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CHAPTER –III

IMPLEMENTATION OF SUBSTATION MONITORING AND CONTROL 
SYSTEM
3.1 INTRODUCTION 

In the previous chapter,  the general design of  a substation monitoring system was developed.  In this chapter the developed design has been implemented. The core of the design is built around Energy Node Plus (ENP).

 Energy Node Plus (shortly called as ENP hereafter) is a tool for monitoring the electrical  parameters like voltage, current, power factor, active power, reactive power, apparent power phase wise, active, reactive energies for total 3 phases, frequency and the feeder status information. The ENP can be connected to any of the distribution feeder or to a 3 phase load (motor or pump etc) in order to monitor the above said parameters. This system provides a low cost 3 phase measurement with the greater accuracy and flexibilities. The ENP can be connected to a Personal Computer through RS485 – RS232 Converter (Serial Communication). The input to the ENP is made through the current transformers (or Hall Sensor) and Potential Dividers (instead of PTs). Each ENP can be identified with its Node ID. ENP is based around the new concept of ATMEL TWO CHIP Solution for energy measurement with micro-controller. A single line diagram of the substation monitoring system  is described  below in figure-3.1.
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Figure 3.1 System Single Line Block Diagram

The figure 3.1  shows the system block diagram of the demonstration model, in which the energy  node is connected to any of the distribution Feeder or to a 3-phase load like motor or pump. The main components of the system are : 
i. 3-phase Energy Node
ii. RS-485 to RS-232 Converter
iii. PC with EMS Software
3.2        ENERGY NODE PLUS (ENP)
The Energy Node Plus (ENP)  is based  on the new concept of  field bus technology of  ATMEL  Two Chip Solution. The various features of the ENP are detailed below : 

i. The Overall accuracy of ENP is ±1% with CTs and ±0.5% with Hall sensors.
ii. It is compact and self powered.
iii. It can be directly connected to PC through serial communication  port  via RS-485, RS232 converter.
iv. The Node can be configured (setting of voltage scaling & CT ratio) 
from the PC.
v. It provides status information of the feeder / load through LED 
indication on the node.
vi. It has two different Resets mode; one for the NODE and the other for the meter.
vii. Resistance dividers are used for voltage scaling which provides more linear and accurate results.  (Max. input Voltage to be  measured  between  L-N is  270 V r.m.s).
viii. Different resistance dividers can be used if the line voltage is different.
ix. In this system the Current Transformers (or Hall Sensors) are used to condition the current to required level. (Max. Input Current (primary) to be measured is 80A or 5A)
x. It fulfills IEC 1036, Class 1 Accuracy Requirements
xi. It fulfills IEC 687, Class 0.5 and Class 0.2 Accuracy, with External Temperature Compensated Voltage Reference
xii. It fulfills IEC 1268, Requirements for Reactive Power
xiii. It measures Simultaneous Active, Reactive and Apparent Power and Energy Measurement
xiv. It measures Power Factor, Frequency, Voltage and Current 
Measurement
xv. It can handle Single - and Poly - phase Operation
xvi. It has Three Basic Operating Modes: Stand-alone Mode, Microprocessor Mode and Multi-Channel Mode.
xvii. It has Flexible Interfacing, 8-bit Microprocessor Interface, 8-bit 
Status Output and Eight Impulse Outputs.
xviii. It does Calibration of Gain and Phase Error
xix. It provides Compensation of the Non-linearity of Low Power Measurement
xx. It has Adjustable Starting Current and Meter Constant
xxi. It can Measure  Bandwidth of upto 1000 Hz
xxii. It has tamper - proof Design
xxiii. It requires only a single +5V supply
3.2.2 Functional Block diagram of ENP
Basically the ENP consists of three boards; namely the signal conditioner board, the two-chip solution board and the 8031 based micro controller board along with its power supply unit. Figure.3.2  shows the functional block diagram of the ENP.


4.3.1. Signal Conditioner Unit

4.3.2. Two Chip Solution Unit

4.3.3. Micro controller Unit

Figure.3. Functional Block diagram of ENP

Figure-3.2  Functional Block diagram of ENP

3.2.3
 Signal Conditioner Unit:
This board consists of the sensor (transducers) modules and the necessary signal conditioning circuits. 

