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Chapter 1
Introduction

1.1 Overview
This design reference manual describes the solution for a single phase electricity meter
based on the MCF51EM256 microcontroller (MCU). The design demonstrates the
capabilities of this MCU for electricity metering applications. There are also additional
Freescale components used in this design, including the RF (ZigBee) and accelerometer
solution (interface).

The reference design provides a high performance solution for power measurement in
single phase two-wire installations. The target market is residential metering. The
reference design has the ability to connect to a ZigBee® network thanks to the integrated
1322x low power node, hence it can easily become part of the smart grid network.
Besides this development, this design uses the MQX real time operating system, to
improve the code structure and to serve as a proof of concept for the true real-time
applications, such as a power meter. Because of the MQX, this power meter is designed
for use in advanced markets.

In addition, various analog front end configurations and measurement methods are
explored, implemented, and compared in this reference design. This reference design
manual describes only the hardware solution for the power meter. Software solutions;
mainly metering algorithms are described in associated documents, like the application
note titled FFT-based Algorithm for Metering (document AN4255).

The power meter reference design is prepared for use in a real customer metering area,
this is due to the implemented HMI (LCD and buttons) and communication interfaces for
remote data collecting (AMR). Finally, it provides both hardware and software solutions
for customer applications.
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• Optically isolated RS232 interface (19200 Bd, 8 data bits, no parity)

• BDM debug interface (non-optically isolated)

• 2.4 GHz RF interface through a 1320x-RFC RF daughter card (optional only)

• 2.4 GHz RF interface through a 1322x low power node daughter card

• Powered by 3.3 V SMPS open-frame module (3-rd party solution)

• All components (board, sensors, and SMPS) are built into a plastic box with a
transparent cover

• EMC proven design (EN61000-4-2, EN610004-4)

• Power meter demo mechanical dimension — 18 x 26 x 15 cm (w x l x h)

• Power meter demo weight — 1 kg approximately

1.2.2 Software features of the design
• Application C/ASM source code for CodeWarrior is available

• MQX based design for advanced markets

• Fast Fourier Transform (FFT) computing technique for precise reactive energy
measurement

• ZigBee SE2.0 stack implemented in 1322x low power node for connection to a
ZigBee® network

• FreeMASTER visualization script for calibration, watching, and so on.

• Serial bootloader for safe firmware upload through RS232, see application note
Developer's Serial Bootloader for M68HC08 and HCS08 MCUs (document
AN2295)

1.3 MCF51EM256 Microcontroller series
The MCF51EM256 is Freescale’s new smart-meter-on-a-chip 32-bit ColdFire® V1 core
microcontroller (MCU) with embedded LCD controller, 16-bit ADC, and metrology-
specific peripherals optimized for smart meter applications. The MCF51EM256 comes
with a full suite of hardware and software tools to make development quick and easy.
There is a block diagram of this MCU in Figure 1-1.

Chapter 1 Introduction
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The MCF51EM256 MCU provides the following main features:

• Operating at processor core speeds of up to 50.33 MHz (peripherals operate at half of
this speed) at 3.6 V to 2.5 V, and 20 MHz at 3.6 V to 1.8 V

• Up to 256 KB of flash memory

• Up to 16 KB of RAM

• Less than 1.3 µA of typical power consumption in battery mode, with the MCU
supply off

• Ultra-low power independent RTC with calendar features, separate time base, power
domain, and 32 bytes of RAM

• Integrated 16-bit SAR analog-to-digital converter

• Programmable Delay Block (PDB)

• Two analog comparators with selectable interrupt (PRACMP)

• LCD driver

• Three Serial Communications Interface modules (SCI)

• Three Serial Peripheral Interfaces (SPI)

• Inter-Integrated Circuit (IIC)

• Two 8-bit and one 16-bit Modulo Timers (MTIM)

• Two-channel Timer/PWM module (TPM)

• 80-pin LQFP or 100-pin LQFP package

• –40° C to +85° C operating temperature range

• RoHS compliant

Target applications of this MCU are:

• Smart metering

• Sensor collection

• Phase measurement units

• Industrial energy measurement

• 1-phase and 3-phase electricity meters

MCF51EM256 Microcontroller series
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Figure 1-1. MCF51EM256 block diagram

1.3.1 Peripheral application usage
The power meter concept benefits greatly from plenty of integrated internal peripherals in
the MCF51EM256 MCU.

