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Abstract

The major challenge for any utility grid is to balance the generation and load demand.
Though the efficiency of grid is improving, but variation in load demand is increasing con-
sistently. However, the variation in load demand can be reduced by integration of distribu-
tive generation (DGs). DGs include penetration of renewable energy sources (RES) like
wind, hydro and solar into smart grid (SG). In this regard, the proposed work implements
net energy metering (NEM) with rooftop connected SPV (solar photo-voltaic) energy using
a bi-directional energy meter. In addition to it, a novel hardware design of IEC61000 and
RoHS compliant net energy meter based on STPM34 controller has also been proposed.
This energy meter is capable of calculating the net energy usage from the utility grid. The
detailed architecture of net energy meter has been discussed along with the results. The
data from the net energy meter is monitored through graphical user interface setup in PC
using UART based control.

Keywords: Advance metering infrastructure, distributed generation, bi-directional energy
meters, load monitoring, net energy metering, renewable energy sources, STPM34, smart
grid, solar photo-voltaic systems, UART.
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Chapter 1

Introduction

1.1 Penetration of Renewable Energy Sources

Electric energy is considered to be an important commodity for development of any nation.
With the economic development of the nation, the electric infrastructure is also becoming
more complex. Due to increasing complexity, the power system network is often loaded
near its operational limits to maintain power generation and demand balance [1] in real
time. During the peak hours of the day, the electric grid faces a large variation in load de-
mand. Due to huge extent of variation in load demand, the traditional grids face challenges
in meeting the generation with existing load demand [2]. The failure to maintain real time
balance between generation and load demand can drift grid frequency up or down from
the nominal value of 50Hz. This sometimes lead to overdraw of power from the electric
grid resulting into blackouts or plunge disturbances [3-5] affecting grid reliability. Hence,
in order to achieve grid reliability, it has become a prime concern for any power utility to
generate enough power in order to meet the load demand.

In order to maintain balance between generation and load demand, more power is
needed to be fed into the power system. The traditional grids are mainly dependent on
non-renewable sources of energy(NRES) like fossil fuels (coal, oil & gas). The NRES
fuel reserves are limited and are likely to get exhausted in next few years. In addition to
this, their extensive use has adverse effect on environment and cause greenhouse emissions.
Hence, there is need to encourage the eco-friendly energy resources and balance the energy
gap between generation and demand by incorporating renewable energy sources (RES) into
traditional grid. Moreover, the technological innovation and environmental incentives are
changing the face of electricity generation, distribution and transmission. Centralized gen-

erating facilities are giving way to smaller, more distributed generation (DGs), partially due
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to the loss of traditional economics of scale. DGs such as micro turbines, photo-voltaic,
fuel cells and wind energy conversion system have lower emissions and exhibits the poten-
tial to have lower cost negating traditional economies of scale. Smart grid (SG) have the
capability to address these issues and improvise the functionality of the traditional grids in
existing power system network.

SG has different attributes like Advance Metering Infrastructure (AMI), Outage Man-
agement System (OMS), Power Quality Management (PQM), Demand response, Renew-
able Integration/Micro-grid and Smart Home Energy Management. AMI upgrades the
functionality of electric grid by incorporating bi-directional communications and power.
It facilitates features like monitoring, protection and optimum utilization of interconnected
appliances and hence contribute to sustainability and agility of the grid. However, the key-
stone of AMI is capability of the interacting with multiple entities (e.g. intelligent devices,
controllers) using smart infrastructure [6]. The smart infrastructure includes monitoring
and controlling the flow of electric energy by transmitting information to intelligent appli-
ances [7].

Send & receive data from
Data from net meter consumer and billing for the
net consumption of units

Management system
(MDMS) for available
metering data

Transfer of data using
communication module

Integration with other
services (IoT)

Figure 1.1: Advance metering infrastructure

Smart infrastructure includes the use of AMI, which allows bi-directional communica-
tion between the smart meter, consumer and utility grid [8]. It enables consumers to make
intelligent decisions for monitoring and controlling energy consumption on the basis of in-
formation provided using bi-directional communication. In SGs, AMI is implemented with
the use of smart meters, communication technologies and meter data management systems
(MDMS) [9]. The improvised communication and metering technologies paved a way for
incorporation of distributed generation (DGs) into the SG. DGs includes penetration of
RES like solar, wind, hydrothermal and geothermal energy which creates an environment

of interoperability, bi-directional communication and power flow.
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1.2 Net Energy Metering

The penetration of RES in the electric grid has brought a drastic change in the power sector
by evolving the consumers as producers of electric power [10]. Such type of consumers
are called prosumers, which are capable of generating or procuring the load demand from
RES generation installed at their premises [11, 12]. However, the RES are dependent on
weather, time and large number of uncertainties. So, there may arise a case when power
from RES may not be available to meet the load demand. Under such a condition, the load
demand would be met through power imported from the grid.

Based on the above scenario, a scheme known as net energy metering (NEM) using
rooftop solar photo-volatic (SPV) technology has been presented in this thesis. Solar en-
ergy is extracted using solar photo-volatic panels in the form of DC power. This DC power
is fed into grid tied inverter (GTI) for conversion of DC power into AC power. The GTI
also synchronizes the solar power with the utility power by matching the voltage, phase
and frequency between them.

The entire consumer’s load is fed by power available through SPV and the utility power
such that generation must meet the load demand in all conditions. During anytime in a day,
when excess power generated via SPV generation is available at consumer’s end, it can be
offset back to grid [13, 14]. In other words, NEM can be defined as the metering of net units
consumed by the consumer by offsetting some or whole of excess power generated through
renewable sources installed at its premises. However, in absence of SPV energy, the power
would be imported from the grid to meet load demand. The metering of this bi-directional
exchange of power has been a challenging task. Logically, when power is being imported
from the grid, the energy meter would move forward; and it moves backwards when power
is being exported from the grid [15]. Hence, to measure this two way exchange of power, a
bi-directional energy meter [16] is proposed in this dissertation. It is capable of measuring
two way flow of energy through the line and calculates the net units consumed by the

consumer. The Fig. 1.2 shows the schematic diagram of NEM system.

Solar PV panelsf— GTI Consumer mains Net energy meter Utility end

Household loads

Figure 1.2: Schematic of NEM system
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1.3 Literature Review

Smart grids are next generation grids aimed to achieve the minimization of gap between
electricity demand and generation with scope of integration of renewable energy sources
such as solar photo-volatic systems [17]. The use of renewable energy sources (RES) pro-
mote the green energy and also reduces the transmission and distribution losses (T & D
losses) [18]. Furthermore, the RES enables reduced congestion on distribution network,
minimized generation cost with stabilized frequency and voltage. One of the popular ap-
plications of smart grid is to evolve consumers as prosumers (producers as well as con-
sumers) of electricity at distribution end [19]. Net energy metering (NEM) is a mechanism
which allows prosumers to offset some or whole of the electric energy generated using so-
lar photo-voltaic (SPV) systems installed at their premises [20]. In return, the prosumers
gets advantage in the form of incentives or reduced bill costs annually. Also, it encourages
the consumer towards the energy savings by shifting their peak load consumption from the
utility supply to renewable generation.