3.2.3.1
Voltage Sensing
The 3 phase voltages (say 270 Vrms) have to be reduced to 2Vpp. Employing a potential divider with the divider ratio of 390:1 does this. The voltage to be measured is applied across the divider, and the signal is taken across the low voltage arm. The protection devices like the Varistor, by-pass capacitor and coupling capacitors are also employed. The accuracy of the voltage sensing depends upon the divider ratio and the linearity of the resistors used. Normally resistance divider provides better accuracy and linearity than Potential transformers (PT). Accuracy of ±0.1% is obtained using the divider network.

3.2.3.2
Current Sensing
Current transformer (CT) with the ratio of 2500:1 is employed to measure the current. The maximum primary current of the CT is 5A. By connecting a proper value of resistance (say 357 () in the secondary causes 2 Vpp across the resistor. By-pass capacitors and coupling capacitors are also employed. The accuracy of the CT used is ±1%. If one wants to improve the accuracy upon the current measurement, employing the HALL Sensor for current sensing gives the accuracy of ±0.2 to ±0.5%. But the cost of the hall sensors is comparatively more.

The signal conditioner provides totally six voltage outputs (Maximum of 2 Vpp in all channels); three corresponds to the 3 phase voltages and the other three corresponds to the 3 phase currents. 

3.2.3 Two Chip Solution Unit
 
This board mainly consists of the following sections :

I. Analog-to-Digital Converter 73C501
II. DSP Core 73C500
III. Output Latches
IV. Crystal Oscillating Circuitry

V. Necessary Control Logic Circuitry










Figure-3.3 Functional Block diagram of  ATMEL  two chip solution

The  figure.3.3.  shows the functional block diagram of Two-chip solution Unit. The analog-to-digital converter used is a high speed, more linear, accurate device ATMEL 73C501, which is a six channel, 16 bit, single ended, Sigma-Delta Analog-to-digital converter. It takes all the six analog inputs from the signal conditioner circuit and converts into digital signal. The digital signals are then transferred to the DSP through serial line for the calculations. It samples the inputs at 64 points over one line frequency. The details of ATMEL Two Chip Solution may be referred at   Appendix-I.
The DSP core (Digital Signal Processing Core) is a dedicated DSP (tailor made IC), which can be used only for this application. ATMEL 73C500 is a special DSP processor, in which the programs for calculation of the parameters are in-built. It takes directly the digitized output of the ADC through serial line and the calculations are done. The calculated results are sent out in three different forms. One form of the output is the energy impulse output, which can directly drive some electromechanical counter, so that it can be used as a real / reactive energy meter. The second form of the output is the status output, which can be used to provide the line status through LED indications. Some of the indications that are provided by the DSP are : 
VI. Phase Voltage indication (L1, L2, L3 LED glow when that particular phase voltage is more than 10% of its rated value).

VII. TAMPER LED glows when there is no load or phase reversal or when the directions of CTs are reversed. 

VIII. START_UP LED glows when the current in any phase is less than the minimum base current, at which the current cannot be sensed by the two-chip solution.

IX. FAIL LED glows when there is some internal fault in the two-chip solution like the EEPROM used to load the calibration coefficients is empty.

The third form of the output is the parallel 8-bit micro controller bus, which can be used to interface with some microprocessor unit. These outputs are multiplexed, hence one has to use some latches to latch the corresponding outputs. This unit includes the necessary circuits for the crystal oscillatory and control logic circuitries for complete operation of the system.