The Analog to Digital Controller (ADC) features used in the application:

• Four channels are used, one is differential for CT current measurement, the second is
single-ended for voltage measurement. The remaining two channels are also single-
ended for shunt resistor current measurement (two gain stages)

• Linear successive approximation algorithm with a 16-bit resolution
• High-speed conversion (up to 128 samples per one period)
• 3.735 MHz module clock
• 16 hardware averaged samples to create a proper ADC result

The General Purpose Input Output (GPIO) features used in the application are:

Chapter 1 Introduction
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• Used for directly controlling some peripherals such as LEDs, open-collector, and so
on.

The Inter-Integrated Circuit (IIC) features used in the application:

• Primarily provides a method for internal communication between the meter (slave)
and the 1322x-LPN daughter card (master)—prepared for ZigBee communication

• Secondarily used for internal communication with the 3-axis digital accelerometer
MMA7660FC (optional only)—prepared for tamper detection

• Interrupt driven by byte-by-byte data transfer
• Communication up to 100 kbps with software selectable slave address

The Keyboard Interrupt (KBI) features used in the application:

• Used for reading the state of the buttons in interrupt mode

The Liquid Crystal Display (LCD) controller features used in the application:

• Up to 288 segments (4x40 is currently used)
• Used for data displaying

The 16-bit Modulo Timer (MTIM16) features used in the application:

• Free-running mode with interrupt is used
• Generates a precision time marks for zero-crossing

The PRACMP (Programmable Analog Comparator) features used in the application:

• Compares input voltage signal with a bias voltage (reference)
• Interrupt on rising edges is used
• Generates capture flags for zero-cross voltage signal detection. Due to this, a variable

time window for the PDB is generated
• Line frequency measurement

The Programmable Delay Block (PDB) features used in the application:

• Hardware triggering of the ADC channels
• Four individually controlled trigger conditions (one for each ADC channel)

depending on the phase shift of the sensors

The Real-Time Clock (RTC) features used in the application:

• Ultra-low power independent real time clock with calendar features (iRTC)
• Tamper detection and indicator
• Battery monitor output

The Serial Communication Interface (SCI1) features used in the application:

MCF51EM256 Microcontroller series
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• Provides communication interface with an external PC (for calibration, watching and
safe code uploading)

• Communication settings are—19200 Bd, 8 data bits, one stop bit, and no parity

The Serial Communication Interface (SCI2) features used in the application:

• Provides communication interface for the IEC1107 infrared communication port
(optional only)

The Serial Peripheral Interface (SPI) features used in the application:

• Provides internal communication interface for the1320x-RFC RF daughter card
(optional only)

The Voltage Reference (VREF) features used in the application:

• Provides a reference voltage for internal analog peripherals such as the ADC,
PRACMP

• Low-power buffer mode is used

1.4 1322x low power node (LPN)
The 1322x-LPN is one of the Freescale 1322x development kits designed for connecting
to a ZigBee network. The 1322x low power node is designed as a stand-alone
development board, including an MC1322x, two LEDs, two push buttons, a GPIO
connector, header pins, and a programming and debug port. Note that the ZigBee
capabilities of this board are only used in the MCF51EM256 metering concept – because
of this feature, the power meter can easily became part of the smart grid. The low power
node board is internally connected to an EM256 metering board via a IIC interface. Here
are the main features of the 1322x low power node board:

• 2.4 GHz wireless nodes compatible with the IEEE 802.15.4 standard
• Based on the MC13224V Platform in a Package
• Hardware acceleration for both the IEEE 802.15.4 MAC and AES security
• Printed F antenna
• Over-the-air data rate of 250 kbps
• Typical range (outdoors, line of sight) is 300 meters
• On-board expansion capabilities for external application-specific development

activities
• Programmable flash
• J-Tag port for reprogramming and in-circuit hardware debugging
• Buttons and LEDs for demonstration and control
• Connections for battery or external power supply

Chapter 1 Introduction
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The core of the 1322x low power node is the Freescale MC1322x 99-pin LGA Platform-
in-Package (PiP) solution that can be used for wireless applications ranging from simple
proprietary point-to-point connectivity to complete ZigBee mesh networking. The
MC1322x is designed to provide a highly integrated, total solution, with premier
processing capabilities, and very low power consumption. A full 32-bit ARM7TDMI-S
core operates up to 26 MHz. The RF radio interface provides for low cost and high
density as shown in Figure 1-2.

Figure 1-2. MC1322x RF interface

As described above, the 1322x low power node is used for connecting an EM256 power
meter to a ZigBee network. ZigBee, an IEEE® 802.15.4 standards-based solution, as
defined by ZigBee Alliance, was developed specifically to support sensing, monitoring
and control applications. The ZigBee solution offers significant benefits, such as low
power, robust communication and a self-healing mesh network. The ZigBee solution
frequencies are typically in the 868/915 MHz or 2.4 GHz spectrums.