Mostly, the previous works on net metering were based on the economic aspects of net
metering scheme. In [21], an economical comparison between NEM and FiT tariffs with
application of incentive policies in the micro-grid has been discussed. The net metering
proved to have significant savings on bill as compared to feed in tariff systems as well as
conventional metering systems [22]. In other aspect, in [23], a scheme was proposed to
store excess energy generated from rooftop SPV system when price of exporting energy
is low. Unfortunately, the higher cost of batteries acts as a limitation of the work and
discourages domestic consumers to invest in RES systems. Hence, net metering system
without batteries should be preferred.

The metering of net energy requires the use of a meter which is capable of measuring
energy flowing bi-directionally on the line. In general, two unidirectional meters are used
to measure the import and export on the line. However, the it adds additional cost on
the consumer’s pocket. This additional cost can be reduced with the use of net energy
meter. The net meter records the consumption of energy from utility while recording the
excess energy, generated through SPV systems, sent back to utility after self-consumption.
A GSM/GPRS based smart home controller with the use of net energy meter proposed
in [24] was based on LPC2148 processor. GSM/GPRS based technology suffers from
disadvantages such as poor reliability and incurred charges on consumer for usage. In this
context, a hardware design of a net energy meter was proposed in [25], based on LonWorks
technology which uses echelon neuron processor. However, the work was solely based on

remote monitoring and it lacked control techniques for demand side management (DSM).
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Further, ATmega 328 based net energy meter has been suggested in [26] to measure export
and import of energy. The lack of control and monitoring strategies using energy meter
highlights the limitation of the proposed work.

Thus, to overcome the above outlined challenges, the work proposed in this disserta-
tion is based on net energy metering using a net meter. The dissertation consists of basic
knowledge of net energy metering along with detailed architecture. In addition to it, a novel
hardware design of IEC62053 and ANSI 12.2 standard net meter using STPM34 based
controller is presented. STPM34 is application specific standard product (ASSP) dedicated
energy metering chip embedded on EVALSTPM34 development board. It consists of 2
order 24-bit ADC which can provide more accuracy in measurement than any other energy
meters. The additional features constitute the overcurrent protection and monitoring, under

and overvoltage detection, monitoring and dual mode apparent energy calculation.

1.4 Research Gap

The energy gap between generation and load demand has to be filled with the penetration
of RES in smart grid. This dissertation discusses the net energy metering enabling the
penetration of renewable energy sources such as rooftop connected SPV systems. The
excess energy available from the grid can be stored in batteries or can be sold to the utility
when price of exporting is high [23]. Unfortunately, the high market costs of batteries
increases the capital cost of the system. Since, NEM is based on two way exchange of
power, the net units are measured by a net meter. In this regard, a net meter with smart
home controller based on GSM/GPRS technology using LP2148 controller was proposed
in [24]. The GSM/GPRS based metering is unreliable and required fixed GSM number to
communicate. Another hardware design of net meter is based on two ATT7022 controllers
was implemented to realist the concept of net metering [27]. However, the communication
module was not discussed in the paper which limits the scope of two way communication
feature of smart grid. The outlined work in previous researches also lacked calibration
module in order to enhance the accuracy of metering parameters.

To address these issues, the work proposed in this dissertation is based on NEM to
balance load demand and generation. In the proposed work, rather than storing energy in
battery, it is being stored on the grid. In addition to this, a novel design of net energy
meter based on dedicated energy metering ic STPM34 is proposed to measure the net units
consumed by the consumer from the grid. The metering parameters are calibrated so that

very high precision can be obtained while measuring.
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1.5 Motivation and Objectives

The traditional grids face challenge in maintaining balance between electricity generation
and consumption. The problem becomes adverse during peak load hours and thus causes
the power system network to be overstressed. This leads to various problems like power
outages, frequency variations and rapid blackouts. This issue is well addressed with pene-
tration of renewable energy sources in the smart grid. In this context, net energy metering
offers a platform to encourage the consumers to use renewable energy sources such as so-
lar photo-voltaic (SPV) systems. The consumer’s load is entitled to be fed through SPV
systems and excess energy is sent back to distribution network. The utility supply can be
used as backup when energy from SPV system is not available. The net exchange of energy
between utility and consumer is measured using net meter. It is observed that the net energy
metering is an economical and effective technique to reduce burden on the power system

network during normal as well as peak hours of the day.

1.5.1 Objectives
The major contributions of this dissertation is summarized as follows:-

e To implement net energy metering system for rooftop connected SPV system without

using battery as energy storage.

e To implement a novel hardware design of IEC61000 and RoHS complaint net en-
ergy meter based on STPM34 controller to measure voltage, current and net active,

reactive and apparent power flow on the line.

e To observe the value of imported energy, exported energy and net energy consumed

from the net meter .

e The data from the net energy meter is monitored using graphical user interface using
UART based data interface. This data can be useful resource for utility to determine

energy forecasting, peak time shaving and time of use pricing.

1.6 Organization of the dissertation work

e Chapter 1: This chapter includes the brief introduction about the net metering sys-
tem. Based on it, a literature survey has been performed to get a detailed analysis of
various aspects of net metering. Then, research motivation in the field of net metering

has been described. In the end, objectives for dissertation work is formulated.
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e Chapter 2: The system description of net metering using SPV system is explained in
addition to proposed system. The net metering concept is explained in detail with the
help of equations and figures. The proposed design of net energy metering system

has also been discussed.

e Chapter 3: The architecture of net energy meter is presented in this section. This
chapter include brief discussion about the analog and digital module of the net energy

meter along with power supply and microcontroller STPM34.

e Chapter 4: This chapter contain the different algorithms designed for calculating
different parameters of electricity such as voltage, current, frequency, power factor,
active, reactive and apparent power and imported energy, exported energy and net

energy.

e Chapter 5: Results obtained from net energy meter are plotted against the measured

values and briefly discussed.

e Chapter 6: In the end, conclusion has been briefed with future scope of the presented
work.



Chapter 2

Net Metering System Description

This dissertation implements the concept of net energy metering (NEM) on smart home
integrated with rooftop SPV system. The consumer is expected to fulfill the its entire load
from the power available through SPV systems. Through NEM, the SPV owner connects
its system with the main grid and feeds excess power generated in to distribution system.
The utility companies, as per state policies, would provide incentives for the excess power
fed to the grid. However, when the SPV generation is not sufficient enough to meet the
loads, the utility company would supply electrical needs. Hence, the consumer is charged
on the basis of net units (Pg1(vgr)) supplied by the utility.

In simple terminology, NEM can be understood as a meter which spins forwards when
energy is taken from the utility and spin backwards when energy is sent to the grid. Hence,
the net units are calculated. The billing credits are given on those net units. NEM allows
the consumer to store excess energy on the grid instead of storing in large batteries. Thus,
it reduces the cost of storing energy. Also, the energy can be used again by the consumer
whenever it is needed. Moreover, the utility buys energy at very good price in case of peak
demand thus causing technical and economic benefit to both. The use of NM with SG can
result in great saving of energy and money. Also, it can help in improving the power quality
which is frequent demand by the consumers.

