testing and Results

3.2.1 Functional Tests

• Power tree: Before testing for performance, the data acquisition board is powered up by giving the 5.5-
V supply at the input. Voltage at different test points are measured to validate the ±12 V, +5 V and
+3.3 V rails.

• Analog driver: Using a function generator, AFE of the board is tested by giving AC voltage of less than
a ±10-V peak at the analog input pins. This is to verify voltages going at the input of ADS8688 and
functioning of analog driver for the same.

• Sensor board: Functioning of the sensor board is verified by connecting CTs and PTs at the
corresponding connectors. Voltage at the input of PT is swung up to 120-V AC RMS to make sure
output of the sensor board is within the input voltage range of ±10.24 V. Similarly, on the CT, input
current is given up to 70 A RMS to validate the output of the board is limited within the range of the
ADC.

• ADS8688: To verify how the AFE and ADS8688 boards function, the test setup shown in 图 21 is used
where the ADS8688EVM along with a simple capture card (SDCC) evaluate the performance of an
individual ADC.

– DC performance: By shorting the input signal connector on the AFE board, DC performance of the
ADC is captured using the graphical user interface (GUI) through a USB interface. The histogram
analysis provides a mean ADC value, code spread, sigma (standard deviation), and the peak value
for zero input.

– AC performance: For an FFT analysis using GUI, an external function generator is used to
generate a sine wave of fixed frequency and amplitude less than the input voltage range of the
ADS8688 that is being set on the GUI configuration. The GUI provides AC performance of the
analog signal chain and the ADS8688 by providing key dynamic parameters such as signal-to-noise
ratio (SNR), total harmonic distortion (THD), signal-to-noise and distortion ratio (SINAD), and
spurious-free dynamic range (SFCR).

图图 21. Test Setup for Functional Testing of Data Acquisition Board
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3.2.2 Performance Tests

3.2.2.1 Test Setup

To evaluate the performance of this reference design as shown in 图 22, use the following:

• AC voltage and current source (120-V AC RMS and 70-A AC RMS)

• External CTs (CR8450-1000) and PTs (PT120CF)

• Sensor board (TIDA-01555)

• Data acquisition board (TIDA-01555)

• Interface adaptor board (TIDA-01555)

• BeagleBone Black EVM

• 5.5-V power supply (up to 500 mA)

图图 22. Test Setup for Performance Testing

3.2.2.2 DC Performance

To evaluate the DC performance of this reference design, instead of connecting inputs from the sensor
boards, short the analog input terminals for all the 48 channels. The AFE board is connected to the
BeagleBone Black EVM through the interface adaptor. The PRU on the AM335x is programmed to
interface with all the six ADS8688 devices to capture data from all the channels. The input voltage range
for the ADC is set to ±2.5 × VREF, which is ±10.24 V. Each ADC is configured to sample at 256 ksps, which
corresponds to 32 ksps per channel. Data across all 48 channels are being collected for 1 second and
analyzed. Parameters such as minimum, maximum, code spread, and mean code are calculated for all
the channels to show the DC performance of the entire data acquisition system as given in 表 11. Most of
the channels have code spread of less than 4 with standard deviation of 0.5 to 0.58 across the channels.
图 23 shows a DC histogram for one of the channels.
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图图 23. DC Histogram for One Channel: Sigma = 0.55, Code Peak = 32766

表表 11. DC Performance of Data Acquisition

CH.
NO.

MINIMUM
CODE

MAXIMUM
CODE

CODE
SPREAD

MEAN
CODE

CH.
NO.

MINIMUM
CODE

MAXIMUM
CODE

CODE
SPREAD

MEAN
CODE

0 32764 32768 4 32766 24 32765 32769 4 32766
1 32764 32768 4 32766 25 32765 32769 4 32766
2 32764 32768 4 32765 26 32766 32770 4 32767
3 32764 32768 4 32765 27 32767 32771 4 32768
4 32764 32768 4 32766 28 32766 32770 4 32767
5 32764 32768 4 32766 29 32766 32770 4 32768
6 32765 32769 4 32766 30 32765 32768 3 32766
7 32766 32769 3 32767 31 32766 32769 3 32767
8 32766 32770 4 32768 32 32764 32768 4 32765
9 32766 32769 3 32767 33 32764 32768 4 32766