The ZigBee data rate for technology solutions is 250 Kbps. ZigBee technology
theoretically supports up to 65,000 nodes. Common applications in sensing, monitoring
and control, which are best supported by a ZigBee technology solution include:

• Personal and medical monitoring
• Security, access control and safety monitoring
• Process sensing and control
• Heating, ventilation and air conditioning (HVAC) sensing and control
• Home, building and industrial automation
• Asset management, status, and tracking
• Fitness monitoring
• Energy management

1322x low power node (LPN)
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• Gaming—Motion detection, auto-wake and sleep for low power consumption
• Digital still camera—Image stability

There is a simplified accelerometer functional block diagram in Figure 1-3.

Figure 1-3. Simplified accelerometer functional block diagram

MMA7660FC 3-axis Xtrinsic accelerometer
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Chapter 2
Basic Theory

2.1 Definition of terms
To understand the electricity metering theory, here are some definitions of basic terms.

2.1.1 Power
AC power flow has the three components — Real power (P) measured in watts (W),
apparent power (S) measured in volt-amperes (VA), and reactive power (Q) measured in
reactive volt-amperes (VAr).

Active power (P) also known as real power or working power is the power that actually
powers the equipment. As a rule, true power is a function of a circuit's dissipative
elements usually resistances (R).

Reactive power (Q) is a concept used by engineers to describe the loss of power in a
system arising from the production of electric and magnetic fields. Although reactive
loads such as inductors and capacitors dissipate no power, they drop voltage and draw
current that creates the impression that they actually do. This imaginary power or non-
working power is called reactive power (Q). If the load is purely inductive or capacitive,
then the voltage and current are 90 degrees out of phase (for a capacitor, current leads
voltage; for an inductor, current lags voltage) and there is no net power flow. This energy
flowing backwards and forwards is known as reactive power. Reactive power thus is
produced for system maintenance and not for end-use consumption. By convention, a
"lagging" or inductive load, such as a motor, will have positive reactive power. A
"leading", or capacitive load, has negative reactive power. Reactive power is a function
of a circuit's reactance (X).

MQX-Enabled MCF51EM256 Single-Phase Electricity Meter Reference Design, Rev. 0
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Apparent power (S) is the vector summation of active and reactive power. It is the
product of a circuit's voltage and current, without reference to phase angle. Apparent
power is a function of a circuit's total impedance (Z).

These three types of power — true, reactive, and apparent relate to one another in a
trigonometric form. This is called a power triangle (see Figure 2-1). The opposite angle is
equal to the circuit's impedance (Z) phase angle. Apparent power is often computed from
this power triangle using the Pythagorean Theorem as:

Figure 2-1. Power triangle

A common utility system is often based on Total Apparent Power (Stot) measured also in
volt-amperes (VA). Total apparent power is a product of the RMS voltage and RMS
current, and is defined as:

Definition of terms
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This a general proposition:

In a pure sinusoidal system with no higher harmonics, the apparent power (S) equals Stot.
If there are some higher harmonics in the mains, apparent power is not the same as total
apparent power, because the simple vector sum in apparent power computing loses
accuracy. Therefore, Stot is often used because it is more precise in these situations.

2.1.2 Energy
Energy is the accumulated power over a period of one hour.

Active energy means the electrical energy produced, flowing, or supplied by an electric
circuit during a time interval, being integral with respect to time of the instantaneous
active power and measured in units of watt-hours (Wh). For practical use in power
meters, a higher unit called a kilowatt-hour (kWh) is used, which is 1000 watt-hours
(Wh).

Apparent energy means the integral with respect to time of the apparent power. Kilovolt-
ampere-hour (kVAh) is the unit for total (apparent) energy.

Reactive energy means the integral with respect to time of the reactive power. Kilovolt-
ampere-reactive-hour (kVArh) is the unit for reactive (non-working) energy.

2.1.3 Power factor
The power factor of an AC electric power system is defined as the ratio of real power
flowing to the load to the apparent power in the circuit, and is a dimensionless number
between 0 and 1 (frequently expressed as a percentage, that is 0.5 pf = 50% pf). Real
power is the capacity of the circuit for performing work in a particular time. Apparent
power is the product of the current and voltage of the circuit. Due to energy stored in the
load and returned to the source, or due to a non-linear load that distorts the wave shape of
the current drawn from the source, the apparent power will be greater than the real power.