The additional advantage of NEM is that it allows the consumer to store excess energy
on the grid instead of storing in large batteries. Thus, it reduces the cost of storing energy
and use of batteries to store excess energy is eliminated. This results in reduction of overall
cost of the system due to elimination of high cost batteries. Also, the energy can be used
again by the consumer whenever it is needed. In this way, this system allows consumers
to produce hassle free power with almost negligible maintenance costs. The single line

diagram of net metering is shown in Fig. 2.1. As per given diagram, generation is expected
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to satisfy the load demand at any time interval of the day. However, due to intermittent

nature of SPV, two scenarios are expected:

| Po ) ¢ Pei )
N N
| i
SPV System Utlh(?; grid

v P

Load
(L1)

Figure 2.1: Single line diagram of flow of power in NEM

Scenario- I

When power from SPV may not be available to feed the load demand. In such a scenario,

some power may need to be imported from the grid to meet the load demand.

Scenario- 11

When sun is at its peak and ample energy is available at consumer’s end. In such a scenario,
excess power instead of storing can be sent back to the grid.

During these scenarios, the small interruptions of power goes unnoticed due to instan-
taneous switching between utility grid and SPV systems. This results in smooth power
reversals on the line causing minimal inconvenience to the consumer. The block diagram
in Fig. 2.2 represents the working of NEM system. As depicted in this figure, the NEM
system consists of three components: utlity grid supply (Pg1), SPV generation (Pg2) & con-
sumer’s load (Pr1). The output of SPV system (DC power) is connected to grid tie inverter
(GTI) for conversion of DC to AC as well as synchronizing the SPV power with the grid.

To ensure proper synchronization of SPV power with the grid, a GTI must follow two
conditions. Firstly, the output voltage and phase must match with grid. Secondly, the
frequency of the output power from GTI must be same as that of the grid [28]. The real

and reactive power injected by GTI into the utility grid is given as:

_ Veal|V 1| * sind
Zr

P (2.1)

::|Vb2P__|Vb2HVb1|*C0S5

2.2
Z Z (2.2)

0
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Bi-directional meter

(PG1)

DC to AC
Grid Tied Inverter

MAINS panel Utility grid

SPV system

Loads like refrigerator,
TV, lighting etc.

(PL1)

Figure 2.2: Block diagram of NEM

where, V5> is the output voltage of grid tied inverter (GT1), Vi1 is the utility side voltage,
7y is line impedance and 0 is the phase angle between Vg & V1.

In grid tied inverters, PLL synchronization techniques are widely used due to fast re-
sponse to grid synchronization, frequency variation and extent upto which it can remain
synchronized inspite of poor quality voltage. The PLL synchronization technique esti-
mates the phase angle of the utility grid voltage Vi51. Then, after generating a quadrature
voltage vector(Vyg) in stationary frame, it is transformed into synchronous frame vector
(Vag)- Further, with the use of a PI controller the voltage (V,) is regulated to zero and phase
angle is extracted [29]. In addition to this, using phase angle detection, GTI also detects
the islanding conditions (such as grid failure, power outage) in a grid and provides safety
of personnel and equipments [30]. The output power from GTI is connected through mains

panel with the utility and consumer loads.

2.1 Proposed system

The proposed system for net energy metering is shown in Fig. 2.3. In this system, when
Psr < Py, deficit power is obtained from grid through the same power line.

Thus, the import of power from grid to consumer will be as shown:

P61 (tmport) = P2 — Pr1 >0 (2.3)

where, PG (1mporr) 18 the power imported from grid
When Pg, > Ppp, excess power will be sent back to grid through the same power line.

The export of power from consumer to grid will be as shown:
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SPV Panels

]

(Pc)
Bi-directional + =
meter | Grid Tie Inverter
(Pe,) (Pu)
Utility  [$ ™ Consumer Consumer
Grid |, Panel loads

Figure 2.3: Proposed design of NEM system

PGI(Export) = (PGZ - PLI) <0 2.4)

where, Fg1(Exporr) 18 the power injected into grid
The negative sign indicates the excess power being injected into the grid. Hence,
the consumer is billed only the net units supplied from utility company. The net units

(PG1(veT)) 18 calculated as shown below:

Pei(Nver) = P61 (tmport) — FG1(Expor) (2.5)

where, PG (veT) 18 the net power supplied by the grid
However, to measure these net units, a bi-directional energy meter is required. Hence,
a hardware design of bi-directional meter has been proposed in next section to measure the

net units of Pg; consumed as well as SPV generation (Pg2) at consumer’s end.



Chapter 3

Architecture of Net Energy Meter

The net units consumed by consumer are measured with the help of a bi-directional energy
meter. This paper presents the hardware design of a single phase bi-directional energy me-
ter based on STPM34 controller. The STPM34 is an application specific standard product
(ASSP) used specifically for metering applications. The block diagram of single phase
bi-directional energy meter based on STPM34 controller is shown Fig. 3.1. The STPM34
controller consists of an analog and digital module.

N
L
L N
STPM34
Display
EEPROM Interface
:_____________I
|
I'| Power Supply | ! .
i PP : Control Unit |, User Interface
|| Anti- tampering | |
! module !
I I
! [ Data Communication
[ RTC <
| i Interface

Figure 3.1: Block diagram of bi-directional energy meter
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The analog module includes low offset amplifiers, 24-bit ADCs and two voltage refer-
ences. The digital module includes filtering section, hardwired DSP and serial communi-
cation interface (SPI or UART). The proposed energy meter is capable of performing four
quadrant operation and provides accuracy of class 0.2. The pin diagram of STPM34 is
shown in Fig. 3.2.
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[Se) N N N g\l
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—2XTAL2 veeE—
—3] CKin GNDreg 22
\XTALI
—4 1 ED1 STPM34 VDDA
—3 e Metering IC GNDARO—
—OfNT] VREF2HZ—
1 GNDref /18
—8&1EN VREFI—
— — N o
e =z g2 9 &
S ¢ xzzz&= ¢ &
IEEEEEE

:

Figure 3.2: Schematic of STPM34

The use of STPM34 in energy metering is more advantageous than other controllers
such as arduino and peripheral interface controllers (PIC). These controllers are open source
based controllers and are meant to be used in variety of applications. However, STPM34 is
designed specifically for energy metering purposes and programmed for operations related
to metering of energy only. This results in reduction in the length of the program, unlike
programming in PIC. Moreover, the STPM34 consists of 2" order 24-bit ADC as com-
pared to 10-bit ADC used in MSP430 energy metering chip of texas instruments. Hence,
degree of precision is more and better precision in measurement is achieved. In addition,
it is capable performing dual mode energy operation with relatively high processing speed.
Due to these outlined features, the STPM34 is preferred over the other controllers.

The architecture of STPM34 based net energy meter consists of analog and digital
modules [31].

3.1 Analog module

The analog module consists of fully differential voltage and current sensing circuits.
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3.1.1 Voltage Sensing Circuit

230V Power
Source
Potential transformer Signal Conditioning circuit
(to ADC)
STPM34

Figure 3.3: Block diagram of voltage sensing circuit

The block diagram of voltage sensing circuit is shown in Fig. 3.3. In voltage sensing
circuit, the high voltage input is stepped down to a voltage level, in order to be interfaced
with the microcontroller unit. This circuit consists of a potential divider, a signal condi-
tioning circuit and ADC (in-built with STPM34). The initial supply voltage signal is scaled
down to a lower value using a potential divider. Further, the reduced voltage signal is fed
to signal conditioning circuit for filtering and is made input at pin 9 of STPM34. Finally,
the filtered signal is send to the second order 24-bit ADC of STPM34 so that analog signals

can be converted into digital signals.