10 32765 32769 4 32766 34 32766 32770 4 32767
11 32766 32770 4 32767 35 32765 32769 4 32766
12 32766 32769 3 32767 36 32763 32767 4 32764
13 32765 32769 4 32766 37 32763 32767 4 32765
14 32764 32768 4 32766 38 32766 32770 4 32767
15 32764 32768 4 32766 39 32765 32769 4 32767
16 32764 32767 3 32765 40 32766 32769 3 32767
17 32766 32770 4 32767 41 32763 32767 4 32764
18 32765 32769 4 32767 42 32767 32771 4 32769
19 32764 32768 4 32765 43 32766 32769 3 32767
20 32764 32768 4 32766 44 32763 32767 4 32765
21 32764 32768 4 32766 45 32764 32769 5 32766
22 32765 32769 4 32766 46 32765 32768 3 32766
23 32764 32767 3 32765 47 32764 32768 4 32766
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3.2.2.3 AC Performance

To test the board for accuracy of AC signals, a variable voltage and current source are connected at the
input of the PTs and CTs. 图 22 shows the setup used to sweep the input voltage and current signals. The
frequency of the input voltage and current is set to 50 Hz. For every line cycle, 640 samples are collected
for each channel through SPI. The ping-pong buffer stores the data corresponding to one cycle from all
the 48 channels. RMS value is being calculated for using this data for every cycle and stored in a buffer.
Input AC voltage is varied from 2.5-V to 120-V RMS and the measurement accuracy has been captured in
图 24 and 表 12. This error includes total error of the system including non-linearity of the PTs.

图图 24. Performance of DAQ for AC Voltage Measurement

表表 12. Accuracy of AC Voltage Measurement

VOLTAGE
(VRMS)

APPLIED VOLTAGE
(VRMS)

MEASURED VOLTAGE
AT ADC (VRMS)

MEASURED VOLTAGE
AFTER CALIBRATION (VRMS) % ERROR

2.5 2.477 0.1028 2.4771 –0.0044
5 5.002 0.2075 5.0000 0.0400

10 10.002 0.4152 10.0048 –0.0282
20 20.0016 0.8303 20.0072 –0.0281
30 30.002 1.2454 30.0096 –0.0255
40 40.0022 1.6605 40.0120 –0.0246
50 50.0025 2.076 50.0241 –0.0432
75 75.003 3.1159 75.0819 –0.1052

100 100.003 4.155 100.1205 –0.1175
110 110.004 4.5706 110.1349 –0.1190
120 120.005 4.9849 120.1181 –0.0942
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Similarly, measurement accuracy for current is captured by varying the input current from 2.5 A to 70 A
RMS. 图 25 and 表 13 show the overall accuracy measurement, which is found to be less than ±0.11%.

图图 25. Performance for Capturing AC Current

表表 13. Accuracy of AC Current Measurement

CURRENT
(ARMS)

APPLIED CURRENT
(ARMS)

MEASURED CURRENT AT
ADC (ARMS)

MEASURED CURRENT
AFTER CALIBRATION

(ARMS)
% ERROR

2.5 2.50072 0.2463 2.4980 0.1099
5 5.00072 0.4929 4.9990 0.0347

10 10.0006 0.9868 10.0081 –0.0751
20 20.0069 1.9735 20.0152 –0.0416
30 30.0078 2.9593 30.0132 –0.0179
40 40.0077 3.946 40.0203 –0.0315
50 50.0055 4.9294 49.9939 0.0232
60 60.0056 5.9152 59.9919 0.0229
70 70.002 6.9044 70.0243 –0.0319
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3.2.2.4 Simultaneous Sampling Between ADCs

In this design, all the six ADCs have a common CS signal. Sampling delay between nth channel of all the
ADCs will be minimal. For example, CH0 of ADC1, CH0 of ADC2, and CH0 of ADC6 must have a very
small delay between sampling. This delay is verified by performing the following test:

• Configure all the ADCs to sample only first channel of its input (that is, CH0). This results in higher
throughput and smaller conversion time.

• Apply an input signal of 50 Hz to CH0 of all the ADCs.

• Configure the ADCs to capture at full speed of 256 ksps for each ADS8688.

• Capture the data from each ADC for 1 second, which results in 256k samples for each input channel.

• Compare the ADC sample number corresponding to maximum value and minimum value in two ADCs.

表 14 shows the output value from two ADCs near the minimum and maximum values captured along with
the sample number. From both of these values, there is a delay of one sample and half sample cycle in
these two cases. From the experiment, the maximum delay between two channels is no more than 1
sample cycle, which is 3.9 µs.