The calculated results are sent to the 8-bit data bus along with the control words. The set of data is sent to the data bus for every 200 msec. One can connect a suitable 8-bit micro controller unit to capture the data.
3.2.4 Micro Controller Unit
This unit mainly consists of the following blocks:
X. Intel 8-bit Micro controller (Intel 80C31)

XI. 32 Kbytes of Program Memory (EPROM, 27C256)

XII. 32 Kbytes of Data Memory (RAM, 62C256)

XIII. Address Latch (74 HCT 373)

XIV. Node ID Decoder Circuits (using 74 HCT 244)

XV. 1 Kbytes of First-In First-Out Registers (FIFO, AM 7202)

XVI. RS 485 Serial Transceiver (75C176)

XVII. Crystal Oscillatory & Reset Circuits

XVIII. Necessary Control Logic Circuitry













Micro Controller:
Figure – 3.4  Micro Controller Unit  Block diagram

The Intel 8031 is the best suitable micro controller for this type of applications. The major features of Intel 80C31 are :

XIX. 8-Bit CPU

XX. On-Chip oscillator and clock circuitry

XXI. 32 I/O Lines

XXII. 64 Kbytes of address space for external data memory

XXIII. 64 Kbytes of address space for external program memory

XXIV. Two 16-bit Timer / Counters

XXV. A five source interrupt structure with two priority levels

XXVI. Full duplex serial port

XXVII. Boolean processor

XXVIII. Single 5V supply

XXIX. Low power Consumption on CMOS device

3.2.5.1 
EPROM:
The 8031 micro controller has 64 Kbytes of address space for external program memory; out of that only 32 Kbytes are used, which is most sufficient for this project. The EPROM used is 27C256, which is 32 X 8K non-volatile memory.  

3.2.5.2
RAM:
The 8031 micro controller has 64 Kbytes of address space for external data memory; out of that 32 Kbytes are used for external RAM and balance 32 Kbytes are allotted for the external peripheral addressing. The RAM used is 62C256, which is 32 X 8K volatile, static memory. 

3.2.5.3
Address Latch:

Since the lower order 8 bits of the address lines and the data lines are multiplexed in the 8031 micro controller, external latch is used to latch the address whenever the ALE (Address Latch Enable) pin of 8031 becomes high. 74 HCT 373 is used as the address latch, which is a high speed CMOS device. 

3.2.5.4
ID Decoder Circuit:

The nodes are distinguished from each other by using an ID concept. A SPST DIP (Dual In-line Package) switch with 8-switches in-built, is used along with the Tri-state buffer 74HCT244. Pins on one side of the DIP switch are shorted to the ground. The other ends of the switch are pulled up to VCC (+5V Supply) and connected to the data bus of the 8031 micro controller through the tri-state buffer. Hence 256 combinations are made possible with this arrangement; that means we can connect a total of 256 nodes to the computer. The Node ID can be read from the micro controller by enabling the tri-state buffer using an address.

3.2.5.5
FIFO:
FIFO is the abbreviation for the First-In First-Out registers. Normally these devices are used to interface a slower peripheral to the high-speed processor or vice versa. Here the ATMEL DSP processor sends the data at a very faster rate, which cannot be received properly using 8031. Hence an intermediate device called FIFO is introduced to get the reliable data from the DSP processor. FIFO AM 7202, which has a memory capacity of 1 Kbytes (1024 bytes) is used in this project. The read and write cycles from or to the FIFO is controlled through the 8031 micro controller port. The output data lines of the FIFO are connected to one port of 8031 (PORT A). 

3.2.5.6
RS- 485 Serial Transceiver:

The 8031 micro controller has a full duplex serial port. The pins used for communications are TXD (Transmit Data) and RXD (Receive Data). Both the TXD and RXD signal are TTL, which cannot be transmitted for longer distance. Hence the TTL signals are converted into current signals (RS 485, through 2 wire) i.e. data+ and data- signals. For the conversion of TTL to current signal (in case of TXD) and current to TTL signal (in case of RXD), transceiver 75176 is used. For enabling the TX / RX mode, a control bit is used from the micro controller port.

3.2.5.7
Crystal Oscillatory & Reset Circuits:

The crystal oscillatory circuit consists of a crystal of 11.059 MHz and Schmitt triggered inverters (74 HCT 14). Schmitt triggered inverters are used as a buffer in order to minimize the loading effect and to get a perfect square wave clock outputs, which are glitches free.


The resetting circuit should provide both power-on reset and user reset. Hence a RC differentiator (resistance & capacitance network) along with the reset push switch is employed to provide both the resets.

3.2.5.8
Necessary Control Logic Circuitry:
The necessary control logic circuitries along with the address decoders are employed in order to make system complete.