In an electric power system, a load with a low power factor draws more current than a
load with a high power factor for the same amount of useful power transferred. The
higher currents increase the energy lost in the distribution system and require larger wires
and other equipment. Because of the costs of larger equipment and wasted energy,

Chapter 2 Basic Theory
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Figure 2-2. Residential voltage and frequency worldwide

2.3 Electricity meters
An electric meter or energy meter is a device that measures the amount of electrical
energy consumed by a residence, business, or an electrically powered device. Electric
meters are typically calibrated in billing units, the most common is the kilowatt hour.
Periodic readings of electric meters establish billing cycles and energy used during a
cycle.

The most common unit of measurement on the electricity meter is the kilowatt hour
(kWh), which is equal to the amount of active energy used by a load of one kilowatt over
a period of one hour, or 3,600,000 joules. Some electricity companies use the SI
megajoule instead. Similarly to active energy in kWh, there is also defined a reactive
energy (kVArh) and apparent energy (kVAh), see Section 2.1.2 Energy .

Electricity meters operate by continuously measuring the instantaneous voltage (volts)
and current (amperes) and finding the product of these to give instantaneous electrical
power (watts) which is then integrated against time to give energy used (joules, kilowatt-
hours and so on.). Meters for smaller services (such as small residential customers) can
be connected directly in-line between source and customer. For larger loads, more than
about 200 amps of load, current transformers are used, so that the meter can be located
other than in line with the service conductors.

The standard electricity meters fall into two basic categories, electromechanical and
electronic.

Chapter 2 Basic Theory
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2.3.1 Electromechanical meters
The most common type of electricity meter is still the electromechanical induction watt-
hour meter. These meters will be progressively substituted by fully electronic meters
because of many additional advantages of these meters (see Section 2.3.2 Electronic
meters).

The electromechanical induction meter operates by counting the revolutions of an
aluminium disc that is made to rotate at a speed proportional to the power. The number of
revolutions is proportional to the energy usage. It consumes a small amount of power,
typically around 2 watts.

The metallic disc is acted upon by two coils. One coil is connected in such a way that it
produces a magnetic flux in proportion to the voltage, and the other produces a magnetic
flux in proportion to the current. The field of the voltage coil is delayed by 90 degrees
using a lag coil. This produces eddy currents in the disc and the effect is such that a force
is exerted on the disc in proportion to the product of the instantaneous current and
voltage. A permanent magnet exerts an opposing force proportional to the speed of
rotation of the disc. The equilibrium between these two opposing forces results in the disc
rotating at a speed proportional to the power being used. The disc drives a register
mechanism that integrates the speed of the disc over time by counting revolutions, much
like the odometer in a car to render a measurement of the total energy used over a period
of time.

2.3.2 Electronic meters
Electronic meters display the energy used on an LCD or LED display, and can also
transmit readings to remote places. In addition to measuring energy used, electronic
meters can also record other parameters of the load and supply such as maximum
demand, power factor, reactive power used, and so on. They can also support time-of-day
billing, for example, recording the amount of energy used during on-peak and off-peak
hours.

A typical electronic power meter has a power supply block, a signal conditioning circuit,
a metering engine (AFE), a processing and communication engine (that is, a
microcontroller), and other add-on modules such as RTC, LCD, communication ports and
modules, and so on. A basic block outline of the electronic power meter, see Figure 2-3.

Electricity meters
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Figure 2-3. Basic outline of the electronic power meter

The signal conditioning circuitry is used for adapting a high-amplitude signal from the
mains to a lower one, accepted by the AFE (ADC).

The metering engine is given the voltage and current inputs, has a voltage reference,
samplers. and quantisers followed by an ADC section to yield the digitised equivalents of
all the inputs. All of this is sometimes called the Analog Front-End (AFE). These inputs
are then processed using a DSP or MCU to calculate the various metering parameters
such as powers, energies, and so on.

The processing and communication section has the responsibility of calculating the
various derived quantities from the digital values generated by the metering engine. This
also has the responsibility of communication using various protocols and interfaces with
other add-on modules connected as slaves.

RTC and other add-on modules are attached as slaves to the processing and
communication section for various input and output functions. On a modern meter, most
if not all of this is implemented inside the microprocessor, such as the Real Time Clock
(RTC), LCD controller, temperature sensor, memory, and analog to digital converters.

One of the important features of the modern electronic power meter is AMR technology.
The AMR is the technology of automatically collecting consumption, diagnostic, and
status data from energy metering devices and transferring that data to a central database
for billing, troubleshooting, and analyzing. This advance mainly saves utility providers
the expense of periodic trips to each physical location to read a meter. Another
advantage, is that billing can be based on near real time consumption rather than on

Chapter 2 Basic Theory
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estimates based on previous or predicted consumption. This timely information coupled
with analysis, can help both utility providers and customers to better control the use and
production of electric energy. Electronic meters with AMR technology can read and
communicate through several mechanisms such as:

• Infrared
• Radio frequency
• Data modem (via a telephone line)
• Power line carrier
• Serial port (RS-485)
• Broadband

AMR meters often have sensors that can report the meter cover opening, magnetic
anomalies, extra clock setting, stuck buttons, inverted installation, reversed or switched
phases, and so on. These events may be immediately sent to the utility company thanks to
AMR technology.