表表 14. Sample Numbers Around Peak Values for Two ADCs

SAMPLE
NUMBER

OUTPUT FROM CH-0
OF ADC-1

OUTPUT FROM CH-0
OF ADC-2

SAMPLE
NUMBER

OUTPUT FROM CH-0 OF
ADC-1

OUTPUT FROM CH-
0 OF ADC-2

525 1893 1897 3087 63595 63593
526 1893 1897 3088 63596 63593
527 1893 1896 3089 63596 63594
528 1892 1896 3090 63596 63594
529 1892 1896 3091 63596 63594
530 1892 1895 3092 63595 63593
531 1893 1896 3093 63594 63592

3.2.2.5 Coherent Sampling

In this reference design, input frequency is estimated by detecting zero crossing of the input signal. This
detection is implemented on the second PRU core, which counts the number of zero crossings of the
signal captured at a user specified channel. In this example, the core captures time taken for 10 zero
crossings, which corresponds to five line cycles. Based on this computation, the PCU can update the
sampling rate of acquisition on the first PRU to precisely adjust the CS to achieve fixed number of
samples in spite of variations in the line cycle.

To validate the functioning of coherent sampling, logic analyzer is plugged on to the CS pin and voltage is
fed from a function generator to the corresponding channel, which is programmed to detect frequency and
zero crossing. Initially, the input signal is set to 50 Hz, which results in an overall conversion time of 3.91
µs, or 255.8 kHz (50 Hz × 640 samples × 8 channels). When the input signal frequency is changed to 45
Hz, the frequency of the CS signal also changes accordingly to 4.34 µs, or 230.4 kHz (45 Hz × 640
samples × 8 channels). 图 26 shows the transition between two situations.
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图图 26. Adjusting CS for Coherent Sampling

图 27 demonstrates the improvement in the AC performance of data acquisition due to coherent sampling.
In the initial setup, coherent sampling is disabled and the sampling rate is fixed to 256 ksps, which results
in 640 samples per cycle when the input frequency is 50 Hz. A sampling window of 1920 samples is used
to analyze FFT. In this analysis, an input voltage of 45 Hz is given to one of the analog channels and the
data is being captured. Time samples of the ADC output is plotted on the left side and FFT plot on the
right-hand side of 图 27.

When the coherent sampling is disabled, fewer than three cycles are captured on the given sampling
window as shown in the right-top plot, and the corresponding FFT plot is shown next to it. With the
coherent sampling enabled, PRU can able estimate the input frequency by looking at the zero crossings.
This adjusts the CS to achieve a fixed 640 samples per cycle in spite of any variations in the input
frequency, which is evident in the bottom plot of 图 27. Exactly two cycles are captured in a sampling
window of 1920 samples, which results in an improved FFT plot with reduced spectral leakage.

图图 27. Comparison of AC Performance for Non-Coherent and Coherent Sampling
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3.2.2.6 FFT Analysis

图 28 shows the frequency plot for a 64-Hz input signal with a voltage range setting of ±10.24 V and for
65536 samples. An SFDR of 110 dB is obtained, and 表 15 lists the harmonic amplitude.

图图 28. FFT Plot for AC Input Signal: Number of Points = 65536, fIN = 64 Hz, SFDR = 110 dB

表表 15. Harmonic Amplitude

PEAK POWER (dB)
First peak 206.7394

Second peak 96.7118
Third peak 96.66346

Fourth peak 82.90698
Fifth peak 82.73659
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4 Design Files

4.1 Schematics

To download the schematics, see the design files at TIDA-01555.

4.2 Bill of Materials

To download the bill of materials (BOM), see the design files at TIDA-01555.

4.3 PCB Layout Recommendations

Performance of data acquisition is highly dependent on the design and layout of PCB in both analog and
digital sides. Addressing the details of PCB design is critical to ensure the best performance out of the
ADC. For more details, see ADS868x 16-Bit, 500-kSPS, 4- and 8-Channel, Single-Supply, SAR ADCs with
Bipolar Input Ranges.

4.3.1 Layout Prints

To download the layer plots, see the design files at TIDA-01555.

4.4 Altium Project

To download the Altium project files, see the design files at TIDA-01555.

4.5 Gerber Files

To download the Gerber files, see the design files at TIDA-01555.

4.6 Assembly Drawings

To download the assembly drawings, see the design files at TIDA-01555.

5 Software Files

To download the software files for this reference design, see the link at TIDA-01555.