3.2.6 Power Supply Unit (PSU):
In order to power-up the node, a power supply unit is required. Basically the Signal conditioner board doesn’t require any additional power supply. The two-chip solution board needs only +5V supply at 100mA for the proper functioning. Similarly the Micro controller unit operates on single +5V supply at maximum of 100-200mA. Hence the PSU needs to supply  +5V at 300 mA.  Normally the power supply should be derived from the voltage that we provide for measurement itself. The PSU should get power from all the three phases, so that even one phase gets failed, the other two phases should supply the power. Hence it requires three transformers of similar specification. A three-phase rectifier (either full-wave or bridge) should be employed to obtain the same. Hence three transformers with 0-9V, 500mA on the secondary is preferred. Sometimes it is also required to provide a Uninterruptible Power Supply (UPS) or battery back-up for the operation. 

the PSU makes use of a single transformer with 0-9V, 500mA on the secondary, which can be connected to any one phase (say R - Phase). Bridge rectifier is used to convert the AC into DC, and then a filter capacitor of value 1000uF is used to filter out the ripples in the output. The rectified output is given to the positive voltage regulator (7805) to obtain a regulated +5V on the output.

3.3  
Physical Node

The Physical Node consists of 8 channel 4-20 mA or 0-5V as the input for the measurement of physical parameters like temperature, pressure, level, flow, pH etc. The node is build around the Intel 8031 Micro controller and high speed ADC along with the Multiplexer. Each physical node can be identified by it’s Node ID. Standard process transmitters, which are available in the market, can be used and coupled to the node. The node channels can be configured from the PC. The configuration includes the type of parameter, lower & upper range of the parameter and its unit. The node can be connected to the PC via RS485 (2 wire) serial communication similar to the Energy Node Plus (ENP). Each node has to be powered up through an external Power Supply Unit (PSU). The speed and the accuracy of the ADC used is very high, and hence measurement is more accurate and reliable.

3.3.1 Features of Physical Node
        The Physical Node has the following features :

i. It Provides 8 channel in a single node through MUX concept
ii.      It  Accepts either 4-20mA or 0-5V as the input; hence more flexible
iii.      It can be connected to the PC through RS 485 (2 wire) serial communication
iv.      The channels of the node can be configured through PC software
v.      It is Low cost with more accuracy and reliability

3.3.2 Functional Block diagram of physical node

Basically the Physical Node can be split into two boards; namely the Signal Conditioner Unit, Micro Controller unit. The units are powered-up with an external Power Supply Unit (PSU). Figure shows the functional block diagram of the Physical Node.


Figure-3.5 Functional Block Diagram of Physical Node
3.3.3 Signal Conditioner Unit

This unit mainly consists of the following circuits; namely

XXX. Current to Voltage Converter with protection

XXXI. Multiplexer circuit 

XXXII. Buffer Amplifier

XXXIII. Offset Amplifier

XXXIV. Gain Amplifier

3.3.4
Current to Voltage Converter
Basically the inputs to the node are 4-20mA signal, which corresponds to some physical quantity (say temperature or pressure or flow or level). These current signals are obtained using standard process modules, which are readily available in the market. For example, if we want to measure the temperature of the transformer oil, use either thermocouple or RTD as the temperature sensor, and then use a standard module, which converts the sensor output into 4-20mA signal. These current signals have to be converted into voltage signal by using an accurate resistor (240 () along with the zener diode (5.1V) for the protection. Hence the output at each point will be 960mV to 4.8V. These signals are applied to the MUX circuit.

3.3.5
 Microcontroller Board
3.3.5.1
MUX Circuit:

The eight inputs, which are coming from the current to voltage converter circuit is applied to the eight inputs of the multiplexer (MUX 08). By properly addressing through the micro controller, one among the eight inputs will be selected and directed to the output. The MUX has three address lines, there by eight possible combinations are provided. The MUX should be provide the following features like

XXXV. No loading on the signals,

XXXVI. No cross talks between the channels and 

XXXVII. Capable of operating at higher scanning rate.

3.3.5.2
Buffer Amplifier:
This stage is basically a buffer stage, build around the op-amp OP177, which has high slew rate, higher bandwidth and infinite open loop gain etc. This stage is provided to avoid the impedance mismatching and to avoid the loading effect.