Smart meters go a step further than simple AMR. They offer an additional function,
including a real-time or near real-time reading, power outage notification, and power
quality monitoring. They allow price setting agencies to introduce different prices for
consumption based on the time of day and the season. The feedback they provide to
consumers has also been shown to cut overall energy consumption.

In comparison to traditional mechanical or electromechanical power meter solution, the
electronic meters offer the utility market several additional advantages including:

• Improved immunity and reliability
• Higher accuracy
• Higher security
• Support of a wide range of power factor loads
• Calibration is easier
• Anti-tampering protection including traditional or modern solutions
• Automated meter reading (AMR)
• Advanced billing methods (prepay, time-of-use, an so on.)

2.4 Voltage and current measurement
In electricity meters the energy is calculated from two measured signals, voltage and
current. For line voltage and line current measurement, systems that are generally called
sensors are used. Whichever sensor is used for voltage and current measurement results
in an AC voltage with a magnitude proportional to the signal being measured.

Voltage and current measurement
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The voltage sensor results in a sine wave with a fundamental frequency typically either
50 Hz or 60 Hz depending upon the power distribution used, see Section 2.2 Electricity
distribution.

For current measurement, the sensor provides a fundamentally sinusoidal signal (possibly
with harmonics) which may lag or lead the voltage signal depending upon the load.

A typical simplified configuration for metering voltage and current in a 1-phase 2-wire
installation is shown in Figure 2-4. There are three typical sensors used for sensing
current and voltage in power meters. All of these sensors are also used in the electronic
power meter described in this manual.

Figure 2-4. Typical measurement circuit in 1P2W installation

The following sections describe the most used methods for sensing voltage and current
used in the electronic power meters.

2.4.1 Voltage divider
A voltage divider is used for voltage measurement. In a practical implementation,
multiple series resistors are used instead of R1to limit the power dissipation and reducing
heat generated thus improving accuracy, see Figure 2-4.

The equation for computing output voltage of the voltage divider is defined as:

Chapter 2 Basic Theory
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Where Vin is the phase voltage and Vout is the voltage measured by the ADC (voltage
drop at R2).

The voltage divider can be selected to more closely meet the specification of the ADC.

2.4.2 Shunt resistor
A shunt resistor is used to sense the current primarily due to the fact it does not distort the
signal and is extremely low cost in comparison to other current measurement methods.
The downside of using a shunt resistor is primarily the power dissipation that can create
inaccuracies in the measurement due to resistive changes and due to temperature and
waste of power. To limit the self heating effect of the shunt, the resistor is made using a
metal with suitable properties. The resistance of the shunt is kept very low to reduce the
power dissipation.

Typically, shunt resistors are in the range of 100 μΩ to 300 μΩ and as such the voltage
developed across them is very small. For example, 100 A drawn through a 200 μΩ shunt
develops only 20 mV (Voltage = current * resistance) through a 300 μΩ shunt this would
be 30 mV, which develops 2 W power loss and 3 W respectively.

The problem of this approach is the very small voltages derived from the shunt resistor
and the even smaller resolution of valid measurements. Therefore, a signal derived from
the shunt resistor must be amplified to keep the correct measurement precision. An
Operational Amplifiers are frequently used for this purpose (see Figure 2-4).

There are several rules for a right selection of a shunt resistor in the application:

• A shunt resistor must have good thermal properties (that is Manganin-Alloy with a
low temperature coefficient of resistance)

• Select the shunt size to maximize the dynamic range of the ADC input
• Minimize the power dissipation in the shunt resistor

NOTE
Power dissipated by the shunt resistor plus the power supply
used by the meter, must be below the specification for the meter
(IEC1036 specifies a 2 W total power loss).

Voltage and current measurement
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2.4.3 Current transformer
Current Transformers (CT) are used extensively for measuring current and monitoring of
the power grid. Like any other transformer, a current transformer has a primary winding,
a magnetic core, and a secondary winding. The alternating current flowing in the primary
produces a magnetic field in the core, which then induces a current in the secondary
winding circuit, see Figure 2-5. The CT is typically described by its current ratio (N)
from primary to secondary. Relative to current output of the CT, it is necessary to use an
external current to a voltage converter, such as a burden resistor Rb (see Figure 2-4), in
systems where the voltage input of the ADC is used in the majority of applications. The
primary objective of the current transformer design is to ensure that the primary and
secondary circuits are efficiently coupled, so that the secondary current bears an accurate
relationship to the primary current.