6 Related Documentation
1. Texas Instruments, TIDA-00307 High-Accuracy AC Voltage and Current Measurement AFE for Feeder

Terminal Unit Reference Design
2. Texas Instruments, ADS8688EVM-PDK Evaluation Module User's Guide
3. Texas Instruments, TIDA-01214 Isolated, High-Accuracy Analog Input Module Reference Design Using

16-Bit ADC and Digital Isolator
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7 Terminology
ADC— Analog-to-digital converter

AFE— Analog front end

CT— Current transformer

FFT— Fast Fourier transform

GUI— Graphic user interface

LPF— Low-pass filter

PRU— Programmable real-time unit

PT— Potential transformer

SFDR— Spurious-free dynamic range

SINAD— Signal-to-noise and distortion ratio

SNR— Signal-to-noise ratio

THD— Total harmonic distortion

8 About the Authors

PRASANNA RAJAGOPAL is a systems engineer at Texas Instruments Dallas, where he is responsible
for developing reference design solutions for Grid Infrastructure in Industrial Systems. Prasanna brings to
this role his expertise in power electronics, mixed signal systems. Prasanna earned his PhD from IISc,
Bangalore, India.

JASON REEDER is a software applications engineer at Texas Instruments, where he is responsible for
supporting customers using Linux on TI’s Sitara family of devices. Jason earned his bachelor of science in
computer software engineering and his master of science in electrical engineering at the University of
Florida in Gainesville, FL.

8.1 Acknowledgments

KALLIKUPPA MUNIYAPPA SREENIVASA, Systems Architect at Texas Instruments, for his inputs and
feedback on system architecture, requirements, and technical inputs.

AMIT KUMBASI, Systems Manager at Texas Instruments, for his inputs and feedback on system
architecture, requirements, and technical inputs.

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDN4.pdf


www.ti.com.cn 修订历史记录

41ZHCU406A–December 2017–Revised January 2019

TIDUDN4 — http://www-s.ti.com/sc/techlit/TIDUDN4
版权 © 2017–2019, Texas Instruments Incorporated

Revision History

修修订订历历史史记记录录
注：之前版本的页码可能与当前版本有所不同。

Changes from Original (December 2017) to A Revision ................................................................................................ Page

• 已更改 position of Figure 10: Overall Functioning of Timing Adjustments to Figure 9 ......................................... 15
• 已更改 position of Figure 9: Timing of CS Across Multiple Channels of ADCs to Figure 10 .................................. 15
• Updated Software Requirements section. ............................................................................................ 27
• Updated links in AM335x RT Linux Processor SDK Installation section. ........................................................ 28
• Updated TIDA-01555 PRU ADC Demo Software section. ......................................................................... 28
• Removed Compile the Device Tree to Configure Pin Muxing section. ........................................................... 28
• Added Running the Demo section. .................................................................................................... 28
• Removed Compiling the Arm User Space Binary and PRU-ICSS Firmwares section.......................................... 28
• Added Rebuilding from Source section. .............................................................................................. 28
• Removed Copying Files to the File System of the Board section. ................................................................ 30
• Removed Booting and Running the Demo section. ................................................................................. 30
• Removed Software Disclaimer section................................................................................................ 30
• 已更改 sample window size from 1280 to 1920 ..................................................................................... 37
• 已更改 number of cycles captured from two to three ............................................................................... 37

http://www.ti.com.cn
http://www-s.ti.com/sc/techlit/TIDUDN4.pdf


重重要要声声明明和和免免责责声声明明

TI 均以“原样”提供技术性及可靠性数据（包括数据表）、设计资源（包括参考设计）、应用或其他设计建议、网络工具、安全信息和其他资
源，不保证其中不含任何瑕疵，且不做任何明示或暗示的担保，包括但不限于对适销性、适合某特定用途或不侵犯任何第三方知识产权的暗示
担保。

所述资源可供专业开发人员应用TI 产品进行设计使用。您将对以下行为独自承担全部责任：(1) 针对您的应用选择合适的TI 产品；(2) 设计、
验证并测试您的应用；(3) 确保您的应用满足相应标准以及任何其他安全、安保或其他要求。所述资源如有变更，恕不另行通知。TI 对您使用
所述资源的授权仅限于开发资源所涉及TI 产品的相关应用。除此之外不得复制或展示所述资源，也不提供其它TI或任何第三方的知识产权授权
许可。如因使用所述资源而产生任何索赔、赔偿、成本、损失及债务等，TI对此概不负责，并且您须赔偿由此对TI 及其代表造成的损害。

TI 所提供产品均受TI 的销售条款 (http://www.ti.com.cn/zh-cn/legal/termsofsale.html) 以及ti.com.cn上或随附TI产品提供的其他可适用条款的约
束。TI提供所述资源并不扩展或以其他方式更改TI 针对TI 产品所发布的可适用的担保范围或担保免责声明。IMPORTANT NOTICE