3.3.5.3
Offset Amplifier:
This stage is used to remove the offset in the signal before it is being digitized. OP177 is used as an offset amplifier in the inverting mode with voltage biasing for the offset. The input of OP177 coming from the buffer stage will have an offset of 960mV. Hence the output of offset amplifier will be in the range of 0 to -3.74V. The output of the offset amplifier is connected to the gain stage amplifier.

3.3.5.4
Gain Amplifier:

The offset corrected output from the previous stage is applied to the gain amplifier (OP177), which is wired in the inverting mode with the gain of few integrals. Thus the output can be adjusted in such a way that for the given 4-20mA input, the output will be 0 to 10V. This output can be directly connected to the analog input of the ADC for digitizing.

The details of the Micro controller, EPROM, RAM, Address Latch, ID Decoder circuit, Crystal Oscillatory & Reset Circuits and RS 485 Serial Transceiver, which are explained already in the previous chapter holds good for this chapter also.

3.3.5.5
ADC:

The ADC (Analog-to-Digital Converter) used in this node is AD574A, which is a 12-bit successive-approximation analog-to-digital converter with 3 state output buffer circuitry for direct interface to an 8 – or 16-bit microprocessor bus. A high-precision voltage reference and clock are included on-chip, and the circuit guarantees full-rated performance without external circuitry or clock signals. The main features of the ADC are: 
XXXVIII. Complete 12-bit A/D converter with reference and clock

XXXIX. 8- and 16-bit Microprocessor Bus Interface

XL. Guaranteed Linearity over temperature

XLI. No missing codes over temperature

XLII. 35 (s Maximum conversion time

XLIII. Flexible to use as either 8 bit or 12 bit ADC

3.3.5.6
Necessary Control Logic Circuitry:
The necessary control logic circuitries along with the address decoders are employed in order to make system complete.

3.4.0 DIGITAL I/O Node


Each node provides totally 24 I/O lines, which are configurable through PC software. I/O Node is build around the Intel 8031 Micro controller. The lines which are configured as inputs can be connected to monitor the status information of the load (like pump, fan, heater, cooler etc.). The input voltage, which is fed to the node, should be of either 24 V DC or 4-20mA signal. Similarly the lines which are configured as outputs can be connected to the control network for some control application like tripping of breakers, loads etc. The output is provided in the form of 24 V DC. Each IO Node can be identified by it’s node ID. The node can be communicated to the PC via the same RS 485 (2 wire) serial communication port. The node can be configured from the PC software, which provides more flexibility. 

3.4.1 Features of I/O Node

The I/O Node has  the  following features:

I. 24 I/O Lines; configurable at any time through PC software
II. Inputs to the node are either 24 V DC or 4-20Ma
III. Output from the nodes are 24 V DC

3.4.2
Signal Conditioner Unit

This unit basically consists of the input and output conditioner circuit. The inputs to the modules are standardized to either 4-20mA or 24V DC. Hence if you use 4-20mA as the input signals, first convert the current signal into voltage signal (TTL Level, +5V) using opto-couplers. If they are 24V DC signal then convert them into TTL level (+5V) using opto-couplers. The isolated output is connected to the 8255.

Similarly, the outputs from the unit are standardized to 24V DC. The TTL outputs of the 8255 are connected to the input of opto-couplers, and 24V DC is obtained from that. 

The details of the Micro controller, EPROM, RAM, Address Latch, ID Decoder circuit, Crystal Oscillatory & Reset Circuits and RS 485 Serial Transceiver, which are explained already in the previous chapter holds good for this chapter also.

3.4.3 Programmable Parallel Peripheral Interface (PPPI):

The 82C55 is used as PPPI, which has 24 I/O lines, which can be configured to use as input and output as per the requirement. It can be grouped into 3 sub-groups; namely Group-A, Group-B, Group-C. Group-A and Group-B contain 8 lines each, which can be configured as either input or output. Group-C contains 8 lines, in which each line can be configured as input or output. The configuration of the 8255 can be done at any time through the software. These 24 lines are connected to the signal conditioner module to get the required inputs and outputs. 