Benefits of using a CT are that the output voltage can easily be matched to the capability
of the ADC input by selecting appropriate winding or appropriate burden resistor (Rb),
because of this, an OpAmp pictured at Figure 2-4 is not necessary. The next important
benefit of using a CT is that this sensor isolates the measuring engine from the mains,
therefore the CTs may be easily used in polyphase meters.

A typical feature of a CT is the time shift (delay) between the primary and secondary
currents in the windings. For using this in the power meters, it is good to know that the
power meters must wait a specific time after the voltage measurement before reading the
current from the CT. The delay required is specific to each CT and is established during
calibration of the meter and programmed into the meter; as a part of calibration constants.

CT coils have the negative effect of distorting the current measurement. Considering the
magnetic core of the CT, it is necessary to respect a maximum recommended current in
the primary winding (rating factor) because of saturation of its core. A good accuracy in
the case of CT current measurement is directly related to other factors, including external
electromagnetic fields and a change of temperature.

Figure 2-5. Current transformer principle
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2.4.4 Rogowski coil
A Rogowski coil is an electrical device for measuring alternating current (AC) or high
speed current pulses. It consists of a helical coil of wire with the lead from one end
returning through the centre of the coil to the other end, so that both terminals are at the
same end of the coil, see Figure 2-6. The whole assembly is then wrapped around the
straight conductor whose current is to be measured. Because the voltage that is induced in
the coil is proportional to the rate of change (derivative) of current in the straight
conductor, the output of the Rogowski coil is usually connected to an electrical, or
electronic integrator circuit to provide an output signal that is proportional to the current.

One advantage of a Rogowski coil over other types of current transformers is that it can
be made open-ended and flexible, allowing it to be wrapped around a live conductor
without disturbing it. Because a Rogowski coil has an air core rather than an iron core, it
has a low inductance and can respond to fast-changing currents. Also, because it has no
iron core to saturate, it is highly linear even when subjected to large currents, such as
those used in electric power transmission, welding, or pulsed power applications. A
correctly formed Rogowski coil with equally spaced windings is largely immune to
electromagnetic interference.

Benefits of using a Rogowski coil are similar to using a CT, namely that the output
voltage can more easily be matched to the capability of the ADC input by selecting an
appropriate winding, load resistor and filter. Another advantage of a Rogowski coil, is the
lower cost than a traditional CT, although it requires an integrator and additional phase
compensation.

Figure 2-6. A Rogowski Coil Principle

Voltage and current measurement
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Chapter 3
System Concept

3.1 Application description
A standard system block diagram of the MCF51EM256 power meter concept is described
in Figure 3-1. The full-metering system solution, that is all the components inside of the
green-dashed rectangle, incorporate these parts:

• Metering board, inside the grey-dashed rectangle — The main metering engine, here
is the concentrated majority of metering components

• Switch Mode Power Supply board — SMPS, this board is used for supplying the
metering engine and the 1322x-LPN daughter card

• External current sensors (CT, shunt resistor) — Located directly to the mains power
connector inside the metering case

• 1322x-LPN — Daughter card for ZigBee communication
• Power Meter case with an integrated mains power connector and RS232

communication connector

Some common parts of the power meter in the block diagram have the same color for
better function identification, mainly the voltage and current sensors (red color), see
Figure 3-1. There are two current sensors in the power meter; shunt resistor and current
transformer, both are located near the mains power connector inside the power meter
case, outside the metering board. There is voltage measurement sensor (voltage divider)
which is located directly on the metering board.
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Figure 3-1. MCF51EM256 power meter block diagram

3.1.1 Metering board
The metering engine (board) is the main part of the power meter. Here are concentrated
components such as: the MCU with AFE, signal conditioning part, LCD, buttons, LEDs,
optical interface for the IEC1107 and RS232, voltage sensor, tamper button, 3 V battery,
accelerometer, and connector for the 1320x-RFC daughter card. The metering board is
designed on a two-sided printed circuit board. Most of the components are soldered on its
top side (see Figure 3-2), with only some connectors soldered on the bottom side of this
PCB, (see Figure 3-3).

Application description
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The core of the metering engine placed on the top side of the PCB is the 32-bit Coldfire
V1 microcontroller, called the MCF51EM256 (for a description see Section 1.3
MCF51EM256 Microcontroller series). All of the MCU peripherals except for the BDM
interface, which are currently used in the application are pictured in the block diagram in
Figure 3-1.