270kQ VPl
Ri13
270kQ < Ry,
—] Vi
22nF R2§ 4700 inV

230V Power Source

Figure 3.4: Voltage sensing circuit

The schematic of voltage sensing circuit is shown in Fig. 3.4. The scaled down voltage
input (Vj,y) at the input channel of STPM34 is calculated as:

Ry +Rp+Ri3+R
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where, R11, R12, R13 and R; are the voltage divider resisters.
Further, this voltage is fed into the in-built 24-bit ADC for conversion of analog signal
into binary sigma-delta signal. The resulting voltage after conversion by ADC is given as:

Ay
Ve f

Vaz = Vipy * (3.2)

where, Vay is the converted binary signal, Ay is the pre-amplification gain of value 2 and
Vier 1s the reference voltage set at 1.18V.

The RMS value of the voltage is calculated at an interval of 128us and is given as:

Ver= (1)
cal, %A, 215

where, Dec, is decimal value of measured RMS voltage, V. is voltage reference of 1.18V,

VRMS = DeCV * (3.3)

resistors Ri(= Rj1+R2+R3) & R, are voltage divider resistors, cal, = 0.875 and A, is

voltage gain of 2. The maximum RMS voltage which can be safely measured is given by:

Vs = L2 Ve RtRe
RMSmax 2 Av*\/§ R,

where, Veyrsmax 18 the maximum RMS of measured voltage. The peak to peak voltage for

V] (3.4)

given RMS value is given as:

Vop = Vrus #2V2[V] (3.5)

where, V), is the peak to peak voltage.

3.1.2 Current Sensing Circuit

The block diagram of current sensing circuit is shown in Fig. 3.5. The current flowing in the
line is scaled down using current transformers (CTs). The current sensing circuit consists
of CTs, signal conditioning circuit (anti-aliasing filter) and in-built 24-bit ADC. The input
current is then made to pass through anti-aliasing RC filter to convert the reduced current
signal in to suitable voltage signals to be input at pin 11 of the STPM34. Finally, the filtered
signals feed 24-bit ADC for conversion of analog signals into binary sigma delta signals.

The schematic of current sensing circuit is shown in Fig. 3.6. The scaled down current
is converted to proportional voltage signal (V;,¢) and is available at input channel IP1 of
STPM34 as:

where, R4 is known as burden resistor which convert current signal into proportional voltage
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230V Power
Source ) o
Current transformer Signal Conditioning circuit
(to ADC)
STPM34
Figure 3.5: Block diagram of current sensing circuit
1kQ
IP1
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230V Power
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IN1
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Figure 3.6: Current sensing circuit

signal & N is the turn ration of CT 1:2500.
This voltage signal is further fed into the in-built 24-bit ADC for conversion of analog
signal into 2"? order binary sigma-delta signal. The resulting signal is given after conver-

sion by ADC is given as:

A.
Vaz = Vinc * V—l 3.7
ref

where, Vy is the converted current binary signal, A; is the pre-amplification gain of value
16 and V,, is the reference voltage set at 1.18V.
The RMS value of current is calculated at an interval of 128us and is given as:

Vref
calj x A; * 217 4 ksen * kin

where, Dec; is the decimal value of measured RMS value of the current, V. s is the reference

Irpms = Dec; [A] (3.8)

voltage set at 1.18V, cal; & A; are the calibration and pre-amplification gain set at 0.875
and 16 respectively and kg, is current transformer sensitivity factor of 2.4mV/A.

The current transformer sensitivity (k.,) can be calculated as:



Chapter 3. Architecture of Net Energy Meter 17

- Vrzef*cpulses*(1+%)
1800 %A, % Ai % cal, * cal; « Dclk

Finally, the after processing of signals in analog front end, the voltage and current

ksen [mV /A] (3.9)

signals further feed digital front end for DSP, filtering and decimation processes.

3.2 Digital module

The signals after being processed through analog module are fed into digital module. Each
voltage and current signal is processed through independent DSP which consists of DFE
(digital front end), phase compensation module, decimation block, filtering block and cali-

bration module. The block diagram is shown as Fig 3.7.

Vas
(voltage) c Phase Calibration
ompensation
DFE Decimation Filters DSP
Vas
(current) Phase Calibration
Compensation

Figure 3.7: Block diagram of signal processing through digital front end

3.2.1 Digital front end

The converted sigma delta voltage and current signals feed digital front end (DFE). The
DFE further synchronize and monitors the signals to be processed. The voltage and current
signals are associated with status bit registers. If the DFE find that status bit registers are
cleared, then instantaneous voltage and current values are set on negative or positive as per
sigma-delta signals. Hence, the active power and energies are calculated using these values

of voltage and current.

3.2.2 Decimation block

The decimation block reduces the sampling rate of the signals. It decimates three sigma
delta signals obtained from voltage channels. The decimation ratio is set at 512 to provide
parallel 24-bit data at frequency of 7.8125kHz.
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3.2.3 Filters and calibration block

This block comprises of DC cancellation filter, rogowski coil integrater (ROC) and funda-
mental component filter and reactive filter. The use of DC cancellation filter is to remove
DC components from voltage and current signals. ROC is selected as such to select the
type of current sensing module. In the proposed work, the current sensing module is used
is current transformer (CT). The fundamental component filter is actually low pass filter
(LPF) which is used to calculate zero crossing, period, active and reactive energies. The
output from reactive filter is used to calculate values of reactive power.

3.2.4 Digital Signal Processing

The output signal after being processed are fed into hardwired (digital signal processing)
DSP for performing metering calculations. The DSP is used to perform metering operations
such as signal measurement: RMS, period, zero- crossing, sag, swell and tamper. Each
power signal corresponds to a energy register at every 7.8125kHz. These energy registers
are up-down counters. The negative energy gets subtracted from positive energy when the
accumulation is assigned to the energy registers.

3.3 Power Supply

The power supply module is used to provide power to the whole net metering circuit. In
order to interface the 230V AC mains with the net energy meter, the AC supply is is stepped
down and rectified using full wave bridge rectifier. Further, the output supply is smoothened
using capacitors and ground potential is taken as a reference. The power supply meet the
power demand of different units for example, the STPM34 controller circuit is operating at
a voltage (V..) of 3.3V. Since the wired communication using UART is setup to transmit
the data into the user interface, an isolated supply of 3.3V is also given to UART.

3.4 Microcontroller

The STPM34 microcontroller is used to metering operations in the net energy meter. The
STPM34 is an ASSP (Application Specific Standard Product) which is purposefully de-
signed for highly accurate metering. It is mixed signal integrated circuit consisting of an
analog and digital module.The schematic diagram of STPM34 microcontroller is shown in

Fig. 3.8. The analog module consists of 2 order 24-bit ADCs, two voltage references a
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Voltage and
current inputs

Analog module ADC Digital module

STPM34
Microcontoller Unit
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Oscillator SPI/UART

3

Figure 3.8: Microcontroller unit

voltage regulator and a buffer. The digital module consists of DFE(digital front end), hard-
wired DSP and serial communication interface (SPI/UART). The utilization of all these

features makes it ideal for single phase net metering.