3.4.4 Necessary Control Logic Circuitry:

The necessary control logic circuitries along with the address decoders are employed in order to make system complete.

3.5.0 Firmware Software 
The application software is the one used in the Computer side. The software required for the operation of node is called as the firmware software. This software is also called as embedded software. The program is written either in high language like C51.  The  compiled program hex file is then stored (punctured) in the EPROM using an EPROM Programmer. Various logical steps of program software and the algorithm is listed at – Appendix-II.

The software is developed under Visual Basic, which is a powerful tool for such applications. Visual Basic is used as a front–end , since it has a high capability of Graphical User Interface (GUI), Visual  data Manager for database handling etc. The software is aimed to work on Windows 95/98/2000 platforms.  Care has also taken while developing the software to work with any machine independent of the computer speed.  The software use the SEND-WAIT-REQUEST protocol.  The main screens of the program is shown  as Screen No. 1-10   at   Appendix-III.
The following major blocks of the software, which are developed in modular versions are

XLIV. Software for initializing the 8031 and other peripherals used,

XLV. Software module for data collection,

XLVI. Software module for Serial-interrupt & timer interrupt,

XLVII. Software module for Communication protocol etc.
The initializing module consists of the commands required for the initializations of 8031 timer/counter, serial-interrupt settings like the baud rate, interrupt priorities etc. It includes the Node ID reading procedure and initialing all the memory space allotted for data storage also. 
The modules, which are required to collect the data from the two-chip solution in case of Energy Node Plus, from ADC in case Physical Node and from 8255 in case of I/O node are developed. They are developed in modular version, so that one can easily incorporate the routines wherever required. The software modules that enable the vectored interrupt service routines for both serial and timer interrupts are developed. A special type of communication protocol is developed for communicating the node with the computer. The protocol used is based on the SEND-WAIT-REQUEST protocol.

A Flow Chart  illustrating the various logical steps in the sub-station monitoring and control process are given below in  Figures -3.6  to 3. 11  as following flow charts.
3.6.0
Integration, Installation and evaluation of the system 
3.6.1
Installing the Nodes in a Substation
After all the nodes being tested in the Lab individually, many nodes are connected in parallel (Communication side) and the information provided by the nodes are displayed on the computer. Once the lab level testing is satisfactory, then installation of the nodes at the substation level is planned. 

For the installation of the Energy Node Plus at the substation, all feeder level CTs (like 300/5A, 100/5A CT) are installed depends upon the feeder ratings/ capacity. The terminations (both voltage and current) are provided on the panel for connecting the nodes. Initially one node is connected to one feeder and the node is coupled to the computer through RS-485 cable. Computer is kept nearby the feeder, so that one can troubleshoot the problems easily. Configure the node in the software and observe the readings on the computer screen, look for any wrong status information. If so reverse the CT polarity. Measure the primary current in the feeder using the Tongue tester and compare it with the computer readings. This is to satisfy the sub-station people to gain confidence about our system. Similarly other energy nodes are also connected to the feeders one by one and tested. 

Similarly one channel of the Physical Node is connected to the output of temperature module. Insert the thermocouple into the hole provided in the transformer tank to measure the oil temperature. Couple the node to the computer and configure the software to read the oil temperature in the screen. Similarly we connected all the channels as required by the user. 

The I/O Node is configured in such a way that the Group-A for status monitoring, Group-B for voltage / power factor correction using a stepper motor, and Group-C for the relay tripping of the feeders whenever the measured MD exceeds the Set MD. 

For the demonstration of the project, the I/O Nodes are not actually connected to the system, but they are connected to the temporary dashboard indicator panel for Simulations. 

3.6.2
Evaluation

The system is allowed to run continuously in order to evaluate the system and the software developed. From time to time the measurements are made manually on the feeders and are compared with the computer readings. The system is continuing its operation in the substation.

3.6.3
CONCLUSION
The System is successfully developed and installed in  Substation and the System has been  evaluated continuously for the period of one month. Some sample measured data reports (Instantaneous Current and Energy Reports) are attached as Screen-9 & 10 at Appendix-III.
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