A simplified function of the MCU in the application is as follows:

The ADC primarily reads data from voltage and currents sensors. The MCU computes
other values like powers, energies, power factor, and line frequency consecutively. The
MCU communicates with the user via the built-in HMI (LCD+buttons) or via several
communication interfaces (RS232, ZigBee, IEC1107, LEDs, OC). A description of the
metering algorithm is the content of this design reference manual, but it is described in
application note titled FFT-based Algorithm for Metering Application (document
AN4255).

The HMI of this power meter is comprised of these parts: LCD, two user push-buttons,
and one user (yellow) LED. On the LCD, the user can see plenty of computed values,
such as the RMS value of line voltage and current, powers, energies, power factor, line
frequency, and also actual time and date. By using the two push-buttons, the user can
select one of these values to be shown on the LCD.

NOTE
There is only one value shown on the LCD at one time. The
user yellow LED is part of the open-collector (OC) interface.

The next important part of the metering engine board is the signal conditioning part. This
part is used for adapting the signal level from sensors to the AFE (part of the MCU
included ADC, VREF, and so on). There are several different types of signal conditioning
parts with regards to sensors used: the part for voltage measurement is made of a simple
voltage divider, which is also described as the voltage sensor in this Design Reference
Manual. The part for current measurement via a shunt resistor is made from two
operational amplifiers (only one is pictured in the simplified block diagram in Figure 2-4)
with a resistive feedback network which produce two voltage signals with different gains
(26x and 520x approximately). The current measurement via the current transformer (CT)
is made in the first level by a burden resistor which works as a simple current to voltage
converter. This connection produces only one-gained voltage measurement. The second
level of signal conditioning for the current measurement via the CT is optional (dotted
symbol for the OpAmp in the block diagram). This is done by several operational
amplifiers, also with a resistive feedback network that produces two voltage level signals
with different gains; because of this, a two-gained voltage measurement is executed
(similar to the current measurement via a shunt resistor).

Application description
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There are several communication interfaces on the metering board. The interface for
RS232 is optically isolated via optocouplers and the interface for the IEC1107 is optically
isolated via infrared components. The open-collector is a non-optically isolated output of
the power meter – this may be used for switching some small loads (up to 1.6 W). One of
the most interesting types of communication in this power meter is RF or ZigBee.
Communication via RF/ZigBee is done primarily by the external 1322x-LPN daughter
Card (outside the metering engine) which communicates with the metering board through
the IIC interface. Secondarily, the RF communication may be done via the 1320x-RFC
daughter card which communicates with the metering board through the SPI interface.
But the preferential type of RF communication in this Power Meter is through external
1322x-LPN board (the IIC interface between the boards). Finally, two red LEDs are used
for optical communication with utility service provider – this is energy output interface,
the first LED is here for active energy counting and the second LED is for reactive
energy counting.

The essential parts of the metering board are components for proper function of the RTC
part of the MCU, including the 3 V battery (for saving date and time), crystal and
external tamper push-button. The tamper push-button is used only for simulation
purposes in this power meter, because it needs user interaction. But in true power meters
this button is hidden inside of the power meter and waits for the cover opening by the
user – in this case, the illegal interference to the metering engine is detected.

The other way of tamper detection in this power meter may be by using a 3-axis IIC
accelerometer—the MMA7660FC silicon may be used for that. The MCF51EM256
power meter currently does not use this type of tamper detection, however the interface
for it is now prepared. An illegal cover opening can cause a 3-axis motion that which can
be detected by this accelerometer. Then some kind of sophisticated algorithm must be
used consecutively, because this event must be filtered from ordinary motions of the
power meter and interpreted as an illegal cover opening. But this type of tamper detection
is only optional, primarily the tamper push-button is used for that.

3.1.2 Switch mode power supply board connection
The SMPS board is used for supplying the metering board engine. The SMPS used in this
application is a 3-rd party open-frame solution for the power supply that produces one
galvanic-isolated level of output voltage. This open-frame SMPS module has a wide
range of input AC voltages beginning at 85 V RMS up to 264 V RMS with a wide range
of mains frequency (47 Hz to 63 Hz) too. Thanks to input parameters of this SMPS, the
whole power meter can work with mains of these voltage and frequency ranges. The
output voltage is fixed to a 3.3 V DC level with 1.3 A nominal output current, and the
power rating is then 4.3 W. The board overview is in Figure 3-4. There are two power
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connectors on this board—on the left side there is an input socket for connection to the
mains (L_inp, N_inp), and on the right side there is an output socket for supplying the
board. The SMPS is screwed onto the bottom part of the power meter case and connected
to the mains and metering board via two thin cables.