3.4.1 Sigma delta ADC

STPM34 uses independent 2" order analog to digital converters to convert analog input
voltage signals into a 24-bit corresponding digital signals. The performance of ADC is
improved using dithering technique. This technique increases the effective range of signals
for ADC conversion.

Ry Ay
e———
Ri+Ry Vir

Vaz = Viine * (3.10)

where, Vuy is the converted binary signal, Ay is the pre-amplification gain of value 2 and
Vier 1s the reference voltage set at 1.18V.

The sampling of signals is done by ADC and represented as output signals given as:

1 to+N 5
VRMS/phase = N/[ V(t) dt (3.11)

0

1 to+N s
IRMS/phase = N/t l(t) dt (3.12)

0

where, N = 200ms.
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The converted signals are send to hardwired DSP which decimates and processes those
signals in order to enhance the resolution and obtain all essential signal required for com-

putation.



Chapter 4

Methodology Adopted

4.1 Software part of the net energy meter

This chapter includes the software design of net energy meter.The STPM34 is interfaced
with 44 - pin STM8S207S6T6C microcontroller. It consists of two general purpose 16-
bit timers TIM2 & TIM3 with 8-bit basic timer TIM4. The software module include the
algorithms to fetch the data of various electrical parameters, like voltage, current, active,
reactive and apparent power, active energy sent or received from the grid, from the STPM34

microcontroller.
Measurement
unit
Voltage, current, Active, reactive &
Net energy

frequency & power apparent power
measurement

factor measurement measurement

Figure 4.1: Software design for net energy meter

4.1.1 Configuring STPM34 energy metering IC

The algorithm 1. consists of the steps to configure the energy metering ic STPM34. With
initialization of STPM34, communication peripherals are interfaced and data registers are

read to calculate the desired parameters of net energy.

21
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Algorithm 1 Configuring energy metering 1C STPM34 to read data registers.

l. loop

X stpm_init(); // Initialization of STPM34 peripheral to select SP1 communication.
e it lcd(); // Imtialization of LCD module to display parameters of net meter.

4. CLE_SWCR = (x02; /f enable clock switch to HSE.

5. CLE_SWR = 0xB4; //Switch to HSE Mod.

b. Configure UART ] in Tx Mode for PC. //Baud rate = 9600 bps, | stop bit, no parity.

7. UART] BRRI = 0x687 UART DIV for 9600@ | 6MHz
8. Configure SP1 Module of micro-controller to communicate with STPM34 energy meter.
9. SPLCRI = 0x27; /00100111 #2-line unidir data mode. S5M enabled. S51=1

10. SPLCR2 = 0x03; /{0000 0011) #SPE ENABLED

L1. SPLCRI = 0x40;

12. Disable CRC.
13. Enabling auto software latching.
14. Set CT gain at 16.

15. end

When the STPM34 is initialized, SPI communication is set up with another micro-
controller STM8S207S6T6C in order to read and receive the values of corresponding 32-bit
data registers. In order to select SPI mode, SWCI switches are put in off state and 10-pin
FRC cable is connected to STM8S207S6T6C in order to enable transmission and receiving
of data. Then, LCD module is initialized so as to display the instantaneous electrical pa-
rameters on LCD. The received values of data registers are used to calculate parameters of
net meter. This data is further sent to PC via UART mode in order to store and analyze the
data. In order to use UART port, SWC1 has to be on state. In addition to this, a separate
3.3V isolated supply has also been given to enable the UART port. To receive the values the
UART is set at baud rate of 9600. The received data of the controller can be displayed on
GUI/Hyperterminal/Evaluation software given by STmicroelectronics. The automatic soft-
ware latching is enabled in STPM34 IC in order to extract transmission values at sampling
rate.
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4.1.2

Voltage, current, frequency and power factor measurement

The RMS voltage is sensed by voltage sensing circuit using voltage divider resisters where

as RMS current is calculated by current sensing circuit using current transformer of ratio
1:2500. When the STPM34 is initialized and SPI communication is setup, the data registers

are read. The values coming from the data registers are converted to decimal values and

RMS values are calculated. After initialization of timer TIM2SR1, read and write requests

are send to corresponding addresses to fetch the data from data registers. The register

address 48 consists 32-bit data register containing Vrms data of 15-bit and Crms of 17-bit.

Algorithm 2 Measurement of vollage, cumment, [requency and power fuclor,

Input: Line voltage, current. phase delay.
Output: Viass, Crags. line frequency ( fim. ) and power factor

1.

(]

Lt

L

TIM2_5R1 = 0x00; // Initialize timer TIM2 for | second interrupt.

. spi.transact_4byteshuffer to read and write data from 32-bit data registers.

SpiWriteBuffer[0] = 0x48; /f Read register containing voltage and current data.

SpiWriteBuffer[0] = 0x2E: // Read data register to get time period.

. spi_transact_Shytesbuffer to read and write data for STPM34.
. Initialize LCD and UART to display data. // Calculate values

. loop

Vrms = (test[2] & Ox00007FFF) * 0.0355; // Calculate RMS voltage.
Crms = ((test[2] & OxFFFFR000) »> 15) * 0.000268:; // Calculate RMS current.
frequency _raw = (test[1] & Ox00000FFF);

frequency = 125000/frequency _raw; // Calculate line frequency.

. end

The decimal values available from these registers is multiplied with LSB values to get

measured values as given below:

VRMS = [Decv] *LSBVRMS (4.1)

where LSByrys = 0.0355 for voltage.

CRMS = [Deci] *LSBCRMS (4.2)
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where LSBcgys = 0.000268 for current. After reading RMS voltage and current, the fre-
quency of the line is calculated. The time period of the voltage signal is calculated from
zero crossing signal.

With the help of line period phase delay between voltage and current is calculated.
This phase delay (¢) is stored in 12-bit data register and is used to find out the phase delay

between voltage and current signals.

_ Phase delay * fjipe * 360°
Jeik

where, ¢ is the phase angle, f;;,. is line frequency and f, is the clock frequency. Accord-

4.3)

ing to the definition of the power factor, it is defined as ratio of active power to apparent

power and is given as:

P‘f- _ Pcalculated (44)

Scalculated

4.1.3 Measurement of active, reactive and apparent power

When the STPM34 is initialized and SPI communication is setup, the data registers are
read. The values coming from the data registers are converted to decimal values and RMS
values are calculated. After initialization of timer TIM2SR1, read and write requests are
send to corresponding addresses to fetch the data from data registers. After calculating
Verumss Crus, line frequency (fji,.) and power factor(¢), these values are used to find the
active power (Pycr), reactive power (Pgrea) and apparent power (Pypp). The values of

active power, reactive power and apparent power is calculated as:

Pue; = Vs * Csp x cos¢ * caliy, * cali; (4.5)
Prea = Vya x Cxp * caliy, x calij * sin@ 4.6)
Pupp = Via x Cep % caliy x cali; 4.7)

where,Vyp & Cyp is voltage and current after ADC conversion respectively, cali, & cali;
are the calibration values set at 0.875.