邮寄地址：上海市浦东新区世纪大道 1568 号中建大厦 32 楼，邮政编码：200122
Copyright © 2019 德州仪器半导体技术（上海）有限公司

http://www.ti.com.cn/zh-cn/legal/termsofsale.html
http://www.ti.com.cn


重重要要声声明明和和免免责责声声明明

TI 均以“原样”提供技术性及可靠性数据（包括数据表）、设计资源（包括参考设计）、应用或其他设计建议、网络工具、安全信息和其他资
源，不保证其中不含任何瑕疵，且不做任何明示或暗示的担保，包括但不限于对适销性、适合某特定用途或不侵犯任何第三方知识产权的暗示
担保。

所述资源可供专业开发人员应用TI 产品进行设计使用。您将对以下行为独自承担全部责任：(1) 针对您的应用选择合适的TI 产品；(2) 设计、
验证并测试您的应用；(3) 确保您的应用满足相应标准以及任何其他安全、安保或其他要求。所述资源如有变更，恕不另行通知。TI 对您使用
所述资源的授权仅限于开发资源所涉及TI 产品的相关应用。除此之外不得复制或展示所述资源，也不提供其它TI或任何第三方的知识产权授权
许可。如因使用所述资源而产生任何索赔、赔偿、成本、损失及债务等，TI对此概不负责，并且您须赔偿由此对TI 及其代表造成的损害。

TI 所提供产品均受TI 的销售条款 (http://www.ti.com.cn/zh-cn/legal/termsofsale.html) 以及ti.com.cn上或随附TI产品提供的其他可适用条款的约
束。TI提供所述资源并不扩展或以其他方式更改TI 针对TI 产品所发布的可适用的担保范围或担保免责声明。IMPORTANT NOTICE

邮寄地址：上海市浦东新区世纪大道 1568 号中建大厦 32 楼，邮政编码：200122
Copyright © 2019 德州仪器半导体技术（上海）有限公司

http://www.ti.com.cn/zh-cn/legal/termsofsale.html
http://www.ti.com.cn

	用于使用多个 ADC 的同步相干 DAQ 的灵活接口 (PRU-ICSS) 参考设计
	1 System Description
	1.1 Protection Relay
	1.2 Grid Automation
	1.3 Other Applications
	1.4 Key System Specifications

	2 System Overview
	2.1 Block Diagram
	2.2 Highlighted Products
	2.2.1 ADS8688: 500-kSPS, 8-Channel, SAR ADC With Bipolar Input Ranges
	2.2.2 AM3358
	2.2.3 OPA4197: Precision, Rail-to-Rail I/O Operational Amplifier
	2.2.4 TPS22914: 37-mΩ On-Resistance Load Switch
	2.2.5 TPS65131: Positive and Negative Output DC/DC Converter
	2.2.6 TPS7A39: 150-mA, Positive and Negative LDO Voltage Regulator
	2.2.7 TPS7A6533-Q1: 300-mA, Low-Dropout Regulator
	2.2.8 LP2992: Micropower, 250-mA, Ultra-Low-Dropout Regulator
	2.2.9 CDCLVC1106: LVCMOS High-Performance Clock Buffer

	2.3 System Design Theory
	2.3.1 Interfacing With Multiple ADCs
	2.3.1.1 PRU-ICSS
	2.3.1.2 PRU-ADC Interface (Implemented in PRU-1)
	2.3.1.3 Digital Filtering and Feedback (Implemented in PRU-0)
	2.3.1.4 High-Level Data Processing (Implemented in Arm Core)
	2.3.1.5 Software Data Flow

	2.3.2 Analog Signal Conditioning
	2.3.3 ADC
	2.3.4 Power Supply
	2.3.5 Voltage and Current Sensing


	3 Hardware, Software, Testing Requirements, and Test Results
	3.1 Required Hardware and Software
	3.1.1 Hardware
	3.1.2 Software
	3.1.2.1 Software Requirements
	3.1.2.2 AM335x RT Linux Processor SDK Installation
	3.1.2.3 TIDA-01555 PRU ADC Demo Software
	3.1.2.4 Running the Demo
	3.1.2.5 Rebuilding from Source


	3.2 Testing and Results
	3.2.1 Functional Tests
	3.2.2 Performance Tests
	3.2.2.1 Test Setup
	3.2.2.2 DC Performance
	3.2.2.3 AC Performance
	3.2.2.4 Simultaneous Sampling Between ADCs
	3.2.2.5 Coherent Sampling
	3.2.2.6 FFT Analysis



	4 Design Files
	4.1 Schematics
	4.2 Bill of Materials
	4.3 PCB Layout Recommendations
	4.3.1 Layout Prints

	4.4 Altium Project
	4.5 Gerber Files
	4.6 Assembly Drawings

	5 Software Files
	6 Related Documentation
	6.1 商标

	7 Terminology
	8 About the Authors
	8.1 Acknowledgments


	修订历史记录
	Important Notice