N_inp
L_inp

+3.3V

GND

Figure 3-4. SMPS board view

3.1.3 External current sensors connection
There are two types of external current sensors as was described above: shunt resistor and
current transformer. For the correct mains current measurement in the basic power meter
configuration, only one of these sensors is required. In the full metering configuration,
two sensors are used. In this configuration, the shunt resistor is used for phase current
measurement, the CT is used for neutral current measurement.

GND

L_inp L_out

LINE_OUTLINE_IN

Figure 3-5. Shunt resistor description
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The shunt resistor is mainly a MANGANIN® resistor of an accurately known resistance,
in this case 150 μΩ . This shunt resistor is intended for current measurement of up to 100
A RMS. The voltage drop across the shunt resistor is proportional to the phase current
flowing through it, because its resistance is known, a small voltage drop is amplified by
operational amplifiers, and then measured by the internal ADC of the MCU. For a photo
of this shunt resistor see Figure 3-5.The terminal connection of this shunt resistor is
divided into two parts—power connection and sense connection, because of this, a 4-wire
current measurement may be done. The power connection is intended for a connection
between the phase input (L_inp) and phase output (L_out) connectors. The sense
connection of this shunt resistor is intended only for measuring its voltage drop.

NOTE
There is also a separated ground terminal in the sense
connection area for the metering board ground connection. This
ground terminal is located on the same side as the power phase
input (L_inp).

The CT is also used for current measurement. In the basic configuration (low-cost), it is
intended for phase current measurement equally to the shunt resistor, but in a full-system
configuration (where a shunt resistor is used) the CT is used for neutral current
measurement. The primary winding of this CT is created from a one-coil hard wire,
connected between the phase input and phase output terminals (basic configuration), or
between the neutral input and neutral output terminals (full-system configuration). In
fact, this hard wire connection is executed by several (two) wires connected in parallel.
For a maximum flowing current of 100 A RMS, a minimum of 16 mm2 of conductor
cross-section is required. There is a CT description in Figure 3-6.

Gap for 
primary winding

Secondary winding
termination

Figure 3-6. Current transformer description
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3.1.4 1322x-LPN connection
The 1322x-LPN is intended for use of a ZigBee node for the power meter. It works as an
inter-mediator between the power meter and a ZigBee coordinator which is based at the
utility provider area for example. The ZigBee coordinator scans data from numerous
equipment (power meter, home thermostat, sensor, dimmer switch, and so on.) in the
ZigBee network and sends it to the central (PC) station. The 1322x Low Power Node is
screwed on the bottom part of the power meter case, similar to where the SMPS is, and
connected as a daughter card to the metering engine through a thin flat cable. The board
overview is in Figure 3-7. There are two (optionally three) pairs of wires for its
connection to the metering board: the first pair is for supplying the node (3.3 V, GND),
the second pair is for the IIC communication lines (SCL,SDA), and the last optional pair
is for resetting the node by the external RESET push-button which is placed on the
metering board.

NOTE
The RESET push-button is used primarily for supplementary
resetting the metering board, but for resetting the 1322x-LPN
there are unused pins for doing this.

Power
connection

arrea

Reset pin

IIC connections

+

-

Figure 3-7. 1322x-LPN Board View
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3.1.5 Power meter case
Placed in a power meter case are all the components mentioned (boards, sensors, and so
on). It is made as a base with the terminal compartment cover, an EPDM gasket, and a
smoked transparent cover with a PUR gasket. It is intended primarily for DIN-rail
mounting in a vertical position (for example, on the wall ). Ingress protection of this case
is IP65, but due to apertures for push-buttons, it is downgraded to IP42. Because of the
transparent cover, the metering board with all its components, including the LCD
primarily are easily visible.

1322x-LPN Shunt ResistorMetering Board

L_inp

L_out

N_inp

N_out

CT

Primary winding for CT

SMPS

RS232 flat cable & connector

Spacer 

Spacer

Spacer 

Spacer

Figure 3-8. Power meter case — inside view

Figure 3-8 shows a photo of the metering case. You can see the boards and the current
sensor placements. There are also three or four power terminals in the terminal
compartment section. The number of terminals (3 or 4) depend on the system
configuration—basic with one current sensor (three terminals), or full-system with two
current sensors (four terminals). The main metering board is screwed onto four spacers
on the front side of the power meter case. On the bottom inside of the case there are the
SMPS and 1322x-LPN daughter card. The shunt sensor is soldered directly between the
two left power terminals (L_inp,L_out), and the CT sensor with its hard-wires, is
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