The corresponding power registers store the measured values and calculated by multi-
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Algorithm 3 Measurement of active power, reactive power and apparent power.

Input: Veas. Cruys. line frequency ( fiine ) and power factor(¢).
Output: Active power (Fy, ). reactive power (P, ) and apparent power (Fypp)

1. TIM2_SRI1 = 0x00; // Initialize timer TIM2 for 1 second interrupt.
2. spitransact 4bytesbuffer to read and write data from 32-bit data registers.
3. SpiWriteBuffer[0] = 0x5C; /f Read data register containing value of active power.
4. SpiWriteBuffer{0] = 0x60; // Read data register to get the value of reactive power.
5 SpiWriteBuffer[0] = 0x62; // Read data register to get the value of apparent power.
6. spi_transact_Shytesbuffer to read and write data for STPM34.
7. Initialize LCD and UART to display data. /f Calculate values
8. loop
9. power.sign = (char)(test[0] & Ox0000000F); // To check the sign of active power.
10. active_power = (active_power * 1.52)/(10000): // Calculate Fa,.
11. reactive_power = (reactive_power * 1.52)/(10000); // Calculate Fy.,.
12. apparent_power = (apparent_power * 1.52)/(10000):/ Calculate Fyp,.

13. end

plying decimal values with LSB values.

Pyt = [Decger] * LSB et (4.8)

where, LSB,; = 1.52 % 10~*
Preq = [DecCreq) % LSB g 4.9)

where, LSB,oq = 1.52 % 1074
Papp = [Decapp| * LSByp) (4.10)

where, LSB,, = 1.52 % 10~*

4.1.4 Measurement of net energy, import energy and export energy

Once the voltage, current, frequency and power factor is calculated, those values are used
to find out the energy parameters. The energy metering IC STPM34 is used to find the
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net energy, import energy and export energy. The power sign indicates the sign of energy

whether it is positive or negative which determines the flow of power on the line. Then net

energy is calculated by multiplying the decimal value obtained from energy register with

LSB value given as:

Eet = [Decimalvalue]  LSBye

where, LSBy,; = 111 ¥10~13

E;, = [Decimalvalue) x LSB;,

where, LSB;, = 111 *10~ 13

Eout = [Decimalvalue] x LSBy,

where, LSB,,; = 111 1013

4.11)

(4.12)

(4.13)

Algorithm 4 Measurement of net energy, import energy and export energy.

Input:Active power (Pycr), reactive power (Pgga) and apparent power (Pypp)
Output: net energy (E,) ., import energy (Ej,) and export energy (Eu)

18

[+

w

© % N e

TIM2_SR1 = 0x00: // Initialize timer TIM2 for 1 second interrupt.

. spi-transact_4bytesbuffer to read and write data from 32-bit data registers.
SpiWriteBuffer[0] = Ox2A: // Read data register containing sign of net active energy.
SpiWriteBuffer[0] = 0x54: // Read data register to get the value of net active energy. .
. spi_transact_Sbytesbuffer to read and write data for STPM34.

. Initialize LCD and UART to display data. // Calculate values

loop
power_sign = (char)(test[0] & 0x0000000F); // To check the sign of active energy.
Net energy = ((Dec value * 111.0) /1000000)/10000000 // Calculate net energy.
if (Last measured energy < Net energy) then
Energy import = net_energy — last measured energy:
else if (Last measured energy > net_energy) then
Energy export = last measured energy — net_energy:
else last measured energy = net_energy:

Total net energy = Energy import - Energy export:

. end




Chapter 5

Results and Discussions

In context of achieving the objective of validating accurate measurements of proposed net
meter, an experimental setup was conducted in renewable energy lab at Thapar University,
Patiala. The main aim of the experiment was to demonstrate the working of proposed net
energy meter and calculate the net energy units. In order to determine accuracy, percentage
error has been calculated by comparing actual values and measured values. An algorithm
is developed in embedded C to find the net exchange of units using [AR embedded work-
bench. Furthermore, the net meter gives negative sign if energy is being injected into the

grid.

5.1 Accuracy of voltage measurement

The input voltage while measuring, is varied between 224V - 230V by changing the load
and net energy meter measured the output values. The measured voltage from the net

energy meter is compared with voltage displayed by multimeter. The error percentage was

Measurement
unit
Voltage, current, Active, reactive &
Net energy
frequency & power apparent power
measurement
factor measurement measurement

Figure 5.1: Software design for net energy meter

27
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calculated and is found to be not more than 0.4%. Hence, it meets the IS standards set for

single phase AC energy meter.

250 T T
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E
5
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o
>
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0
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Time (in minutes)
Figure 5.2: Accuracy of voltage measurement by net meter
Table 5.1: Accuracy of voltage measured on resistive load
S.No. | Actual  voltage | Measured voltage | Maximum error
(RMS) (RMS) (in %)
1. 2276 V 2284V 0.3515
2. 2278V 2285V 0.3073
3. 2247V 2253V 0.2670
4. 2251V 2259V 0.3554
5. 2293V 2302V 0.3925
6. 2279V 2272V 0.3072
7. 2262V 2257V 0.2215
8. 2275V 2283V 0.3516

5.2 Accuracy of frequency measurement

Once the accuracy of voltage measurement is tested, the test for accurate measurement
for frequency variations is conducted by varying frequency between 48 Hz - 51 Hz. The
change in frequency was produced by causing variations in the resistive load and effect on
frequency was observed. The error percentage was calculated and is found to be not more

that 0.4%. Thus, a very good accuracy in results is achieved.
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Figure 5.3: Accuracy of frequency measurement

Table 5.2: Accuracy of frequency measurement on resistive load

S. No. | Actual frequency | Measured  fre- | Maximum error
quency (in %)
1. 48.34 Hz 48.53 Hz 0.3931
2. 48.04 Hz 48.15 Hz 0.2283
3. 49.88 Hz 49.92 Hz 0.07998
4. 49.98 Hz 50.02 Hz 0.08
5. 50.00 Hz 50.04 Hz 0.08

5.3 Tests for bidirectional metering of net energy meter.

The proposed hardware design of net meter is tested to measure the net units and send the
metering data to the PC for monitoring of energy. In net energy metering, when the power
is offset to the utility from the consumer side, it is used to meet the load requirement of
local area. At this point of time, the utility acts a load where as consumer act as a producer
of electricity. A similar type of environment for net metering was tried to be constructed in
renewable energy lab. The sole objective of setting up such an environment was to test the
proposed net energy meter for the bi-directional energy metering.

A 24-hour (12:30 am - 11:30 pm) analysis of day was taken under consideration and
net energy was calculated after every hour. The net energy was found to be capable of mea-
suring active, reactive and apparent power accurately. Moreover, the values were recorded
for imported and exported energy and net units were calculated simultaneously. The whole
set of values are monitored on PC using UART communication.
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5.3.1 Measurement of different parameters of energy metering

A time duration of 24 hours of the day has been considered and various parameters are
measured during this time. The load variation almost resembles the real time load pattern
of residential consumers and based on which results has been procured. To monitor the

impact of net metering in results, two scenarios were taken into consideration as given:

e Scenario - 1 When the energy is imported from the grid. In this scenario, a resistive
load was used and varied at different time intervals. The time duration for the obser-
vation of results was fixed from 12:30 am - 09:30 am and 6:30 pm to 11:30 pm. The
imported energy is represented as Ej, and is measured in Kwh as shown on net meter
and PC.

e Scenario - 2 When the energy is exported to the grid. In this scenario, load side acts
as producers of energy and utility would act as a consumer of energy. Hence, the
direction of energy flowing through the line would in reverse direction i.e. from load
to utility. The time duration of the observation of the results was fixed from 10:30
am to 5:30 pm. The exported energy is represented as E,,; and is measured in Kwh
as shown on net meter and PC.

In the end, net energy represented as E,,; is calculated as:

Enet = Ein - Eout (5'1)

5.3.2 Measurement of Voltage and current vs time

The test of voltage vs time was conducted in the laboratory where the change in voltage was
observed by causing variation in the load. A resistive load of 1 kW approx was used which
was varied during each hour of the day. The Table no. 5.3 shows variations in voltage
w.r.t time were recorded and observed as shown in Fig 5.4. The voltage remained almost
constant with the change in load.

The test of current vs time was conducted in the laboratory where the change in current
was observed by causing variation in the load. A resistive load of 1 kW approx was used
which was varied during each hour of the day. The Table no. 5.4 shows variations in
voltage w.r.t time were recorded and observed as shown in Fig 5.5. The negative sign of the
current represents that the energy is being injected into the grid. While measuring power,
voltage signal is taken as reference to find the direction of current through the line.
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Table 5.3: Measurement of RMS voltage w.r.t time

Time RMS voltage
12:30 AM 2203V
01:30 AM 2204V
02:30 AM 2209V
03:30 AM 2297V
04:30 AM 2208V
05:30 AM 2297V
06:30 AM 2287V
07:30 AM 2282V
08:30 AM 2209V
09:30 AM 2291V
10:30 AM 2206V
11:30 AM 2289V
12:30 PM 2284V
01:30 PM 2279V
02:30 PM 228.1V
03:30 PM 2278V
04:30 PM 2203V
05:30 PM 2204V
06:30 PM 2209V
07:30 PM 2297V
08:30 PM 2296 V
09:30 PM 2289V
10:30 PM 2284V
11:30 PM 2279V
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Figure 5.4: Variation of voltage w.r.t time due to change in load
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Table 5.4: Measurement of RMS current w.r.t time

Time RMS current
12:30 AM 1.5A
01:30 AM 1.6 A
02:30 AM 0.8 A
03:30 AM 0.8 A
04:30 AM 0.8 A
05:30 AM 0.8 A
06:30 AM 23A
07:30 AM 3.1A
08:30 AM 3.8A
09:30 AM 3.8A
10:30 AM -1.6 A
11:30 AM -1.6 A
12:30 PM -1.6 A
01:30 PM 31A
02:30 PM 3.8 A
03:30 PM 3.8 A
04:30 PM 31A
05:30 PM -1.5A
06:30 PM 1.5A
07:30 PM 23A
08:30 PM 3.1A
09:30 PM 3.8A
10:30 PM 3.8A
11:30 PM 3.8A
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Figure 5.5: Measurement of current w.r.t time
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5.3.3 Measurement of frequency and power factor w.r.t change in load

The change in frequency was tested for change in load and it was found that it remain
practically almost constant for variations in the load. The load was varied from 175 W to
870 W and change in frequency was recorded. The table no. 5.5 shows variations in voltage
w.r.t time were recorded and observed as shown in Fig 5.6. Since, the load is resistive in

nature, the value of power factor ranges between 0.991- 0.999.
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Figure 5.6: Measurement of frequency w.r.t change in load

Table 5.5: Measurement of frequency w.r.t change in load

Load (watts) Frequency
17741 W 50 Hz
17575 W 50 Hz
177.80 W 50 Hz
176.52 W 50 Hz
346.32 W 49.98 Hz
357.99 W 49.98 Hz
52494 W 49.95 Hz
696.29 W 49.95 Hz
866.19 W 49.92 Hz
866.59 W 49.95 Hz

5.3.4 Measurement of reactive power, active power and apparent power

The net energy meter measures reactive power, active power and apparent power for both
scenarios as described in section 5.3.1. Based on calculated voltage, current and power fac-

tor, powers were calculated for time period of 24 hours and change in power was observed
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with the change in load as well as when energy is exported to grid. The negative sign of
power signifies the energy being transmitted to the utility. Based on the calculations of re-
active power (Py.q), active power (P,,) and apparent power (F,), results are observed and
plotted. In Fig 5.7, reactive power (P,,) values are plotted as shown in table 5.6. However,
active power (F,;) measured for an interval of 24 hours in shown in Fig 5.8 and values are

retrieved as shown in Table 5.7.

Table 5.6: Measurement of reactive power w.r.t time

Time Reactive power
12:30 AM 3.11 VAR
01:30 AM 8.21 VAR
02:30 AM 1.98 VAR
03:30 AM 1.94 VAR
04:30 AM 2.16 VAR
05:30 AM 3.17 VAR
06:30 AM 6.68 VAR
07:30 AM 9.38 VAR
08:30 AM 8.79 VAR
09:30 AM 6.79 VAR
10:30 AM -8.87 VAR
11:30 AM -7.02 VAR
12:30 PM -8.02 VAR
01:30 PM -16.13 VAR
02:30 PM -14.47 VAR
03:30 PM -11.18 VAR
04:30 PM -7.16 VAR
05:30 PM -4.56 VAR
06:30 PM 3.43 VAR
07:30 PM 7.55 VAR
08:30 PM 7.78 VAR
09:30 PM 6.56 VAR
10:30 PM 8.80 VAR
11:30 PM 9.68 VAR
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Figure 5.7: Measurement of reactive power w.r.t change in load

Table 5.7: Measurement of active power w.r.t time

Time Active power
12:30 AM 346.32 W
01:30 AM 357.99 W
02:30 AM 17741 W
03:30 AM 17751 W
04:30 AM 177.80 W
05:30 AM 176.52 W
06:30 AM 52494 W
07:30 AM 696.29 W
08:30 AM 866.19 W
09:30 AM 866.59 W
10:30 AM -35891 W
11:30 AM -358.18 W
12:30 PM -359.40 W
01:30 PM -708.18 W
02:30 PM -872.24 W
03:30 PM -867.06 W
04:30 PM -694.28 W
05:30 PM -361.68 W
06:30 PM 350.11 W
07:30 PM 527.47TW
08:30 PM 694.35 W
09:30 PM 864.04 W
10:30 PM 866.11 W
11:30 PM 869.61 W
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Figure 5.8: Measurement of active power w.r.t change in load

Table 5.8: Measurement of apparent power w.r.t time

Time Apparent power
12:30 AM 349.30 VA
01:30 AM 356.22 VA
02:30 AM 178.51 VA
03:30 AM 178.63 VA
04:30 AM 178.81 VA
05:30 AM 176.71 VA
06:30 AM 527.27 VA
07:30 AM 699.46 VA
08:30 AM 874.92 VA
09:30 AM 874.42 VA
10:30 AM 356.50 VA
11:30 AM 356.68 VA
12:30 PM 357.04 VA
01:30 PM 703.21 VA
02:30 PM 874.06 VA
03:30 PM 871.96 VA
04:30 PM 699.69 VA
05:30 PM 353.53 VA
06:30 PM 352.52 VA
07:30 PM 528.48 VA
08:30 PM 699.09 VA
09:30 PM 873.06 VA
10:30 PM 873.47 VA
11:30 PM 873.85 VA
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Figure 5.9: Measurement of apparent power w.r.t change in load

The apparent power (F,)) is defined as combination of active power (F,,) and reactive
power (P,,) and is calculated as volt-amperes by net energy meter. Table 5.8 depicts the

variation in apparent power w.r.t time due to change in load and values are plotted in Fig
5.9.

5.3.5 Measurement of imported energy, exported energy and net energy
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Figure 5.10: Measurement of imported energy
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The proposed net meter continuously measures the power flowing through the line in
both directions. Based on the two scenarios as described in section 5.3.1, the results are
calculated. The import of energy is represented as E;;, where as export of energy is defined
as E,, with unit in kWh. During 12:30 am to 9:30 am and 06:30 pm to 11:30 pm, the
load demand is met through energy imported from the grid. The net meter measures the

imported energy and values are displayed on the LCD.

Table 5.9: Measurement of imported energy

Time Imported energy
06:30 PM 0.02 KWh
07:30 PM 0.68 KWh
08:30 PM 1.38 KWh
09:30 PM 2.26 KWh
10:30 PM 3.16 KWh
11:30 PM 4.04 KWh
12:30 AM 4.41 KWh
01:30 AM 4.77 KWh
02:30 AM 5.08 KWh
03:30 AM 5.26 KWh
04:30 AM 5.44 KWh
05:30 AM 5.63 KWh
06:30 AM 6.07 KWh
07:30 AM 6.71 KWh
08:30 AM 7.89 KWh
09:30 AM 9.06 KWh
10:30 AM 9.09 KWh
11:30 AM 9.09 KWh
12:30 PM 9.09 KWh
01:30 PM 9.09 KWh
02:30 PM 9.09 KWh
03:30 PM 9.09 KWh
04:30 PM 9.09 KWh
05:30 PM 9.09 KWh

The energy imported per hour could be calculated by subtracting imported energy at
T; time interval from imported energy at 7> time interval. Table 5.19 shows the energy
exported to grid at different time intervals. During the time duration 10:30 am to 05:30 pm,
when the excess energy is available, the utility acts as consumer for electric energy whereas
load side acts producer of electricity. Thus, a consumer acts a producer of electricity on
one side and producer acts as consumer of electricity on the other side. To measure the bi-

directional flow of energy, the load was connected on supply side and load side was given
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the supply.
Table 5.10: Measurement of energy exported to utility.
Time Exported energy
06:30 PM 0.00 KWh
07:30 PM 0.00 KWh
08:30 PM 0.00 KWh
09:30 PM 0.00 KWh
10:30 PM 0.00 KWh
11:30 PM 0.00 KWh
12:30 AM 0.00 KWh
01:30 AM 0.00 KWh
02:30 AM 0.00 KWh
03:30 AM 0.00 KWh
04:30 AM 0.00 KWh
05:30 AM 0.00 KWh
06:30 AM 0.00 KWh
07:30 AM 0.00 KWh
08:30 AM 0.00 KWh
09:30 AM 0.00 KWh
10:30 AM 0.34 KWh
11:30 AM 0.62 KWh
12:30 PM 1.12 KWh
01:30 PM 1.76 KWh
02:30 PM 2.56 KWh
03:30 PM 3.44 KWh
04:30 PM 3.99 KWh
05:30 PM 4.43 KWh
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Figure 5.11: Measurement of exported energy
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Thus, the net meter starts decrementing the energy units when there is export of energy
from load side to utility. The energy exported per hour could be calculated by subtracting
exported energy at 77 time interval from exported energy at 7> time interval. Table 5.10
shows the energy exported to grid at different time intervals. To enhance the accuracy while

plotting the graph, the units of energy are taken as watt-hour instead of kilowatt-hour.
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Figure 5.12: Analysis of energy savings

The net meter records the both imported and exported energy and calculates the net
energy based on them. At any interval of the day, the readings are available for imported
energy, exported energy as well as net energy. As significant from the results, the net energy
metering contribute to greater energy savings and thus reduced costs of the electricity bills.
In addition to it, integration of renewable resources on the consumer side reduces the burden

on the electrical infrastructure and encourages the use of green energy.

5.4 Hardware implementation

The hardware implementation is done at Renewable lab, Thapar University, Patiala. STMS8S
acts master controller and fetch data from the STPM34 controller and displays data on

LCD. Ardunio is used to act as UART to PC communication mode.



Chapter 5. Results and Discussions 41

Figure 5.13: Hardware setup for net energy meter

Figure 5.14: Experimental setup for net energy meter demonstration
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Figure 5.15: Data displayed on GUI via UART transmission

5.5 Discussion

e The results for bi-directional flow of energy were obtained over a wide variation in
the load.

The results clearly depicted the energy savings for the case of net metering. Thus,
it encourages the consumers towards the green energy and significantly reducing

burden on the utility.

In addition to savings in energy units, the billing costs are significantly reduced as

per billing system at different places.

The use of bi-directional meter eliminates the use of two uni-directional meters used

for measuring imported and exported energy.

The energy metering IC STPM34 brings out the novelty, to enrich it more features

keeping this dissertation as the reference.

The net energy meter meets the IEC 62053, ANSI 12.2 standards for AC watt meters.
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Conclusions & Future Scope

6.1 Conclusion

The electrical network is bound to disturbances such as frequency variations, overloading
of the grid and cascading blackouts. The main reason of all these disturbances is the mis-
match between generation and load demand. Net energy metering offers consumer friendly
solution by urging them to fulfill their peak load through installed solar generation rather
than using utility supply. Thus, the dissertation is summarized as following:

e In this dissertation concept of net metering using rooftop SPV system has been ana-

lyzed.

e In addition to this, a novel hardware design of net energy meter based on STPM34

metering IC has also been proposed.

e The working of net meter was tested using a resistive load of 1 kW and readings were

noted.

e The data from STPM34 was imported to PC by using UART interface and all the

values were monitored.

e This data can be stored in the form of excel sheet using the evaluation software and
can used by utility for different purposes such as load forecasting, load monitoring

and remote connection/disconnection.

43
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6.2 Future Scope

Further, the work could be extended for enabling the net energy meter with features of IoT
due to its adaptive nature in any type of environment. The data transmission in this energy
meter is based on wired connection with UART interface. In future, the net meter could
be interfaced with wifi/RF module. The STPM34 could be further explored and put to
use to find out the power quality parameters such voltage sag, swell and overcurrent. The
future scope of the net energy meter includes its integration with the smart home energy
management systems. It can be used to control smart appliances of the smart buildings
by the consumer as well as utility for implementation of load optimization techniques. In
addition, this dissertation has tried to create a corridor for the extensive use of renewable

energy sources at consumer side and conserving the nature and energy sources.
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